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Abstract 
2 

Far-infrared astronomical spectroscopy has developed rapidly since 
its birth in 1975. The emission lines in this region arise mainly from 
atomic and ionic fine structure transitions and from molecular vibration-
rotation and pure rotation transitions. The astrophysics, deducible from 
observations of the intensities and profiles of these lines, was examined. 
Candidate lines for a programme of far-infrared spectroscopy were chosen 
after considering their predicted intensities, instrumental constraints, 
expected atmospheric contamination and previous detections. 

The relative merits of various spectroscopic techniques (prism and 
grating spectrometers, Michelson, lamellar grating and Fabry-Perot inter-
ferometers and heterodyning) were compared before it was decided to build 
a mechanically scanned Fabry-Perot Interferometer. The design adopted is 
a novel variation of a parallel spring hinge arrangement. The etalon 
plates are mounted perpendicularly to the springs rather than parallel 
as in previous designs. Capacitance micrometry is used to monitor the 
change in etalon gap. 

An ambient temperature prototype instrument was designed and built 
for work in the lOym atmospheric window. It performed well in the lab-
oratory and was taken to the 1.5m Infrared Flux Collector in Tenerife on 
several occasions. Telluric absorption features were seen in scans of 
Mars and the Moon. The 12.8ym neon emission line was detected in 
G.29.9-0.0. 

Several design changes resulting from experiences in Tenerife were 
made before the liquid nitrogen-cooled far-infrared version was con-
structed. This uses stretched metal mesh for the mirrors, which are 
also the capacitors for the gap sensing electronics. Both the Fabry-
Perot and a new photometer, 'containing the order-sorting filters, were 
fitted into a standard liquid helium dewar. After laboratory testing, 
the interferometer was flown with the Imperial College Balloon Telescope 
in December, 1979. Stabilisation problems precluded any astronomical 
observations during the flight but the mechanical performance was shown 
to be adequate. 

In addition, an electromechanically resonant focal plane chopper 
was designed and built. Near-infrared observations of the dust formation 
phase of Nova Cygni 1978 were made and interpreted. 
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Preface 4 

Most of the work described in this thesis was carried out during my 
four years as an SRC-supported research student from October 1975 -
October 1979. 

Chapter one considers the astrophysical justification for infrared 
line astronomy. The processes that give rise to emission lines in this 
wavelength region are briefly summarised, before the astrophysics con-
tained in these lines is examined in detail. The achievements of infrared 
line astronomy are reviewed and the chapter concludes with a brief account 
of the development of infrared astronomy in general. 

Chapter two outlines the difficulty of making astronomical observ-
ations in the infrared through the terrestrial atmosphere. A model atmos-
phere is described and used to compute transmission and emission spectra 
at high resolving powers around the wavelengths of interesting astro-
physical lines. 

Chapter three describes the selection of candidate lines for a pro-
gramme of infrared spectroscopy. Some theoretical work on estimating line 
intensities is briefly reviewed. 

Chapter four gives the reasons for choosing to build a Fabry-Pgrot 
Spectrometer (F-P), with which to attempt observations of astronomical 
emission lines. The theory of this instrument is given, before relevant 
design criteria are discussed. Previous Fabry-P£rot designs are summar-
ised and the general features of the IC design explained. 

Chapter five discusses the design details and laboratory testing of 
a near-infrared F-P. This instrument operates at ambient temperature and 
pressure and is used in the lOym atmospheric window. Its performance dur-
ing three observing trips is described and some astronomical results are 
presented. 

Chapter six begins with a description of a liquid-nitrogen-cooled far-
infrared F-P for balloon-borne applications. The auxiliary filtering and 
the design of a new two-channel photometer are discussed before results 
from laboratory tests on the F-P and its sub-systems are given. This 
interferometer formed part of the IC infrared payload for a balloon flight 
in 1979 December. The chapter closes with a brief analysis of the mech-
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anical performance of the F-P during this flight. 

Chapter seven summarises the previous chapters and briefly discusses 
some of the conclusions. Some recommendations are made for future work. 

Appendix A contains details of a focal-plane chopper that was used 
with the IC telescope in the 1976 flight campaign. Appendix B presents 
some lym - 5ym observations of Nova Cygni 1978 and Appendix C contains 
two publications arising from the work described in this thesis. 
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Chapter 1 

Infrared Line Astronomy 

1.1 Potential of Infrared Line Astronomy 

The infrared wavelength region is rich in spectral lines. These 
arise from atomic and ionic fine structure transitions, from molecular 
pure rotational and rotational-vibrational transitions and from recom-
binations. The fine structure lines are the infrared counterparts of the 
well known optical forbidden lines and are ideal tools for diagnosing 
astrophysical plasmas. Measurement of the intensities of fine structure 
lines in gaseous nebulae permits a very accurate determination of relative 
ionic abundances and of electron number densities. Other uses of fine 
structure lines include elucidation of the structure of galaxies and 
observations of star formation regions. The distribution of interstellar 
dust may be examined using fine structure and recombination lines. The 
molecular transitions carry information about the cool, dense part of the 
interstellar medium. Observations of molecular lines aid understanding 
of the heating mechanism of the interstellar medium, permit investigation 
of the dynamics of molecular clouds and may even place constraints upon 
big-bang cosmological models. 

Far-infrared (wavelengths from about 20ym-300ym) line astronomy is 
a brand new branch of astrophysics. The first far-infrared line to be. 
detected was the 88/.m fine structure line of [OIII] (Ward et £l., 1975). 
Even more recently, the first far-infrared molecular line, a transition 
between high rotational lines of carbon monoxide, was found by Watson 
et al. (1980a)# 

The potential of far-infrared line astronomy is enormous. This 
wavelength region contains information on both the hot and cold compon-
ents of the interstellar gas in our galaxy, on the dynamics of other 
galaxies and even on conditions soon after the Big Bang. The field is 
ready and waiting to be explored. 

Before proceeding to a more detailed examination of the science 
contained in infrared lines, some spectroscopic groundwork must be laid. 



1.2 Spectroscopic Terminology 
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In the next two sections, the terminology used to denote fine 
structure and molecular energy levels is briefly summarised. Also, the 
types of transitions giving rise to astrophysical infrared lines are 
examined. For a more detailed account of atomic spectra, the reader is 
referred to Kuhn (1962) and for molecular spectra to Herzberg (1971). 

1.2.1 Atomic Spectra 

In the hydrogen atom, the electron moves in a potential which is a 
function of radial distance only. This permits an explicit of 
SchrHdinger1s time-independent equation and leads to the Bohr energy 
levels. The state of the electron is described by four quantum numbers, 
namely: n, the principal quantum number; I, the orbital angular momentum, 
which may take integer values between 0 and n-1; m^ , the z-component of 
the angular momentum, which has integer values between -Z and +&; and 
mg, the z-component of the intrinsic angular momentum (spin, stl) of the 
electron, where mg = ±\. Electrons with I = 0,1,2,3 etc are referred to 
as s,p,d,f etc. electrons. In the absence of an external magnetic field, 

2 
the energy of a level ONLY depends on n and thus, each level is 2n -fold 
degenerate. 

It is impossible to solve SchrBdingerTs equation analytically for 
an atom with two or more valence electrons because the potential now con-
tains cross terms from interactions between the electrons. Approximations 
have to be made. These will be examined by considering the energy level 
diagram for an atom with two p electrons in its valence shell. By neg-
lecting the inter-electron forces, the so-called central field approx-
imation, a single energy level is expected (figure 1.1). The classical 
Coulomb repulsion between the valence electrons depends on the relative 
orientation of their individual orbital angular momenta. These couple 
together to give a resultant orbital angular momentum, L, which is a new 
quantum number and can take any integer value between J^+J^ and I 
(For 3 or more electrons, L = and ranges from 0 to This 
effect splits the single energy level into three levels. These are 
designated S, P and D according to whether the value of L is 0, 1 or 2 
respectively and are shown in figure 1.1. Quantum mechanically, the 
orbital wave function must have definite symmetry under exchange of the 
electrons. This exchange interaction energy splits the level into 2S+1 
levels (2L + 1 if L < S), where S is the total spin angular momentum 
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Figure 1.3 
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given by S = ?s.. (Refer to figure 1.1). — i—i 

The electron has an intrinsic magnetic moment due to its charge and 
spin. As a result of moving in the central electric field, it experiences 
a magnetic field proportional to its orbital angular momentum. This mag-
netic energy, or spin-orbit interaction, further splits the energy levels 
and causes the fine structure. Transitions between these levels produce 
the fine structure lines of interest in this work. Effectively, the spin 
and orbital angular momenta have been coupled together to form the total 
angular momentum vector, >J, where JF is given by the vector sum of L and S_ 
(for Russell-Saunders coupling) . The magnitude of -J is /j (j+l)Tl and its 
z-component is given by J = m.h where j and m. are new quantum numbers z 3 J 
replacing m and m , which are rendered meaningless by spin-orbit coupl-I s 
ing. J takes integral and half-integral values from (L+S) to |L-S| and, 
thus, the multiplicity of a term is 2S+1. The different fine structure 
levels are labelled by their J and L values with the multiplicity written 
as a superscript on the left e.g. D5/2 w^ e r e L = 2, J = 5/2 and S = 3/2, 
If the magnetic moment of the nucleus is also considered, a further split-
ting of levels occurs, leading to hyperfine structure. 

The size of fine structure splitting depends on the atomic charge, Z, 
of the element involved and on the quantum numbers of the relevant energ/ 
level.As an example, the fine structure energy, arising between the 
interaction of the L and S of a hydrogen-like atom is given by, 

.2 hcRZ4 E- - °C _ fs 3 n 
J(J+1) - L(L+l) ~ S(S+1) 

L(L+1)(2L+1) 
1.1 

where cC » the fine structure constant, and R, the Rydberg constant, are 
given by, 

cc a n d R = i h i * . i.2 
h c ch3 

yUis the reduced mass of the electron. For the 2P term in the ground 
state of the hydrogen atom, the fine structure splitting is 5x10 ^eV 
(Harwit, 1973, p.261) and as Z increases so does the splitting e.g. 

-3 -2 
2x10 eV (i .e. ̂ /v60(̂ «.m) for sodium compared to 7x10 eV (18/un) for Caes-
ium (Thorne, 1974) . The hyperfine levels of the hydrogen atom are separated 



by 6x10 ^eV, leading to the important 21cm line. 
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In order to explain why these fine structure transitions are not 
seen in the laboratory, the restriction (if any) on radiative transitions 
must be examined. The electromagnetic field of the emitted or absorbed 
photon is treated as a small perturbation to the atom. After unit time, 
there is a certain probability, the transition probability, that the 
electron will have changed its state. The transition probability may be 
expanded as a power series. The first term of the expansion is propor-
tional to the electric dipole moment of the two states involved; higher 
terms correspond to magnetic dipole and electric quadrupole transitions. 
By examination of the conditions under which the first term is non-zero, 
selection rules, governing electric dipole transitions, are deduced. 
These rules forbid electric dipole transitions between fine structure 
levels but allow magnetic dipole transitions. The latter have very small 
transition probabilities, i.e. the lifetime of the electron in the upper 
state is very long, and so, at normal laboratory densities, the levels 
are collisionally de-excited. However, in regimes of very low density, 
e.g. the interstellar medium, radiative de-excitation occurs with the 
emission of a "forbidden" photon. 

1.2.2 Molecular Spectra 

The total energy of a molecule can be approximated to the sum of 
three parts; electronic, vibrational and rotational, each about 100 times 
smaller than the last. The spectra of polyatomic molecules are very 
complex, owing to their large number of degrees of freedom. There follows 
a brief outline of the spectrum of a diatomic molecule in order to give 
the 'flavour* of molecular spectroscopic terminology. The electronic 
energy levels are calculated by studying the motion of the electrons 
around the nuclei and comparing the results to the motion in the "united" 
atom. Transitions between electronic energy levels lead to lines in the 
UV and visible spectral regions and so further discussion is inapprop-
riate here. 

The vibrational energy levels are found by firstly treating the 
diatomic molecule as a quantum harmonic oscillator and then by slightly 
modifying the potential to a more realistic form, the Morse potential, V, 
given by, 

V = De[l-e~8x]2 , 1.3 
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where is the dissociation energy of the molecule, 3 is a constant and 
x is the displacement of the nuclei from their equilibrium separation. 
The energy levels, E(v), expressed in term values, G(v), where 
G(v) = E(v)/hc, are, 

2 3 G(v) =o)(v+i) - cox(v+£) + wy(v+J) + .... , 1.4 

where v is the vibrational quantum number, x and y are anharmonicity 
constants and are in general quite small, and w is the vibrational con-
stant, given by, 

Jhc 
o = v . 3 1.5 

2irc 

The values taken by v may be 0, 1, 2 As v increases, the gap be-
tween successive levels decreases. 

A rotating diatomic molecule may be considered as a system of two 
masses separated by a fixed distance, rotating about an axis perpendicular 
to the line joining the masses. This system is easy to solve and leads 
to energy levels, E(J), expressed in term form, where, F(J) = E(J)/hc are, 

E(J) = BJ(J+1) , 1.6 

where J is the rotational quantum number. The rotational constant, B, is 
given by 

h 
B = — 5 — , 1.7 

8tt cl 

where I is the moment of inertia of the molecule about the axis of rota-
tion. However, in general, the distance between the masses is not con-
stant because a) the molecule is not rigid and thus centrifugal force 
will cause the internuclear distance to increase slightly and b) the 
molecule may be vibrating. The result of these two effects is that 
higher terms have to be included in the energy level expression and also 
the rotational constant, B, becomes dependent on the vibrational quantum 
number, v. The energy levels, in term form, where F(J) = E(J)/hc, are, 
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F V(J) - B VJ(J+l) - D VJ 2(J+1) 2+ , 1.8 

where D is a small constant. Before leaving rotational spectra, the idea 
of branches must be introduced. The 0,P,Q,R,S branches correspond to 
AJ a -2,-1,0,1,2 respectively. Transitions may be labelled by a branch 
and the lower of the two rotational quantum numbers. Figure 1.2 (from 
Herzberg, 1971) shows schematically the vibrational and rotational levels 
of two electronic states of a molecule. 

Three kinds of spectra can be distinguished. Firstly, transitions 
between the rotational levels of a given vibrational and electronic state 
form the pure rotation spectrum and give rise to lines in the far-infra-
red, milli- and centimetric regions. Secondly, rotation-vibration spectra 
arise from transitions between the rotational levels of one vibrational 
state and the rotational levels of another vibrational state of the same 
electronic level, causing lines throughout the infrared region. Thirdly, 
there is the electronic spectrum. Transitions of these three kinds are 
indicated on figure 1.2. 

A homonuclear molecule, e.g. EL,, cannot have any electric dipole 
rotational or vibration spectrum because it lacks a permanent dipole 
moment. Transitions in such molecules must occur by electric quadrupole 
radiation and are therefore relatively weak. A heteronuclear molecule, 
e.g. CO, has the following electric dipole spectra. The pure rotation 
spectrum is a series of lines almost equally spaced in wavenumber (cf. 
eqn. 1.8). The vibrational spectrum is split into bands because of the 
rotational fine structure of each vibration level. Each electronic energy 
level has rotational and vibrational structure, so the electronic spectrum 
consists of series of bands. 

1.3 Astrophysics in Infrared Lines 

It has been shown in the preceding sections that infrared lines are 
produced by atomic and ionic fine structure transitions, and by molecular 
vibrational-rotational and pure rotational transitions. In addition to 
these mechanisms, infrared lines are also produced by recombinations. 
These processes give rise also to lines in the optical and radio regions. 
In some cases, the information derived from infrared lines complements 
that from other wavelengths, while in other cases, it is superior. 
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Vibrational and Rotational Levels of Two Electronic States A and B/ of 
a Diatomic Molecule. (From Herzberg, 1971). 
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Generally, infrared observations have the advantage over the radio work 
of comparatively small beam sizes. This is particularly important when 
there is a suspicion of non-uniform density, or "clumping", in the object. 
Compared to the optical, the extinction by dust of the infrared is nearly 
negligible. For a B-V colour excess of 1.0, there is an optical (B) 
absorption by dust of 4 magnitudes (Schild, 1977). At 5um, this figure 
has dropped to less than a quarter of a magnitude; the wavelengths of 
the lines under discussion here are VL0 times longer and thus dust 
extinction will be even less. This insensitivity to dust can be of ad-
vantage in two ways. Firstly, the numbers obtained from infrared measure-
ments are better than those from optical because they are not subject to 
uncertain corrections for interstellar reddening. Secondly, dust-
enshrouded regions may be observed and information, inaccessible to 
optical astronomers, extracted, e.g. the dynamics at the centre of our 
galaxy. 

Obviously ionic fine structure and molecular lines must, in general, 
come from different types of astronomical object. For molecules to 
exist, they must be protected from the dissociating and ionising ultra-
violet radiation. This shielding may be achieved either by interstellar 
dust or by having very dense molecular clumps, so that the centre is 
self-shielded. Thus, molecular far-infrared lines carry information 
about the cool dense part of the interstellar medium. On the other hand, 
ionic fine structure lines come from ions and thus, these lines are use-
ful for diagnosing astrophysical plasmas. Since the ionic and molecular 
lines come from such different regions, they are now discussed separately 
to investigate what astrophysical information can be extracted. Atomic 
fine structure lines come from both types of sources, hot and cold, and 
are mentioned where relevant. 

1.3.1 Fine Structure Lines 

Fine structure lines are the infrared counterparts of the well-known 
optical forbidden lines that have been used for years by optical astron-
omers in the study of gaseous nebulae. The fine structure levels are 
populated by electron-ion collisions and thus the transitions radiate 
away the kinetic energy of the nebula. These lines are the most import-
ant cooling mechanisms for interstellar plasmas, despite the low abund-
ances of the species producing them. 



Many species of interest have between one and five p electrons in 
their outer shell. Figure 1.3 (adapted from Simpson, 1975) shows the fine 
structure for these configurations. Ions with either two or four valence 
electrons have a pair of infrared lines as well as optical transitions, 
e.g. [oill]. Configurations with either one or five electrons have a 
doublet in the ground state leading to a single infrared transition, e.g. 
[Nell] . Observation of this line is the only way to see these ionisation 
stages. There is no fine structure m the ground state of p configur-
ations; due to the higher excitation energy, fine structure lines from 

3 the higher levels of p configurations are very weak. 

As discussed by Watson and Storey (1980), fine structure lines have 
simple observational properties that make it easy to extract information. 
The nebulae are generally optically thin in these lines (this is also 
true for optical forbidden lines), so no radiative transfer analysis is 
needed. The excitation temperatures for the fine structure levels are 
low compared to the average nebular temperature, thus causing the line 
strengths to be almost independent of the nebular temperature. Also, the 
Einstein spontaneous transition probability is so small that' even at low 
densities some lines are "saturated". This last point is discussed 
further in the next paragraph. Table 1.1 is a list of interesting fine 
structure lines, arranged in order of increasing wavelength for each 
electronic configuration. 

The most important use of infrared fine structure lines is in the 
determination of very accurate relative ionic abundances and electron 
number densities. These can be calculated in the following way. The 
intensity of a particular fine structure line depends on the number of 
ions in the line of sight that are in the upper level of the two fine 
structure levels involved in the transition, i.e. the fractional level 
population. In general this depends on the electron number density, ne, 
because the levels are populated by electron-ion collisions. However, 
if the spontaneous transition rate is very small, the fine structure 
levels can come into thermal equilibrium with the electrons. Due to the 
high electron temperature, this results in the fine structure levels 
being populated according to their statistical weights. Thus the line 
intensity is now proportional to the total ionic column density, n£on'l> 
where n. is the ionic number density and i, the depth of the nebula ion j » f 
along the line of sight. The point at which the line intensity becomes 
independent of ne, i.e. "saturated", may be calculated by applying the 
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Table 1.1 

Configuration Transition Species Wavelength (ym) 

SIV 10.52 
1 2 2 P I 1 1 1 9 • 7 

P P - P OIV 25.91 
'2 '2 Sill 34.8 

NIII 57.3 
CII 157.4 

ArV 7.9 
13.1 

CI IV 11.8 
20.4 

NeV 14.3 
3 3 24.2 

9 P9 - P- SIII 18.71 
P Z 33.44 

' 3 3 PII 32.9 
1 o 60.0 

OIII 51.82 
88.36 

Sil 68.5 
129.7 

Nil 121.7 
203.9 

CI 370.4 
609.1 

3„ 3, 
Arlll 8.99 

21.84 
4
 P1 " P2 0 1 1 1 1 4 , 3 4 

P 33.4 
3p 3 Nelll 15.55 
o 1 36.04 

SI 25.2 
56.3 

01 63.17 
145.5 

CalV 3.21 
D
5 2 _ 2 MglV 4.5 

y l/2 3/2 Aril 6.99 
Nalll 7.33 
Nell 12.81 

Some Important Fine Structure Lines. 
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principle of detailed balance to the level population. Figure 1.4 from 
Watson and Storey (1980) is the result of such a calculation. This shows 
level population ratios for the ground state of OIII. For electron num-

4 - 3 r i 
ber densities above 10 cm , the 88ym [OIII] line is saturated. To get 
accurate relative ionic abundances, the intensities of two saturated fine 
structure lines, one from each ion, must be measured. Since both these 
intensities are proportional to n£on*> their ratio gives the relative 
abundance of the two ions without needing to know the depth of the nebula. 
This abundance ratio will be more accurate than one derived from optical 
measurements; the infrared measurements also have greater applicability 
since the infrared lines saturate at much lower densities than the optical. 
Figure 1.4 also demonstrates the insensitivity of the level populations 
to temperature. 

The electron number density may be calculated, again without needing 
to know i, if the intensities of a pair of fine structure lines from the 
same ion are measured in the same beam. Figure 1.4 shows that the ratio 
of the 52ym [OIIl] line to the 88ym one is a function of ne, as long as 
one of the lines remains unsaturated. Comparison of the value of ne, 
obtained from infrared measurements using small beam sizes, with that 
.obtained by measurement of the radio free-free emission using relatively 
large beam sizes will aid in estimating the 'dumpiness' of the source. 
Once ne is known, ionic abundances relative to hydrogen may be calculated 
if assumptions about the depth and shape of the nebula are made. Watson 
and Storey (1980), referring to Osterbrock (1974), discuss how to use ne 

to investigate general elemental abundances, the ionisation structure of 
nebulae and also how to determine the effective temperature of the ionis-
ing s tar. 

The advantage in the infrared of great insensitivity to dust extinc-
tion has previously been mentioned. In this paragraph, the use of infra-
red observations to probe the dust is discussed. Many ions have pairs of 
far-infrared lines. If conditions in a source can be deduced from other 
observations, then predictions of the ratio of the intensities of the 
two fine structure lines may be made. Comparison of the predicted ratio 
with a measured ratio may help to estimate the wavelength dependence of 
interstellar dust in the far-infrared region. At the moment, there is 
some doubt as to whether this follows a 1/X or a 1/X law. This problem 
is not insignificant, for even at lOOym, the optical depth to the galactic 
centre is 1.6 (Erickson et al., 1977). Doubly-ionised sulphur is partic-
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ularly important in this context for one of its two fine structure lines 
is at a wavelength of 18.7ym, right in the middle of the 20ym silicate 
absorption feature. This line is very bright in HII regions and should 
be an ideal probe of the properties of interstellar silicate grains. 
Another method of detecting dust and measuring interstellar absorption is 
to compare the intensities of infrared recombination lines with their 
optical and radio counterparts, many of which have already been detected. 

Elucidation of the structure and dynamics of galaxies by high spect-
ral and spatial resolution measurements of emission lines is complicated 
in the optical by obscuration and dust scattering and in the radio by 
possible interstellar stimulated emission amplification. Thus, when 
possible, it is preferable to work in the infrared. The [Nell] line at 
12.^um has been used for this purpose for M82 (Beck et̂  al_., 1978), 
NGC 253 (Beck ej: al., 1979) and for our own galaxy by several authors 
(cf. section 1.5.2). 

Infrared observations are particularly important in the study of 
star formation and young HII regions, as these are still deeply embedded 
in dust. Infrared lines are easily excited by collisions because of their 
low excitation energies. The mass flux around a protostar which has not 
yet started thermonuclear burning may be enough to excite these levels 
(Andriesse et al., 1979) and for this reason, they suggest making high 
spectral resolution observations" of objects such as the Becklin-Neugebauer 
object to determine their nature. 

In addition to the main uses of fine structure lines described above, 
there are many others. For example, neutral oxygen is a very interesting 
species because its first ionisation potential is only slightly higher 
than that of hydrogen and so it is found on the edges of HII regions, 
where it is excited by collisions with hydrogen atoms. Thus observations 
of [ 01 ] fine structure transitions will give information on the structure 
of the HI/HII transition zone, the ionisation front. 

As the ability to detect far-infrared fine structure lines increases, 
so will the number of uses for them. However, at present, their most 
important use is in determining relative ionic abundances. 

1.3.2 Molecular Lines 

Infrared molecular lines are of interest in many areas. Their use 
in the study of star formation regions, the study of the heating mechanism 



of the interstellar medium and in determining the deuterium-to-hydrogen 
ratio are outlined in the following few paragraphs. 

Hill and Hollenbach (1978) have examined what happens when a compact 
HII region, powered by a young massive star, expands into its surrounding 
molecular cloud. A dissociation front and shock wave travel out 
through the cloud, heating the gas. Eventually, the gas cools by infra-
red line radiation. They conclude that the strongest lines are the mole-
cular hydrogen quadrupole transitions, the fine structure transitions of 
01 and later the rotational transitions of carbon monoxide. 

The heating mechanism for the interstellar medium is not well under-
stood. Possible sources of energy include ionisation by cosmic rays and 
the interstellar radiation field as well as photoelectric emission from 
dust. Since, in equilibrium, the cooling rate is equal to the heating 
rate, the former deserves attention. The main mechanism for energy loss 
is collisional excitation of atoms, ions and molecules followed by radia-
tion in the infrared, the cool dense part of the interstellar medium has 
a rich far-infrared spectrum, for the excitation conditions are such that 
the majority of the energy lost through molecular transitions falls in 
this -wavelength region. Molecules such as CO (the most important tracer 
of dense molecular gas), H2, HD, together with CI and CII, provide import-
ant cooling mechanisms for these regions. Even trace molecules, such as 
HC1 (Dalgarno ejt £l., 1974) may contribute significantly to the cooling 
because above a critical density, the cooling is independent of molecular 
abundance and roughly proportional to the rotational constant, B (cf. 
equation 1.7) of the molecule. In cases of low temperatures (10-100K) 

2 6 —3 

and densities (10 -10 cm ), the clouds will not be in thermodynamic 
equilibrium. This both complicates the interpretation of the observations 
in terms of physical conditions and also leads to exotic phenomena such 
as SiO, H2O and OH masers. Measurements of molecular intensities gives 
information on the galactic history of the elements, while detailed map-
ping and fitting of observed line profiles to models allows a determin-
ation of density distributions and velocity fields in dense interstellar 
clouds. 

The excited rotational levels of ^ and HD are long-lived and, thus, 
collisions maintain the level populations in thermal equilibrium. 
Dalgarno and Wright (1972) suggest that measurements of the relative 
intensities of these lines would give the HD/H„ and ortho-H9/para-H« 
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abundance ratios as well as the kinetic temperatures. The H/D ratio is 
of cosmological significance, because the amount of deuterium in the 
universe at present is a sensitive indicator of the density in the very 
early universe. 

Far-infrared molecular line astronomy only began in 1980 (Watson et_ 
al.). There is certain to be a rapid exansion of work in this field and 
the next few years should see some of the potential, described above, 
fulfilled. 

1.4 Line Astronomy in Context 

Line astronomy has made vast contributions to astrophysics in all 
bands of the electromagnetic spectrum. Before discussing the achievements 
of infrared line astronomy, some of these other contributions are summ-
arised. 

One of the foundations of modern astrophysics was laid in 1859 when 
Bunsen and Kirchoff discovered that each element had characteristic spect-
ral lines. This discovery was used to interpret the dark lines in the 
solar spectrum that Frauenhofer had reported 45 years earlier. Shortly 
afterwards, Jansen discovered helium in the sun through its spectral 
lines, some 27 years before Ramsay isolated it on the earth (1895). In 
the. next few decades, with the development of the quantum theory, Saha's 
theory of thermal ionisation and excitation and theories of atomic struc-
ture, the theoretical interpretation of stellar spectra became possible. 
Since then, observations of line intensities, profiles, central fre-
quencies and splittings have enabled astronomers to deduce the physical 
conditions in many sources. 

For the early 'line astronomers' the optical window was the only 
information channel open to them. In 1904, Hartmann discovered inter-
stellar matter through its calcium absorption lines. The first inter-
stellar molecules, CH+, CH and CN, were identified in the late thirties 
by their optical absorption spectra. McKellar (1941), using data from 
the rotational excitation of CN, deduced a rotational temperature of 
2.3K for the interstellar medium many years before the discovery of the 
3K background. 

More recently, advances in technology have opened up other spectral 
windows. An important example is the 21cm spin-flip line, which radio 
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astronomers have used to map the galactic distribution of atomic hydrogen. 
There are, at present, over fifty known interstellar molecules; most of 
these were first detected by radio frequency transitions. One notable 
exception is molecular hydrogen, which was found by its ultraviolet ab-
sorption spectrum (Carruthers, 1970) and later seen in the infrared 
(Gautier ejt al_., 1976). Other molecules detected in the UV are CO, HD 
and OH and in the IR, C2(0.8ym) and C0(870ym, 124ym and 119cm). Lines 
have also been detected in the X-ray and y-ray spectral regions. 

Thus, line astronomy continues to provide astronomers with inform-
ation in all wavelength regions. The contribution from infrared lines is 
now discussed. 

1.5 Achievements of Infrared Line Astronomy 

The next two sections look firstly at the landmarks in'the subject 
and then at the scientific results of infrared line astronomy. Both sec-
tions are heavily biassed towards the far-infrared work but some mention 
is made of relevant observations in the short-wavelength atmospheric win-
dows. 

1.5.1 Landmarks 

In the short wavelength region, the first fine structure line to be 
detected was that of [Nell] at 12.8ym in the planetary nebula, IC418, by 
Gillett and Stein (1969). This line has subsequently been widely 
observed. On the molecular side, Gautier et al. (1976) first detected 
emission from H2 in the Orion nebula. Thompson et al. (1978) were the 
first to detect H 2 emission in an extragalactic object, NGC 1068. 

The pioneering work in the far-infrared was done by Ward et_ al. 
(1975) who found the 88ym [OIIl] line in the Omega nebula. Its companion 
line, at 52ym, was also discovered by the Cornell group (Melnick et al., 
1978). Thus, the first pair of infrared lines from one species had been 
found. The Cornell group followed up with the detection of fine struc-
ture emission from a neutral species, [oi] at 63ym in M42 (Melnick et al., 
1979a). Far-infrared fine structure line studies may be considered to 
have come of age with the maps by Storey et_ al_. (1979) of several HII 
regions in 88ym foill] emission. This group at Berkeley have also opened 
up a new field with two detections of far-infrared molecular lines. 
Watson et al. (1980a) saw emission from rotational transition of carbon 
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monoxide at 119ym and 124ym in the Orion Nebula; while Storey e_t al. 
(1980a) observed two absorption lines of OH (119.23ym and 119.44ym) in the 
direction of Sgr B2. The paper by Moorwood <et al. (1980) is a good ex-
ample of the use of fine structure lines to derive physical conditions in 
astronomical objects. 

1.5.2 Results 

The problem of interstellar iron abundances is mentioned in section 
3.1.2. In the absence of far-infrared data, the best approach is to ex-

4 4 . 0 
amine the very-near-infrared P21/2~ F41/2 t r a n s i t l o n Fell at 8617A, 
because this will be less sensitive to electron temperature than the opt-
ical lines. Cosmovici et al. (1980) report the first high spectral res-
olution observations of this line. They find the abundance of iron in 
Orion to be x35 less than in the sun and x3.6 higher than in the inter-
stellar medium. 

In the lym - 5ym region, hydrogen recombination lines are used to 
derive extinction to various objects e.g. Willner e£ al. (1977). Emission 
from molecular hydrogen at 2.lym in planetary nebulae has been observed 
by Beckwith et al. (1978a)to be correlated with [ 01] (A6300A) clumps. 
They consider it likely that the hydrogen molecules are inside the dense 
clumps and protected from dissociation by dust. 

The use of the three bright fine structure lines which fall in the 
lOym atmospheric window to determine abundances, the nature of exciting 
sources, and composition of radiating material, has become commonplace. 
An interesting use of the [Nell] line, that of mapping galactic dynamics, 
was mentioned in section 1.3.1. tollman et al. (1976, 1977) found both 
red- and blue-shifted [Nell] emission in Sgr A West from a region about 

A 

40" across and roughly co-incident with the thermal radio source of the 
same size. They conclude that the observed motion of Nell was represent-
ative of the velocity distribution of the ionised gas as a'whole. From 
the velocity dispersion, they put a limit of 4x10^^. upon the mass 
within 0.8 pc of the galactic centre. 

The Orion Molecular Cloud has been the focus of much work. Gautier 
et al. (1976) discovered several molecular hydrogen vibration-rotation 
emission lines here, and identified the strongest as the v = 1-0 S(l) line 
at 2.lym. Joyce ert al. (1978) tested the suggestion that the emission 
came from a shock front by using high spatial resolution. They conclude 



that the emission arises from collisionally-excited H 2 in a thin shock-
heated layer inside the cool molecular cloud. For spherical (planar) 
geometry, the shock velocity is limited to 15(30) km s Beckwith et al. 
(1978) mapped the 2.lym emission and used line intensities and ratios to 
derive a vibrational temperature of 2200K and a rotational temperature of 
HOOK. They consider the energy sources present and conclude that none 
of them has sufficient energy density to produce shock excitation of the 
H2. Thus, if the H 2 is shock-excited, the shock must have arisen from a 
cataclysmic event, e.g. a supernova. Rapid shock heating, followed by 
slower cooling, would also produce 12.3ym pure rotational H 2 emission 
from the cooler gas downstream. Beck et al. (1979) have found this line 
and their results are consistent with the 2ym data. The 63ym [Ol] line 
is also expected to be an important coolant of past shock gas and was 
found in M42 by Melnick et al. (1979a) but with low spatial resolution. 
Storey et al. (1979) made a partial map of M42 in [Ol] 63ym emission and 
say that the line emission comes from the Hll/neutral material transition 
zone and not from the region of molecular hydrogen emission. Rotational 
transitions from another expected coolant, CO, were detected in the shocked 
region by Watson et al. (1980a). 

Table 1.2 lists all the far-infrared lines detected to date (October 
1980) . The earlier papers only report fluxes and, apart from comparing 
the measured intensities with prediction - e.g. Baluteau et al. (1976) -
do not use the results further. The rest of the literature in this field, 
excluding papers fully discussed above, are now briefly summarised in 
chronological order. 

Greenberg et al. (1977) observed [Sill] 18.^um emission in three 
nebulae, and obtained the first direct measurement of an ionic column 
density, namely S + + in NGC 7027 and BD 30°+3639. Dain et al. (1978) find 
agreement between their observed 88ym [OIIl] emission in HII regions and 
the predictions of Simpson (1975). However, their fluxes from Sgr A and 
Sgr B2 (upper limit) are very low. Radio observations of these sources 
(Churchwell et al_., 1974) may be interpreted to infer an underabundance 
of Hell. These two facts, together, could be explained by a lack of 
hard UV photons. The good agreement between predictions (from radio ob-
servations) and observed 51.8ym [OIIl] emission in Orion led Melnick eit 
al. (1978) to conclude that M42 is not very clumpy. Moorwood et al. 
(1978) detected [OIII] 88ym and [Sill] 18.7ym emission in the Orion neb-
ula, with intensities in good agreement with the predictions of Simpson 
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Table 1.2 

Species Wavelength (vim) Objects Reference 

SIII 18.7 HII regions and P.N.'s b,c,f, 
NeV 24.3 Only NGC 7027 P. 
OIV 25.9 Only NGC 7027 P. 
SIII 33.4 Only Ml7 1. 
OIII 52 GC, HII regions and P.N.'s e,h,k, 
NIII 57.3 M17, W51 1. 
01 63 HII regions and a P.N. g,i. 
OIII 88 GC, HII regions a,b,d, 
CO 118.6 M42 o. 
OH 119.2 Towards SgrB2 in Absorption n. 
OH 119.4 Towards SgrB2 in Absorption n. 
CO 124.2 M42 o. 
CII 157 M42 and NGC 2024 m. 

References 

a. Ward et al., 1975. 
b. Baluteau et al., 1976. 
c. Greenberg et al., 1977. 
d. Pain et al., 1978. 
e. Melnick et al.,'1978. 
f. Moorwood et al., 1978. 
g. Melnick ej: al., 1979a. 
h. Melnick et al., 1979b. 
i. Storey et al., 1979. 

j . McCarthy et al. , 1979 
k. Watson et_ al., 1980b. 
1 . Moorwood e_t al. , 1980 
m. Russell e_t al., 1980. 
n. Storey et al., 1980a. 
o. Watson et al., 1980a. 
P. Forrest et ail., 1980. 
q. Melnick £t al., 1980. 

Notes 
The author knows of three other papers in preparation in this field: 
Baluteau et al., 1980. 18.7ym [sill] and 52ym [Olll]. 
Moorwood et al., 1980b. 52ym [OIIl], 57ym [NIIl] and 88ym [oill]. 
Watson et al., 1980c. 52ym [OIIl] and 57ym [NIIl]. 

Detected Far-Infrared Lines (October 1980). 
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(1975). They use these results, in conjunction with optical data, to ex-
amine the density, temperature and ionisation equilibrium of the source. 
The peak emission in each line comes from the maximum density region; 
the [Sill] emission is localised to high density clumps while the [OIIl] 
line is emitted throughout the entire cloud. From their upper limit on 
the [Sill] 33ym line, Moorwood et al. also propose an alteration to the 
density structure of the model of Simpson (1973). More accurate measure-
ments of 52ym [OIIl] in galactic HII regions are reported by Melnick e£ 
al. (1979b) . They find reasonable agreement between the observed and 
predicted 52ym/radio continuum ratios but not such a good match for the 
52ym/88ym [OIIl] ratios. They ascribe this to dumpiness in the sources 
and also suggest doubling the OIII abundance of Simpson (1975). The 
same authors (1979a) observed very bright [Ol] 63ym emission from M42 and 
M17. For both objects, the flux in the line is about 0.3% of the total 
energy radiated by the nebula! Emission from ['SIII] 18.7ym was mapped in 
M17 and detected in three other HII regions by McCarthy et al. (1979). 
They develop a simple theory to predict [Sill] fluxes from radio data and 
find good agreement for two of their four sources. For the other two, it 
is necessary to include silicate dust extinction and/or lower SIII abund-
ances. Storey ej: al_. (1979) detected [OIIl] 88ym emission in many sources 
and find that in each case the peaks of the fine structure and radio con-
tinuum emission are co-incident. They map three sources in both 88ym 
[OIII] emission and 88ym continuum emission and find two distinct peaks. 
This shows that spherical models which have the dust uniformly mixed with 
the ionised material will not give realistic predictions for the propert-
ies of the source. Storey et: al. (1979) also derive OIII column densities 
and estimate OIII fractional abundances but conclude that these will not 
be reliable until better electron densities are known. The Nell clouds 
at the galactic centre emit 52ym [OIIl] flux (Watson et al., 1980b). An 
effective temperature of 32000-40000K is deduced for the radiation field 
ionising these clouds. The 157ym [CIl] was detected by Russell et al. 
(1980) in NGC 2024 and M42, and approximate gas temperatures are deduced. 

In summary, far-infrared molecular line astronomy has barely begun. 
Two transitions of each of two molecules have been detected this year by 
the Cornell Group. However, this work is very promising, because the 
detected CO intensities are such that many more CO transitions ought to 
be detectable. From these, rotational temperatures and CO column densit-
ies are calculable. The OH lines are equally exciting for any method of 
studying the excitation processes for OH masers is to be welcomed. As 
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the results above show, far-infrared fine structure line astronomy is 
developing rapidly and fulfilling the potential, expressed for it in 
section 1.3.1, by deriving abundances and electron number densities. A 
pointer for the future of fine structure work may well be the comprehens-
ive nature of the recent paper by Moorwood £t al. (1980). They measure 
simultaneously (and therefore in the same beam) two pairs of infrared 
lines, [SIII] (18.7ym and 33pm) and [ OIII ] (52ym and 88ym), and also 
[NIII] (57ym) in M17. They derive ionic abundances and electron number 
densities, and investigate the ionisation structure of the nebula. 

Many new discoveries are still to be made in far-infrared line ast-
ronomy. Much exciting follow-up work awaits observers. This field is 
certain to blossom in the next few years and to provide a rich harvest. 

1.6 Development of Infrared Astronomy 

In order to gain some perspective on the r61e and difficulties of 
infrared line astronomy, the historical development of infrared astronomy, 
as a whole, is now sketched. 

Infrared astronomy began almost 200 years ago with the very 
discovery of infrared radiation by Herschel (1800). He was using a 
thermometer to investigate the heat content of different colours in the 
solar spectrum when he found energy beyond the red end of the spectrum. 
The next astronomical object to be detected was the full moon by Piazzi 
Smyth (1859) using an "excellent thermo-multiplier". The ruins of Piazzi 
Smyth's observatory in Tenerife are shown in figure 1.5. A few years 
later, the 4th Earl of Rosse measured the moon through its phases and 
deduced a surface temperature that agrees with the modern value to within 
10%. 

After the pioneering work in the early 19th century, there was a 
long pause in the development of infrared astronomy. This was due to the 
low sensitivity of available detectors, compounded by the atmosphere's 
opacity throughout most of this spectral region (cf. Chapter 2). In the 
first half of the 20th century, the main planets and some bright stars 
were added to the list of known infrared objects. (Refs. listed in Allen, 
1975, Ch.l), Pettit and Nicholson (1930), using thermocouples and a 
water cell, observed 124 stars and presented bolometric corrections for 
them. Their lunar data was used by Wesselink (1948) to show that the 
moon must be covered with dust. 



Figure 1.4 

The Ruins of Piazzi Smyth's Observatory on the Peak of Guaj ara. 
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In the 1950's improved detectors began to become available. Fellgett 

(1951) used a cooled lead sulphide photoconductor to look at 51 stars 
between 1-2.5ym. He noted that there was some evidence for excess infra-
red emission from Be stars. However, despite encouraging results with 
the PbS detector he concluded that it was important "to use every resource 
to increase cell sensitivity". Lead sulphide cells cannot be used beyond 
about 3ym and so mercury- and copper-doped germanium photoconductive 
detectors were developed for use between 5ym and 15ym. Since all these 
photoconductors are only sensitive over a limited wavelength range, it 
was a great step forward when Low (1961) invented the liquid-helium-cooled 
gallium-doped germanium bolometer. Not only does the Low bolometer have 
a large wavelength range but it is also very sensitive even in the 5-15ym 
range and it is therefore not surprising that this type of detector has 
been so widely used for the past 15 years. For applications with a low 
radiation background, the Low bolometer is, now, gradually being replaced 
by new photoconductors, e.g. arsenic-doped silicon for lOym and gallium-
doped germanium for lOOym. 

When 'better detectors became available, infrared astronomers began 
to make astronomical observations at the few wavelengths where the sea-
level atmospheric transmission is* relatively high. These are the so-
called atmospheric "windows" and without them, ground-based infrared ast-
ronomy would be impossible. H.L. Johnson was one of the earliest and 
busiest workers.in this field. In 1962, he defined four photometric 
bands between lym and 5ym and observed many stars at K(2.2ym) and L(3.6ym), 
providing revised effective temperatures and bolometric corrections. He 
followed this with the first observations of stars at 5ym, (Johnson and 
Mitchell, 1963), the first detection of an extragalactic object (3C273) 
in the infrared (Johnson, 1964) and the first observations through the 
20ym atmospheric window (Johnson, Low and Steinmetz, 1965) . The lOym 
atmospheric window was opened by Murray and Wildey (1963), who detected 
the Moon, Jupiter and a Ori. The two atmospheric windows longwards of 
20ym, i.e. at 35ym and 350ym, are both very poor and it is only recently 
that ground-based observations have been attempted at these wavelengths. 
Low, Rieke and Armstrong (1973) observed planets, stars and galactic neb-
ulae between 28-40ym; Joyce, Gezari and Simon (1972) made the first re-
ported 345ym observations (M17, M82 and Venus) although Low, Hoffmann and 
Harper have some earlier (1970) unpublished observations. To sum up, 
ground-based observations through the l-14ym atmospheric windows are now 
commonplace, while those using the longer wavelength windows are still 
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relatively rare. 

There are no atmospheric windows between 30ym and 300pm. Thus far-
infrared observations have had to await the development of techniques for 
observing from above most of the atmosphere. At an altitude of 14km, the 
atmosphere has become fairly transparent (Traub and Stier, 1976) and so 
astronomical observations are possible from high flying aircraft. The 
telescopes used in aircraft have steadily increased in size from the 30cm 
telescope of Low, Aumann and Gillespie (1970) to the 90cm telescope in the 
Kuiper Airborne Observatory (Cameron, Bader and Mobley, 1971). Observa-
tions from still higher altitudes are possible by using balloon-borne 
instruments. These telescopes and their associated pointing systems have 
also grown in size and complexity from the pioneering 1" refracting tele-
scope of Hoffmann and Frederick (1969), through medium size reflectors 
e.g. the 40cm system of Fumiss, Jennings and Moorwood (1972) to the now 
routinely-flown telescopes larger than lm (Fazio e_t al., 1974; Joseph 
e_t _al., 1977; Drapatz, 1980.), A new concept in balloon-borne tele-
scopes is to cool the entire telescope with liquid helium (Campbell^ 
1979). In the late sixties and early seventies, far-infrared and sub-
millimetre observations were made from above the atmosphere with rocket 
borne telescopes e.g. the work on the cosmic background of Houck et al. 
(1972) and Williamson e_t al. (1973) . The observing time on rocket flights 
is very short, about five minutes maximum. To date, no non-military ob-
servations have been made from telescopes in orbit, but missions planned 
include an Infrared Astronomical Satellite (IRAS), which has a liquid-
helium-cooled 60cm telescope. 

Needless to say, the first far-infrared astronomical object to be 
discovered was the sun. Its long wavelength spectrum was measured by 
Beer (1966) from a balloon and by Eddy et al. (1969) from an aeroplane. 
The moon was the only object detected by Hoffmann, Woolf and Frederick . 
(1967) during their 350ym partial sky survey. Aumann, Gillespie and Low 
(1969) measured the far-infrared flux from three planets, Mars, Jupiter 
and Saturn. In the same year, the first 100ym extra-solar system object, 
the galactic centre, was discovered (Hoffmann and Frederick, 1969). The 
galactic HII regions, M17 and M42, were shown to have large far-infrared 
fluxes by Low and Aumann (1970), who also claimed the detection of a 
Seyfert galaxy, NGC 1068. This detection was not confirmed by Harper and 
Low (1973), but NGC 1068 was eventually found by Telesco, Harper and 
Loewenstein (1976). Thus, the credit for the detection of the first gal-
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axies in this wavelength range must go to Harper and Low (1973) for find-
ing NGC 253 and M82. In 1971 Hoffmann, Frederick and Emery published 
firstly, a lOOym map of the galactic centre region showing five peaks and 
secondly, a lOOym survey of the galactic plane, in which they found 72 
sources and identified most of them with continuum radio sources, bright 
and dark nebulae and infrared stars. 

During the rest of the seventies, many new groups, e.g. Furniss, 
Jennings and Moorwood (1972), Friedlander, Goebel and Joseph (1974) and 
Fazio ej: al. (1974) entered the field of far-infrared astronomy, and the 
number of sources known grew steadily. It is perhaps surprising that the 
first far-infrared detection of a planetary nebula occurred as late as 
1977 (Telesco and Harper) and that it was a year later that extragalactic 
HII regions were first extensively studied (Werner et: al., 1978). 

Infrared astronomy has only been pursued during the last 15 or so 
years and far-infrared astronomy for just over half that time. It is a 
measure of the extreme youth of the latter subject that its entire observ-
ational literature prior to October 1979 can be contained in a single box 
file. Yet, even in this short period, infrared astronomy has established 
itself as a dynamic and productive discipline. Observations in its sev-
eral octaves of the electromagnetic spectrum have ranged in distance from 
the solar system to other galaxies and in time from the origin of the 
universe to currently proceeding star formation. Jupiter and Saturn have 
been shown to radiate more energy than they receive (Aumann, Gillespie 
and Low, 1969); stellar infrared excesses in the near-infrared have been 
found and attributed to free-free emission or thermal re-radiation from 
circumstellar dust grains; planetary nebulae, HII regions and galaxies 
have been shown to radiate large amounts of energy in the far-infrared; 
and the spectrum of the cosmic microwave background has been measured in 
the far-infrared and millimetre regions (Woody and Richards, 1979). 

As with all new fields, the initial rush was to detect as many new 
objects as possible, but now, techniques and sensitivities have improved 
sufficiently that more sophisticated observations can be made. Accurate 
photometry is being done on very faint sources, and polarimetric and 
spectroscopic observations are being made of many objects. 
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Chapter 2 

Atmospheric Transmission and Emission 

The aim of this chaptfer is to examine the behaviour of the atmosphere 
around the wavelengths of interesting astrophysical lines. A model of the 
atmosphere is described and transmission and emission spectra, calculated 
from this model, are presented. 

2.1 General Problem 

At sea level, the earth's atmosphere is opaque throughout most of the 
infrared region. The absorption is due to vibrational and rotational 
transitions of several different molecules, especially water and carbon 
vdioxide. The few gaps, that exist between the molecular bands, lead to 
regions of relatively high transmission. These so-called 'atmospheric 
windows' (Table 2.1) permit some infrared astronomical observations to be 
made from the ground. 

At low altitudes, the far-infrared (30ym - 300ym) region of the 
spectrum is totally obscured by the atmosphere, because all the absorp-
tion lines are very intense and so pressure-broadened that they overlap. 
However, the transmission through the residual atmosphere improves with 
height above the surface of the earth. In fact, the transmission around 
lOOym increases by an order of magnitude for each 15km. increase in alt-
itude (Traub and Stier, 1976). Thus, at typical aircraft altitudes 
(13km.), the transmission over broad bands of the far-infrared region is 
adequate to permit astronomical observations, even though there are 
still a large number of deep absorption features. 

These absorption lines must be examined in detail before attempting 
narrow-band spectroscopic observations with balloon- or aircraft-borne 
instruments. It is not sufficient for an astrophysical line to fall in 
a wavelength region where the overall atmospheric transmission is good, 
for there could be a telluric absorption feature at the same wavelength 
as the astronomical line, thus rendering its detection more difficult, 
if not impossible. When this is the case the severity of the absorption 
as a function of altitude must be calculated. The case of the 28ym line 
of molecular hydrogen is an interesting example of the value of this 
approach. Originally, this line was thought to be co-incident with an 
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Table 2.1 

Mean 
Designation Wavelength (ym) Waveband (ym) Quality of Window 

1.25 1.1 - 1.4 Good 

H 1.65 1.5 - 1.8 Good 

K 2.2 2.0 - 2.4 Good 

3.5 3.0 - 4.0 Lower Half, Fair 
Upper Half, Good 

M 4.8 4.6 - 5.0 Poor 

N 10 7.5 - 14 Fair except for Ozone 
at 9.̂ tim 

(Q) 

(z) 

20 

35 

17 - 25 

28 - 40 

Very Poor 

Very Poor 

350 330 - 370 Very Poor 

(from Allen, 1975) 

Atmospheric Windows. 
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atmospheric line, but subsequent calculations showed that, at high alt-
itudes, the telluric feature split into two distinct lines, bracketing 
but not obliterating the hydrogen line (Drapatz and Michel, 1974). 

The emission from the atmosphere is also of interest. As the absorp-
tion of the atmosphere varies with wavelength, so, by Kirchoff's law, does 
the emissivity. Thus, as the bandpass of the spectrometer is altered, the 
atmospheric radiation incident on the detector varies. This could cause 
uncertainty either in the detection of an astrophysical line or in measure' 
ment of its intensity with respect to the continuum of the astronomical 
source. Chopping should, in theory, eliminate this effect but, in pract-
ice, the cancellation will not be perfect due to inequalities in the two 
infrared beams. Therefore, the magnitude of the variations of emitted 
atmospheric flux with wavelength must be investigated. 

Telluric absorption lines have one redeeming aspect. If detected 
and uniquely identified, they provide a wavelength calibration scale for 
the spectrometer (cf. section 5.3.4). 

2.2 Objectives 

The object of this chapter is to determine the atmospheric confusion 
around interesting astrophysical lines. In the absence of sufficient 
experimental data, it is necessary to compute theoretical spectra using 
model atmospheres. 

In his work in this field, the author has been extensively guided by 
Kyle and Goldman (1975) and Traub and Stier (1976). Both of these papers 
present calculated transmission spectra for various altitudes at diverse 
spectral resolutions, and also give limited data on emitted atmospheric 
flux. The two sets of transmission spectra are very similar. The main 
difference is that, at balloon altitudes, the absorption lines of Traub 
and Stier (1976) are narrower and in general deeper than those of Kyle and 
Goldman (1975). This is because the lower resolution of the latter 
authors1 output causes their lines to be artificially broadened. The 
transmission data from these two papers is of sufficient spectral resol-
ution to be used for examining telluric-astronomical line co-incidences 
and for wavelength calibration. On the other hand, the flux data is too 
broad-band to investigate variations in atmospheric emission over small 
wavelength ranges. It was thus decided to calculate transmission and 
emission spectra at very high resolution over narrow spectral regions. 
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2.3 Computer Modelling of the Atmosphere 
2.3.1 The Model 

Firstly, the transmission through a homogeneous slab of atmosphere 
is calculated and then a simple modification is made so that the homo-
geneous transmission case becomes a good approximation to transmission 
through a real exponential atmosphere. 

Following Traub and Stier (1976), consider radiation of intensity, 
I, passing through a slab of air of thickness, dh. The amount absorbed, 
dl, is given by 

Y = -n k dh = -dx , 2.1 

where r| is the air mass (related to the angle at which the radiation 
passes through the atmosphere) and T is the optical depth. The absorption 
coefficient, k, can be rewritten as, 

k = S F(v) n , 2.2 

- 1 - 2 

where S is the line intensity in cm /molecule cm , F(v) is a normalised 
line shape and n is the molecular number density. Equation 2.1 may be 
integrated over a homogeneous path of total length, H, to give 

Hf 
T = / n S F(v) n dh = n S F(v) N , 2.3 

- 2 

where N is the column density m molecules cm . The other half of 
equation 2.1 may also be integrated to yield the transmission, 

T = = e~T. 2.4 u IQ 

Thus, by combining equations 2.3 and 2.4, a final expression for the 
transmission of the slab at a particular wavelength is obtained, 

Ty. = exp(-n S F(v) N). 2.5 

From here, it is only a small step to the flux, emitted at a partic-
ular wavelength, assuming that the atmosphere is in thermal equilibrium, 
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Ey = (1-T) , 2.6 

where B^ is the Planck function, evaluated at the relevant wavelength and 
for the temperature of the isothermal slab of atmosphere. The line shape 
adopted for these calculations is the Lorentzian profile, 

a fa 
Fi>> • - 2 - 72 2-7 

a +(u -vQ) 

where vq is the frequency of the transition and a the Lorentzian half-
width. The validity of this assumption is discussed in section 2.3.4. 

Both a and S are normally quoted at a standard temperature, T , and 
pressure, pQ, and thus a a correction must be applied if they are used in 
other circumstances. The half-width varies with temperature, T, and 
pressure (by definition) p as 

a = a o p ro £ (f) • 

According to McClatchey et al. (1973), the line intensity is pressure 
independent but varies with temperature, 

0 (T ) Q (T ) rhc E(T-T ) n 
S ( T ) = S ( V O c t • r c r T ' e x p + L k T T J . 2 ' 9 

where Q^ and Q^ are the vibrational and rotational partition functions 
respectively, E is the energy of the lower state of the transition and 
h, c and k have their normal meanings. The temperature dependence of the 

. . . . . / T\n . rotational partition function is given by where n is either 1.0 or 
1.5 depending on the molecule. McClatchey e_t al. (1973) also tabulate 
the vibrational partition function at various temperatures. As this 
never deviates significantly from unity, it is not considered in the com-
putations . 

Up to this point, only a constant pressure atmospheric path has been 
considered. Traub and Stier (1976) compare the optical depth (i.e. trans-
mission, eqn. 2.4) calculated for this case to that for an exponential 
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atmosphere above a base pressure, p^. They find that the two average 
optical depths agree to within 1% jpr fa-vj ̂ 5oc , if an effective pressure, 
Peff' e q u a l t 0 

P e f f = i Pb 2.10 

is adopted for use in the Lorentzian line-broadening formulae. 

Moreover, the real atmosphere is not isothermal. Nevertheless, 
adoption of a constant temperature - that which occurs at an altitude of 
Pe££ - should be adequate for transmission calculations (Traub and Stier, 
1976) although it would be desirable to use a variable temperature for 
computing atmospheric emission. 

To use this model to calculate transmission and emission spectra, it 
is necessary to know what molecular species are responsible for the 
absorption, where their transitions are, how intense and wide these lines 
are, and how many molecules of each species are present. The next two 
sections of this chapter deal with evaluating these parameters. 

2.3.2 The AFCRL Tape 

Data on the transitions of important infrared-absorbing molecules in 
the terrestrial atmosphere have been collated by McClatchey eit al. (1973) 
and made available in the form of a computer magnetic tape entitled "The 
Air Force Cambridge Research Laboratories Atmospheric Absorption Line 
Parameters Compilation". The tape contains information on over 100,000 
transitions of seven molecules (water vapour, carbon dioxide, ozone, 
nitrous oxide, carbon monoxide, methane and oxygen) covering a spectral 
range from lym to beyond 3mm. The following data is given for each line: 
the resonant frequency, Vq; the line intensity, Sq at a temperature of 
296K; the Lorentz line width, a^, at a temperature of 296K and a pressure 
of 1013mb; the energy, E, of the lower state of the transition; the 
rotational and vibrational quantum numbers of the upper and lower states; 
and molecular and isotopic identifications. 

Both Kyle and Goldman (1975) and Traub and Stier (1976) point out 
omissions in the AFCRL compilation. However, none of these missing lines 
fall in spectral regions where calculations are made and they are there-
fore ignored. 



2.3.3 Molecular Abundances 

In order to calculate the atmospheric transmission from equation 
2.5, the column densities, N, of the relevant molecules must be known. 
In most references, however, abundances are quoted in parts per million 
(ppmv) or, more rarely, by mass (ppmm) . The volume mixing ratio, fv, can 
easily be converted to molecules cm~2 because, 

fv = JL , 2.11 

where Nj is the total column density. If the atmosphere is assumed to be 
in static equilibrium, then the pressure, p^, at any level is due to the 
weight of molecules in the column above that level, i.e., 

P b = N T m g , 2.12 

where m is the atmospheric mean molecular weight (constant at 28.964 
below 80km., U.S. Standard Atmospheres Supplement, 1966) and g is the 
local acceleration due to gravity. Thus, Nj can be evaluated from p^. 
Values for p^ and g were obtained from the U.S. Standard Atmosphere (1962) 
and are listed in table 2.2 together with the calculated values for Nrj,. 

There is disagreement in the literature concerning both the amount 
of 'trace' gases in the atmosphere and also their variation in concent-
ration with altitude. Thus, there must be a degree of arbitrariness in 
choosing molecular abundances. The references in Traub and Stier (1976) 
were used as the starting point in the search for abundances. 

The adopted volume mixing ratios for carbon dioxide, carbon mon-
oxide and oxygen are essentially the same (to within, at worst, 25%). as 
those quoted by Traub and Stier (1976) and Kyle and Goldman (1975). All 
the measurements of the abundance of water vapour quoted by Traub and 
Stier (1976) have large errors and show no definite trend with altitude. 
So, a rough average of 2.6 ppmv is adopted, even though this is just out-
side the range of 3-10 ppmv reported by Ehbalt (1974) and a factor of ten 
less than that used by Kyle and Goldman (1975), who quote no source for 
their value. The ozone volume mixing ratio comes from table 4.17 in the 
U.S. Standard Atmosphere (1962). The column densities derived from this 
are overestimates, probably by up to a factor of two, because the ozone 
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mixing ratio peaks at 35km and then falls rapidly with further increase 
in altitude. For nitrous oxide, data from Goldman et al. (1970, 1973), 
Farmer (1974), Ehhalt (1974), Harries (1973) and Schtttz et al. (1970) 
were examined. No absolutely clear picture emerged and a slow decline in 
the concentration of nitrous oxide with altitude (unlike Traub and Stier, 
1976) is used. The concentration of methane is assumed to decrease with 
height after comparing Allen (1976), Love and McKinnon (1972), Farmer 
(1974), Ackerman and Muller (1972) and Ehhalt (1974). The adopted mole-
cular abundances and column densities of all these species at different 
altitudes are listed in table 2.2. 

2.3.4 Computational Details 

The computer programme used to calculate atmospheric transmission 
and emission is a very slightly modified version of that given in appendix 
B of McClatchey jet al. (1973) . In essence, the programme calculates the 
transmission at a series of closely-spaced frequencies and then convolves 
these values with a triangular slit function before printing out the 
averaged results. 

In slightly more detail, the programme decodes the AFCRL tape, sup-
plies any line half-widths that are missing from the tape and then modi-
fies the line intensity and half-width for the relevant pressure and 
temperature according to equations 2.8 and 2.9. The user defines a 
spectral band for the calculations; the programme then searches for all 
absorption features, whose line centres fall within a given distance of 
the initial frequency of this band. The absorption per molecule due to 
each relevant line of each molecule is calculated (eqn. 2.2) and then, 
after multiplying by the correct abundance, the individual absorptions 
are summed over all lines to give the integrated optical depth at that 
frequency (eqn. 2.3). From this, the transmission is calculated by 
equation 2.4. This process is repeated again and again, each time at a 
slightly higher frequency until the end of the desired spectral band is 
Reached. The frequency increment is specified by the user at the start 
of the programme. These monochromatic transmissions are then convolved 
with a triangular slit function of user-defined half-width, before the 
atmospheric emission is calculated using equation 2.6. Next, both the 
transmission and emission spectra are written onto a magnetic tape, which 
is later processed, using the Interactive Graphics Facility of the 
Imperial College Computer Centre, to yield the plots shown in section 
2.4. 
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A Lorentzian profile is used for all the absorption lines. This 

means that both the inaccuracies of the Lorentzian shape in the wings and 
also any contribution from Doppler broadening are neglected. Originally, 
it was planned to replace the Lorentz profile with a Voigt profile (a con-
volution of the Doppler and Lorentz shapes) when the rest of the programme 
was working but time prevented this. At balloon altitudes, Doppler broad-
ening dominates over pressure for wavelengths less than lOOym. Thus, 
usage of a Lorentzian profile will introduce some uncertainty into the 
results. 

2.3.5 Brief comparison with other models 

This is not a full comparison of different models. Rather, various 
points about the models used by Traub and Stier (1976) and Kyle and 
Goldman (1975) are mentioned so that a more meaningful comparison of 
their results with those presented in the next section may be made. 

Traub and Stier (1976) use a very similar model with a single layer, 
constant temperature and pressure atmosphere, but they use a Voigt line 
shape where necessary and also correct the line intensity for a stimulated 
emission term. For species that are not well-mixed, i.e. those whose 
concentration varies with height, they use different effective temper-
atures and'pressures. The model of Kyle and Goldman (1975) is more 
sophisticated, splitting the atmosphere into seven homogeneous layers and 
adopting the Voigt profile for all lines. 

2,4 Results 

Atmospheric transmission and emission spectra have been calculated 
at three different balloon altitudes for nine astrophysical lines. The 
results, presented in figures 2.1 to 2.8, are plotted at a resolving 
power of around 5000; the wavelength range covered for each line is 

• • • s • approximately equivalent to a resolving power of 12. The abcissa m the A 
emission plots is the energy (in Watts) collected from the atmosphere by 
a 41-inch aperture telescope with a 3 arc minute field of view and a one 
micron spectral bandpass. It is assumed that the detector optics are 
well-matched to the telescope and thus no allowance is made for any 
atmosphere seen around the edge of the secondary mirror. 

The transmission spectra show clearly that at balloon altitudes all 
of these nine lines are free from serious atmospheric confusion. The 
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Atmospheric Transmission and Emission near the 18.7]yitm [Sill] line. 
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Figure 2.1 
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Figure 2.4 
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Figure 2.7 
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worst case is the molecular hydrogen line which, as expected, is bracketed 
by two atmospheric features (cf. section 2.1). A resolution in excess of 
2000 is needed to separate the 28vim line from the telluric absorption 
lines. Of the remaining astrophysical lines, those of [OIIl] at 52ym and 
[Ol] are the closest to atmospheric lines. However, even these two only 
need a resolving power of 400 to be discerned from the atmosphere. At 
balloon altitudes the atmosphere is almost totally transparent for the 
I8.7ym [sill] line; this is not surprising as this line has been success-
fully detected from the ground (Greenberg et al., 1977). The 88ym [OIIl] 
line is also very free of atmospheric contamination, needing a resolution 
of only 45 for unambiguous detection. 

The emission spectra of the atmosphere near each of the nine lines 
are very similar. At an altitude of 30km, the flux collected by the 
telescope varies rapidly from ^ 10~*3W ynf* to ̂  10~®W ynf^; ten kilo-
metres higher, this has fallen by a factor of ten. The general shape of 
the emission spectra is roughly the inverse of that of the transmission 
curves with an additional fast modulation. This variation arises because 
as the transmission of the atmosphere changes from e.g. 0.9990 to 0.9999, 
the emission, as calculated by equation 2.6, varies by an order of magni-
tude.' Thus, the emission is very sensitive to the accuracy of the 
atmospheric model. In view of the simplicity of the latter, the emission 
spectra should be used as a guide to the behaviour of the atmosphere, 
rather than as hard data. 

The transmission spectra of figures 2.1 to 2.8 were compared with 
those of Kyle and Goldman (1975) and Traub and Stier (1976) for both the 
wavelengths of absorption lines and also the atmospheric transmission at 
the line centre. The three sets of spectra agree on the positions of all 
absorption features, bar one. The exception is a line at 86.7ym in 
figure 2.7. However, since the depth of this feature does not change 
with altitude, it is presumed to be a computer artifact. The atmospheric 
transmissions at the line centres, as calculated in this work, are sub-
stantially higher than those of Kyle and Goldman (1975) and Traub and 
Stier (1976), which agree reasonably well with each other. The discrep-
ancy is worst at short wavelengths. The reason for the difference should 
not take too much additional work to locate (cf. chapter 7). Possible 
causes include adoption of different molecular abundances and over-simpl-
ifications in the model. 



2.5 Conclusions 

A very simple atmospheric model has led to results similar to those 
obtained by other authors using more sophisticated models. Further work 
is needed, firstly, to determine why the absorption features calculated in 
section 2.4 are less intense than those calculated by other authors, and 
secondly, to examine the accuracy of the emission spectra. However, from 
the work described in this chapter, it is clear that the atmosphere does 
not rule out detection of any of these astrophysical lines. The easiest 
lines to discriminate are those of [Sill] at 18.7pm, [oill] at 88ym and 
[CIl] at 157ym. 
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Chapter 3 

Choosing Target Lines 

The purpose of this chapter is to describe the selection of cand-
idate lines for the IC programme of infrared spectroscopy. Some recent 
theoretical work on estimating intensities of infrared lines is examined 
under the headings of gaseous nebulae (i.e. HII regions and planetary 
nebulae) and the cool interstellar medium. Several lines are chosen for 
study on the basis of predicted intensities, freedom from atmospheric 
contamination and technical feasibility. 

3.1 Gaseous Nebulae 

Before examining the predicted line intensities, the general features 
of the models used to make these estimates are presented. 

3.1.1 Atomic Processes 

The intensity of a certain fine structure line from a particular ion 
depends upon the population of the relevant excited energy level of the 
relevant stage of ionisation. Thus, both the ionisation structure of the 
nebula and also the relative populations of the energy levels need to be 
known. Ionisation equilibrium is established by a balance between photo-
ionisation and radiative recombination. The level populations are deter-
mined by competing excitation and de-excitation processes. In cases of 
interest to the present work, these are dominated, respectively, by 
electron-ion collisions and by spontaneous radiative decay. 

An outline of the formal method used to deduce the ionisation equi-
librium of a nebula is now given. If the processes of photoionisation and 
radiative recombination are in equilibrium, then the ionisation balance 
equation is, 

3.1 
v o 

where n (X ) is the number density at a point of element X, m-times ion-+m 
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ised; v , the threshold frequency for ionisation; Jv, the mean intensity 

• • +m • • • • 
of the radiation field; ), the photoionisation cross-section for 
X in the ground state; n , the electron number density; and oc (X ), the 
radiative recombination coefficient. Following Flower (1969), it is seen 
that in order to specify fully the ionisation structure, equation 3.1 
must be solved together with the equation of radiative transfer, 

dl 
— - = j - k I , 3.2 , j v v v ' ds 

where is the specific intensity at a point, j , the photon emission 
coefficient (or emissivity) at the point; k , the opacity, and ds, a 
path length element, for each and every ion present. These two equations 
are coupled together by the opacity, 

k = E n(X+ra) a , 3.3 

and by the mean intensity, 

Jv = — II I Aft. 3.4 

By making suitable approximations for I and neglecting the contribution 
to equation 3.3 of all elements heavier than helium, J^ is found at all 
points in the nebula. Then, using known values for a^ and a, equation 
3.1 is solved to give a ratio, R , between the number of ions in success-
ive ionisation stages for each ion, where, 

r - : 

n(X ) 

The number density of m-times-ionised element X, obtained from equation 
3.5 and the conservation equation, n(X) = E n(X+m), is, m 

/-+inv R1R2 Rm n(X) /tjN 0 c n ( x > = (ur 1 +R xR 2 + .....) n ( H ) • 3 , 6 



where 11(H) is the hydrogen number density. Thus, the population of any 
ionisation stage can be found if the total abundance relative to hydrogen 
is known. This is a major source of error in predictions of line intens-
ities because it is inferred from measurement of observable ionisation 
stages. Simpson (1975) estimates that it may be uncertain by factors of 
at least x2 to x3. 

However, most of the authors who have made fine structure line 
intensity predictions do not use the formal approach described above. 
Instead, they use either model or observed ionisation structure for one 
element, and apportion similarly the other elements among their ionisation 
stages according to their ionisation potentials e.g. Delmer, Gould and 
Ramsay (1967) . This semi-empirical determination of ionisation structure 
is throught to introduce errors of around 25% (Simpson, 1975). 

Once the distribution of an element among its various ionisation 
stages is known, the next step, in the calculation of fine structure 
intensities, is the determination of the level populations. In the steady 
state, the population, n^, of a given level, i, may be found by applying 
the principle of detailed balance to that level, 

n. E P., = E n, P. . , 3.7 1 k lk k k ki 

where n^ is the population of level k; t 1̂6 transition probability 
per unit time for depopulating level i to any other level, k; and P ^ 
the transition probability per unit time of populating level i from any 
other level k. In general, P ^ contains terms for depopulating, level i 
by spontaneous decay, stimulated emission and collisional de-excitation 
to lower levels and by collisional excitation and stimulated absorption 
to higher levels. In the same way, P ^ contains contributions to populat-
ing level i via spontaneous decay, stimulated emission and collisional 
de-excitation from higher levels and via collisional excitation and stim-
ulated absorption from lower levels. The collisions referred to above 
are between electrons and ions. There are other processes for populating 
levels e.g. proton-ion collisions, photo-ionisations, radiative recom-
binations, but these are usually assumed to be negligible. Even the direct 
photon (de)excitations are normally ignored unless the nebula has a large 
J at the line frequency. Solving equation 3.7 together with the conserv-
ation equation, n(total) = E n., gives the level populations. 

i 1 



From here, it is only a small step to calculate the line intensity 
for the transition r*j . The equation of radiative transfer (equation 3.2) 
must be solved around the line frequency^. The emissivity in the line 
is given by, 

hv . I . = -7— A. . n. , 3.8 'v 4ir ij 1 ' 

where A ^ is the Einstein spontaneous transition probability for the 
transition. The opacity is no longer given by equation 3.3 but rather 
by, 

dx hv 
k = — - = — <f) (B. .n. - B. .n.) , 3.9 
V ds 4ir J1 J U 1 

where x^ is the optical depth; cf>̂, a profile function; B ^ and B^j, 
Einstein stimulated absorption and emission coefficients respectively, 
and n., the population of the lower level. The solution to equation 3.2 
is now, 

Iv = I 1. e ds , 3.10 

where I is the depth of the nebula along the line of sight, and negligible 
incident radiation at the line frequency has been assumed. The line 
intensity from the entire nebula is found by integrating equation 3.10 
firstly over the line profile and then over the surface of the nebula. 

3.1.2 Predictions 

Burbidge, Gould and Pottasch (1963) first showed that the cooling 
4 

process in nebulae, with electron temperatures less than 10 K, wqs dom-
inated by infrared fine structure lines. Since then, other authors, using 
variations and approximations to the scheme described in section 3.1.1, 
have made predictions about the fluxes from planetary nebulae and HII 
regions. Planetary nebulae are considered first. 

Delmer, Gould and Ramsay (1967), using optical line data, estimate 
the intensities for lines falling in the lOym and 20ym atmospheric windows 
from nine bright planetary nebulae. In general, these fluxes are too 
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high by a factor of approximately xl5. Flower (1970) applies his pre-
viously-developed computer models (Flower, 1968) to three planetary neb-
ulae and calculates fine structure intensities relative to absolute H/3 
fluxes. He also calculates the expected intensity ratio for several 
pairs of lines arising from p^ and p^ configurations as a function of 
electron number density. The variation of the emission and absorption 
coefficients with is calculated by Simpson (1975) for many forbidden 
lines. She discusses the effect of self-absorption, defining density 
parameters at which collisional de-excitation and stimulated absorption 
and emission become important. Observed line strengths are used by her 
to calculate ionic abundances for SIV, Nell and Arlll. She then reverses 
the procedure, and using a model for ionisation structure, predicts line 
intensities from many planetary nebulae. Table 3.1 compares these three 
sets of predictions with experimental results for various lines from a 
low-excitation nebula (IC418) , a high excitation one (NGC 7662) and one 
(NGC 7027) which shows both low and high ionisation stages, thus indicat-
ing density clumping. The later predictions are generally lower than 
those of Delmer, Gould and Ramsay (1967) and are closer to observed 
values. 

Petrosian (1970) notes that the lower density of HII regions makes 
them more suitable for observations of the longer wavelength lines. He 
assumes that the electron temperature is high enough to neglect its 
effect on collisional excitation rates and calculates line intensities 
and intensity ratios for the Orion Nebula. A method is also given for 
scaling the Orion intensities to other HII regions. Simpson (1975) uses 
her model (Simpson, 1973) to estimate the infrared line spectrum of M42. 
Her predictions are compared with those of Petrosian (1970) and also, 
with measured values in table 3.2. Although the estimates of Simpson 
(1975) are the more accurate, they are usually still too high. Zeilik 
(1977) comments that M42 is the only HII region for which detailed cal-
culations had been made (at the time). He developed a model, which 
contains both graphite and silicate dust, to match the observed radio and 
near-infrared emission. This model is used to calculate emissivities of 
many lines from four compact HII regions. He predicts very strong iron 

—16 —2 
lines (e.g. 2x10 W cm at the earth in the 35ym [Fell] line from 
G45.5-0.0), but points out that this may be due to adoption of solar, 
rather than interstellar, iron abundances. The latter could be up to 
xlOO less (cf. section 1.5.2). For the 10um atmospheric window lines, 
the predictions of Zeilik (1977), where tested, are too low (cf. table 
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Line Nebula 

Delmer, 

Intensity (in units of 10 cm ̂  ) 
Delmer, Gould & Ramsay Flower Simpson Measured 

8.99 Arlll IC418 10 a0.2 3.7 <4.6° 
NGC7662 4 0.05 1.9 <90° 
NGC7027 70 - - 10?4.3e 

10.5 SIV IC418 <1 a2.4 2.9 <1.5C 

NGC7662 ^100 b0.5 - 9 b 

NGC7027 'vlOO - - 36?35^518 

12.8 Nell IC418 ^300 a35 6.8 n h 

NGC7662 <1 b0.2 2.5 <180C 
NGC7027 4 - 23 <18c 

18.7 SIII IC418 10 a8 11 — 

NGC7662 3 b0.05 0.16 -

NGC7027 50 - 14 IS1 

33 SIII IC418 - a8 2.6 — 

NGC7662 - b0.05 0.08 -

NGC7027 - - 5.3 -

52 OIII IC418 - a8 5.3 — 

NGC7662 - b6.8 20 -

NGC7027 - ¥ - 120 -

88 OIII IC418 - ai.i 0.72 — 

NGC7662 - bi.i 4 -

NGC7027 - - 21 <20^ 

Notes 
a. H3 flux is 8xlO~17W cm"2 (Allen, 1976). f. Gillett , Merrill & Stein,1972. 
b. H0 flux is 25x10" 1?W cm (Allen, 1976) . g. Aitken and Jones, 1973. 
c. Holtz, Geballe and Rank, 1971. h. Gillett and Stein , 1969. 
d. Geballe and Rank, 1973. i. Greenberg, Dyal & Geballe, 1977. 
e. Bregman, 1978. j. Watson, Storey & Townes, 1979. 

Predicted Fine Structure Line Intensities from Planetary Nebulae 
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Table 3.2 

Line -2, Intensity (in W cm ) 

8.99 Arlll 

10.5 SIV • 

12.8 Nell 

18.7 SIII 

33 SIII 

52 OIII 

88 OIII 

Petrosian 

3x10 -15 

1x10 -13 

4x10 -14 

2.1x10 -14 

1.7x10 -14 

1.5x10 -14 

3.9x10 -15 

Simpson 

3.65x10 - 1 6 

1.39x10 -14 

2.92x10 -15 

1.19x10 -14 

1.12x10 -14 

"5.84x10 -15 

2.71x10 -15 

Observed 

a1.77xlO-17 

a2.44xl0"17 

a8.1xlO~18 

bl. 4-2.4x10"^ 
c5.2-7.9x10 

<C1.6xlO~15 

W 1 5 

e1.2xl0"16 
1 x 10 -15 

Notes 
a. Lester, Dinerstein and Rank, 1979. 
b. McCarthy, Forrest and Houck, 1979. 
c. Moorwood eit al., 1978 (Size of Nebula taken from Simpson, 1975). 
d. Melnick et al., 1979b. 
e. Storey et_ al., 1979. 
f. Dain et al., 1978. 

Predicted Fine Structure Line Intensities from the Orion Nebula 



3.4) but for longer wavelengths they are reasonably consistent with 
observations. 

In the course of modelling the effects of young, expanding HII reg-
ions upon the surrounding molecular clouds, Hill and Hollenbach (1978) 
examine the expected infrared line radiation. They find that the lines 
cooling the shock front come from quadrupole transitions of molecular 
hydrogen and fine structure transitions of 01, CII, Sill and Fell. The 
majority of the energy removed by the last three species comes from the 
HII region itself (Zeilik, 1977), and not from the shock front, which is 
primarily cooled by 01 lines at 63ym and 147ym. There is also some 
[01] emission from the following ionisation front. The shocked molecular 
emission is weak; the 2ym 1-0 S(l) molecular hydrogen line from the 
shock is about 100 times less intense than the [01] lines. Molecular 
hydrogen emission can also be caused by UV pumping of the molecule. The 
emission produced in this way from the v=0 rotational states is expected 
to be similar to that from the shock front, while the UV pumped 2ym S(l) 
line may be about 100 times stronger than the corresponding shocked 
emission. When carbon monoxide is added to their models, Hill and 
Hollenbach (1978) find that cooling via its rotational transitions^ is 
dominant, although the 63ym [Ol] line remains the most important single 
transition. For an integration time of 400s per resolution element, 
they conclude that "the 63ym and 147ym lines of 01, S(2) - S(7) v=0 lines 
of and the 1-0 S(l) line of ^ are predicted to be of observable 
strength". 

3.2 The cool interstellar medium 

Pottasch (1968) estimates the infrared line fluxes from both normal 
and also small, dense HI regions. For normal HI regions, he assumes that 
the general interstellar radiation field ionises all elements with ionis-
ation potentials less than 13eV and that cosmic rays cause about 5% of 
each element to be further ionised. He considers clouds at different 
temperatures and chooses their sizes to give a specific 21cm brightness 
temperature. By assuming that the dominant excitation and de-excitation 
processes are electron collisions and spontaneous decay, he predicts the 
intensity at the earth for many transitions. The strong lines include 

—13 —2 the 156ym (now 157ym) transition of [CIl] (4-8x10 W cm ) for clouds of 
-13 -2 temperature 100K to 2000K), the 35ym [Sill] line (1-14x10 W cm ), the 

—13 -2 63ym [01 ] line (1.6-4.6x10 W cm ) and the 28ym H2 line 



n(H«) _io 
(1.6-42 . . x 10 W cm ) if n(H0)/n(H) £ 0.1. For the dense regions, 

n(H) # # ^ 
cosmic ray ionisation is negligible and the general radiation field is 
unable to penetrate the entire cloud. Thus, there are more neutral spec-
ies. The consequent lack of electrons means that the collisional excit-
ation process is now dominated by collisions with hydrogen atoms. Under 
these conditions, the strongest lines from a cloud of specified size are 
from [Fel] at 24ym (1-109X10"14W cm"2) and [Ol] at 63ym (4-24xlO~14W cm"2) 
with the 28ym ^ line being very weak. In a later paper (Pottasch, 1973), 
he uses ultraviolet measurements of absorption from the upper energy level 
of the [CIl] 157ym line (among others) to obtain more accurate level pop-
ulations. Predicted intensities per square degree for transition of 
[CII] , [01] , [Sill] and [Cl] (369ym) in the directions of Zeta Oph and, 
for CII, towards 6 Sco. These fluxes are larger than the earlier ones by 
up to a factor of 10. Pottasch (1973) considers the [Sill] line to be 
observable with the detector sensitivities then current. 

Dalgamo and Wright (1972) calculate emissivities for the rotational 
lines of ^ and HD. They use these to predict the fluxes in some lines 
from Sgr B2 (Table 3.3). Because HD has a permanent dipole moment, its 
transitions are by electric dipole radiation and hence, have much higher 
transition probabilities than the electric quadrupole transitions of H^. 
This is why HD is a significant coolant, despite being much less abundant 
than the lighter molecule. Drapatz and Michel (1974) point out that the 
intensities of lines from rotational transitions of ^ and HD are reduced 
firstly, by absorption by concommitant dust and secondly, at certain 
densities and temperatures, the collisional excitation rate may become 
uncompetitive with spontaneous decay. They conclude that the dust permits 
study only of the cool, outer shell of the cloud. Table 3.3 lists their 
predicted line intensities, which are much lower than earlier work. 
Bussoletti and Stasinska (1975) predict fluxes from some molecular clouds 
(in front of Sgr A and Sgr B2, and the HCN cloud in Orion), from globules 
related to HII regions, and from presumed protostars (including the B-N 
source and W3-IRS5). They take account of radiative de-excitation and 
dust absorption and find that the S(0), R(0), R(l) and R(2) lines in 

—18 —2 
Sgr B2 and Orion HCN have intensities above 10 W cm These trans-
itions ought, therefore, to be detectable. 

Of some relevance, due to the slightly longer wavelengths considered, 
are papers by de Jong (1974) and Cosmovici e_t al. (1979). The former 

12 13 . presents expected intensities from CO, CO, HC1 and HD m collapsing 



Species Transition Wavelength(pm) 

H2 S(0) 28.2 

S(l) 17.03 

S(2) 12.28 

HD R(0) 112 

- 2 Predicted Intensity in W cm 
Dalgarno and Wright Bussoletti and Stasinska Drapatz and Michel 

a4.5xl0-16 

a2xl0~15 

a7xl0"17 

al.2xlQ-16 

a>b1.69xl0'15 

a,C4.06xl0'16 

a'b5.20xl0"18 

a'd2.28xl0~16 

100K fi .1x10" •18 

200K f7 .4xl0~ -18 

100K f7 .8x10" •20 

200K f2 .3xl0~ -17 

100K f2 .5xl0~ -22 

200K fA . 8xl0~ -18 

R(l) 

R(2) 

R(3) 

56.2 

37.7 

28.5 

a6.3xl0"16 

a3.7xl0"16 

a6xl0"17 

a'd5.55xl0"16 

a,d9.05x10 1 7 

a'e2.37xl0"18 
f'81.0xl<f24 

f>S2.0xl0-20 

Notes 
a. Fluxes from molecular cloud near Sgr B2. 
h. Reduce this figure by x9 to allow for dust absorption. 
c. Reduce this figure by xlOO to allow for dust absorption. 
d. Reduce this figure by xl.4 to allow for dust absorption. 
e. Dust absorption makes this line undetectable. 
f. Flux with a 1 arc minute field of view from dense clouds at temperatures of 100K and 200K. 
g. Assumes n ^ = 1.4x10"^. 
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interstellar clouds at 20K and 50K. For wavelengths less than ̂  300ym, 
he finds no lines standing out above the continuum. The latter group, 
from the Max Planck Institute in Garching, present relative intensities 
for rotational lines from CO, HCN, CN, CS and SiO at temperatures of 
10K, 20K and 30K between 150ym and 3mm. 

The early predictions of line fluxes from the cool interstellar 
medium were high, but, as for fine structure lines, subsequent work has 
revised these intensities downwards. No detections of lines from these 
regions have been made and so there is no experimental evidence for the 
quality of the predictions. For the initial work with a new instrument, 
it is important to know that the lines are present and detectable in 
order that the instrumental performance may be assessed. For this 
reason, it was decided not to attempt to observe lines from the dense 
cool interstellar medium but to concentrate on the gaseous nebulae. 

3.3 The Imperial College Line Astronomy Programme 

The work described in this thesis is the beginning of the Imperial 
College line astronomy programme. Originally it was planned to work at 
wavelengths longer than 20ym. However, fairly early on, it became 
obvious that the rebuilding of the Marconi Stabilised Balloon Platform, 
following its disastrous failure in 1976 (Sugden, 1978), was going to 
take much longer than initially expected. Thus, it was decided to build 
a short wavelength prototype of the balloon instrument and to use it in 
the lOym atmospheric window with the 1.5m Infrared Flux Collector at 
Tenerife. This work is reported in chapter 5. 

The brightest lines between 8ym and 13ym are [Arlll] at 9.0ym, 
[SIV] at 10.5̂ im and [Nell] at 12.8ym. All of these have been detected in 
many objects. A Fabry-Pgrot (F-P) Interferometer was built (cf. chapter O 
to make observation of these lines. However, the limited wavelength 
coverage of this instrument means that a particular line must be chosen 
for study. All these 3 lines are very interesting, but, eventually, the 
neon line was selected because it has the additional advantage of prox-
imity in wavelength to the (then undetected) S(2) rotational line of 
molecular hydrogen. It was hoped that, given sufficient sensitivity at 
12.8ym, only very minor changes in filters would be needed before a 
search for the 12.3ym line could be undertaken. 



A candidate line for the first flights of the balloon-borne F-P must 
be strong, free from undue atmospheric confusion and technically feasible 
with the proposed instrumentation. In general, the estimated fluxes of 
Simpson (1975) for planetary nebulae are less than for HII regions and 
thus the predictions of Zeilik (1977) for the latter objects were care-
fully examined. Table 3.4 lists those of his predictions which, to the 
author's knowledge, had been tested by January 1979. Apart from his 
underestimate of the flux in the short wavelength lines, the predictions 
are not inconsistent with observations. His strongest lines are shown in 
table 3.5, which also gives a rough estimate of the spectral resolution 
(column 3) needed to separate the line from the nearest atmospheric feat-
ure present at an altitude of 30 km. An idea of the severity of the 
problem is obtained from column 4, which shows the atmospheric trans-
mission at the centre of the feature. The two iron lines were ruled out 
because the upper limit for the 35ym [Fell] line, obtained by Moorwood 
et al. (1978) lends support to the suspicion of Zeilik (1977) that inter-
stellar and not solar iron abundances are appropriate here (cf. sections 
1.5.2 and 3.1.2). The [Nelll] was considered to require a spectral, 
resolution too high to attempt a detection on the first campaign with a 
new instrument. The balance between the two oxygen lines was tipped in 
favour of that at 88ym because of the technical problems with a metal 
mesh F-P etalon at the shorter wavelength. 

The last question to be answered here is the integration time 
required per resolution' element to detect the time. This is obtained 
from, 

x = J f" (SNR) (NEP)"| 2 > 3 a i 
L FtA J 

where SNR is the desired signal to noise ratio; NEP, the noise equi-
valent power in flight; F, the flux in the line; t, the transmission, 
or rather efficiency of the telescope system; and A the collecting area 
of the telescope. Dain £t al_. (1978) report an 88ym [OIII] line flux 
from M42 of lxlO~15W cm"2. If an NEP of 3xlO~13W Hz"1/2, a transmission 

2 
of 7% and an area of 7500cm (for the IC lm telescope) are assumed, then 
a SNR of 5 in one resolution element is achieved after 8 sees observation. 
The observation time is roughly twice the integration time to allow for 
the effects of chopping. The fluxes predicted by Zeilik for compact HII 
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Table 3.4 

- 2 ) - 2 Species Wavelength(urn) Source Zeilik(W cm Detected(W cm ) 

Ar III 8.99 W3A-IRS1 2xlO~17 a3.2xlO~16 

G29.9-0.0 1.5xlO~18 bl-6xl0~18 

S88B 3.1xlO~20 C1.6xl0"17 

S IV 10.52 W3A-IRS1 3.6xl0"17 a4.5xl0~16 

S88B 1.2xl0"20 Cl.lxl0"17 

Ne II 12.8 W3A-IRS1 9.5xl0"18 a2.1xlo"16 

G29.9-0.0 8.1xl0"18 b9-22xlo"17 

S88B 1.5xl0"18 • C1.7xlO~17 

S III 33.4 W3A-IRS1 1.6xlO~17 <d9xlo"10W cm"2sr"1 
_ , , 1n-10TT -2 -1 = 5. 5x10 W cm sr 

Si II 34.8 W3A-IRS1 7.2xl0~18 <d7xlo"10W cm^sr"1 

= 2.5x10" Wcm~2sr"1 

Fell 35.3 W3A-IRS1 6.1xlO~16 <d8xlO~10W cm"2sr"1 

= 2.1xl0"8W cm~2sr~1 

Ne III 36.0 W3A-IRS1 4.4xlO~17 <d7xlo"10W cm^sr"1 

-9 -2 -1 = 1.5x10 W cm sr 

0 III 51.8 W3A-IRS1 7.2xlO~16 

0 III 88.4 W3A-IRS1 1.2xlo""16 1.0x10 
3.Ixl0~ 

C II 157.4 W3A-IRS1 5xlo"20 

No tes 
a. Willner, 1977. 
b. Soifer & Pipher, 1975. 
c. Pipher et al., 1977. 

d. Moorwood et al., 1978. 
e. Storey ej: al., 1979. 
f. Dain et al., 1978. 

Experimental Tests of Fine Structure Intensities Predicted by Zeilik(1977) 
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Table 3.5 

Species Wavelength(ym) Resolution Transmission (%) 

Fe II 35.2 180 40 

Fe II 25.99 3600 80 

0 III 51.7 400 80a 70 

Ne III 15.38 500 20 

0 III 88.35 45 30a 30 

Notes 
a. These figures from chapter 2. All others from Kyle and Goldman(1975). 

The Strongest Lines Predicted by Zeilik (1977) 
(In decending order of intensity) 
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regions are up to a factor of 10 less than that reported by Dain et, al. 
(1978). This increases the observation time to 14 minutes per element. 
This is rather longer than would be liked but is not unacceptable. 

Thus, it was decided to make the 88̂ 111 [OIIl] line the prime target 
for detection, with the 52/m. [oill] and 35ytm [Fell] lines as second 
campaign objectives. 
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Choosing a Fabry-Pgrot Spectrometer 

The aim of this chapter is to choose a spectroscopic technique 
suitable for making balloon-borne observations of far-infrared astro-
physical emission lines. Various 'sequential1 and 'multiplex' methods 
are compared and the reasons for choosing a Fabry-P£rot (F-P) Inter-
ferometer given. The theory of the F-P is summarised and previous 
designs examined. The chapter concludes with a description of the 
general features of a novel F-P design. 

'4.1 Introduction 

An ideal spectrometer can be characterised by two fundamental 
quantities, its luminosity, L, and its resolving power, R. The lumin-
osity is a measure of the light-gathering power of the instrument and is 
related to the amount of energy from the source that passes through the 
device and into the detector. L is an invariant of the system and is 
defined by the product of the area of the field stop and the solid angle 
subtended by the aperture stop at the field stop. The resolving power 
is given by X/SX where X is the wavelength at which the spectrometer is 
operating and <5A is the minimum wavelength separation that can be dis-
tinguished without prior knowledge of the response of the instrument to 
perfectly monochromatic light, the instrumental profile. Jacquinot 
(1954, 1960) has shown that L and R may be directly related and that, in 
many spectrometers, their product is a constant. The potential lumin-
osity-resolution product, (LR)^^, is solely a function of the particular 
spectrometer and, as such, can be used to compare different instruments. 
The actual luminosity-resolution product obtained depends on the applic-
ation and may be much less than (LR) t - e.g. if the source does not 
fill the acceptance cone of the device. A high throughput is partic-
ularly important for work in the infrared, where measurements are often 
"energy-limited" by a low signal-to-noise ratio at the detector, rather 
than by optical considerations. 

Infrared detectors have, in general, a very broad spectral response. 
Thus, to prevent any spectral ambiguity, it is vital that a longwavelength 
spectrometer adequately rejects the vast amount of energy present at the 
shorter wavelengths. 



4.2 Choice of Instrument 

Various spectroscopic techniques will be surveyed in the next few 
sections with a view to selecting the one most applicable to balloon-
borne detection of far-infrared emission lines. In the first three 
sections, methods of sequential spectroscopy are compared. Heterodyning 
is mentioned in section 4.2.4. Two Fourier Transform Instruments are 
then discussed. The conditions necessary to obtain a multiplex advantag 
with these instruments are explained in section 4.2.6., and, in the next 
section, the Imperial College Balloon Telescope is examined to see 
if these conditions can be satisfied. 

4.2.1 Spectrophotometry 

The simplest method of obtaining a low resolution spectrum is to 
use a filter wheel, consisting of a set of narrow band filters with 
slightly different peak wavelengths. This technique is known as spectro-
photometry and has been used extensively in the l-5ym atmospheric region 
ever since Johnson (1962) defined the JKLM photometric bands. Resolving 
powers of up to 50, depending on the parameters of the dielectric multi-
layers, may be achieved. As the resolution is increased, the actual 
energy throughput of the system drops, not only because of the smaller 
spectral bandpass but also because very narrow-bandwidth filters have 
lower peak transmissions than their wider-bandpass counterparts. A 
refinement of this technique is to deposit the dielectric coatings in 
such a way that their thickness increases uniformly around the circum-
ference of a circle. Thus, the wavelength transmitted varies with pos-
ition. These 'Circular Variable Filters' are commercially available 
(e.g. from OCLI, High Wycombe, Bucks) out to 20pm wavelength with 
resolving powers of up to 100 (Yen, 1969). At present, neither of these 
two methods can be usei longwards of about 25ym, since the quarter-wave-
length coatings become so thick that they lack uniformity and adhesion. 

4.2.2 Prism and Grating Spectrometers 

Jacquinot (1954) in his classic paper on the luminosity of spectr-
ometers emphasises that, when comparing various instruments, it is vital 
to ensure that they are being used at the same resolution. In this case, 
the luminosity of the prism and grating spectrometers is proportional to 
the product of the angular dispersion, D, and the normal area of the 
emergent beam. Using the well-known expressions (e.g. Longhurst, 1967) 



for the dispersions of these instruments, he finds, for the prism, 

L_ . « ArPr , 4.1 Prism dX 

where A is the base area of the prism and n is the refractive index. 
For the grating, used at the maximum of the blaze angle, iff. 

L . i M ^ L , 4.2 Grating X ' 

where A is the area of the grating. The ratio, P, of the luminosities 
of these two instruments is given by, 

kprism . dn . <5 
P ^ L„ . = XdX ' 4 , 3 

Grating 

where a typical blaze angle of 30° has been assumed. Jacquinot (1954) 
showed that for many materials P was always less than 1 and usually 
below 0.2 in the wavelength range from 0.25ym to 32ym. Moreover, as a 
general point, n changes most rapidly in regions where the imaginary 
part of the refractive index, the absorption, is substantial. Thus, the 
conclusion is that, under similar conditions, the grating spectrometer 
is superior to the prism. 

Several grating instruments have been used for infrared astronomy. 
Aitken and Jones (1973) have produced N-band spectra of planetary nebulae 
and the galactic centre with such an instrument and the liquid-helium-
cooled grating spectrometer, described by Houck and Ward (1979), was 
used for the first detection of a far-infrared emission.line. 

4.2.3 The Fabry-Pgrot Interferometer 

The ideal Fabry-P£rot (F-P) etalon consists of a pair of perfect 
optical flats arranged parallel to each other with their inner faces 
highly reflecting. The radiation undergoes many reflections inside the 
gap. At each reflection a little of the energy leaks out, leading to 
many transmitted beams. These interfere, either constructively or 
destructively, to produce a transmission spectrum that consists of a 
series of narrow passbands. Thus, to get unique spectral information, 
additional filtering is required. The F-P has the advantage of a two-
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dimensional circular aperture as compared to the one-dimensional slit 
geometry of the prism and grating instruments. This leads to a dramatic 
increase in throughput. Jacquinot (1954) has shown that, as for the 
prism and grating, the luminosity of the F-P is inversely proportional 
to its resolving power. Comparing the F-P to a grating, with a blaze 
angle of 30°, used in the maximum of the blaze, he finds that 

V-P 3.4 , , 
l 7 ~ . = T ' 4 , 4 
Grating 

where 3, the angular height of the slit of the grating spectrometer, is 
usually between 0.01 and 0.1. He concludes that the F-P can be superior 
to the grating spectrometer by up to two orders of magnitude. 

4.2.4 Heterodyne Spectroscopy 

Heterodyne spectroscopy consists of mixing the incoming radiation 
with single-frequency local oscillator radiations and then detecting the 
beat frequency. This technique needs not only a stable local oscillator 
tunable over a certain spectral region with high enough power to overcome 
detector noise, but also detectors that respond at the beat frequency. 
The method is capable of very high resolving powers, up to about 10 . 
Suitable detectors exist but longwards of the solid state diode lasers 
at around 30ym, there is difficulty in finding suitable local oscillators. 

4.2.5 Fourier Transform Instruments 

The lamellar grating spectrometer is a development of the convent-
ional grating instrument. The diffracted radiation in the zero-th order 
is modulated as cos2 (~) as the path difference, A, between the two 
sets of lamellae is changed (Richards, 1964). The spectrum is recovered 
by a Fourier transform. Hoffman, Drapatz and Michel (1977) have built 
such an interferometer and report a resolution of 0.05 cm ^ over the 
20ym to 200ym spectral region. 

The other well-known Fourier transform spectrometer is the 
Michelson Interferometer. This divides the incoming wavefront into two 
beams and then recombines them after they have travelled different 
distances. By altering the path difference, a wavelength-dependent 
modulation is imposed on the radiation and, once again, the spectrum is 
obtained by a Fourier transform. As with the F-P, the Michelson has 
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the advantage of a large luminosity due to its circular symmetry. The 
Michelson is smaller and easier to build for the short wavelengths than 
the lamellar grating. However, due to multiple beam effects in the 
beam splitter, it is not possible to obtain constant modulation over a 
wide wavelength range. Figure 4.1 (adapted from Hoffmann et aL, 1977) 
shows the modulation efficiency of the two instruments and highlights the 
need for several beamsplitters if a Michelson is to cover the range from 
20-300^. A Michelson interferometer for balloon work has recently been 
described by Anderegg _et al. (1980) . To obviate the need for different 
beamsplitters, a polarising Michelson was developed by Martin and 
Puplett (1969) . Instruments of this design have been used by Robson e£ aL 
(1974) and Mather et al. (1974) for work on the cosmic microwave background. 

4.2.6 The Multiplex Advantage 

The term 'multiplex' is used when all the spectral elements are 
observed simultaneously, as in the Michelson Interferometer, rather than 
sequentially, as in the grating spectrometer. It was first realised by 
Fellgett (1951) that, under the right conditions, multiplexing permits 
the reaching of a certain signal-to-noise ratio (SNR) for each and every 
spectral element more quickly than in conventional sequential spectroscopy. 

The conditions under which this advantage is realised are now 
examined. As the observing time on a source increases, the integrated 
signal increases linearly with time, while the noise only increases as 
the square root of time. Thus the SNR is proportional to (time)^. 
Consider, firstly a system limited by detector noise. If a total time, 
T, is available for the measurement of N spectral intervals, then, in 

L 

the multiplex case, a SNR per element proportional to T2 is achieved 
compared to (T/N)2 for the sequential method. The gain of N2 in SNR is 
the theoretical limit; the advantage realised by the Michelson, in 
practice, will be discussed in a later paragraph. A simple way of think-
ing about this improvement is that when multiplexing, the detector noise 
is 'shared out' among all the resolution elements, whereas working 
sequentially, each element receives all the detector noise. 

Now consider what happens when the system is background noise 
limited, rather than detector noise limited. Observing many elements 
simultaneously is equivalent to increasing the spectral bandwidth of the 
instrument and allowing more background radiation to reach the detector. 
In this case, the noise is proportional to the square root of the back-



Figure 4.1 

X [jum) 

Comparison of the Modulation Efficiencies of the Lamellar Gratin 
and Typical Michelson Interferometers with Mylar Beamsplitters. 

Adapted from Hoffmann ej: _al. (1977). 
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ground or, to the square root of the number of spectral elements observed 
at once and thus, the multiplex advantage is exactly cancelled. 

Under certain conditions, it is actually possible to be worse off 
when multiplexing. Suppose it is desired to observe a weak emission line 
in the presence of a strong one. If limited by photon noise in the 
signal, then observing these simultaneously means that the noise from the 
latter will be present on the former and may even swamp it. 

Treffers (1979) re-examined the problem of SNR in Fourier transform 
spectroscopy. He concluded that although a perfect multiplex spectro-
meter would have an advantage of N^ over a scanning instrument, a realise-
able device (e.g. a Michelson) only has a gain of (N/8)^. Following Tai 
and Harwit (1976) he explains that the discrepancy of iJl arises for two 

2 
reasons. Firstly, a real instrument imposes a cos modulation and does 
not perform a full complex Fourier transform, thus leading to a loss of 
x SI. Secondly, the modulation in a true Fourier transform instrument 
would go negative and the inability of detectors to respond to negative 
power causes a further loss of x2. 

In summaiy, it has been shown that a multiplex gain will only be 
realised if the system is detector noise limited. In the next section, 
the Imperial College 41" Balloon-Borne Telescope is examined to see 
under what conditions, if any, the system becomes background noise 
limited. 

4.2.7 Photon Shot Noise with IC Telescope 

The IC Balloon Telescope is of a conventional Cassegrain design 
with a chopping secondary mirror. All objects warmer than 4.2K in the 
telescope beam contribute significant thermal radiation towards the 
total radiation background loading the detector; the fluctuations in 
this background cause the background noise that is being investigated in 
this section. The radiating objects in a simple telescope system are 
the liquid-nitrogen-cooled quartz scatter filter, the polyethylene 
vacuum window of the dewar, the primary and secondary mirrors and the 
atmosphere. The secondary mirror is undersized and thus, the atmospheric 
contribution can be split into two parts; the first is due to the 
atmosphere in the telescope beam and the second to the atmosphere 'seen1 

by the detector around the edge of the secondary mirror. 



Equation 105 of Smith, Jones and Chasmar (1968, Ch.5) gives the 
— 2 

mean square power fluctuations, AF , in a post-detection bandwidth, 
Af hertz, from a body in thermal equilibrium at a temperature, T, as, 

AF2 = A f 4 e A Q t jg P *4cxp(hv/kT) d v 4.5 
c / (exp(hv/kT)-l) J 

where e is the emissivity of the body; t, the transmission of the 
optics; A and ft, the area and solid angle respectively over which the 
radiation is collected; v^ and the ends of the spectral passband in 
hertz and h, c, and k have their usual meanings. Using equation 4.5, 
the expected background photon shot noise for five different spectral 
bandpasses was calculated. Table 4.1 lists the adopted values for T, s, 
A and ft for each optical element and the contributions to the noise from 
each of these are detailed in table 4.2. The individual contributions 
were summed in quadrature to give the expected background noise assuming 
an overall transmission for the optics of 0.4 and a detector efficiency 
of 0.3. 

The best Ga:Ge bolometers have noise equivalent powers of just under 
10 W/vftz while a typical value would be a few times 10" W/v^z. Com-
parison of these numbers with the background noises given in table 4.2 
shows that, even without an interferometer, the system must be narrow-
banded to some extent in order to remain detector noise limited. This 
problem will become even more acute when more sensitive detectors are 
incorporated. If an ambient temperature interferometer is used, the 
photon noise will significantly increase, because its optical elements 
will each contribute noise of similar magnitude to the dominant source, 
namely the polyethylene window. 

4.2.8 Conclusions 

Spectrophotometry and heterodyning can be eliminated as suitable 
techniques almost immediately. The former, because it is not capable of 
high enough resolving powers and the latter, a technique of the future, 
both because of its present technical difficulties and also because such 
high resolving powers are not needed to merely detect lines. On the 
grounds of luminosity, the F-P has been shown to be superior to both the 
prism and grating spectrometers. Of the Fourier transform instruments, 
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Table 4.1 

Optical Element Temperature (K) Emissivity Area(m ) Solid Angle (sr) 

Atmosphere 240 

Atmosphere 240 

Primary Mirror 240 

Secondary Mirror 240 

Dewar Window 240 

Quartz Window 77 

'0.04 

:0.04 

0.05 

0.05 

0 .08 

0.1 

0.75 

e2.8xl0"5 

e2.8xl0"5 

e2.8xl0"5 

e2.8xl0"5 

e2.8xl0"5 

f. , -7 6x10 

S8.46xl0"2 

h1.54xl0"2 

h1.54xl0"2 

•0.1 

•0.1 

Notes 

a. Atmosphere in telescope beam. 
b. Atmosphere 'seen1 around edge of secondary mirror. 
c. Rough average from Traub and Stier (1976). 
d. Area of primary mirror. 
e. Area of Fabry lens. 
f. Three arc minute field of view. 
g_. (0.1-1.54xl0-2) sr. 
h. Convergence angle of IC 41" telescope. 
i. Acceptance angle of IC far-infrared photometer. 

Parameters for Telescope. 
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Table 4.2 

c • • 
Photon Shot Noise m Various Spectral Passbands 

Optical Element 10-13ym 25-40ym . 40-80ym 50-100ym 10-100um 
Atmosphere 7.7x10 

bAtmosphere 1.8x10 

Primary Mirror 8.5x10 

Dewar Window 

Quartz Window 

-14 

-13 

-14 

Secondary Mirror 8.5x10 -14 

2.7x10 -13 

1.3x10 -15 

5.2x10 -14 

1.2x10 -13 

5.7x10 -14 

5.7x10 -14 

1.8x10 -13 

2.3x10 -14 

3.1x10 -14 

7.1x10 -14 

3.4x10 -14 

3.4x10 -14 

1.1x10 -13 

2.5x10 -14 

2.3x10 -14 

5.2x10 -14 

2.5x10 -14 

2.5x10 -14 

8.0x10 -14 

2.1x10 -14 

1.4x10 -13 

3.3x10 -13 

1.6x10 -13 

1.6x10 -13 

5.1x10 -13 

3.9x10 -14 

Total 3.'6xlO~13 2.4xl0~13 1.4xl0~13 l.lxio"13 6.6xl0~13 

. d Photon Shot 
Noise 1.2x10 8.4x10 5.0xl0~14 3.7xKf14 2.3xl<f13 

Notes 
a,b Atmosphere as defined in table 4.1. 
c Units are W Hz~"2. 
d Assuming a detector efficiency of 0.3 and an overall optical trans-

mission of 0.4. 

Background Photon Shot Noise. 
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the Michelscn is preferred to the lamellar grating firstly, because of its 
compactness for a balloon-borne instrument and secondly, because its 
moving mirror only needs one-dimensional stabilisation compared to the two 
dimensional requirement of the lamellae. Thus the choice rests between 
the F-P and the Michelson. 

Factors influencing this choice include the effects of changes in 
background, ease of construction and the value of multiplexing. These 
will now be examined in turn. In a Michelson, changes in background will 
be recorded as spectral features; an F-P will also be affected if it is 
being used in a slow scan or a stop-and-integrate mode, but to a lesser 
extent, and the effects should be easier to discover and remove. 

The argument that a Michelson is mechanically more complex than an 
F-P has been countered in the past by pointing to the auxiliary filtering 
requirements of the latter. At high resolution, the only suitable order-
sorting filters are other F-P's and since these must be scanned in unison 
with the main F-P, the system is mechanically complex. However, if 
intensity rather than profile measurements of the lines are desired, the 
overall resolution can be kept down to the point where a fixed gap F-P 
(or other means) may be used for auxiliary filtering and then, the 
mechanical complexity of the instrument is considerably diminished. 

Multiplex instruments are at their best when there is no pre-
knowledge of the spectrum, i.e. all elements have equal importance. For 
emission line work, however, only a few spectral intervals around each 
line are relevant. A sequential device can 'jump* from line to line, 
ignoring the 'uninteresting' space between them, while an encoding 
instrument must go through it. 

Auxiliary filtering constraints mean that it is difficult to use an 
F-P for more than one line. However, photon shot noise considerations 
mean that the Michelson must be narrowbanded to such an extent that 
only one or two astrophysical lines fall into its reduced range (the 
30ym - 40ym region excepted) . Thus, forthis work, there is very little 
advantage in using a multiplex instrument. 

In summary, the Michelson is larger and more complex than the F-P 
and it also needs sophisticated data processing to recover a spectrum. 
Its main virtue, that of being multiplex, is of little value for this 
present application. Taking all these factors into account, it was de-
cided to build a Fabry-P£rot Interferometer. 
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4.3 Fabry-Perot Considerations 

4.3.1 Fabry-Perot Theory 

The theory of the F-P can be found in many standard texts (e.g. 
Hadni, 1967 or Longhurst, 1967). Most of these assume that the spectr-
ometer will be operated in high order and therefore neglect the phase 
change, <J>(X), on reflection at each surface. An F-P, built to operate in 
1st order, is described in chapter 6. Thus, in the following, a summary 
of the general F-P equations, complete with wavelength-dependent phase 
shifts, is presented. 

Figure 4.2(a) is a schematic diagram of an F-P and defines some of 
the variables. The reflecting face of each plate has intensity reflection, 
transmission and loss (due to absorption and diffraction) coefficients, 
R, T and A respectively. The intensity transmission,^*, of the inter-
ferometer is given by the Airy function, 

2r -i -1 r Transmitted Intensity f- A N ,. 4R . 2,- . ft 
• Incident Intensity X = (1" 1=R> [ 1 + ̂ 2 S l n <2*Jidcose/X-*tt) . 

4.6 

This is plotted in figure 4.2(b) for various values of R. The maximum 
t r a n s m i s s i o n i s given by, 

r m = = = < w > 2 . ' 

and occurs whenever, 

2nyd cos q/X - <f>(A) =,nir , 4.8 

where n is the order of interference. The maxima are equally spaced in 
wavenumber (1/X) if <f> is not wavelength dependent. The distance between 
the maxima, the so-called free spectral range, AX, can be obtained by 
differentiating equation 4.8 to get, 

X2 X 
" 9 — = A i ̂  • 4'9<a> 

0 . a X2 del, (n + 4 + i 4£) 2ydcos9 + — tt * * dX' tt aX 
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(a). The Fabry-Perot Etalon. 

1/A 

(b). The Airy Function. 
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If <{> is independent of X, equation 4.9(a) reduced to, 

X2 X AX = = ^-r- , 4.9(b) 2pdcos0 , , <K ' v ' (n + —) 

which for high order operation (n >> §h) further reduced to the familiar 
expression, 

AX = X/n . 4.9(c) 

The full-width half-height, 6X, of the Airy function is, 

2X2sin"1(|=|) 2Xsin-1( 
<SX = - = T , . 4.10 

^ a * * IT (n + 4 ^ -i 41) •rr(2ydcos9 +• — -777 it ir dX 7T dA 

This is the minimum width of a transmission peak for the ideal F-P and 
? 

R3 can be expressed as a finesse,^ , defined as, 

1_R T 1 

i n V I • 
2 sin ) . 4.11(a) 

The above is the maximum possible finesse and is referred to as the 
'reflective finesse'. If the reflectivity of the plates is % 0.6, 
equation 4.11(a) takes on its usual form, 

• i f • 4 - n < b > 

Instrumentaldefects, e.g. lack of either parallelism or flatness of 
the plates, degrade the overall instrumental f inesse,^^, which affects 
the resolving power,(H, of the instrument because, 

The more familiar form of equation 4.12(a), 



fc = nfl 
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4.12(b) 

is obtained under the same conditions which reduce equation 4.9(a) to 4.9(c) 
Chabbal (1953, 1958) has distinguished between three different types of 
defects: macroscopic distortion, e.g. spherical bowing of the plate with 
maximum error, d,; microscopic irregularities with a Gaussian distribution 
and r.m.s. deviation, vd^ ; and lack of parallelism, with total error 
across the plates of d^ (see figure 4.3). In each case, a defect 
finesse, can be assigned, if the plate error, d, is expressed as a 
fraction, m, of a wavelength. The total defect finesse, is given by, 

K • 4.13 

When an F-P is used with a telescope, its resolving power may be 
further limited if all the rays do not pass through it at the same angle, 
The Jacquinot criterion, 

« C - T • - 4 - 1 4 

defines the convergence-limited resolving power, (R, , for an F-P accepting 
a beam of solid angle,ft. This limit, expressed as an aperture finesse, 

, for a telescope of focal ratio, F, is, 

f 

2 8F 
ap n 4.15 

The overall finesse of the interferometer, as used for the effective 
resolving powerin equation 4.12 is obtained by summing all the contribut-
ory finesses (reflective, defect, aperture) in reciprocal quadrature, 

l 

JCj. may be considered to be the effective number of interfering beams. 
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Different Types of Defects. 
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4.3.2 Design Criteria 

The resolving power of an F-P is determined by the product of the 
order in which it is operated and the overall finesse (eqn. 4.12). As n 
is increased, the free spectral range decreases (eqn. 4.9) making the 
auxiliary, order-sorting, filtering progressively more difficult. The 
reflective finesse can be improved by increasing the reflectivity of the 
plates. However^ if this is done, the absorption becomes more significant 
and the maximum transmission (eqn. 4.7) drops as shown in figure 4.4(a). 
There is veiy little point in increasing beyond because as demon-
strated in figure 4.4 (b) , (an(*> hence, the resolving power) only in-
creases very slowly after = The defects also degrade the trans-
mission (figure 4.4(c)) because they make the etalon act as a large 
number of little etalons, each with a different gap, and so, only a small 
fraction of the total area transmits the desired wavelength. Thus, for 
maximum transmission and resolution, it is necessary to maximise the 
defect finesse and then match R to it, while keeping A to a minimum. 

To use the full luminosity-resolution product of any spectrometer, 
the source must fill the acceptance cone, of solid angle ft, of the device. 
In astronomical applications, a telescope (collecting area, A) is used to 
transfer ft onto the sky as a smaller angle, oi, to match the object size. 
In order not to lose luminosity, the area, a, of the spectrometer entrance 
aperture must be large enough so that, 

aft Aw 4.17 

Thus for higher resolution (smaller ft, cf. eqn. 4.14), a must be inc-
reased. An ideal case is to have an F-P the size of the primary mirror 
and just above the telescope, for this minimises the spread of angles 
through the instrument! For practical reasons (cf. chapters 5 and 6), 
it was decided initially to operate the IC F-P in the convergent telescope 
beam and to accept the resolution limitation. In this case, equation 4.17 
is satisfied if the area of the F-P is larger than the beam at the pos-
ition of the F-P. 

4.3.3 Scanning Techniques 

In the foregoing description the F-P has been presented as a multiple 
narrow-bandpass filter with ancillary optics to select one bandpass. The 
use of an F-P as a spectrometer depends on being able to move this chosen 
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3£ 

The Effect of Absorption upon Transmission. 
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3? 

Ob). Variation of Overall Finesse with Reflective and Defect Finesses. 

3 / 2 
(c). Transmission as a Function of the Ratio of Reflective to Defect Finesse. 

(The exact shape of the curve depends upon the type of defect). 
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bandpass in wavelength. This is referred to as 'scanning' the instru-
ment. If the F-P is illuminated with an extended source of radiation, 
a ring system is produced at infinity. When the rings are brought to a 
focus on a screen, different wavelengths produce rings of different 
radii. Thus, by choosing a ring, some wavelengths are selected for 
transmission while the rest are rejected. For a single detector, it is 
usual to put a circular aperture on axis in order to isolate the central 
ring or spot. Equation 4.8 shows that three variables are available in 
practice for altering the wavelength of the radiation passing through 
the aperture. These are the angle of incidence, the refractive index of 
the material between the reflecting layers and the etalon gap. 

The effective angle of incidence may be altered by either moving 
the circular aperture off-axis or by tilting the entire etalon. The dis-
advantage of this method is that, for an F-P, the angular dispersion 
(dA/d0) is not constant, it increases as the sine of the angle of inc-
idence. Thus, if the aperture size is optimised for on-axis work, the 
resolving power will diminish as the tilt increases. If the size is 
chosen for off-axis conditions to avoid this problem, there will be a 
loss of luminosity for small angles of incidence. 

The refractive index of a gas is proportional to its pressure over 
a wide range and, so, by altering the pressure of the gas between the 
plates, the optical thickness, yd, will be changed and the F-P will be 
scanned in wavelength. This technique is limited in range by the magn-
itude of the constant of proportionality between y and the pressure. 

* 

The third method involves physically changing the gap between the 
plates and is loosely referred to as 'mechanically scanning'. This is 
the technique that was chosen for the instrument described in this thesis. 
The difficulty in this approach is to maintain the parallelism of the 
etalon while changing its separation. All three of these scanning methods 
have been used in the past and a few of these instruments will now be 
reviewed. 
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The original interferometer, described by Fabry and P£rot (1899) 
was a delightfully ingenious construction. To achieve fine parallelism 
adjustment and scanning motion, water-filled rubber bags were placed 
next to and in contact with thin steel rods. The bags were connected to 
barrels full of water. As the water level in the barrels was altered, 
the water pressuie inside the bags changed, the bags then expanded or 
contracted thus distorting the steel rods and movement occurred! A 12mm 
change in water level adjusted the parallelism by one arc second while a 
lm change in another barrel scanned the plates 5ym. Since then, much 
effort and cunning have been expended upon new and improved techniques. 
To illustrate the wide diversity of approach, some designs will be re-
viewed here. The concentration on mechanical scanning reflects the pre-
judice of the author and not the relative attention received by each 
method. 

4.4.1 Scanning by change of refractive index 

Two approaches to altering the refractive index of the medium 
between the reflecting surfaces have been employed. Pressure scanning 
has been widely used. Geake, Ring and Woolf (1959) describe the astr-

o 
onomical use of a pressure-scanned F-P which covered about 20A of the 
visible spectrum for a pressure change of 5 atmospheres. Auth (1969) 
exploits the change in refractive index and etalon gap with temperature 
to build a solid F-P of fused quartz capable of scanning 10 visible 
orders with high resolution (finesse K 60) and high transmission for a 
temperature change of 20°C. 

4.4.2 Scanning by change of angle of incidence 

Geake and Wilcock (1957) tilt-scan their air-gap F-P, part of a 
stellar spectrophotometer, by using a synchronous motor and cam to make 
cosQ vary linearly with time. More recently, Roche (1976) emphasises 
that tilt-scanning a solid F-P produces a physically compact and stable 
system which does not require stringent tolerances on mechanical mount-
ing, optical alignment or angular scan control. He reports the tech-
nical feasibility of making etalons w i t h * 50 and^ M > 65% in the 
wavelength range lym - 15ym, with bandwidths, limited by pre-filtering 
requirements, of < 0.2 cm A prototype instrument, using a sapphire 
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etalon (at 3.8ym), tilted via a stepping motor and reduction drive and 
with scan rate and range controlled digitally is described by Roche (1976). 

4.4.3 Scanning by changing etalon gap 

Chabbal and Soulet (1958) and Shepherd (1960) both mount one of 
their flats at the centre of an annular flexible membrane (figure 4.5(a)). 
When an axially symmetric force, F, is used to distort the membrane, the 
circular symmetry of the system constrains the suspended plate to move 
parallel to itself. The membrane was stretched, in the former case, by 
effectively pushing at the centre of the flat; and, in the latter case, 
by altering the gas pressure on one side of the membrane. Roig (1958) 
adjusts the parallelism of his system by moving a weight along a rod, 
thereby changing the degree of flexure of the plate's support. The other 
plate is suspended from brass rods. These are heated and their thermal 
expansion provides the mechanical scanning. 

Parallel spring hinges, as described in appendix A, are used by many 
authors. Greenler (1958) working in the 5ym - 20vim region, and Bradley 
(1962) both mount one plate on a spring hinge carriage, which is displaced 
sideways for scanning. The only difference is in the position of the 
plates (figure 4.5(b)). The former has his plates outside the spring 
arrangement, while Bradley has his between the base and carriage. 
Terhune and Peters (1961) put their mirrors on and above two identical 
spring hinge carriages and drive these apart magnetically. 

Slater, Betz and Henderson (1965) developed a magnetostrictively-
tuned F-P which operates at a resolving power of ̂  lO"* in the visible after 
a rocket launch. One of the plates in the instrument described by 
Clarke, Norman and Borsay (1975) is mounted on a piston, which is moved 
inside an invar cylinder to set the initial gap. Micrometers are used 
for coarse parallelism adjustment and piezoelectric stacks for fine 
alignment and scanning. 

4.4.4 Modern Developments 

One of the more recent developments in Fabry-Perot techniques has 
been the use of multipass instruments. The advantage of multipassing is 
that it gives a very high fringe contrast over a wide range of finesses 
without significant reduction in transmission. The technique has been 
used for high resolution spectroscopy of scattered light and is described 
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by Lindsay and Shepherd (1977), Roychoidhuri and Hercher (1977) and refer-
ences therein. 

Anothar advance has been the development of servo-stabilised etalons. 
Rather than design a mechanical arrangement to keep the plates parallel 
for long periods and also during scanning, Ramsay (1962) constructed a 
system in which the flats were continually and automatically maintained 
parallel. He monitors the parallelism by sending a collimated beam of 
white light through a small area on the edge of the etalon. The light 
returns through a second small area, diametrically opposed to the first 
and falls onto a photomultiplier (figure 4.6(a)). Maximum transmission 
occurs when AB=CD; piezoelectric transducers, driven by error signals 
from the photomultiplier, maintain this condition. A second light beam, 
passing through an orthogonal diameter completes the parallelism control. 
The etalon is scanned by driving all the piezo's in unison. The dis-
advantage of this method is that if the source is very faint, scattered 
light from the monitor becomes significant. 

To overcome this problem of scattered light, Hicks, Reay and Scaddan 
(1974) and Atherton, Hicks, Reay and Wells (1978) have developed servo-
controlled etalons using capacitance micrometry for monitoring the par-
allelism. Four parallel plate capacitors (figure 4.6(b)) are formed at 
the ends of two perpendicular diameters by evaporating conducting surfaces 
onto the faces of the F-P plates. Deviations from parallelism cause the 
capacitance ratios X^/X2 and t o alter* These error signals are 
used to drive piezoelectric transducers to correct the alignment. A 
fifth capacitor, Z, is compared with a fixed reference capacitor to monitor 
the etalon gap. 

4.4.5 Fabry-Pgrots for Infrared Astronomy 

Most F-P's for infrared astronomy have been mechanically scanned. 
Two examples, one low and one high resolution, of instruments for the 
lOvim atmospheric window are described. Then, both the F-P's, known to 
the author, designed for the far-infrared are mentioned. 

Selby, Jorden and MacGregor (1976) describe a liquid-helium-cooled 
instrument with a resolving power of about 100. The plates are of barium 
fluoride, dielectricaHy coated, and mounted inside a parallel spring 
assembly (cf. Bradley, 1960). A superconducting coil is used to scan 
the device and the position of the moving plate is servo-controlled with 
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respect to that of the fixed one by capacitance micrometry. Van der Wal 
and Slingerland (1979) use a low-resolution, liquid-helium-cooled, grat-
ing spectrometer, a medium-resolution liquid-nitrogen-cooled F-P and an 
ambient temperature high-resolution F-P to obtain a resolving power of 
10"* at lOym. The F-P's are based on piezo-electrically scanned models 
in the Burleigh Instruments range and have coated zinc selenide plates. 
The medium-resolution etalon can be adjusted when cold. To assist in 
finding astronomical objects, both etalons can be easily removed from, 
and replaced in, the optical beam without disturbing any of the other 
components. 

Chanin and Lecullier (1978) have developed a far-infrared F-P to 
work at the temperature and pressure encountered at balloon altitudes. 
A stepping motor and optical table drive assembly are used to mechan-
ically scan the etalon. This consists of stretched, electroformed, 
metal mesh, in a piston/cylinder arrangement which obviates the need for 
parallelism adjustments. The position of the moveable grid is measured 
with a co-axial capacitor displacement gauge. Changes in spacing of 
O.Olym are detectable. Storey, Watson and Townes (1980) use an ambient 
temperature scanning F-P and a fixed-gap, liquid-helium-cooled, order-

3 
sorting F-P to achieve a resolving power of 'v 10 between 50ym and 200ym 
from the Kuiper Airborne Observatory. The etalon mirrors are made from 
gold-plated, electroformed, nickel mesh and are attached to two hollow 
piezoelectric tubes. The etalon gap can be set between 0mm and 5mm; 
the piezoes, which are also used for parallelism adjustment, can change 
this by about 18ym. The high voltages necessary to drive the transducers 
mean that the F-P must be inside the vacuum jacket of the cryostat, to 
prevent corona discharge. A filter wheel inside the dewar contains 
three different order-sorting F-P's, which are made by clamping a photo-
etched and electropolished spacer between two stretched grids. 

4.5 General Features of the IC F-P Design 

The choice of scanning method for the F-P, described in this thesis, 
was dictated by the need to keep a balloon-borne instrument simple, com-
pact, reliable and low in power consumption. Pressure scanning was never 
seriously considered due to the problems of generating and containing 
pressures of up to 40 atmospheres (cf. the l-8ym pressure scanned instr-
ument of Beer and Ring, 1961). Tilt-scanning suffers from a change in 
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instrumental profile width, typically of up to 25%, with angle. This 
would cause different spectral elements to contain different amounts of 
continuum signal. This difference could be larger than the line flux and 
so, scanning by varying 0 was not used, despite its mechanical attractions . 
Once the decision to tune the etalon by varying the gap had been taken, 
many previous methods (cf. section 4.4.3) of doing this were considered. 
Parallel spring hinges (cf-. Appendix A) are very attractive for a balloon-
borne instrument because, in addition to being simple, robust, and compact, 
they also provide parallel motion automatically. Thus, it was eventually 
decided to use a spring hinge arrangement, but in a novel form. Only the 
general feature of the design will be described here; points specific to 
either the long- or short-wavelength instrument will be left to chapters 
5 and 6. 

In appendix A, it is noted that as the platform or carriage of a 
parallel spring arrangement is displaced sideways, it also falls towards 
the base. Mr J. Allen of this group realised that this latter motion 
could be used to scan an F-P. To achieve this, the etalon plates were 
mounted perpendicularly to the springs (fig. 4.7(a)) and not parallel as 
previously done. Now, as the carriage is pushed a given distance side-
ways, the gap between the plates diminishes by a much smaller amount. 
The magnitude ofthis demagnification permits the carriage to be directly 
driven with a motorised micrometer- The etalon gap is monitored using 
capacitance micrometry (cf. section 5.1.4) because of the considerable 
expertise (e.g. Hicks, Reay & Scaddan 1974) in this field within the IC 
Astronomy Group. 

The main disadvantage of this method is that the relationship between 
the x and y displacements is non-linear. Using the approximation and 
notation shown in figure 4.7(b), the demagnification, D, is given by, 

D = _ Z ^ 2£ . 4.18 
ox y 

This problem can be minimised by giving the carriage an initial displace-
ment to take it into the region where D is only slowly varying with y and 
then, operating the instrument in a small range about this point. 

The questin of the accuracy of the parallel motion now arises. For 
an F-P of this design, working at a wavelength of lOOiJm, it is necessary 
to move the carriage by about mm to scan one free spectral range. 
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Jones (1962) reports that it is easy to reduce deviations from parallelism 

iV 
m spring hinge assemblies to less than 10 for displacements of several 
millimetres and that, with care, NPL had achieved parallelism of better 

O j . 

than 1 over 10mm movement. For etalon plates of 30mm diameter, the 
easily obtainable parallelism corresponds to a parallelism finesse in 
excess of 40 at 100pm. This is more than adequate for the planned F-P. 
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Near-Infrared Fabry-Pgrot Interferometer 

This chapter begins by describing the design considerations of a 
short (12.8ym) wavelength version of the balloon-borne Fabry-P&rot Inter-
ferometer. The laboratory performance of the instrument is then dis-
cussed. Finally, details of its use with the 60" Infrared Flux Collector 
(IRFC) in Tenerife in 1977 December, 1978 May and 1978 October are pre-
sented . 

5.1 Design Details 

The next four sections describe the design of the near-infrared 
interferometer. Firstly, the rationale for operating both the F-P and 
its order- sorting filter at ambient rather than cryogenic temperature is 
given because this choice obviously affects other aspects of the instru-
ment. Then, details of the mechanical, optical and electrical design are 
discussed in turn. 

5.1.1 Evironmental Considerations 

The choice between warm and cold operation of the interferometer and 
its order-sorting filter depends upon three factors, namely ease of use, 
ability to find astronomical objects and background photon shot noise. 
It was decided to operate the F-P, itself, at ambient temperature and 
pressure so that alterations and adjustments could easily be made. The 
narrow bandwidth of the F-P and order sorter is expected to make finding 
objects difficult; this problem may be eliminated by making both the 
F-P and order sorter removeable from the beam, while searching for the 
object. This is easily accomplished for the ambient temperature F-P but 
would be difficult for the order sorter, if the latter were inside the 
dewar. Thus the position of the order-sorting filter must be decided by 
photon shot noise considerations. Figure 5.1 shows the optical elements 
that would be present for both a warm and a cold order sorter. The num-
ber above each element is its reflection, R, transmission, T, or effic-
iencyi E. - The noise contribution for each component in each case is 
calculated from equation 4.5 and is detailed in table 5.1. The conclusion 
is that an ambient temperature order sorter increases the background 
photon shot noise by a factor of x& compared to cold operation. However 
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Optical Element Temperature Emission Bandpass Solid Angle Area Emissivity 1Transmission Noise . 
(K) (vim) (ar) (m2) ' (W Hz"*) 

Elements common aAtmosphere 280 12. 78-12.82 Cl. -9 8x10 81.64 0.08 0.04 2.8xlO~16 

to warm and 
cold cases ^Atmosphere 280 12. 78-12.82 el. 2xl0"2 h7.9xl0" 7 0.08 0.05 1.4xlO~15 

Primary Mirror 280 12. 78-12.82 2xlO~3 h7.9xlO~ 7 0.05 0.05 2.4xl0"16 

Secondary Mirror 280 12. 78-12.82 d4. 2xlO~3 h7.9xlO~ 7 0.05 0.05 2.5xl0"16 

Chopper Mirror 1 280 12. 78-12.82 fl. 6xlO~2 h7.9xl0"7 0.05 0.05 5 . 1 x K f 1 6 

Chopper Mirror 2 280 12. 78-12.82 fl 6xlO _ 2 h7.9xl0" 7 0.05 0.05 5.2xl0"16 

F-P Plate 1 280 12. 78-12.82 £1. 6xlO~2 h7.9xl0'7 0.10 0.08 8.7xl0"16 

F-P Plate 2 280 12. 7 -12.9 h7.9xl0" 7 0.10 0.08 -15 2.0x10 

Warm order Order-Sorter 280 10-13 fl 6xl0"2 h7.9xl0"7 0.5 0.15 -14 2.6x10 
sorter 

Dewar Window 280 10-13 fl .6xlO~2 h7.9xlO~7 0.1 0.22 -14 1.4x10 1 

Cold order Dewar Window 280 12 .7-12.9 fl 6xlO~2 h7.9xl0" 7 0.1 0.11 2.3xlO~15 

sorter 
Order Sorter 77 10-13 fl .6xlO-2 h7.9xl0" 7 0.5 0.22 -17 9.4x10 

/. Background photon shot noise 3.0xl0~ u w 
15w 

for 
llsT* for 

a warm order sorter 
3.6xl0~ 

u w 
15w 

for 
llsT* for a cold order sorter 

Notes 
a. Atmosphere in a 10 arc second beam. b. Atmosphere 'seen* around edge of secondary, c. 10 arc second beam, 
d. f/13.6 telescope. e. (1.6xlO~2-4.2xlO~3)sr. f. IC 10pm photometer has f/7 beam, 
g. Collecting area of IRFC. h, Area of Fabry lens. i. Transmission of downstream optics including detector 

efficiency. 
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this is still less than the expected detector noise on the telescope and 
the order sorter is, therefore, used at ambient temperature. 

5.1.2 Mechanical Design 

The mechanical design of the F-P is shown schematically in figure 
5.2(a). An aluminium carriage, 1, is supported above an aluminium base, 
2, by two OVOl-thick strips of phosphor bronze, 3. The two mirrors, 4, 
are glued (using GE7031 varnish) into aluminium mounting rings, 5, which 
are kinematically spring-loaded (not shown) against adjustment mechanisms 
in the carriage and base respectively. Three ball-ended 6BA screws, 6, 
through the upper carriage are used for coarse parallelism adjustment (to 
about 1 arc minute) and for setting the etalon gap. The lower plate 
holder, 5, has three glass blocks, 7, each with a taper and a V-shaped 
groove (figure 5.2(b)), glued (using a beeswax and resin mixture) onto 
its underside. Three other glass blocks are let into the base and spring-
loaded ball-bearings, 8, running between these blocks and the tapered 
V-grooves, give fine parallelism control to about 1 arc second, matched 
to the overall flatness of the etalon mirrors. Irregularities in the 
threads of the standard screws, 9, used to push the ball-bearings are not 
important due to the demagnif ication of the motion by the tapered grooves. 
The faces of the glass blocks, that are in contact with the ball-bearings, 
are polished to an optical finish to prevent them introducing irregular-
ities into the adjustment mechanism. The pushing screws, 9, are also 
spring-loaded (not shown in figure 5.2(a)) to take out backlash. In 
order to prevent the lower plate rotating about the beam axis, two of the 
three glass blocks let into the base are themselves V-grooves but not 
tapered. These are shown in figure 5.3(a), which is a photograph of part 
of the F-P base. 

The capacitor for gap measurement consists of two gold-coated glass 
pillars, 10, glued onto the two plate holders. The lower capacitor pad 
is the larger of the two to allow for the sideways scanning movement; 
both pads have slightly bevelled rims. The height of the pillars is 
chosen so that the capacitor gap is much smaller than the etalon spacing. 
(Two separate pairs of capacitor pads can be seen on figure 5.3(b).) 
The upper carriage is displaced sideways with a ball-ended micrometer, 
11, pushing on a glass flat, 12, on the side of the carriage. A heavily-
geared-down d.c. motor is used to turn the micrometer through an extend-
able coupling, as shown in figure 5.4(a). This coupling can also cope 
with angular mis-alignments of several degrees. Figure 5.4(b) is a 
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(b). Tapered V-Groove. 

Near-Infrared Fabry-Perot Interferometer Design. 
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(a). Base with part of Bail-Bearing Adjustment Mechanism. 

(b). Base and Carriage prior to Assembly. 

The Disassembled Near-Infrared Fabry-Perot Interferometer. 

ftmuu 
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Figure 5.4 

(a). The Extendable Coupling. 

P V 

(b)„ Close-up of Instrument. 

The Complete Near-Infrared Fabry-Perot Interferometer. 
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close-up of the assembled instrument. The F-P is electrically insulated 
from the telescope and attached thereto inside the adjustable dewar mount 
(cf. figure B.l) underneath the cryostat. 

5.1.A Optical Design 

The optical design is governed by the desired resolving power. In 
order to resolve the 12.8ym [Ne II] line, a resolving power, f},, in excess 
of 2000 is needed (Wollman e£ £l., 1976) but the line has been detected 
at (R, = 50 (Gillett et al., 1975). For simplicity, the telescope beam is 
not re-collimated for passage through the F-P, which therefore operates 
in the converging (f/13.6) beam. This limits the resolution of the 
instrument to 1500 (equations 4.14 and 4.15) and thus resolving the line 
is ruled out. The next limiting factor is the mechanical scanning assem-
bly, which was originally designed to work at wavelengths almost ten 
times longer. To scan a free spectral range at 12.8ym, the carriage must 
be moved just over 0.1mm. Over this distance, the parallelism of the 
motion should be good to better than a few seconds of arc (cf. section 
4.5), yielding a parallelism finesse in excess of 30 for plates 25mm in 
diameter. It is likely to be easy to improve the parallelism of the scan 
and therefore, a design value of 50 was adopted for each- of the individual 
finesses. This leads to an overall finesse of 20-30 and permits resolving 
powers of several hundred to be achieved in relatively low orders, thus 
reducing the pre-filtering problem. 

From equation 4.9, it is seen that as the order (or gap between 
plates) is increased, the free spectral range decreases and the auxiliary 
filtering must have a smaller bandwidth. Figure 5. 5 shows the relation-
ship between these two quantities. It is used to visualise the operating 
conditions of the F-P and to help select the order-sorting filter. This 
plot shows the resolving power (or instrumental width) attained with var-
ious combinations of overall finesse and plate separation. On the right 
hand side is the reflectivity needed to obtain a reflective finesse equal 
to the overall finesse on the left hand side. Due to the large cost 
(a, £1000 at 1977 prices) of having a narrow bandpass filter specially 
made, a stock filter was purchased from the Optical Coating Laboratory 
Inc. This multi-layer dielectric-coated filter has peak transmission at 
12.88ym, a half-power bandwidth of 0.2ym and its 2% transmission points 
are 0.49ym apart (figure 5.6). From figure 5.5, it is seen that using 
this filter requires the F-P gap to be less than 16<̂ um and that for an 
overall finesse of 30, the resolving power is 700. 
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Design Curves for 12.8jm. FHP. 
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In the 10pm wavelength region, F-P mirrors still consists of a part-

ially reflecting coating on a suitable substrate, i.e. optical rather 
than millimetre wave technology. An easy method of adjusting the etalon 
to parallelism is to view any visible light fringes that can be formed. 
This means that both the coating and the substrate must have some trans-
mission at visible wavelengths. The criteria for selecting the material 
for the plates are that it is transparent from 0.5pm to at least 15ym, is 
capable of taking an optical polish, allows a reflecting coating to 
adhere, has minimal absorption and is relatively stable and inert. Many 
materials have the required transmission but have other disadvantages. 
Silver bromide and chloride are phototropic. Caesium and potassium halidas 
are hygroscopic to varying degrees, leading to degradation of highly pol-
ished surfaces. Thallous bromide-iodide (KRS-5) suffers from cold flow 
and is also poisonous. Zinc selenide fills all the requirements and was 
therefore chosen; its only disadvantage is a high refractive index (2.4 
at 10.6pm), causing high reflection loss unless anti-reflection coated. 
To obtain a defect finesse of 50, the plates must be flat to A/100 at 
12.8pm, i.e. about A-5• The Spectroscopic Accessory Company 
(Specac, St. Mary Cray, Kent), who make the plates, recommend that a 6mm 
thickness of zinc selenide is necessary to hold this figure. 

The reflectivity of the plates must be 94% (from equation 4.11) to 
get a reflective finesse of 50. This can be obtained by depositing either 
a thin metallic layer or a dielectric stack on a substrate. A thin gold 
coating is very attractive because its reflectivity is constant across a 
wide wavelength range in the infrared, thereby allowing the same plates 
to be used for observations of different spectral lines. In constrast, 
a dielectric coating only has a nominally flat reflectivity over a wave-
length region of 10% of the central region, e.g. a 95% reflectivity will 
have dropped to ^ 92% at the ends of the 10% region. 

The absorption in the coating must be minimised (cf. section 4.3.2) 
to keep the transmission of the F-P high. Results from a computer pro-
gramme, developed by Dr P.R. Jorden, show that a O.Olym thick film of 
gold on zinc selenide has a 10pm-13pm reflectivity of just over 96% and 
an absorption of 0.2%, which is acceptable. However, Mike Taylor of ITT 
(private communication, 1977) says that̂  the values of the real and imag-
inary parts of the refractive index vary by up to xlO depending on the 
speed at which the gold is deposited. His estimates for the absorption 
range from 1.5% to 4%. Two pairs of mirrors were thus made; the first 
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with a thin layer of gold and the other with dielectric coatings. The 
latter plates are designed to have an infrared reflectivity of 94% between 
12.3ym and 12.8ym. The other face is anti-reflection coated. All the 
plates are circular with a diameter of 25mm and are slightly wedged to 
prevent multiple reflection inside each plate. 

The photometer (figure 5.7) used with the F-P was designed by 
W.P.S. Meikle and is described here for completeness. It is made from 
oxygen-free high-conductivity copper and is contained in a bottom-entry 
liquid-helium dewar (IR Labs. Model HD-3) with a KRS-5 entrance window. 
A gallium-doped germanium Low bolometer, 7, is directly beneath a detector 
stop, 5, and a Grubb Parsons 10ym-13ym bandpass filter, 6. The aperture 
in the detector stop is matched to the circle of least confusion pro-
duced by the barium fluoride Fabry lens, 8, which re-images the primary 
mirror onto the detector. The telescope focal plane is arranged to be at 
the Fabry lens; the field of view on the sky is defined by a field stop, 
3, placed here. A forward stop, 1, at the end of a chimney, 2, limits 
the acceptance cone of the photometer to about f/7. The chimney is made 
as long as the dewar will allow to minimise the background radiation seen 
by the detector. Throughout the design, it is attempted to minimise the 
number of interfaces between any component and the cold surface, so as to 
improve the thermal sinking of that component. 

5.1.4 Electrical Design 

The only cooled parts of the electronics are the wirewound load 
resistors which, like the bolometer, are operated at ̂  1.8K. A slightly 
modified version of the pre-amplifier described by Low and Rieke (1974) 
is mounted directly on the side of the dewar to minimise pick-up. The 

q 
pre-amplifier has a J-FET input to provide both a very large (^ 10 ft) 
input impedance and also sufficient gain to take the detector output 
above the noise level of a micropower operational amplifier, which is the 
next stage. The complete amplifier has a feedback-stabilised voltage 
gain of about one thousand, a bandwidth of 0.1 Hz - 300 Hz and a noise at 
'v 10 Hz of 8-12 n VHz"^. 

The computer system at the IRFC on Tenerife includes a NOVA mini-
computer with a CAMAC interface. To enable the F-P to be operated under 
computer control, the I.C. group supply a CAMAC Input/Output (I/O) reg-
ister. The state (high or low) of each of the 24 output lines from this 
unit can be controlled from the software by standard CAMAC calls. A 
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The WPSM Photometer. 
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"computer interface" was built which uses three of these lines to control 
the scanning of the instrument. One line starts and stops the scanning 
motor, another controls the scan direction and the third selects either 
fast or slow motion. The slow speed is manually adjustable and is used 
for scanning while the fast speed is used to minimise the time wasted in 
taking up the backlash in the gearbox and coupling when the scan direction 
is altered. The same interface also provides manual control of these 3 
functions and this is how the F-P is operated in laboratory tests. 

Electrical contact to the F-P capacitor pads (section 5.1.2) is made 
by extending the gold coating in a narrow stripe down one side of the 
glass pillar (almost but not quite) to the bottom and affixing one end of 
a piece of gold foil to this with conducting epoxy. The centre of the 
strip is attached to the aluminium plate holder over an insulating layer. 
To the other end of the strip is soldered the conductor of a co-axial 
cable, which connects the capacitor to the gap-sensing electronics. 

The etalon gap is monitored using the technique of capacitance micro-
metry. Jones and Richards (1973) describe a system in which a displace-

-2 -11 
ment, of between 10 mm and 10 mm, is made to alter the value of one, 
e.g. C p of a pair, C^ and C2, of nominally equal capacitors, arranged in 
a transformer ratio bridge (figure 5.8). If the voltage across the centre-
tapped secondary is 2 v sin ait, the output current, ij), is given by, 

i^ = v(C-j-C2)a) cos ait. 5.1 

Changes in i^ are proportional to changes in C^, which in turn are pro-
portional to the displacement for small displacements. In practice, C^ 
and C2 are not equal so a balance control is provided to remove both this 
effect and also any differential stray capacitance. Also, equation 5.1 
does not tell the full story for the real world. Due to finite cable and 
connector resistances and to the resistivity of the gold coating on the 
pads, equation 5.1 must be modified by the inclusion of a term varying as 
sinojt, i.e. in phase with v and therefore a 'resistive1 component(R). 
This term may be large enough to saturate the downstream electronics and 
thus, the balance control also has a resistive offset, which is added in 
to reduce the R component. 

The general form of the capacitance micrometer electronics is shown 
in figure 5.9. An oscillator provides two outputs of equal amplitude but 
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Block Diagram of Capacitance Micrometer Electronics. 
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in antiphase. These drive the two capacitors to be compared. The F-P 
capacitor is C^, and C2 is a fixed value reference capacitor, which 
should be close to and physically similar to C^ in order to minimise 
differential drifts. The sensitivity of the bridge increases linearly 
with frequency,co, (cf. equation 5.1) but the tolerance to variations in 
the stray capacitance between the cables and ground and between the pads 

2 
and F-P structure decreases as uj . Therefore, the oscillator is operated 
at a frequency of approximately 16 kHz, as a reasonable compromise. The 
outputs from the two capacitors are summed, together with the capacitative 
and resistive offsets, at the input of a charge amplifier with a gain of 
several hundred. Two phase-sensitive detectors, using phase-shifted 
reference signals 90° out of phase with each other, are used to extract 
the capacitative, C, and resistive, R, components of the signal. The C 
output gives the change in plate spacing while R is used to monitor any 
resistive drifts in the system. The two phase-sensitive detectors have a 
12 dB per octave roll-off and their outputs are further smoothed by low-
pass filters with bandwidths of 0-2 Hz. Both the R and C outputs are 
usually displayed on digital voltmeters (DVM's) and strip charts. 

The last two paragraphs outline the general features of capacitance 
micrometry. In this paragraph, some specific features of the electronics 
used to monitor the etalon gap of the near-infrared F-P are briefly 
described. All the design work and the- majority of the construction of 
this electronics was carried out by Mr J. Allen. A standard Wien bridge 
LC oscillator is used to drive the primary windings of a transformer, 
whose secondary is multiply tapped (figure 5.10) to provide coarse and 
fine capacitative offsets and a fine resistive offset. The reference 
capacitor, of silver mica, is contained in a die-cast box next to the F-P 
on the telescope. Three long cables are taken up onto the flux collector; 
two for the bridge drives and one return for the summed outputs from the 
F-P and reference capacitors. The F-P assembly is earthed through the 
capacitance micrometer electronics to keep stray capacitances to the 
etalon metalwork constant. It is insulated from the telescope to prevent 
ground loops. All cables are held firmly in place to prevent, firstly, 
movement causing variations in stray capacitance and secondly, flexure 
causing changes in the capacitance of the cables. To aid data processing 
and to enable the computer to scan the F-P to a particular wavelength, 
the C output is converted to digital form by the DVM and enters the com-
puter via the input lines of the CAMAC I/O register. The conversion in 
the DVM is controlled in software by another of the output lines of the 
I/O register. 
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5.2 Laboratory Performance 

The results of measurements of the laboratory performance of the 
near-infrared F-P are presented in the next four sections under the head-
ings of mechanical, capacitance micrometer, etalon plate and F-P tests. 

5.2.1 Mechanical Tests 

In order to align the etalon plates parallel to each other, a mini-
ature mercury discharge lamp is viewed through the assembled F-P. The 
coarse parallelism of the mirrors is then adjusted until all the multiple 
images of the electrodes of the lamp are superposed. After this has been 
done, closely spaced, apparently straight fringes are seen across the 
entire etalon. To improve the contrast of these high order F-P fringes, 
a diffusing screen and a Kodak Wratten gelatin filter (usually green but 
occasionally orange and isolating one line in the mercury spectrum) are 
inserted into the optical train. The 6BA adjusting screws are then used 
to move the "straight" fringes around, increasing their separation all 
the time (i.e. decreasing the order) until the centre of the F-P ring 
pattern appears. Next, the ball bearings are moved in their tapered V-
grooves, firstly, to make the pattern as symmetrical as possible and 
secondly, to minimise the change in the pattern as the eye is moved across 
the etalon. The best alignment achievable leads to the following condi-
tion: If the centre spot is dark when the eye is above the centre of the 
etalon, then as the eye, travelling out along any radius of the etalon, 
reaches the edge, the centre spot is just starting to turn bright, i.e. a 
change of less than half a visible order. As the eye moves across a dia-
meter, the direction of movement of the rings (i.e. expanding or contract-
ing) alters. This indicates that the residual misalignment is of the 
form shown in figure 5.11(a) and therefore must be due to the plates 
themselves. Since the distance y-x is less than X vis/4, the parallelism 
finesse obtained is in excess of 50 at 12.8ym. Thus, this alignment tech-
nique allows the plates to be set parallel to better than the design goal. 

The parallelism of the scanning motion is measured by observing vis-
ible fringes. The instrument is aligned as described in the above para-
graph and then scanned in steps of 5 visible fringes. After each stop, 
the fringe pattern seen, as the eye moves across a diameter, is compared 
with the initial one to calculate the deviation from parallel motion. At 
first, the phosphor-bronze springs were located only by the clamping 
screws (cf. figure 5.2(a)) passing through them. However this was found 
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(a). Residual Misalignment. 
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Cbl. Possible Spring Configurations. 
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to be inadequate, because it allows the free length of the spring to vary 
by up to half a millimetre both across one spring and also from the one to 
the other, thus leading to degraded parallel motion. Dowels are not used 
as the holes through the thin springs would wear and rapidly become over-
sized. The adopted solution is to hold the base and carriage a fixed dis-
stance apart during assembly by a pair of accurately machined aluminium 
parallels between the clamping blocks. After all the screws have been 
tightened, the parallels are removed. Both of the springs have a slight 
set to them and so, the scan parallelism attained with each of the four 
possible configurations (figure 5.11(b)) was checked. The evidence is 
not totally conclusive but arrangement (ii) seems best and is, therefore, 
used. The variation of scan parallelism with initial deflection from 
vertical was briefly examined. It was found that deviations from parallel 
motion are larger when operating around an initial deflection of 0.5mm 
than when in the region 0.9-1.3mm. Thus, it was decided to operate the 
F-P with an initial displacement of 1mm for this reason and also two 
others. Firstly, at larger deflections, the demagnification only varies 
slowly with displacement (cf. section 4.5) and secondly, this pretensions 
the carriage against the micrometer, thereby increasing the resistance of 
the instrument to 'sag1 caused by changes in orientation. The deviations 
from parallel motion are due to tilting of the carriage and not to any 
form of mechanical slippage because when the scan is reversed, the orig-
inal pattern is re-obtained. Over a change of 25 visible fringes (approx-
imately equivalent to scanning one free spectral range at 12.8ym) the 
scan parallelism achieved corresponds to no discernable tilt in a direction 
perpendicular to the micrometer axis and to a tilt along the direction of 
motion of about 1.5 arc seconds, i.e. a parallelism finesse at 12.8ym of 
50. This performance is therefore fully up to the design requirement. 
The limiting factor now is probably inequalities in the inter-spring 
lengths of the base and carriage respectively (cf. Jones and Young, 1956). 

Using the same fringe counting technique, the demagnif ication of the 
micrometer motion as a function of the average displacement was. measured. 
The F-P is set to some initial displacement and then the micrometer move-
ment needed to scan 20 visible orders (i.e. an etalon gap change of about 
52ym) is noted. The results are presented in figure 5.12. There is some 
scatter because each point represents the demagnification at an arithmetic 
average of the initial and final displacements. Additional scatter is 
due to inability to identify and then stop at the exact centre of a fringe. 



a g 
W OQ 
H« l-h H-O (U 
rt H-O 
o rt> 
(Si 
n w 
H« 0 09 
S O 
rt H' O 
P w 

c pi o 
rt H« O 
O t-ti 

H« 
rt H» 01 
O H-M Xi 
I-1 

P o n> S n> P 

100 

o i—i 
h-< 
o 

2: 
CD < 

eo 

60 

20 

0 

Ca lcu la ted 

l 
0 •6 -8 1-0 1-2 K 

A V E R A G E DISPLACEMENT (mm) 

1-6 1*8 

H« 0Q 
C H 
La 
ro 

to G\ 



127 

However, comparison of figure 5.12 with the curve obtained from equation 
4.18 shows that the approximation of figure 4.7(b) is never very good. 

After aligning the F-P it can be picked up and moved around without 
disturbing the parallelism. However, sometimes when it is sharply struck, 
there is a sudden jump in the pattern, leaving a severe misalignment. 
This is caused by movement of the ball bearings in their V-grooves. Two 
of the three ball bearings are held between two V-grooves (cf. section 
5.1.2). If the grooves of these blocks are not perfectly parallel, the 
ball rides up the walls of the grooves as it is pushed by the adjusting 
screws; thus, a sharp blow will cause it to move. This problem may be 
minimised by very carefully lining up the two grooves but, nevertheless, 
this was one of the reasons for abandoning this technique for the far-
infrared version (cf. section 6.1.1). To check on the drift of the F-P, 
it was carefully aligned and allowed to stand overnight in the laboratory. 
Twelve hours later, it was misaligned by one visible fringe, i.e. an 
infrared parallelism finesse of 30. Using optical techniques no changes 
in the ring pattern are seen as the instrument is tilted over a range of 
angles from -40° to +40° in all directions. However, the capacitance 
micrometer indicates a sensitivity to tilt of O.OOlym per degree (equi-
valent to a parallelism finesse of 200 for a change of 0° to +40°), but 
not much weight is to be given to this lower limit because the capacitance 
micrometer is neither designed nor calibrated to measure tilts. No de-
tailed temperature testing has been done, but the instrument takes about 
2 hours to settle down after a 25° temperature change. 

5.2.2 Capacitance Micrometer Tests 

Equation 5.1 shows that, in the capacitance micrometer (CM) electr-
onics, the current which flows into the charge amplifier is proportional 
not only to the difference in capacitance but also to the frequency and 
amplitude of the oscillator. Thus, the stability of the frequency and 
amplitude is of obvious interest. The frequency stability was measured 
roughly by taking spot readings with a Counter/Timer while the oscillator 
was driving the electronics. Over a period of one hour, it is stable to 
one part in 50,000 and over 18 hours, 1 in 9000. To get some idea of the 
amplitude stability, the output from the balance box was amplified and 
phase-sensitivity detected using the normal reference signal from the 
oscillator. The drift per hour in this configuration is a factor of 15 
less than the output drift obtained by comparing two nominally identical 
reference capacitors. Thus, both the amplitude and frequency stability 
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The next point of concern with the capacitance micrometer is its 
calibration. Firstly, the variation of the CM output for a given change 
in etalon gap at a given electronic gain (i.e. sensitivity) with drastic 
changes in F-P order was investigated using the following technique. The 
F-P is given a certain initial displacement from vertical, the three 
coarse adjusting screws are used to set a certain etalon gap, d, 
[corresponding to a capacitor pad gap, z, where d - z = constant and thus, 
£z a £d], and then the instrument is optically aligned. Next, the F-P is 
scanned a certain number (usually 20) of visible fringes, i.e. d and 
therefore z are changed by a given amount and the corresponding change in 
CM output noted. This enables the sensitivity in millivolts of CM output 
per micron gap change to be evaluated at a particular average etalon gap. 
No attempt is made to measure the absolute gap; rather, it is recorded 
in terms of the value of the reference capacitor, C^ needed to zero the 
CM output. This capacitance is unique to one gap as long as all other 
variables are held constant. The above process is then repeated at diff-
erent gaps (i.e. different reference capacitors). Figure 5.13 plots the 

2 
results, which show that S is proportional to C^ • This is expected since 
the charge amplifier and psd 'convert' the current i^ of equation 5.1 to 
an output voltage, V, given by 

V - X(C1-C2) , 5.2 

where X is the electronics' transfer function. If C-̂ , the F-P capacitor, 
varies by SC, the output changes by 

SV = Xe0A —j , 5.3 
z 

where A is the area of the F-P capacitor pads. Thus the sensitivity is 
given by 

<SV v A l, 2 X r2 , , S — ~z— — Xe A = — r C . 5.4 oz o z e A o 

Secondly, since S varies quadratically with etalon gap over large discrete 
changes in order, it is necessary to see how approximately linear it is 
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when scanning over successive orders. To do this, the coarse adjustment 
screws are used to set a certain gap and then left alone. The F-P is 
given an initial displacement and, after being optically aligned, is 
scanned through 20 visible orders and S obtained, as above, for an average 
deflection. The instrument is then scanned to another initial displace-
ment, re-aligned optically (if necessary) and the above process repeated 
to obtain another value of S. Figure 5.14 shows these results and demon-
strates that S is non-linear even over the limited change in z involved 
in the scanning mode. However, at an initial deflection of around 1mm, 
the chosen operating point for the F—P, the carriage need only be moved 
about 0.1mm sideways to scan an entire infrared free spectral range. 
Over this short distance, the CM is linear to within a few percent. 

In early trials of the CM system, severe short-term few minutes) 
drifts in output were observed. These were eliminated by isolating the 
F-P from atmospheric draughts. The cause of the drifts is, thus, presumed 
to be variations of the dielectric constant of the air in the capacitor 
gap with temperature, pressure and relative humidity. With the F-P 
enclosed, there is a steady residual drift of about 0.02ym/hour or, to 
put it another way, in ten hours the drift is equivalent to one F-P resol-
ution element (assuming a finesse of 30), a figure which is only just 
acceptable. 

The peak-to-peak noise in the capacitance output in a noise bandwidth 
of 2 Hz is equivalent to gap changes of 0.02ym. This is four times smaller 
than the minimum change in plate spacing to be measured and so, the noise 
performance of the system is easily adequate. By shorting the input to 
the CM amplifier, it was established that this noise is associated with 
the F-P rather than with the electronics and is probably caused by the 
same mechanisms responsible for the drift. 

5.2.3 Etalon Tests 

As discussed in Section 5.1.3, two etalons were constructed, one 
having a thin gold film as a reflecting layer and the other a multi-layer 
dielectric coating. The thickness of the gold layer was monitored during 
deposition by measuring the change in the visible transmission of the 
mirror; calculations show that a O.Olym thick layer (to give an infrared 
reflectivity of just over 96%) of gold on zinc selenide has a visible 
transmission of 61%. The dielectric coatings were deposited upon the 
other pair of plates by ITT (Harlow, Essex) and consist of seven layers 
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of zinc sulphide and thorium fluoride. The stack is designed to have a 
reflectivity of 94% (for a better match to the defect finesse than 
obtained with the metallic coatings) centred at a wavelength of 12.5pm, 
and an absorption always under 1% but expected to be nearer 0.5%. The 
anti-reflection coating on the other side of the dielectric-coated plates 
is a X/4 layer of thorium fluoride with design reflectivity of 1% at 
12.4pm rising to about 3% at wavelengths 20% away from the centre wave- • 
length. 

Due to the small size of the sample chambers of the infrared spectro-
meters easily available, it was not possible to measure the reflectivity, 
R, of the plates. However, the transmission, T, as a function of wave-
length, was measured using a Perkin-Elmer grating spectrometer. The 
results are displayed in figure 5.15. For the dielectric-coated plate, 
the three regions of high reflectivity (low transmission), where the thick-
nesses of the layers are respectively 5X/4, 3X/4 and X/4, are immediately 
obvious; the faster variation is due to interference between the individ-
ual layers comprising the stack. As expected, the gold layer shows a 
nearly constant high reflectivity throughout this spectral region. 
Because of the inaccuracy of the grating instrument when operating at low 
signal levels, it is not possible to obtain reliable quantitative inform-
ation (e.g. summing design R and measured T to evaluate the absorption) 
from these data. They serve, however, to indicate the useable wavelength 
range of the etalons. 

The specifications on the zinc selenide plates call for one side to 
leave an overall figure of X . /5 and the other X . /I. The flatness of ° vis vis 
all the plates was checked in a Twyman-Green (TG) Interferometer and, 
despite figure errors ranging from spherical to cylindrical, all eight 
faces are within the specification. Figure 5.16 is a photograph of the 
TG fringe pattern of the good side of one plate. Since the surface is 
better than X . /2, it is necessary to tilt the reference wavefront and vis ' J 

to estimate the figure error in the plate from the distortions in the 
wedge fringe pattern. Apart from the region around the edge, the flatness 
of the plate in figure 5.16 is better than X^^/10. 

5.2.4 F-P Tests 

The absorption, A, in the plates' coatings was estimated by measuring 
the maximum transmission,^^, of the F-P and using equation 4.7 re-arranged 
as follows: 
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Twyman-Green Interferogram for a Zinc Selenide Plate. 
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A = (1-R)(1-^) . 5.5 

The F-P was optically aligned and its insertion loss measured by putting 
it into an infrared beam. This loss, after correction for spectral band-
width factors, is a measure of the peak transmission of the instrument. 
For the gold-coated etalon, it was difficult to get any energy through 
the F-P and an upper limit to the ratio F-P. /F-P ^ of 1/1000 was meas-m out 
ured. After correcting by a factor of x20 for bandwidth (3.5ym bandwidth 
of G-P filter in photometer compared to ^ 10 F-P orders each assumed to 
be 0.02ym wide), this gives a peak transmission of <2% leading to an 
absorption in excess of 3%. This is too high to allow an F-P to work and 
so the gold coated plates were abandoned. All further near-infrared work 
was, therefore, carried out using the dielectric coated plates. 

To see if the instrument were actually working as an F-P in the 
infrared, it was optically aligned and put into the sample chamber of an 
infrared grating spectrometer. The latter was then scanned in wavelength 
and the variation in the transmission through the F-P observed. The 
results are shown in figure 5.17. This trace is the square of that for a 
single plate (cf. figure 5.15) with a faster modulation superposed. This 
modulation is definitely due to Fabry-PSrot action for two reasons. 
Firstly, the peaks move in wavelength as the F-P is scanned and secondly9 
their separation (o> 11cm ) corresponds to an etalon gap of about 450ym. 
A direct measurement of the plate spacing yields a similar value. 

The last point to be discussed in figure 5.17 is the low peak trans-
mission in the region of interest around 12ym. The grating spectrometer 
passes an f/5 beam through the F-P in its sample chamber. This equivalent 
to an aperture finesse of 3 (equation 4.15). Thus, the overall finesse, 
jPj, of the F-P is limited to a similar value. The maximum transmission, 
y M , is given by 

w h e r e i s the reflective finesse (50 in this case). This gives 
of 6%, which agrees reasonably well with that measured. The reduction 
of with range of angles incident, i.e. aperture finesse, can be thought 
of in two very physical ways. Firstly, consider a perfectly monochromatic 
cone of light passing through the F-P. It is obvious that only the rad-
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iation incident at a particular angle finds the correct F-P gap for trans-
mission. Radiation at all other angles (the majority of the cone) is 
rejected, causing a large drop in energy throughput. Secondly, the F-P 
plates individually have high reflectivity and can only, jointly, have 
high transmission, by interacting with each other via multiple reflections 
of the radiation. If the number of interfering beams (the overall finesse) 
is only 3, the amount of interaction possible is severely limited. 
Therefore, the two plates tend to act individually, each reflecting most 
of the incident energy. 

The above argument depends on the overall finesse of the F-P being 
limited to 3. This value was confirmed by comparing the resolution 

was calculated, from the etalon gap and equation 4.8, to be about 70, thus 
leading to an expected resolution of ^ 200 (equation 4.12), which agrees 
with that obtained in figure 5.17. The resolution of the grating spectr-
ometer at 13ym is nearly 400 and so this was not a limiting factor. Thus, 
this test conclusively shows that the instrument is working as a Fabry-
P6rot Interferometer. 

The next series of tests in the laboratory was designed to get some 
idea of the resolution and maximum transmission of the F-P. The following 
experimental procedure was used. The interferometer is optically aligned 
and the capacitance micrometer calibrated by counting visible fringes 
(cf. section 5.2.2). After the etalon gap has been measured using a 
travelling microscope, the instrument is placed underneath a dewar con-
taining the lOyUm photometer (cf. section 5.1.3). Radiation from a chopped 
black body is directed into the dewar through the F-P by a 45° mirror as 
shown in figure 5.18. An Oriel grating monochromator can be inserted 
into the optical train as necessary. The bolometer output, after passage 
through the preamplifier (cf. section 5.1.4), is phase-sensitively 
detected using an Ithaco lock-in amplifier and the result displayed on a 
strip chart. All optical components are aligned for maximum signal and 
the standard detector noise checks made before starting upon the test 
programme. 

Firstly, the F-P without an order-sorting filter was left at a fixed 
gap as the monochromator was scanned in wavelength. A series of peaks 
was seen on the chart record as the passband of the monochromator 
co-incided with different orders of the F-P. From the spacing of these 
peaks in wavelength, the etalon gap was calculated. This value agrees 

obtained The order of the F-P 
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with that obtained by the travelling microscope. 

Next, the monochromator was removed and replaced by the narrow-band 
order-sorting filter. The F-P was then scanned and figure 5.19 shows the 
profile of the order sorter (O/S) being mapped out by successive F-P 
orders. This trace is definitely of the 0/Sfs profile for it shows a lop-
sided triangle with a slow short-wavelength fall-off matching the 0/S pro-
file (cf. figure 5.6). Since the gap change needed to scan one free 
spectral range is known (half the mean wavelength) this test provides an 
infrared check on the optical measurements of the demagnification of the 
micrometer's motion and of the sensitivity of the capacitance micrometer. 
No discrepancies were found. The chart record also shows that the mod-
ulation is only 50%. This could be due either to the detector seeing 
several orders (F-P rings) simultaneously or to the free spectral range 
of the F-P being smaller than the bandwidth of the 0/S. The depth of mod-
ulation did not increase when the aperture of the F-P was stopped down 
but it did when the F-P was operated (later) at a smaller gap. Thus the 
second explanation is probably the correct one. 

The small scale variations in figure 5.19 looked to be more than just 
.noise and so the se scans were repeated at a much slower F—P scan rate and 
a longer time constant on the lock-in amplifier. The features are genuine 
and repeatable (figure 5.20) and are associated with the 10-13ym filter 
in the photometer, for, when this was removed in a later run, the features 
also vanished. All of these little peaks have approximately the same 
width and so it seems reasonable to take their width as a lower limit to 
the resolution of the F-P. There are about 20 peaks in one scan of. the 
0/S which has a 5% bandwidth of 0.4ym. This gives an upper limit to the 
bandwidth of the F-P of 0.02ym, i.e. a resolution in excess of 600. 
Knowing the gap, the overall finesse may be calculated and is found to be 
15. 

The monochromator was then replaced in the optical path. The width 
of its spectral passband is controlled by the width of its entrance and 
exit slits. The latter were progressively reduced and at each setting, 
the F-P was used to scan the passband of the monochromator. Despite a 
very low signal-to-noise ratio, a monochromator bandwidth of 0.05ym was 
successfully detected. This confirms that the bandwidth of the F-P is 
less than 0.05ym. 
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In order to get a rough idea of the transmission of the F-P, it was 

scanned until the signal passing through it was a maximum. Then, the 
slits of the monochromator were narrowed until its bandwidth matched that 
of the F-P. When the latter was removed from the optical train, the sig-
nal increased by a factor of 13. This technique is very crude and there 
are many possible sources of error, so the strongest conclusion that can 
be drawn from this measurement is that the transmission of the F-P is in 
excess of 8%. 

Finally, the F-P was replaced in and the monochromator removed from 
the beam. The interferometer was then moved around slightly in order to 
ascertain the precision to which it has to be located on the telescope. 
The size of the signal passing through the F-P is unaltered if the instr-
ument is moved by up to several millimetres in any direction or tilted by 
up to 1$°. 

The conclusions from these laboratory runs are that the instrument 
is operating as a Fabry-P£rot Interferometer with overall finesse in 
excess of 15. Due to the width of the passband of the order-sorting fil-
ter, the F-P must be operated in 25th order (or less) leading to a resolv-
ing power in excess of 400. 

5.3 Tenerife Experiences 

The next few sections describe the use of the near-infrared F-P with 
the 60" Infrared Flux Collector (IRFC) on Tenerife. The observing pro-
cedures are presented and then some astronomical results are discussed. 

5.3.1 Observing Runs 

The 10ym F-P has been taken to the IRFC on three separate occasions. 
During the first run (December 2-18, 1977), the weather closed in with 
rain, hail and snow and only six nights were at all useable. Of these 
three were of reasonable quality and were used for lOym photometry to 
check out and evaluate the photometric system. Electronic and mechanical 
integration of the F-P with the telescope was carried out in this period 
but it was never possible to use the interferometer astronomically. The 
first week of the second observing trip (April 28-May 11, 1978) was 
devoted to l-5ym observations of X-ray objects as part of a simultaneous 
multi-wavelength observing programme (Willis et al., 1980; Treves et al., 
1980) . The second week was shared between the F-P and a lOym polarimeter 



143 
(Rosen, 1981); results from the interferometer's four nights on the 
telescope are described below. No liquid helium was delivered to the 
observatory until 22.00 hours on the last night of the third observing 
run (13-28 October 1978), and, thus, this trip was used for JHKLM observ-
ations of various objects, especially Nova Cygni 1978 (cf. Appendix B). 
However, the F-P was hurriedly put on the telescope on the last night and 
atmospheric scans - using the moon as a source - were made. 

5.3.2 Observing procedures 

The photometry system and observing procedures used for these 10#m 
observations are very similar to those described in Appendix B. The main 
difference is the use of a liquid helium dewar containing the WPSM photo-
meter (cf. section 5.1.3) and a Low bolometer. Measurement of the load 
curve of the detector established that a bias voltage of 1|V across the 
bolometer and load resistor (7.6MS3) would maximise the electrical respons-

6 —l ivity at about 2x10 VW . 

Each evening, at twilight, the dewar is topped up with cryogens. 
The resistance of the bolometer at 4.2K, when looking at a reflection of 
itself, is measured. The obtained value of 14.2kQwas repeatable from 
night to night. The cryostat is then placed in the photometer cage 
(cf. figure B2) atop the adjustable dewar stand. Figure 5.21 is a photo-
graph of the lOym photometry dewar in position. Note that the F-P (bottom 
left hand corner) has not yet been moved from its test position in the 
photometry cage to its operational position underneath the cryostat. 
After the pressure above the liquid helium has been slowly reduced to 
about 4 torr, the bolometer resistance is repeatably about 2.4MJ2. 

Next, the frequency and amplitude of the chopper have to be set. To 
reduce the effect of 1/f noise, it is desirable to work at high frequencies. 
But, since the response of the bolometer decreases with increasing fre-
quency, a compromise has to be made. A frequency around 20 Hz is suitable 
because the bolometer test results show that its output at this frequency 
is 99% of that at d.c. The chopper is fine-tuned in frequency around 20 Hz 
until no chopper-induced microphonics are seen on the detector output. 
The chopper amplitude is then adjusted to give a movement of just over 
20" on the sky, for a 10" beam. Next, the position of the dewar is altered 
until the 'offset' between the two infrared beams is minimised. Finally, 
the telescope is slewed to a bright star and focussed as described in 
section B.3. 
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The I.R. Laboratory's Dewar on the IRFC. 
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A BASIC computer programme, written by N.L. Vine and modified by 

P.R. Jorden and D.L. Rosen (among others) is used to perform long integ-
rations upon faint sources. Once the two infrared beams have been found, 
the object is centred up in one of them. The computer, through the CAMAC 
interface and a CAMAC analogue-to-digital converter, samples the phase-
sensitively-detected bolometer output a certain (adjustable) number, n, 
of times at a certain (adjustable) frequency. Then, upon a computer 
command, the telescope is nodded i.e. the object moves into the second 
infrared beam. When the telescope has settled, the detector output is 
again sampled n times. After this, the IRFC is nodded back to the first 
beam and another n samples taken. The computer programme processes these 
three sets of data together and, having removed spikes and linear drifts, 
gives real-time signal-to-noise information. The nod cycle can be 
repeated as often as desired, usually being terminated when the signal-
to-noise ratio has either built up to an acceptable level or shows no 
signs of so doing. 

While working on very bright objects, it was found that the signal 
through the F-P could be increased by ^ 25% by slightly refocussing the 
telescope. Thus, the telescope focus is always altered by a given amount 
when changing from photometry to spectroscopy. Also, as expected 
(cf. section 5.1.1), it was very difficult to find astronomical objects 
with the F-P in position. Therefore, the interferometer and the order-
sorter are always removed from the telescope beam while searching for the 
source. They are only replaced after the object has been located in 
both infrared beams. A quick-release locating clamp was designed and 
used to re-position the F-P to within the tolerances quoted in section 
5.2.4. 

5.3.3 Noise and Sensitivity Checks 

With the telescope looking at blank sky, the system noise is on aver-
age ^ 40nV Hz 2, of which 14nV Hz 2 is due to the preamplifier, leaving 
an observed detector noise, eQ, of 37nV Hz When the shunting effect 
of the load resistor, R^, is considered, the true detector noise, e^, is 
given by, 

e d 5.7 
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where R, is the detector resistance and e_ , the Johnson noise voltage of d L i 
the load resistor. For the above case, e^ = 48nV Hz which is three 
times higher than the Johnson noise expected from a 2.4Mft resistor. 

The noise does not change when the dewar window is blanked off, 
showing that the system is indeed detector and not background noise 
limited (cf. section 5.1.1). Consistent with this conclusion, no change 
in the noise is observed when the F-P is put into the beam. 

To measure the sensitivity of the system, a noise run was made on 
blank sky and then photometry performed on the star, a Boo. The output 
filters of the phase-sensitive detector (psd) used have a roll-off of 6dB 
per octave. Thus, with the RC time constant of the psd set to Is, the 
integration time is 2s and the noise bandwidth, | Hz. The noise was 
observed for a time equal to 1001; the maximum excursion corresponded to 
90nV peak-to-peak at the detector, i.e. the la noise was 18nV. Next, 
several nod cycles of photometry were done on a Boo; the signal at the 
detector for this star was 5.5yV. Thus, a signal-to-noise ratio of 290 
was achieved in a post-detection bandwidth of 0.25 Hz. The CIT list gives 
the lOym magnitude of a Boo as -3.25. Using the magnitude-flux calibration 
given by Thomas et al., (1973), the lOym flux from this star was calculated 
to be 730 Jy. Thus, the sensitivity of the IC 10̂ .m photometry system is 
5 Jy Hz~^ . 

5.3.4 Observations of Mars on 7/8 May 1978 

The IRFC was set up as described above and the planet, Mars, was 
found. The F-P was optically aligned and put into the telescope beam. 
After refocussing and peaking up the signal, it was found that the F-P, 
without the order-sorting filter, had attenuated the signal by a factor 
of x30. This ratio was used to estimate the maximum transmission,^3^, of 
the interferometer in this manner. The flux transmitted is roughly pro-
ortional to the spectral bandwidth of the system. Without the F-P, this 
is just the bandpass, dX, of the Grubb Parsons filter in the cryostat 
(cf. section 5.1.3). With the F-P, it is approximately the product of 
the number, N, of F-P orders inside dX and the width, <5X, of each F-P 
order. In the latter case, an additional factor must be included 
to allow for losses in the F-P. N is given by the ratio dX/AX, where 
AX is the free spectral range of the F-P. Finally, the ratio of fluxes 
with and without the F-P is obtained by bringing together the above 
factors and using the definition of overall finesse, to give, 
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Signal with F-P a J^M _ R 
Signal without F-P * * 

The experimentally-determined ratio of 30, leads to a maximum transmission 
of 50% if an overall finesse of K 15 is assumed (cf. section 5.2.4). 
This value is slightly higher but, in view of the approximations made, 
not inconsistent with the > 30% expected from equation 5.6. 

When the order-sorting filter was added to the optical train, the 
signal fell by a factor of xl25. A reduction of about. x80 can be accounted 
for by the following: xl2 for only having one F-P passband and not many; 
x2 for the transmission of the order sorter; about x2| because the F-P 
passband was not at the centre of that of the order sorter and about xl.3 
for the variation in transmission with wavelength for the GP filter. 
Thus, a factor of about is left to be explained. This is thought to 
be due to the order sorter because a similar fraction was lost in an 
earlier run when comparing the signal through the GP filter with that 
through the GP and order-sorting filter. 

Next, the F-P was calibrated in wavelength by plotting out the pass-
band of the order sorter and looking for atmospheric absorption features. 
For simplicity, the instrument is operated in a "stop and integrate at a 
point" mode rather than continuously scanning and adding many scans. 
This means that the computer is used to do photometry at one point and 
after a reasonable signal-to-noise ratio has been achieved, the F-P is 
scanned about half a resolution element and photometry again performed. 
This was repeated about 25 times on Mars. The change in wavelength trans-
mitted by the F-P from point to point can be calculated if the order and 
the change in plate spacing are known. The former is obtained from the 
absolute etalon gap and the latter measured in two independent ways. 
Firstly, the output of the capacitance micrometer is noted at each point 
and using previous optical measurements of the sensitivity (cf. section 
5.2.2), the gap change is calculated. Secondly, the amount that the 
carriage is deflected from point to point is measured by reading the 
drive micrometer (cf. figure 5.2(a)) and using the previously measured 
demagnification at this setting, the change in etalon gap is again 
obtained. 

The capacitance micrometer can be read to one more significant figure 
than the drive micrometer but it drifts slowly during the night. Thus, 
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the capacitance micrometer is used as the prime wavelength change indic-
ator with the drive micrometer being used to correct - if necessary - for 
its drift. Figure 5.22(a) shows the measured spectrum of Mars as a plot 
of relative flux against change in wavelength from an arbitrary zero. 
The dotted region was under-sampled and thus nothing can be said about it. 
Figure 5.22(b) is the spectrum that is expected for a 225K black body 
observed through the earth's atmosphere and the Grubb Parsons' and order-
sorting filters. The atmospheric transmission was obtained from Kyle and 
Goldman (1975). The four atmospheric features of interest in this region 
are detailed in table 5.2, 

Table 5.2 - Atmospheric Features around 12.8ym 

Feature Wavenumber(cm Wavelength(ym) 

1 775.5 12.895 
2 777.0 12.870 
3 779.0 12.832 
4 784.4 12.749 

On examination of figure 5.22(a) features 2, 3, and 4 can be clearly seen 
and an absolute wavelength scale can thus be placed on this spectrum. 
Feature 1 falls in the region were there is no data. A considerable 
amount of cross-checking is possible because three separate features have 
been identified and there are two independent measures of wavelength 
change. No discrepancies have been found. 

To check on capacitance micrometer drift, the points on Mars were 
not sampled sequentially in wavelength. There were some changes of dir-
ection and a plot of drive micrometer reading versus capacitance micro-
meter output was prepared (figure 5.23). This is a single smooth curve 
to within the drive micrometer errors and thus shows that capacitance 
drift was insignificant during the Mars scans. The curavture is due to 
the non-linearity of the scanning motion as discussed in section 5.2.2. 
Figure 5.23 also shows the relationship between drive and capacitance 
micrometer readings for work on the HII region G29.9-0.0. This is a sim-
ilar curve to that for Mars but is slightly displaced due to capacitance 
micrometer drift (cf. section 5.3.6). 

The m a i n a c h i e v e m e n t s o f t h e M a r s o b s e r v a t i o n s w e r e t o e s t i m a t e t h e 

peak t r a n s m i s s i o n o f t h e F a b r y - P £ r o t I n t e r f e r o m e t e r and t o u n a m b i g u o u s l y 

c a l i b r a t e i t i n w a v e l e n g t h . 



149 

Figure 5.25 
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5.3.5 Observations of the Moon on 27/28 October 1978 
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During the October 1978 observing run, the F-P was only on the 
telescope for half a night; the only results of interest were some scans 
of the moon. Instead of the 'stop and integrate' mode used for the Mars 
work, the F-P was, in this case, continuously scanned at a very slow speed 
through several orders. The detector was chopped on and off the edge of 
the moon. The time constant of the psd was set to match the time taken 
to scan through one F-P resolution element. Figure 5.24 shows the results. 
The modulation is just under 80%, the deviation from 100% being caused by 
operating the F-P in too high an order and thus having two F-P passbands 
inside the order sorter profile at some times. The signal-to-noise ratio 
is not really high enough to identify features on the order-sorter's 
profile but it is certainly apparent that there are some repeatable 
absorption features. If peak D, the best of the four, is considered in 
the most favourable light possible, four putative features (see figure 
5.24) are seen. The wavelengths of these can be estimated from the sens-
itivity of the capacitance micrometer, if the peak of the profile of the 
order sorter is used as a wavelength datum. The results are listed in 
table 5.3, together with the wavelengths of the atmospheric absorption 
features from Kyle and Goldman (1975). 

Table 5.3 - Wavelengths of Tentative Absorption Features in Lunar Spectrum 

Feature Wavelength(ym) Wavelength of Telluric Features (ym) Difference 

1 12.85 12.895 -0.05 
2 12.81 12.870 -0.06 
3 12.78 12.832 -0.05 
4 12.72 12.749 -0.03 

Thus, it is possible to identify the features in peak D with known atmos-
pheric absorption lines. However, the data is so poor and the identific-
ation so tenuous that the conclusion must be only that it is not possible 
to rule out having detected telluric absorption features in the lunar 
spectrum. 

5.3.6 Detection of the 12.8ym [Nell] line in G29.9-0.0 on 7/8 May 1978 

After the F-P had been calibrated on Mars on the night of 7/8 May 
1978, it was carefully removed from the beam. The HII region, G29.9-0.0 
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was then found before replacing the F-P. Next, photometry was performed 
at 8 points spaced around where the [Nell] line was expected. At each 
point, both the drive and capacitance micrometers were read. Figure 5.23 
shows the relationship between these two quantities. To compensate for 
the obvious capacitance micrometer drift between the Mars and the HII 
region work, all the capacitance micrometer readings were corrected by 
the average distance between the two curves of figure 5.23 before being 
converted to wavelengths. The results are shown in figure 5.25. Each 
point represents, on average, 140 seconds of observation. In the resol-
ution element around 12.82ym (recall that the F-P bandpass is * 0.02ym), 
the signal-to-noise ratio built up steadily and reached 5 after 180 
seconds observation. This is a detection of the 12.81ym [Nell] emission 
line. 

The flux in this feature is now calculated. From the data points 
around the neon line, the continuum signal is around 4, thus the line 
signal is between 13 and 17 relative units. The signal from Mars, at the 
position of the line, is 915, after correcting for all gains. At the time 
of observation, the angular diameter of Mars was 6.5". If it is considered 

-15 -2 as a 225K black body, the flux through the F-P from Mars is 3.7x10 W cm . 
—17 —2 Thus, the measured flux in the [Nell] line is 5-7x10 W cm . This is 

-17 -2 
comparable but slightly less than that of 9-22x10 W cm reported by 
Soifer and Pipher (1975). 
5.3.7 Other Observations and Conclusions 

In the very limited time that the F-P was on the telescope, some 
other observations were attempted. An effort was made to find the pass-
band of the order sorter using a Sco and a 3o detection resulted. The 
galactic centre and IC418 were also searched for neon emission, but the 
former object was lost during the course of the observation and the data 
from the latter was scrambled through mis-setting of computer parameters 
and has not yet been unravelled. 

The IRFC runs with the lOym F-P have demonstrated that the design is 
adequate and that the instrument works well with a resolution of up to 
600 and reasonable maximum transmission. Much experience was gained in 
the mechanics of operating a spectrometer at a telescope and the need for 
several design changes for the balloon instrument was clearly seen. The 
highlight of this part of the project was obviously the detection of [Nell] 
emission from G29.9-0.0. 
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Far-Infrared Fabry-Pdrot Interferometer 

The design details of a far-infrared Fabry-Plrot (F-P) Interferometer 
and its associated instrumentation are discussed in this chapter. Part-" 
icular emphasis is placed upon the differences between this instrument and 
the lOym F-P described in chapter five. Then, some techniques and various 
sub-system tests are detailed. Results from laboratory trials of the 
entire instrument are given together with comments upon their completeness. 
The chapter closes with details of the mechanical performance of the F-P 
during a balloon flight in 1979 December; failure of the stabilisation 
system during this flight precluded any optical trials of the instrument. 

6.1 Design Details 

Astronomical trials of the lOym F-P had shown that the basic mechan-
ical design, as outlined in section 4.5 and detailed in section 5.1.2, was 
sound. For the balloon-borne instrument, it was, thus, decided to retain 
this design but with two modifications. Firstly, the F-P would be cooled 
to liquid-nitrogen temperature and secondly, a new adjustment method for 
the plates would be adopted. It was obvious that due to the change in 
wavelength, an entirely new optical system would be needed and so the 
opportunity was taken to add a second detector, which would measure the 
continuum radiation from the astronomical object. This detector would be 
used initially to aid finding an object and then to guide on it. The 
problems of remote operation and scaling output parameters for the tele-
metry meant that the electronics needed rebuilding. Various other electr-
onic modifications were also made; these and details of the mechanical 
and optical designs are discussed in the next three sections. 

6.1.1 Mechanical Design 

6.1.1.a Environmental Considerations 

The overriding consideration in the decision whether to fly an ambient 
temperature or a cryogenically-cooled interferometer was the external 
environment. During the course of a balloon flight, this alters drastic-
ally. On the launch pad, the temperature and pressure are about 20°C and 
760 torr respectively. The atmospheric temperature may fall to -70°C in 
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the tropopause and at float altitude (30 km) the conditions are likely to 
be -40°C and 8 torr. The near-infrared F-P took a considerable time to 
adjust to a temperature change (section 5.2.1) and its capacitance micro-
meter was sensitive to air currents (section 5.2.2). Because of these 
factors, it is desirable to provide a stable environment for the instru-
ment. Examination of the physical dimensions involved showed that it was 
just possible to fit the F-P inside our IR Laboratories' HD-3 dewar 
without any major modifications to either. It is planned to cool the 
order-sorting optics to liquid-helium temperature and, therefore, the 
system is sufficiently narrow-banded to be limited by bolometer noise 
irrespective of the temperature of the interferometer. The trade-off is, 
thus, between the additional complexity of scanning a cryogenically-cooled 
interferometer and the advantages of a known and stable environment. The 
problems associated with scanning an instrument inside a dewar did not 
seem to be unsurmountable and so this approach was adopted. 

6.1.1.b Drive Mechanism 

The first difficult to be overcome with a cooled instrument was how 
to drive the F-P carriage sideways in order to scan the interferometer. 
Manufacturers of electric motors do not, in general, produce motors for 
operation below -55°C. This temperature limit is not due to technical 
problems for, while examining different electric motors, a very cheap one 
was totally immersed in liquid nitrogen and it continued to run, albeit a 
trifle jerkily. Despite this minor success, it was decided to avoid the 
field of cryogenic motors by using one at ambient temperature. Various 
methods of coupling its drive to the cooled instrument were then invest-
igated. A liquid-helium-cooled polarimeter, developed in this laboratory 
by Rosen (1981), uses a magnetic coupling to transfer a rotating motion 
through the dewar wall. This technique was not used for the F-P because 
of doubts about its torque capability. Wilson seals were immediately 
ruled out because of the danger of the rubber bearings freezing at float 
temperatures. The problem was eventually solved by putting the motor 
inside the vacuum jacket of the dewar but thermally clamped to its outer 
case so that the motor remains at ambient temperature. This design is 
shown schematically in figure 6.1. The drive assembly (cf. section 5.1.2), 
consisting of the motor and gearbox, 1, the extendable coupling, 2, and 
the micrometer, 3, is contained in and attached to a dural extension, 4, 
to the dewar. A nylon rod, 5, firmly fixed to the micrometer spindle, is 
used for thermal insulation between the drive mechanism and the cooled 
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interferometer. A steel ball-bearing, 6, is let into the end of the 
nylon rod to reduce wear on the latter. 

This drive method requires the interferometer to be operated at 77K 
rather than 1.8K for the following reason. When the F-P is at liquid-
nitrogen temperature, the heat leak along the nylon rod boils off 7cc of 
liquid nitrogen during a 12-hour flight. However, if the instrument were 
to be at liquid-helium temperature, an additional 700cc of liquid helium, 
half the total dewar capacity, would be lost in 12 hours. This is clearly 
unacceptable. 

6.1.1.C Adjustment Mechanism 

The difficulty of adjusting the etalon parallelism with the ball-
bearing/V-groove mechanism is discussed in section 5.2.1. Also, as seen 
in figure 5.3, the adjusting screws protrude from the sides of the base in 
the near-infrared design; inside the dewar, there is insufficient room 
for this. For these reasons, the V-groove mechanism was abandoned in 
favour of a differential screw design. Figure 6.2 shows the principle of 
the latter technique. A central screw, 1, bearing against the plate to be 
moved, passes through the centre of a second screw, 2, which in turn 
passes through the support, 3. The outer screw does not touch the plate. 
A locking device, 4, can be used to prevent the central screw, 1, from 
turning with respect to the support, 3. Suppose the central screw is 
unlocked and rotated. Friction prevents 2 from turning and thus the plate 
follows the motion of the coarse adjusting screw, 1. Consider what 
happens, now, if 1 is locked solid and 2 is rotated. Since 1 cannot 
rotate with respect to the support, the effect of advancing 2 is to 
retract 1 and, thus, for one revolution of the fine screw, 2, the plate 
moves a distance equal to the difference in pitch of 1 and 2. The sensit-
ivity of this technique is obviously determined by the degree to which the 
two pitches can be matched. A practical consideration is that the major 
diameters of the chosen threads must be such that one screw is able to fit 
inside the other. A combination of a 2BA inner screw (pitch ̂  31.8 thou) 
and an outer screw with a 5/16" Model Engineers' (ME) thread 

ri . a (pitch ^ 31.3 thou) gives a practical minimum, change in plate angle of 2" 
for the present F-P. This is less than the 1" sensitivity achieved with 
the V-grooves but this is not important because the far-infrared instrument 
is working at wavelengths which are 10 times longer. The same argument 
holds for the loss of sensitivity in the coarse adjustment (from 6BA to 2BA 
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screws). Two practical points must be made with regard to building 
differential screws. Firstly, all threads must be cut to high precision 
so that there is a minimum of play in the system. Unfortunately, over 
distances greater than ̂  j|", pitch errors build up and the screws are 
liable to seize. To avoid this, the female parts were only threaded along 
part of their length; the rest being a tight clearance for the screw (see 
figure 6.2). Secondly, when using the system in fine mode, the coarse 
screw must be able to move up and down with respect to the support. To 
allow this to happen, some vertical play, 5, must be left in the locking 
device. 

6.1.1.d The Complete Instrument 

Figure 6.1 also shows the complete instrument inside the dewar. The 
lower mirror, 7, is rigidly attached to the base, 8, which, to increase 
the thermal sinking of the F-P, is also the top cap of the liquid-nitrogen-
cooled radiation shield, 9. Space, 10, is provided in the base for 
ancillary optics at 77K (cf. section 6.1.2.b). Three differential screws^ 
11 (only one shown), are spaced 120° apart in the F-P carriage, 12. They 
bear upon a dural plate holding the upper mirror, 13. The coarse adjust-
ment screws protrude to within J" of the liquid-helium surface. A photo-
graph of the F-P is shown in figure 6.3. 

Since the F-P was a new instrument, it was decided not to devote an 
entire balloon flight to it but, rather, to fly it as part of a two-
experiment payload. Thus, dewars for both the F-P and a two-colour photo-
meter (Joseph at al., 1977) have to be accommodated on the L-shaped equip-
ment flange, 1, behind the primary mirror (figure 6.4). The side-entry 
photometry dewar, 2, is on the optical axis, while the bottom-entry F-P 
dewar, 3, is supported above the beam-line by a rcake-stand', 4. A 
moveable mirror, 5, inside the cake stand, switches the telescope beam 
from one cryostat to the other. Both dewars are mounted on silicone 
rubber mats, 6, for electrical and vibrational insulation from the tele-
scope structure. Figure 6.5 shows the two dewars and the IC telescope on 
the Appleton Laboratory Stabilised Balloon Platform in Texas in autumn 
1979. 

6.1.2 Optical Design 

6.1.2.a The Etalon 

Renk and Genzel (1962) first demonstrated that two-dimensional metal 
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Figure 6.3 
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Two Dewars and Telescope in Position on 
the Stabilised Balloon Platform. 
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mesh (figure 6.6(a)) could be used for far-infrared F-P mirrors. For 
this application, the important characteristic of these meshes or grids 
is that, when the wavelength, X, of the illuminating radiation is such 
that, 

X/ g £ * > 6.1 

where g is the grid periodicity, their reflectivity, R, is very high and 
only varies slowly with X. These are almost the ideal properties for F-P 
mirrors. 

The variation of the reflectivity and transmittance, T, with V g has 
been investigated by many authors. Vogel and Genzel (1964) find that, for 
normal incidence, R and T are independent of the polarisation of the inc-
ident radiation. Some of their results are shown in figure 6.6(h); note 
that the grids are only useable for F-P work well beyond the resonance at 
X/g * 1.1. Lecullier and Chanin (1976) investigated the variation of R 
with larger values of. V g for meshes with different periodicities. Their 
results, reproduced in figure 6.6(c), confirm the usefulness of these 
grids for far-infrared F-P's. 

Free-standing electroformed metal mesh is commercially available from 
various companies, e.g. EMI Electron Tube Division, Hayes, Middlesex, and 
Buckbee-Mears Company, Saint Paul, Minnesota, USA. Due to the ready 
availability of this so-called 'inductive' mesh, it is used for the F-P. 
Once the desired reflectivity and the wavelength of operation have been 
specified, it is only a question of examining the R v. tyg curves to deter-
mine the correct grid for a given F-P application. Measurements on various 
meshes are presented in section 6.2.2.C. The choice of grid for the IC-
F-P was based upon these data. 

The importance of keeping the absorption, A, in an F-P mirror to a 
minimum was stressed in section 4.3.2. For metal meshes, the absorption 
depends on a/g but is expected to be about 1% (Renk and Genzel, 1962). 
However, this variation is of academic interest only, since, for a given g, 
commercial meshes are, at present, only available at one value of a/g. 

6.1.2.b Auxiliary Filtering 

The second stage in the optical design was the choice of auxiliary 
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filtering. The bandwidth of the order-sorting filters must be less than 
the free spectral range, AX, of the F-P in order to avoid spectral ambig-
uity. To specify AX, it is necessary to know the order of interference, 
n, in which the F-P is operating (equation 4.9). This, in turn, is gov-
erned by the desired resolution and the expected overall instrumental 
finesse (equation 4.12). There is insufficient room inside the dewar for 
collimating optics, as well as the F-P and photometer, and so, once again, 
the resolution of the instrument is limited by being used in a converging 
beam. The IC telescope has a focal ratio of f/7. Thus by equations 4.12 
and 4.15, the maximum resolution attainable is around 400. This is ade-
quate to detect the 88ym [OIII] line for it was found by Ward et al. (1975) 
with a resolution of 70. By knowing the desired resolution and estimating 
the defect and reflective finesses, n was calculated using an iterative 
process. (Iteration is necessary since n couples into equation 4.12 Taoth 
directly and also through the aperture finesse.) It was decided to oper-
ate in approximately 15th order; this, with an expected finesse of 20, 
gives a resolving power of 300. Under these conditions, the bandwidth of 
the instrument is 0.3ym, the plate separation is ̂  0.7mm and the free 
spectral range is 6ym. Thus, the auxiliary filtering must isolate a 
spectral bandpass of less than 6ym centred on 88.4ym or, to put it 
another way, the resolving power of the order-sorter must be 15. 

It is difficult to construct a fully blocked single filter with a 
resolution of 15 in the far-infrared region and so a two-part system was 
adopted. There is insufficient space within the dewar for a prism or 
grating post-disperser. Thus a low^resolution fixed-gap F-P is used to 
isolate a passband of 6ym. The order-sorting for the second F-P is 
achieved with restrahlung reflections. Using data from Strong et al. 
(1938) and from Harshaw Optical Crystals (from Rofin Ltd, Egham, Surrey) 
various combinations of transmissions through and reflections off 
restrahlung crystals were examined before it was decided to follow 
Wijnbergen e_t al. (1972) and use reflections off potassium iodide. Hadni 
et al. (1968) measured the reflectivity of this crystal at 4.2K and from 
their data, it was calculated that two reflections would isolate a wave-
length range from 70ym - 95ym with a small long wavelength leak (see 
figure 6.7). 

The design of the order-sorting F-P bears closer examination. To 
achieve low resolution it is possible to use either low order or low fin-
esse. However, if the finesse is low, there is inter-order leakage 
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(cf. figure 4.2(b)). Thus the F-P must be operated in low (i.e. first or 
second) order. A fixed-gap F-P may be made either by holding two metal 
meshes apart with a spacer (air-gap F-P) or by depositing meshes on both 
sides of a thin wafer of e.g. quartz (solid F-P). The former technique is 
used because it is much easier to alter the thickness of a spacer rather 
than that of a solid F-P in order to move the transmission band to the 
desired wavelength, This ease is important because calculations 
using equation 4.8 and phase changes from Lecullier and Chanin (1976) had 
shown that to achieve transmission at the desired wavelength, the gap had 
to be set to within 1/20 thou. The phase changes are somewhat uncertain 
and, thus, the best way of measuring the gap is optically. It was envis-
aged that tuning the F-P to would be a repetitive process and, hence, 
the interest in easy alteration of the gap. The spacer is a piece of 
copper shim stock, etched to the desired thickness. It is clamped in 
place between the polished flats of the metal-mesh support rings (cf. 
section 6.2.2.a). Once again, considerations of available space dictated 
the choice of a clamped spacer rather than the free-floating ones used by 
Lecullier and Chanin (1976). 

As mentioned in section 4.1, it is vital to have adequate short-wave-
length rejection. A lmm-thick piece of calcium fluoride, covered with 
diamond dust, is used to scatter wavelengths shorter than 40ym out of the 
beam. This filter is antireflection-coated for 88ym and since it is 
located in the base of the F-P (cf. section 6.1.1.c), it is cooled to 77K. 
Further short-wavelength blocking is provided by black polyethylene and 
to some degree by the crystal quartz Fabry lens. The relative trans-
missions of all these filters are shown in figure 6.7. Note that the 
transmission of the main F-P is shown schematically as a set of delta 
functions whereas, that for the order-sorting F-P was calculated in detail 
from the Airy function using wavelength-dependent reflectivities and phase 
shifts from Lecullier and Chanin (1976) . Use of the order-sorting F-P in 
1st order obviates the problem of the long wavelength leak discussed 
earlier. 

A useful consequence of using restrahlung reflections is that it is 
very straightforward to incorporate a second or "guiding" detector into the 
system. This is done because experience with the near-infrared F-P in 
Tenerife has shown that it is very difficult to find objects due to the 
narrowness of the instrument's bandpass (cf. section 5.3.2). Calculations 
for the far-infrared show that an object even as bright as M17 is only 
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just detectable immediately through an F-P and so, some finding system is 
obviously needed. Potassium iodide has a strong reflection band at 70ym 
- 95ym, but outside this range it transmits (Daneu et al., 1978). Thus, 
a detector, placed behind the first potassium iodide crystal, receives 
radiation in the 40ym - 70ym band. The two detectors are arranged so 
that both view the same astronomical object and thus finding and guiding 
is accomplished using the second detector. 

6.1.2.C The Two-Channel Photometer 

The last stage in the optical design of the far-infrared F-P was the 
photometer. The design of this is subject to the constraints that it must 
both contain two detectors and the auxiliary filtering and also be compact 
enough to leave sufficient space in the dewar for the F-P. Other design 
philosophies were firstly, to minimise the number of interfaces between 
components in order to improve thermal sinking of the photometer, and 
secondly, to minimise the number of components that have to be aligned 
with respect to the optical axis. Originally, it was hoped that the order-
sorting F-P could be placed only in front of the main or F-P detector. 
However, this proved to be impossible and so it had to be positioned in 
front of both bolometers. The effect of this upon the signal reaching the 
guide detector is discussed in a later paragraph. 

The complete photometer is shown diagrammatically in figure 6.8. The 
main body, 1, of the photometer is circular and hollow and is attached to 
the liquid-helium-cooled cold surface. The two potassium iodide mirrors, 
2 and 3, rest against two lapped faces of an accurately machined "extension", 
4, to the main photometer body. This extension ensures that the mirrors 
are parallel to each other and at 45° to the optical axis. Good thermal 
contact between the potassium iodide crystals and the photometer is ach-
ieved by using spring washers inside the two lids, 5 and 6, which hold 
the mirrors in position. The order-sorting F-P, consisting of two 
stretched metal meshes, 7 and 8, and a copper spacer, 9, is contained 
inside the forward stop, 10. This assembly is also attached to the photo-
meter extension 4. This size of the forward stop is discussed in a later 
paragraph. By machining the photometer and its extension out of the same 
piece of metal, the number of interfaces between the cold surface and the 
order-sorting F-P was reduced to only three, thereby improving the thermal 
contact between the two items. Figure 6.9 is a photograph of the photo-
meter with the forward stop and the two lids removed. The three slots 
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Figure 6.9 
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The Photometer in Position on the Cold Surface. 
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seen in the picture are needed to accommodate the differential screws of 
the F-P. All components of the photometer described so far are aligned 
to within workshop tolerances and thus no further adjustments are needed. 

The two detector assemblies (F-P and guide) are contained inside the 
hollow body of the photometer. Each assembly consists of a field stop, 
11, a Fabry lens holder, 12, a detector stop, 13, and a gallium-doped 
germanium Low bolometer. These four components are held together by four 
bolts running from the field stop into tapped holes in the detector mount, 
and are thus located with respect to each other to within machine shop 
errors. The field stops define a 3T field of view on the sky and must be 
at the telescope focus. Because of the extra path length between the pot-
assium iodide mirrors, the F-P detector assembly has to be raised above 
the cold surface by a metal block, 14, in order that its field stop may be 
at the focus of the telescope. Good thermal contact between the crystal 
quartz Fabry lenses, 15, and their holders is maintained with spring 
washers (not shown in figure 6.8). The detector stop is a three thou-thick 
piece of copper shim stick. The size of the aperture in the detector stop 
and also the Tabry lens design are discussed later in this section. By 
keeping the detector assemblies separate from the photometer one interface 
has been eliminated at the cost of having to align the three units. To 
facilitate alignment, each detector assembly has some freedom of movement 
upon the cold surface. The final alignment is checked using a travelling 
microscope. Throughout the photometer, all bores are tapered, where 
possible, in order to minimise the amount of scattered light reaching the 
detectors. Figure 6.10 shows the two detector assemblies in position on 
the helium surface. Also visible are the four wirewound 3.8MT2 load res-
istors, two for each bolometer. 

All metal parts of the photometer are made of oxygen-free high-con-
uctivity copper because of its high thermal conductivity. Every surface 
which fseesT objects whose temperature is above that of liquid helium is 
polished and gold-plated to reduce its emissivity. Surfaces inside the 
photometer were sandblasted and painted with TNextelT - an infrared black 
- to reduce scattered light. 

Many aspects of the optical design were dictated by the space avail-
able. The severity of the problem is highlighted by the size of the clear-
ances in the final design. For example, the tip of the forward stop is 
within 3mm of the upper metal mesh, and the clearance between the facing 
surfaces of the liquid-nitrogen-cooled F-P and the liquid-helium-cooled 
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The Detector Assemblies in Position on the Cold Surface. 



174 
photometer is merely l£mm. As the F-P is scanned, the carriage moves 
sideways and thus there is a danger of the forward stop touching the 
support ring for the metal mesh, thereby "shorting" helium temperatures 
to nitrogen. To alleviate this problem, the inner edge of the support 
ring is bevelled (cf. figure 6.3). In short, all necessary components are 
contained in the HD-3 dewar, but it is a very tight squeeze. 

The purpose of a Fabry lens is to eliminate the effect of the varia-
tion of detector sensitivity with position upon the detector. (Its effect 
upon the photometer beam is discussed later.) The Fabry lens achieves its 
aim by re-imaging the telescope primary mirror onto the detector. To put 
this more physically, it ensures that every point in the field of view of 
the telescope illuminates all of the detector. The design of the Fabry 
lenses for this photometer is now elaborated upon. Consider a plaino-
convex lens of radius of curvature, r, thickness, t, and made of material 
of refractive'index, y. A ray incident upon it at a height y above and at 
an angle a to the optical axis, will cross the axis a distance d behind the 
lens. (figure 6.11(a)). Simple trigonometry and Snell's law permit d to be 
expressed as a function of these five variables, 

f y~(t-r+ \J r -y )tan{sin -sin (sin ' V r ) -a)] }] 
d = . 6.2 

£tan(sin "̂(n sin{sin ^(yV)-sin sin(sin *(y/r)-a)] }))] 

Equation 6.2 was evaluated for a crystal quartz lens for a range of values 
of y and a consistent with a 3f field of view and an f/7 telescope. 
Numerical values for r and t were chosen on the basis' of available lens 
grinding tools. The refractive index of quartz at 1.6K as a function of 
wavelength is given by Alvarez, Jennings and Moorwood (1975). The results 
were plotted out and at 88ym, the circle of least confusion was found to be 
1.1mm in diameter and to be 5.45mm behind the lens. Thus the aperture in 
the F-P detector stop (cf. figure 6.8) is 1.3mm in diameter to. allow for a 
slight misalignment and the length of the Fabry lens holder is 5.45mm. For 
the guide detector, equation 6.2 was evaluated for wavelengths between 40iim 
and 70ym and the corresponding numbers were 1.7mm and 4.6mm. The large 
diameter of the spot is embarrassing because the only detector available 
for the guide detector is an old one, with a sensitive area only 1mm x lnm. 
The guide detector stop has an aperture of 1.7mm, i.e. larger than the 
detector, and it is hoped that the integrating cavity behind the bolometer 
will trap some of the radiation that misses the detector. 
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(a). Fabry Lens Design. 

(b). Penumbra. 

(c) . Defocussing and Displacement by Potassium Iodide. 

Optical Design Considerations. 
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One of the most important facets of infrared telescope and instrument 

design is to keep warm objects out of the detector's field of view. The 
diameter of the forward stop (cf. figure 6.8) is calculated so that it, in 
conjunction with the field stop, defines a cone of light (AA* in figure 
6.11(b)), whose angle 0 is matched to the convergence angle of the tele-
scope beam. However, as shown by rays B and B', objects outside this cone 
can still illuminate part of the field stop. The region between the rays 
A and B is referred to as the penumbral region. In theory, there is no 
problem here because a perfect Fabry lens images the penumbra into an 
annulus around the detector stop aperture and no penumbral energy reaches 
the bolometer.' In the real world, misalignments, aberrations in the lens, 
diffraction and scattering ensure that the detector does see objects out-
side its main beam. The size of the penumbra is reduced as the distance, 
x, between the forward and field stops is increased. The presence of the 
F-P and the size of the dewar limit the maximum value of x; with the 
current optical arrangement, it is not possible to get all the penumbra 
through the Cassegrain hole in the primary mirror to view cold, low-emiss-
Ivity sky. An annulus, approximately {" in width, of the back of the 
primary mirror is seen by the detector. This problem is not at all serious 
for this application because of the liquid-helium-cooled narrow-band optics 
but may cause difficulties if wider-bandwidth work is undertaken. 

Another optical worry is the exact position of the guide detector 
with respect to that of the F-P. As shown in figure 6.11(c), transmission 
through the potassium iodide crystal causes a displacement and a defocuss-
ing of the beam. The sizes of these effects were calculated to be ^ £mm 
each and due allowance was made, when the photometer was constructed. 

The efficiency of the filtering system was estimated using realistic 
numbers. It is expected that the overall transmission of the optics to g 
the F-P detector will be 25%. In its stop bands, only one part in 10 

4 
of the lOym - 40ym radiation will get through and only 1 m 10 for 
40 - 50ym. An unfortunate consequence of having to put the guide detector 
behind both the main and order-sorting F-P's is that it is only expected 
to receive about 4% of the total radiation in the 40ym - 70ym band. In 
view of the available time and space, it was decided to accept this state 
of affairs for the guide detector and to see if it were useable. 



177 
6.1.3 Electrical Design 

The electronics for the far-infrared F-P was designed and built by-
Mr J. Allen, as part of his overall responsibility for the electronics of 
the IC balloon payload, It is briefly described here for completeness. 
The main contribution of the author to this work was to suggest the use 
of the metal mesh etalon, itself, as the gap-sensing capacitor. 

6.1.3.a Telecommand and Telemetry System 

The National Scientific Balloon Facility in Palestine, Texas provides 
a communications system between the base and the balloon as part of their 
service to experimenters. There are two ways of sending a command to the 
payload, either by a DATAWORD or by a DISCRETE command. The IC payload 
uses 8 bits of the 16 bit dataword and decodes these into a 4 bit address 
and 4 data bits. These uniquely identify a particular action. There are 
about 48 discrete commands available. Each of these actuates a momentary 
switch closure on board. The F-P electronics are housed in a separate 
box to the main electronics and thus, to avoid having to build another 
decoding system, it was decided to use discrete commands to control the 
interferometer. Data may be transferred from the balloon payload to the 
ground station in either analogue or digital form. There are about 15 
frequency-modulated (FM) channels, with bandwidths ranging from 5 Hz to 
50 kHz, for transmitting analogue information to the ground. However, not 
all of these are available to the experimenter. The high-
est bandwidth channel is used to carry digital data in 'pulse code modul-
ated1 (PCM) form. Signals presented to either an FM/FM channel or to the 
PCM must be in the range 0-5V. Thus if a signal is likely to go both 
positive and negative, it must be biassed and scaled so that its range is 
±2£V. 

6.1.3.b Signal Processing 

The on-board detector signal processing is very simple. The pre-
amplifiers (cf. section 5.1.4) for the two detectors are mounted directly 
on the side of the dewar and are allowed to cool to ambient temperature. 
However, the bias and power batteries for the preamplifiers are thermally 
insulated and provided with a passive source of heat (cf. section 6.3.4). 
The output from each of the preamplifiers passes through a switchable gain 
amplifier before being transmitted to the ground via one of the FM/FM 
channels. The gain of the amplifier can be switched from xl to xlO and 
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back by toggling a discrete command, which opens and closes TTL switches 
on board through a J-K flip-flop. The last stage of the amplifier adds 
in an offset of 2jV so that zero output from the detector is mid-range 
for the telemetry. On the ground, the signal is both tape-recorded and 
fed into an Ithaco lock-in amplifier. The output from this is displayed 
on a strip chart. 

6.1.3.C Controlling the F-P 

Four discrete commands, START, STOP, FORWARD, REVERSE, are used to 
control the electric motor, which scans the F-P. A series of latching 
relays is used to 'remember1 the command after the momentary switch clos-
ure. Experience with the near-infrared F-P (cf. section 5.3.4) had shown 
that it was wise to monitor the lateral motion of the F-P carriage. Thus, 
a magnet was firmly attached to the carriage and a 'Magneto-Resistive 
Differential Sensor' (MRD) to the base. These are marked in figure 6.3. 
The output from the MRD is proportional to the movement of the carriage. 
The MRD signal, after suitable scaling, is transmitted down both an anal-
ogue channel and also the PCM. It is displayed alongside the two detector 
signals on the ground on a multi-channel strip chart. 

Two discrete commands are used to control the motor for moving the 
beam switching mirror (cf. section 6.1.1.d). Microswitches, located at 
the mirror end stops, automatically stop the motor when the mirror is in 
position. The status of all switchable functions is continually monitored. 
By examination of which bits are set in one PCM word, it is possible to 
see if, e.g., the beam-switching mirror is up or down, or whether the 
switchable gain is set to xl or xlO. 

6.1.3.d Gap Sensing 

Capacitance micrometry (cf. section 5.1.4) is once again used to 
measure the changes in etalon gap. The metal meshes which form the etalon 
are mounted upon non-conducting support rings to permit them to be used as 
the capacitor for the gap-sensing electronics. The upper mesh (cf. figure 
6.1) is smaller than the lower to minimise edge effects as the F-P is 
scanned. Electrical connection to the grids is made via constantan wire 
affixed with conducting epoxy. To avoid thermal drift, the reference and 
balance capacitors are attached to the interferometer (cf. figure 6.3) and 
are thus kept at a constant temperature. The transformer used for the 
capacitance micrometer for the lOym F-P consumes too much power to be used 
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in a balloon flight and so a completely solid state system was developed. 
A 16 kHz fairly pure sine wave is obtained by dividing down and integrat-
ing the output from a 4 MHz crystal oscillator. This sine wave is used 
as one of the bridge drives. The other is obtained by inverting part of 
the former. The two drives are servo-stabilised in both amplitude and 
phase. Balance control is achieved by feeding a 'false1 error signal into 
the servo loop. To minimise sensitivity to pick-up and microphonics, the 
output stages of the bridge drives use operational amplifiers with very 
low output impedances. Despite this, it is still necessary to secure the 
bridge drive and return cables very firmly and also to encapsulate the 
connectors in araldite to avoid microphony. The signal from the F-P cap-
acitor is amplified and then the capacitative, C, and resistive, R, com-
ponents are extracted by on-board phase-sensitive detectors, using phase-
shifted reference signals derived from the bridge drive. Another phase-
sensitive detector monitors the amplitude, A, of the bridge drive. After 
suitable scaling, the C output is transmitted down an FM/FM channel, while 
the A and R outputs come down the PCM. On the ground, A and R pass 
through digital-to-analogue converters and are then, with C, displayed on 
the same strip chart as the MRD and detector outputs. 

6.2 Sub-System Tests 

Most of the components of the far-infrared F-P/two channel photometer 
system were tested independently of the complete instrument. These trials 
are discussed in the next three sections, under the general headings of 
mechanical, optical and electrical. Included in the optical section is a 
description of the technique used to stretch the electroformed metal mesh 
over support rings. 

6.2.1 Mechanical Trials 

6.2.1.a Differential Screw Adjustment Mechanism 

The differential screw adjustment mechanism was tested optically to 
determine its sensitivity and stability. The metal mesh etalon was removed 
and a mirror was placed in the position of the upper mesh. A He-Ne laser 
beam was reflected off this mirror and the deflection of the laser spot 
observed as the differential screw was used. Due to the close mechanical 
tolerances on the threads, the fine adjusting screws are very stiff. 
Although it is possible to turn them by hand, use of a small spanner is 
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preferable. A change in the angle of the mirror of 6" (equivalent to a 
parallelism finesse of 65 at lOOym wavelength for this F-P) is easily 
attainable; finer adjustments are possible with smaller rotations of the 
screw. The adjustment is slightly non-linear, e.g. 60% of the motion 
occurs during the first half-revolution of the screw and the remaining 
40% during the second. This is probably due to thread errors in the screws. 
In order to check the stability of this mechanism, a pair of semi-reflect-
ing optical flats was used in place of the metal mesh etalon. These 
were aligned parallel using the differential screws and viewing visible 
light fringes (cf. section 5.2.1). The alignment is not disturbed when 
the instrument is moved, picked up or tilted. Vigorous shaking shifts the 
fringe pattern by about one quarter of a visible fringe, an amount which 
is negligible at lOOym. Sharp taps to the carriage and base have no 
effect but knocking the adjusting screws themselves causes mis-alignments 
of up to 3 fringes ^ 70 at lOOym) . Thus the sensitivity and stab-
ility of the differential screw adjustment mechanism are easily adequate. 

6.2.1.b Drive Assembly 

The operation of the drive assembly (cf. section 6.1.1) was checked 
at low temperatures and pressures. To avoid the possibility of freezing, 
the micrometer, motor and gearbox are all run without lubricants, i.e. dry. 
The micrometer is degreased by washing it in trichloroethylene, while the 
motor and gearbox are supplied dry by the manufacturers (Portescap (UK) 
Ltd.). Low temperature lubricants are not used because of fears that they 
might poison the dewar vacuum. When degreased, the micrometer is prone to 
rust and is, therefore, always kept in a vacuum or a dry atmosphere. The 
entire drive assembly was left in a small environmental chamber at a temp-
erature of -50°C for several hours. No damage was sustained and the sys-
tem still operated. The same results were obtained when the drive mech-
anism was run at a pressure of 'v 1 torr. 

6.2.1.C Mechanical Resonances 

On a balloon payload, it is necessary to keep a close watch on poss-
ible mechanical resonances. The F-P is a spring system (cf. the tertiary 
chopper of Appendix A) and .-thus has a natural frequency, fQ. This was 
evaluated by clamping the F-P to a solid surface, and then displacing and 
releasing the carriage so that it oscillated. These oscillations were 
monitored using a magnet and MRD. The resonant frequency is 35 Hz and 
the Q of the F-P is around 35. Resonant systems tend to deflect under 
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their own weight. A rule of thumb is that this deflection, at maximum, 

2 
in inches is given by 10/fQ . For the F-P, the deflection is 0.2mm and 
thus the top carriage must always be deflected (or pre-tensioned) by at 
least this amount to avoid effects due to changing orientation. 
6.2.1.d Parallelism of the Photometer 

It is important that both the F-P and guide detectors (cf. figure 
6*8) look at the same piece of sky. This depends both on the positions 
of the detectors and also on the parallelism of the two potassium iodide 
mirrors. The former is adjustable; the latter was checked by directing 
a He-Ne laser beam into the top of the photometer and measuring the 
angular separation of the two emergent beams. For this test, the crystal 
mirrors were replaced by semi-silvered glass flats. After removing all 
the burrs on the photometer, lapping the faces of the photometer extens-
ions and chamfering the edges of the mirrors, the angular deviation of 
the two beams was found to be less than 2'. This figure remained 
unchanged as the photometer was subjected to mechanical shock. This 
leads to a miniscule shift in the field of view of the second detector 
and is therefore sufficient. 

6.2.1.e Mechanical Modifications 

During early tests of the F-P at liquid-nitrogen temperature, the 
nitrogen hold-time of the dewar was very poor, about 20 minutes. No 
vacuum leak could be found so it was assumed that the instrument was 
outgassing severely. This could be either due to material adsorbed 
onto the metal surfaces or to air, trapped somewhere inside the F-P, 
slowly leaking out. To solve the latter problem, the interferometer 
was examined in minute detail and every putative air pocket was provided 
with an escape hole, e.g. every screw going into a blind hole was 
hollowed out. These precautions reduced the problem but did not solve 
it. After the system had been under vacuum for some time, the outgass-
ing decreased and the cryo-pumping action of the liquid helium improved 
the vacuum sufficiently to retain the cryogens. 

The drive assembly showed two problems while undergoing tests. 
Firstly, there were 'glitchesT in the scan motion, during which the 
scan rate slowed and the motor current soared. This difficulty was 
traced to non-concentricity in the extendable coupling and was solved 
by increasing the mechanical clearances therein. Secondly, the various 
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screws holding the component parts of the drive mechanism together 
showed a tendency to work loose. They are now held in position with 
'Loctite 601'. This appears to have no detrimental effect on the vacuum 
in the cryostat. 

6.2.2 Optical Trials 

6.2.2.a Mesh Stretching Technique 

The technique used to tightly stretch the metal mesh over the 
support rings is now described. The electroformed grids are packed flat 
by the manufacturers between two sheets of plastic. If these are 
removed, the mesh (especially if made by Buckbee-Mears) tends to curl up 
and stick together, and it is almost impossible to flatten it again. 
Thus, the grids must always be held down in some manner. In order to 
produce a mounted mesh with a clear aperture of 20mm, a piece 40mm x 
40mm must be cut from the main sheet. Two squares of thin plastic 
(approx. 40mm square, with the corners snipped off) are very carefully 
inserted between the mesh and the large plastic sheets, see figure 
6.12(a). The mesh contained between the two small pieces of plastic 
sheeting is then cut free, while care is taken not to allow the remain-
ing mesh to curl up. The small piece of mesh is then positioned over a 
30mm diameter aperture in the centre of a 5" square of dural plate. 
Two of the corners of the grid are superglued to the metal and then the 
lower plastic sheet is removed. The mesh is tensioned by pulling gently 
on the other two corners before they, too, are glued down. At this 
stage, no large wrinkes should be visible in the portion of the mesh 
over the central hole. 

After removing the second sheet of plastic, the dural plate and 
mesh are placed under an infrared lamp, see figure 6.12(b), for about 
10 - 15 minutes. A dilute solution of General Electric 7031 varnish in 
alcohol is used to further secure the mesh to the dural plate. It is 
applied on the slightly rounded end of a stick, e.g. a biro cap, with a 
stroking motion, directed radially outwards from the centre of the grid. 
Thus, each stroke tensions the mesh slightly more and, since the varnish 
dries on contact with the hot plate, the mesh is prevented from relaxing. 
This process is repeated until the entire grid, apart from that part 
over the hole, is covered in varnish. By this time, the mesh should be 
flat, although it does not matter if it is still slightly slack. The 
grid and plate are left under the lamp for another 10 or so minutes to 
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allow the varnish to harden fully. 

The mesh support ring is slightly thicker than the dural plate and 
its outer diameter is such that it passes freely through the aperture in 
the plate. The upper face of the ring is lapped and polished flat and 
its outer edge is bevelled. When the varnish is dry, the infrared lamp 
is turned off. The mesh cools more quickly than the plate and its con-
traction pulls it taut. The plate is then carefully lowered onto the 
mesh support ring so that the grid itself rests on the polished face of 
the ring. Due to the difference in thickness of the ring and plate, the 
weight of the dural plate is now tensioning the mesh over the ring 
(figure 6.12(c)). Dilute GE varnish is then dripped through the mesh 
onto the bevelled edge of the ring to glue the two together. When all 
the rim has been coated in varnish, the mesh is covered with an inverted 
petri dish to exclude dust. The varnish is allowed to dry overnight. 
The next day, the mounted mesh is cut free from the plate with a scalpel. 
Throughout the entire process, great care must be taken to keep all 
items used clean and free from dust. Using the above technique, both 
copper and nickel electroformed meshes, ranging from 500 lines per inch 
to 3000 fc.p.i., have been successfully mounted upon rings made of steel, 
brass, tufnol and glass. 

6.2.2.b Flatness and Temperature Testing of Grids 

The flatness of some of the mounted grids was measured using a 
Twyman-Green Interferometer. This was only possible for the fine grids 
(e.g. 3000 fc.p.i.) because the optical reflectivity of the coarser 
meshes (e.g. 500 £.p.i.) is far too small to form fringes. Even the 
fringes formed by the 3000 JZ-.p.i. grid have such poor contrast that they 
are very difficult to see, let alone photograph. These fringes show 
that the central 2/ " of the grid has a defect finesse in excess of 
100 at lOOym. 

The behaviour of the mounted meshes on cooling to 77K was investi-
gated. If they are thermally shocked, the grids have a tendency to split. 
This problem is overcome if the meshes are slowly cooled to liquid-
nitrogen temperatures over a period of a minute or so. The grids 
mounted on steel .rings become slack when cooled. At first sight, this 
is a surprising result since the coefficient of linear expansion is 
smaller for steel than for nickel, the material of which the grids are 
made. The solution to this apparent riddle is that the nickel meshes 
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are electroformed; this process causes the grids to have different 
properties to those of the bulk metal (G. Chanin, private communication). 
Meshes mounted on pyrex glass rings remain taut at 77K. Thus, glass 
rings are used for the meshes of both the main and order-sorting F-P's. 
These rings also provide the necessary electrical insulation for the 
meshes of the main F-P (cf. section 6.1.3.d). 

6.2.2.C Transmittance and Reflectance of Grids 

The transmittance and reflectance of various mounted meshes was 
measured by Mr R. Chater of the Analytical Services Laboratory at IC 
using a Fourier Transform Spectrometer (FTS) . First, a spectrum is taken 
with a sample in the beam and then, after the sample has been removed, 
a background spectrum is obtained. The ratio of the two gives the absol-
ute transmittance or reflectance of the sample. The results obtained 
for the transmission through 500 Jl.p.i., 750 Ji.p.i. and 1000 Jl.p.i. 
grids are given in figure 6.13 together with limited data for 1500 £.p.i. 
and 3000 Jl.p.i. grids. In each case, the maximum transmission occurs 
at ^ 1.2 as expected (cf. figure 6.6(b)). 

Measurements of transmission are much easier to make with the FTS 
than those of reflection. Mr Chater made up a jig to allow measurement 
of the reflectance of samples at near normal incidence. However, this 
unit blocks a large part of the beam and thus only a small fraction of 
the incident radiation reaches the detector. This increases the noise 
in the reflection measurements and reduces their accuracy to ±5-10% 
compared with a few per cent for the transmission case. Some smoothed 
results are shown in figure 6.14. As expected, the reflectivity of the 
finer meshes 'flattens' out at shorter wavelengths than that for the 
coarser grids. The problem of the accuracy of the results is demon-
strated by the 1000 Jl.p.i. mesh appearing to have higher reflectivity 
than those with 1500 2.p.i. or 3000 A.p.i. A further problem is that 
because of the way electroformed metal mesh is made, it has both a dull 
and a shiny side. Whenever an attempt was made to measure the reflection 
from the shiny side, spurious reflectivities, consistently greater than 
unity, were obtained. It is possible that short-wave specular reflection, 
and/or diffraction are causing this effect. The author started invest-
igating this problem but was unable to finish due to lack of time. 

On the basis of the transmission measurements, the 1000 & .p.i. 
meshes were selected for the main F-P etalon. At 88ym, their trans-
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mission is 3% or 4% and assuming an absorption of 1%, this leads to a 
reflective finesse in excess of 60. This is rather higher than would 
be liked but is useable. The 500 A.p.i. meshes were chosen for use in 
the order-sorting F-P. 

6.2.2.d Grid Alignment Techniques 

Three separate techniques for aligning the two metal meshes parallel 
were tried. One was unuseable, one worked and the third shows promise 
for future use but needs further investigation. Firstly, a TMini-Dekkorf 

was used. This is an auto collimator which projects a set of cross-wires 
and images the returned cross-wires onto a graticule graduated, according 
to the particular model, in either arc minutes or arc seconds. This 
method failed because of the low optical reflectivity of the meshes. 
The second technique is to set the meshes parallel to within 5 thou 
using feeler gauges and then to shine a He-Ne laser at near normal 
incidence onto the grids. A bright reflection diffraction pattern is 
seen from the mesh nearest the laser. A faint reflection diffraction 
pattern is also seen from the other mesh, even though this is confused 
by the two transmissions through the first grid. However, it is easy, 
in a darkened room, to identify the central order of the pattern from 
the second mesh and to adjust the parallelism of the grids until the 
two central orders are superposed. To achieve a parallelism finesse of 
30, the faint spot must be placed upon the bright one to within |mm for 
an optical lever arm of 2m. This is possible even though the inherent 
divergence of the laser beam has broadened the spot to 2mm at this 
distance. It is important to work as close to normal incidence as poss-
ible to ensure greatest accuracy in the grid alignment. This method 
works well and is usually used. However, a third technique was briefly 
investigated and shows promise. This involves expanding the laser beam 
using a lens, so that it illuminates the entire mesh. The reflected 
patch shows a fringe pattern, and minimising the number of fringes seen 
corresponds to maximising the parallelism of the grids. However, some 
rough tests seemed to indicate that the number of fringes visible also 
depended on the orientation of the F-P. Thus, this technique, despite 
its high sensitivity, was not used extensively. Further investigation 
of the nature (e.g. Twyman-Green, Fabry-Pgrot, Moir€, etc.) of these 
fringes is necessary before this interferometric alignment technique 
may be used with confidence. 
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6.2.2.e Scan Parallelism 

The parallelism of the motion of the F-P during the course of a 
scan was measured by observing the two reflected diffraction patterns 
(see above) from a laser and looking for relative motion between them. 
The accuracy of this method only allows the placing of a lower limit of 
20 on the parallelism finesse. To investigate the change in parallelism 
with cooling, the black polythene and calcium fluoride (cf. section 
6.1.2.b) filters were removed and the white polythene dewar window 
replaced with a piece of glass. The cryostat was evacuated and filled 
with liquid nitrogen. Once again, the meshes were illuminated with a 
laser and the positions of all the reflected spots marked on a sheet of 
graph paper. The cryogen was allowed to evaporate and the dewar to 
warm up, before the new positions of the spots were marked. There is a 
distinct movement but it is uncertain whether this is due to changes in 
parallelism or to gross mechanical movements. A much more careful check 
on this aspect of the instrument is needed. 

6.2.2.f Bandpass of Auxiliary Filtering 

The Fourier Transform Spectrometer was used to measure the wave-
length response of the auxiliary filtering (cf. section 6.1.2.b) at 
cryogenic temperatures. Figure 6.15 shows the normalised results from 
these runs, which were made without the order-sorting F-P. The expected 
long-wave leak to the F-P detector is clearly visible at about 5% of the 
peak transmission but the short-wavelength radiation seems adequately 
blocked. The bandpass for the guide detector only extends from 44ym to 
55ym rather than to about 70iim as had been hoped. This, together with 
having to put the order-sorting F-P in its beam, severely limits the 
usefulness of the guide detector. 

6.2.2.g The Order-Sorter 

Figures 6.16 and 6.17 show the transmission spectra of two order-
sorting F-P's made from 500 Ji.p.i. mesh and having spacers of nominal 
thickness 76ym and 50ym respectively. As expected, the transmission 
peaks of the etalon with the thinner spacer are shifted to shorter wave-
lengths. The general shape of the curves agrees well with that predicted 
(cf. figure 6.7). These curves are repeatable, i.e. if an etalon is 
taken apart and then rebuilt, the 'before1 and 'after' spectra are 
almost identical. Note also, that there is some transmission at short 
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wavelengths; this is needed for the guide detector. 
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Apart from these general points, the spectra are very difficult to 
interpret. Columns 1 and 2 of table 6.1 give the order of interference 
and its wavelength for the curves shown in figures 6.16 and 6.17. 
Column 3 gives the calculated gap (using equation 4.8) assuming zero 
phase change on reflection. The results from this are fairly consistent 
from order to order. For each etalon, the gap calculated in this manner 
is about 30ym greater than the nominal value of the spacer. This 
increase in gap can be explained either by burrs on the spacer or by 
some of the GE varnish used to glue the mesh onto the bevelled edge of 
the support ring having spread onto the polished flat. This interpret-
ation of the order/wavelength data is unsatisfactory because firstly, a 
non-zero phase shift on reflection is expected and secondly, two ident-
ical but distinct etalons give nearly identical spectra. It is very 
difficult to believe that either the burrs or stray varnish would be the 
same in two different cases. 

If the data is interpreted in terms of non-zero phase shifts, 
assuming that the physical gap is the nominal spacer value, then the 
phase shifts given in column 4 of table 6.1 are obtained. This explan-
ation is- also suspect both because of the values of the phase shifts 
themselves and also because they disagree totally with results quoted by 
Lecullier and Chanin (1976). Their phase shifts are listed in column 6. 
A third approach is to adopt the phase shifts of Lecullier and Chanin 
(1976) and solve equation 4.8 for d using the measured values of n and 
X. These results are given in column 7 and once again, they are intern-
ally inconsistent. Due to lack of time, this problem was not pursued 
further. The nominal 75ym spacer was etched away in ferric chloride 
solution until, by trial and error, the 2nd order peak occurred at 84ym. 
This was the etalon flown. 

From figures 6.16 and 6.17, it is obvious that the finesse is poor, 
around 4. This is due to two effects, firstly, the parallelism of 
these etalons was not good and secondly, the beam of the spectrometer 
is f/1.7 thus leading to an aperture finesse (in 2nd order) of 12 (equa-
(equation 4.15). The parallelism finesse of the flight etalon was 
measured by the second of the techniques described above and was found 
to be 13. The overall finesse of this etalon, when measured by the FTS, 
was 7. Thus, when in the f/7 beam of the IC telescope, the flight 
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etalon is expected to have a finesse in excesss of 9 and thus a passband 
less than 5ym. However, there is a long wavelength leak from the 1st 
order and some short wavelength leakage between 2nd and 3rd orders. 

In summary on the order-sorting F-P, the amount of time and effort 
needed to tune an F-P to 88ym in 1st order was seriously underestimated. 
Consequently, it was necessary to fly a 'leaky1 2nd order filter with 
the [OIII] line only just in the wing of the passband. Much development 
work, including full testing at liquid helium temperatures, is still 
needed. 

6.2.3 Electrical Trials 

The viability of using the metal mesh etalon was investigated using 
a test ring. No problems were found and so development of the flight 
system went ahead. Operation of the capacitance micrometer in a vacuum 
presented no difficulties.bar an apparent gap change as the system was 
evacuated. The mechanical and electronic precision of the interferometer 
were sufficient for the F-P to be scanned in steps of less than one 
spectral resolution element. The speed of the scanning motor as a 
function of applied voltage was measured (cf. section 6.3.2). Other 
electrical tests, mainly on the entire system, are described in section 
6.3. 

6.3 F-P system tests 

An account of the testing done on the complete system is now given. 
Firstly, some results from an 'ambient-temperature metal-mesh F-P working 
at wavelengths between 30ym and 50ym are presented. Then, the setting 
up procedures for the liquid-nitrogen-cooled model are explained before 
the results from laboratory tests are discussed. Lastly, the runs made 
in a thermal vacuum chamber are described. 

6.3.1 Warm 30ym - 50ym F-P Tests 

The aim of these tests was to check very quickly and easily the 
feasibility of using metal meshes for Fabry-P£rot etalons. The 30ym -
50ym wavelength range was chosen because a grating spectrometer was 
available for this range. The zinc selenide plates were removed from 
the near-infrared F-P and replaced by two 3000 £.p.i. metal meshes. 
These meshes were aligned parallel to each other by the second of the 
three techniques of section 6.2.2.d. The gap between them was measured 
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to be about 230ym using a travelling microscope and focussing on each 
mesh in turn. Then, the F-P was placed inside the sample chamber of the 
grating spectrometer, which was then purged with dry air. When the sys-
tem had settled, the grating spectrometer was scanned from 285cm *(35ym) 
to 200cm (50ym) . Figure 6.18 is typical of the results that were 
obtained. The rising baseline is an instrumental effect, possibly either 
due to the very low signal level in the system or because this wave-
length region is at the very end of the range of the grating instrument. 
However, three or maybe four peaks may be seen above the baseline. To 
improve the signal to noise ratio, the rising baseline was manually sub-
tracted off six separate traces and the results then added to give 

- X 

figure 6.19. This clearly shows transmission peaks at about 204cm , 
223cm \ and 246cm ^ and probably another at around 268cm \ with a free 
spectral range, Av, of roughly 21cm Since the etalon gap is known 
(see above) it is possible to calculate both the expected free spectral 
range (equation 4.9) and the positions of the transmission maxima 
(equation 4.8). The calculated A\> of 22cm * is consistent with the 
experimental data. Transmission in the 9th, 10th, 11th and 12th orders 
is expected to occur at wavenumbers of 196cm \ 217cm \ 239cm ^ and 
261cm ^ respectively, which are very close to the experimentally-deter-
mined values. 

Once again, the finesse of the instrument appears low because of 
the degrading effect of the convergent spectrometer beam. The conclusion 
from this test is that transmission in four orders has been seen and 
thus, a metal mesh F-P is a viable proposition. 

6.3.2 Setting up Procedures 

The assembly of the complete instrument is now described. All com-
ponents are carefully cleaned with alcohol and acetone. Firstly, the 
F-P must be assembled. The mounted meshes are glued into the F-P base 
and upper plate holder using GE varnish; the electrical leads to the 
grids are secured to the F-P surfaces, again with varnish. The MRD and 
its magnet are attached to the F-P base and carriage respectively. 
After the upper mesh holder has been fixed to the F-P carriage, the 
latter is placed in position above the base upon the springs. Once 
again, equality of free spring length is assured by the use of dural 
parallels (section 5.2.1). The F-P gap is set to the desired value 
using the coarse adjusting screws and a travelling microscope. The 
etalon is then aligned parallel using the fine adjustment screws and a 
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laser (cf. section 6.2.2.d). A capacitance bridge is used to measure 
the capacitance between the F-P meshes. Two sub-miniature plate 
ceramic capacitors (from Radio Spares) of this value are glued to the 
F-P base to act as reference and balance capacitors (cf. section 5.1.4). 
The MRD and all the capacitors are wired up using constantan wire. 
These leads are varnished in place on the F-P and their free ends taken 
out through the base of the interferometer. 

Now, the photometer must be constructed. The two detector assemblies 
are built and placed upon the cold surface of the dewar. Their relative 
positions are checked using a travelling microscope; the guide detector 
is placed on the axis of the cryostat. The constantan leads for the 
detectors and load resistors are secured to the cold surface with GE 
varnish. Next, the photometer body is positioned over the detectors, 
once again using the travelling microscope to ensure that it is in the 
correct position. The spring washers and potassium iodide mirrors are 
placed inside their 'lids1 and these are then attached to the photometer. 
Potassium iodide is hygroscopic and therefore, during this stage, plastic 
gloves must be worn and care must be taken not to breathe on the crystals. 
The order-sorting F-P is assembled inside the forward stop and its 
parallelism checked. When this is satisfactory, the forward stop is 
screwed into position on the photometer, and the parallelism of the 
order-sorter is re-measured. The liquid-nitrogen-cooled radiation 
shield is then replaced. This is positioned very carefully so that it 
is concentric with the helium cold surface. 

At this point, the parallelism of the F-P is rechecked, before it 
is inverted and very gently lowered into place on the nitrogen shield. 
The adjusting screws must not be knocked on the photometer as they pass 
through it into position. If the alignment of the F-P has not been 
disturbed by this manoeuvre, the electrical leads are glued into place 
along the top and side of the radiation shield. Next, the outer vacuum 
jacket of the dewar is replaced. The electrical leads are taken through 
this and checked for continuity and shorts. The calcium fluoride scatter 
filter is put into its place in the F-P base and covered with a piece 
of black polyethylene. The drive assembly has previously been built 
inside the dewar extension and this is now affixed to the cryostat. 
The power leads for the motor are secured to the inside of the dewar 
vacuum jacket, thus ensuring that they remain at ambient temperature. 
Electrical connections are made to the motor, MRD and capacitors through 
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a 10-way connector, and to the detectors through a separate 6-way con-
nector. The constantan leads are now soldered to these. If all the 
electrical connections are satisfactory, the dewar base is replaced and 
the cryostat is ready to be evacuated. Throughout the entire assembly 
process, every screw, as soon as it has been finally adjusted, is glued 
in position using GE varnish. 

The dewar is now evacuated and once the pressure is low enough, it 
is removed from the pump and filled with cryogens. Experience shows 
that it is best to pre-cool the dewar with liquid nitrogen for at least 
two hours before filling with liquid helium. After the system has 
settled, the F-P motor is activated and the F-P scanned foutf, i.e. in 
the direction of increasing etalon gap, until the MRD and capacitance 
micrometer (CM) show that there is no further F-P carriage movement. 
This means that the drive micrometer has retracted sufficiently for the 
nylon micrometer extension to have come out of contact with the F-P, 
i.e. the F-P is in an undeflected position. The motor is then reversed 
until the MRD just shows movement. This zero-deflection position gives 
a datum for the gap-sensing electronics. Initial calibration for the 
MRD and CM is obtained by timing the motor as it scans from the zero 
datum. From section 6.2.3, the time taken for the motor to make one 
revolution is known. The pitch of the micrometer is 0.5mm. Thus the 
distance that the F-P carriage has moved sideways can be calculated 
from the time taken to get there and hence, the MRD is calibrated. It 
is now easy to make a preliminary calibration of the CM for knowing the 
sideways motion, the change in plate separation can be calculated using 
the demagnif ication data of section 5.2.1. Wavelength calibration and 
more accurate calibration of the MRD and CM is hoped to be achieved by 
observation of atmospheric absorption lines in flight. 

It is vital not to scan the F-P more than 2^mm from the zero-
deflection position. If this is done, the liquid-helium-cooled forward 
stop comes into contact with the liquid-nitrogen-cooled F-P, thereby 
causing a thermal short. A microswitch ought to be fitted to the inter-
ferometer to stop the scanning motor automatically when it reaches this 
point. 

6.3.3 Laboratory Tests 

The far-infrared F-P was tested to some degree in the laboratory. 
This section presents the results of these trials under three general 
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headings, performance of gap-sensing electronics, detector tests, and 
signal tests. 

During the laboratory tests of the entire system, the performance 
of the electronics for sensing the etalon gap and the motion of the F-P 
carriage was evaluated to some extent. After the dewar had been filled 
with liquid helium and had settled, the MRD was set up as described in 
section 6.3.2. The gains of the MRD electronics were set so that at zero 
deflection, the output was 0.5V and at 2mm deflection, 4.5V. The cap-
acitance micrometer (CM) electronics' gains and offsets were adjusted 
so that its output remained between OV and 5V as the F-P was scanned 
full range. The. variation of MRD and CM outputs with the position of 
the F-P carriage was investigated. As expected, the MRD output is 
linear with carriage position while the CM appears to become more sens-
itive as the deflection increases (see CM output on figures 6.25 - 6.27). 
This is due to the changing demagnification. 

The sensitivity (cf. section 5.2.2) of the CM at a particular dis-
placement is found from the gradient of the CM curve at that point, 
using the appropriate demagnif ication factor from figure 5.12. It is 
planned to operate the F-P around a deflection of 1.5mm. The CM sens-
itivity, here, is 15mV^um and the laboratory noise is less than lmV: 
peak to peak. Thus, in the laboratory, a change in etalon gap of l/30th 
of an F-P resolution element can be seen. However, in flight, noise in 
the telemetry prevents the CM output being read to better than 10-20mV. 
Thus, assuming worst case telemetry noise, the ground electronics can 
detect a change in gap of half a resolution element. This is just 
adequate. The CM output drifted by one resolution element in 18 hours. 

The change (if any) of MRD and CM sensitivity, as they are cooled 
from room temperature to 77K, is not directly relevant to this work, 
because they are calibrated when cold. However, the sensitivity of the 
MRD appears unaltered by cooling while the CM may become slightly more 
sensitive. There is also a change in offset for the CM, presumably due 
to a change in value of the reference capacitor. 

Standard performance checks are always made on the detectors before 
proceeding further. The dewar entrance window is covered with silver 
foil and the resistances of the bolometers at 4.2K measured. These are 
about 8.6kft (F-P detector) and lO.lkft (guide detector) and do not alter 
from run to run. (If the dewar is left to stand, it retains its liquid 
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helium for 21 hours). The pressure above the liquid helium is now slowly 
reduced to a few torr in order to cool the bolometers to their operating 
temperature. The variation of detector resistance with pressure during 
pump-down is always repeatable. Typical values for the pumped-down 
resistances are 4.2MQ (guide) and 2.0MS2 (F-P). Noise measurements show 
that the guide detector is substantially noisier than the other, 
t/ 65nV Hz ^ compared to i* 30nV Hz ^ at a frequency of about 8|Hz. The 
detector noise does not alter either when the scan motor is running or 
when the 16kHz signal to the metal meshes is switched on and off. The 
F-P bolometer is very microphonic. It has a resonant frequency of around 
300Hz and, if the dewar is jolted, the oscillations take ^ 15 seconds to 
die away. Load curves for each detector, with a 7.6Mft load resistor, 
show that the optimum bias voltage is IV. At this pointj the electrical 

6 —1 
responsivity of the F-P detector is 2x10 V W and that of the guide 

6 —1 detector, 6x10 V W . 

For the signal tests, the dewar is supported on a metal framework 
above a 45° mirror, in a similar manner to that shown in figure 5.18. 
When the silver paper is removed from the cryostat window, both detectors 
respond to the movement of warm objects in their field of view. However, 
it is disappointing that the F-P detector is the more sensitive of the 
two to this crude test, because the guide detector ought to receive the 
bulk of the radiation from an object slightly above room temperature. 
No change in signal level is seen as the 16 kHz oscillator driving the 
F-P capacitor is switched on and off. 

The interferometer was next used to map out the profile of the 
order-sorter. The dewar was set up as in figure 5.18 to look at a 
chopped black body. The F-P was scanned from nearly zero deflection 
(= MRD output of 0.5V) to maximum deflection (= MRD output of 5V) .and 
then back to zero. The output from the F-P detector is shown in figure 
6.20. Two orders of the interferometer have been scanned through the 
order-sorter profile. The peaks are repeatable in terms of the MRD 
output (numbers on right of figure 6.20). Due to the 'leakage1 in the 
order-sorter, the depth of modulation is only ^ 65%. The switching 
transients seen as the motor is started and stopped originate in the 
latching relays. The non-linearity of the change in etalon gap (cf. 
section 5.2.1) is clearly shown in figure 6.20. Near zero deflection, 
the demagnif ication of the F-P carriage motion is large and hence, the 
etalon gap only changes slowly with deflection of the carriage, thus 
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leading to a broad shape for the first pass through the order-sorter. 
At higher deflections, the change in etalon spacing per unit deflection 
of the F-P carriage is larger and thus, the second order-sorter profile 
appears narrower. The effect upon the guide detector of scanning the 
F-P back and forth across its range is shown in figure 6.21. No F-P 
orders are seen, but there are some features larger than noise which may 
be genuine. To check that the peaks seen in figure 6.20 were genuine 
F-P effects, the silver foil was replaced over the dewar window and the 
F-P, once again, scanned over its entire range. Nothing above the noise 
level was seen. 

6.3.4 Thermal Vacuum Tests 

The behaviour of the complete F-P system in an environment similar 
to that encountered during a balloon flight was investigated by placing 
both the dewar and the F-P electronics in a small thermal vacuum chamber 
at NSBF, Palestine, Texas. Both were prepared as if for flight. The 
dural box, containing the electronics, is insulated with a 2" thick layer 
of styrofoam, and also holds two water-filled bottles. As the water 
freezes, it gives up its latent heat of fusion, which is used to warm 
the electronics. The dewar has a check valve fitted to the exit port of 
the liquid-nitrogen can to keep the pressure therein at approximately 
one atmosphere in order to prevent the nitrogen freezing. A standard 
safety valve is fitted to the liquid-helium reservoir for pressure relief 
in the event of a freeze-up. As mentioned in section 6.1.3.b, the pre-
amplifier, attached to the side of the dewar, is allowed to cool freely 
but the bias and power batteries for it are well insulated and provided 
with thermal ballast. 

A realistic pressure-temperature profile was not followed when 
using the chamber, because at pressures below ^ 40mb, the cooling is 
very slow. Thus, the pressure was usually reduced from atmospheric to 
40mb over the course of an hour of so and held there for two to three 
hours to get the dewar and electronics cold. Then, the chamber was 
pumped down to ^ 20mb and the contents left to 'soak' at low temperatures 
for up to 12 hours. The detectors and gap-sensing electronics were con-
tinually monitored on strip charts; every half hour, the F-P motor was 
energised and the interferometer scanned over its full range. A thermo-
couple was taped onto the outer casing of the dewar to measure its 
temperature. 
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With the exception of the F-P scanning motor, the results from the 

thermal vacuum run were very encouraging. Everything else worked: the 
dewar retained its vacuum after 9 hours below -30°C; the detectors 
showed signs of life, i.e. microphonics at the expected pressure; the 
electronics continued to function; the preamplifier batteries had only 
cooled to -4°C after 12 hours of cooling; the pumped liquid helium hold-
time was in excess of 17 hours; and the pressure relief valve on the 
liquid-helium can also worked. The problem with the motor was that as 
it cooled the scan became rougher, i.e. jerkier. This was noticed by 
the detectors, for their noise increased dramatically when the motor was 

to restart 
running. When cold, the motor needed a current of 45mA^and about 25mA 
to run, compared to about 5mA drawn when at room temperature. Thus the 
motor obviously stiffens up when cold and overcoming this resistance 
presumably leads to the vibration noticed by the detectors. Twelve 
hours after the start of the thermal vacuum run, a direct short between 
the motor drive and earth occurred. 

The dewar was warmed up and stripped down. The fault lay in the 
motor itself. However, this was not thought to be a design problem 
because, to prevent air pockets being trapped inside the motor casing, 
a cap had been removed from the latter. This cap also provided addi-
tional support for the motor armature, and its removal could allow the 
armature enough freedom to vibrate. Therefore, the motor was replaced 
with a spare, with end cap, and a second thermal vacuum test performed. 
This motor also showed increased current demand when cold and a jerky 
scan, but was still working perfectly after twelve hours. After the 
dewar had been brought back to room temperature, the motor began not to 
re-start after stopping unless tapped. This problem slowly became 
worse, Eventually, even after the motor had been tapped into motion, 
there was still no movement of the F-P carriage. 

When the motor was removed from the dewar, the entire drive assembly 
was seized up. The gearbox had been stripped and the motor, itself, 
still only restarted after tapping. Apparently the motor fault was 
caused by trying to drive the seized micrometer rather than by cooling. 
It was, therefore, decided to put the last motor into the dewar and to 
fly it. The F-P would be scanned every 30 minutes in flight to keep 
the motor 'loose'. 
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The far-infrared F-P was part of the Imperial College infrared 
payload on balloon flight number 1186-P, launched at 17.45 CST on 
9th December 1979 from Palestine, Texas. In the next few paragraphs, 
details of the complete payload are given, followed by a brief history 
of the flight, before the performance of the F-P is discussed. 

The IC part of the payload consisted of the 41" telescope and two-
colour photometer (Joseph et al.,.. 1977) together with the F-P and a new 
secondary mirror chopper. The experiment was flown upon the Appleton 
Laboratory's Mark I Stabilised Balloon Platform, SBP (Chaloner, Farman 
and Hardie, 1979). The SBP is stabilised in three-axes and is designed 
to carry experiments weighing up to 500kg. The design pointing accuracy 
is better than one arc minute and a blind offsetting capability of 
similar accuracy over 5° is specified. 

Both the IC and AL groups arrived in Texas in early October and 
began preparing the payload. By the start of December, the SBP was 
deemed to be ready for flight. The control equipment for both the 
experiment and the platform was housed in a specially-converted container, 
the inside of which is shown in figure 6.22. A dummy run to the launch 
pad was carried out on 6/12/79 and much valuable experience gained. 
The weather then closed in for two days. 

On the 9th, the weather forecast was good. The two dewars were 
filled with liquid helium at 10 o'clock and a series of pre-determined 
electrical and mechanical checks undertaken. For the F-P these included 
checking the position, alignment and security of the dewar on the tele-
scope; measuring the resistances of the detectors; checking the signal 
lines by measuring the preamplifier noise; and scanning the F-P back 
and forth across its entire range. These tests, where possible, were 
done from the control trailer. The weather briefing at 11.00 confirmed 
that launch would be possible and that the estimated time at 100,000 
feet would be 6| - 8 hours. 

Just after lunch, when all checks were complete, the platform was 
picked up by the launch vehicle, 'Tiny Tim', and taken out to the launch 
pad, see figure 6.23(a) . The liquid nitrogen in the dewars was topped 
up at 15.30 and the liquid helium levels checked. Another complete set 
of checks-was made on the launch pad. In general, these were similar to 
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those that had been done before the payload left the staging building. 
When all tests had been satisfactorily completed, the liquid-nitrogen 
check valve and the liquid-helium pressure relief valve were fitted. 
The experiment was then ready for launch, and inflation of the balloon 
began. There was a brief delay while NSBF remedied some telemetry faults. 
Thus, the payload was still on the launch pad as dusk fell, see figure 
6.23(b). (Also visible on this photograph is the planet Venus, directly 
above Tim.) Eventually, the experiment was launched smoothly at 17.45 
CST. 

The platform was switched on at an altitude of 20mb and it operated 
successfully. At 19.42 a bright guide star, Zeta Ori, was acquired and 
the platform locked onto this. Several platform control problems became 
apparent at this point and these led to temporary loss of the guide star. 
After Zeta Ori had been re-acquired the platform was offset to look for 
the first infrared calibration object, NGC 2024. It was necessary to 
use this HII region for calibration since there were no planets visible 
until Mars and Jupiter rose at about 3.00 am. A coarse raster search 
was undertaken for NGC 2024 and it appeared in both photometer channels. 
However, before the fine raster was completed, control of the platform 
was lost and never fully regained. In fact, control became progressively 
more difficult. By 23.00 hours, the platform was hard up against the 
roll stop and could not be moved from there. Some limited control was 
still available in azimuth and, using this, attempts were made to scan 
the telescope across the moon in order to gather some data on the 
optical performance of the F-P in flight. However, this proved imposs-
ible because the elevation angle of the platform was both unknown and 
uncontrollable. At 2.30 the platform was put into 'stow' position and 
powered down. Telemetry was lost at about 03.15. The descent was 
normal and the platform landed safely, albeit 40 feet up a tree, near 
Starkville, Mississippi (figure 6.24). The NSBF recovery team managed 
to bring the platform back to ground level without any damage and 
returned it to Palestine within five days. The IC experiment was 
undamaged, except for the photometry dewar, the contents of which were 
destroyed by an explosion, presumably following a liquid-helium freeze-
up . 

Because of the almost total failure of the AL SBP, very little 
information was gathered about the performance of the F-P. On the 
launch pad, the preamplifier noise for each detector was measured 
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through the telemetry and found to be about lOnV Hz as expected. 
Figure 6.25 shows the CM, MRD and capacitance micrometer R outputs just 
before and during launch, and also the first scan of the F-P. It is 
seen that the interferometer was unaffected by any jolts at launch, and 
that the scan is smooth. The F-P was scanned back and forth every half 
hour as planned and never showed any problems. At float, with the F-P 
motor not running, the noise of the F-P detector was about 120nV Hz ̂  
and that of the guide detector around 70nV Hz i.e. the F-P detector 
noise was a factor of 4 up on laboratory noise, while the noise in the 
other detector was much the same. Both detectors noticed the motor 
running; their noise increases by a factor of xlO in this case (cf. 
indicated portions of figures 6.26 and 6.27). This obviously rules out 
use of the F-P in continuous scan mode; it must be stepped and then 
stopped for integration on a source. As the flight proceeded, the scan 
as measured by the CM appeared to become rougher, see figure 6.26. 
However, this was not shown by the MRD and later in the flight (figure 
6.27) the CM seemed cleaner. A likely explanation for this is that as 
the motor drives, it vibrates the dewar. This leads to microphony in 
the CM cables, causing the irregularities seen. Later, in the flight, 
the cables have stiffened due to the cold and so do not move as the 
dewar vibrates. Therefore, the scan now appears less rough. The scan 
also became slower during the course of the flight, presumably due to 
the motor stiffening. However, the motor worked perfectly throughout 
the flight and even, now, shows no sign of any fault. Thus the conclusion 
must be that other factors (cf. section 6.3.4) than the cold were 
responsible for the failure of the first two motors. 

6.5 Conclus ions 

A far-infrared liquid-nitrogen-cooled F-P for operation at a wave-
length of 88ym has been designed and built. Preliminary testing has 
been done and the results are encouraging. In order to fully evaluate 
this instrument, two main areas need attention. These are firstly, the 
order-sorter, which must be tuned to the correct wavelength with high 
enough finesse and tested at liquid-helium temperatures, and secondly, 
the main F-P, whose resolution and transmission must be measured. The 
mechanical performance during a balloon flight is adequate although an 
improved cold-running motor is desirable. Some possible design improve-
ments are suggested in chapter 7. 



^̂jZr-.-.-rEir 

C n c 213 | = 

Telemetry 
Dropout 

F-P Scan just after Launch. 



1101 
is 



215 

ire I 

:e ct 
Lse i 
enei 

er 

; F-P Scan During Flight II. 



216 

Chapter 7 

Summary, Conclusions and Recommendations 

This thesis began by considering the astrophysical justification for 
infrared line astronomy. It was shown that infrared line emission is 
expected from both the hot and cold parts of the interstellar medium and 
that detection of infrared lines allows determination of the physical con-
ditions in these regions. The advantages of infrared lines over their 
optical and radio counterparts were briefly reviewed. In conclusion, it 
was stated that the applicability of infrared recombination, atomic and 
ionic fine structure, and of molecular vibrational-rotational and pure-
rotational line studies ranged, in space, from our galaxy to extragalactic 
sources, and in time, from the present back to the birth of the universe. 

The achievements of infrared line astronomy to date were summarised. 
Most of the work has been on fine structure lines, but in the last year 
the first detections of molecules in the far-infrared have been made. 
Fine structure studies have progressed beyond merely reporting line intens-
ities; sources are being mapped in infrared forbidden line emission and 
accurate ionic abundances and electron number densities are being calcul-
ated. Five years ago, at the start of the work described m this thesis, 
far-infrared line astronomy was a virtually unknown area. Today, its via-
bility has been conclusively proven. The entire field is opening up and a 
period of rapid development is about to be witnessed. 

Chapter one concluded with an account of the development of infrared 
astronomy. The perennial problems of the subject were a lack of sensitive 
detectors and an excess of atmospheric absorption. In chapter two, the 
latter point was addressed by calculations of theoretical transmission and 
emission spectra of the terrestrial atmosphere at high resolving powers. 
A very simple one-layer, constant-temperature, constant-pressure atmos-
pheric model was adopted. Molecular abundances were culled from the lit-
erature. Spectra were calculated for the residual atmosphere above three 
different balloon altitudes around the wavelengths of nine interesting 
astrophysical lines. The results showed firstly, that the atmosphere did 
not rule out detection of any of these lines and secondly, that the atmos-
pheric emission, in general, decreased by a factor of xlO between altitudes 
of 30 km. and 40 km. 
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Comparison of the transmission spectra of chapter two with those 
obtained by other authors using more sophisticated models showed that, 
although the results are similar, the latter have lower transmission at 
the centres of the absorption features. Further work is necessary to 
determine the cause of this discrepancy. Possibilities include the mole-
cular abundances adopted and the very simple nature of the model. Thus, 
the author recommends investigation of firstly, the sensitivity of the 
transmission to molecular abundances and secondly, the effects of replac-
ing the Lorentz with a Voigt line profile. 

The method used to calculate the emissivity of the atmosphere makes 
the emission spectra very dependent upon the accuracy of the model. In 
addition, the use of a constant temperature for the atmosphere is a worse 
approximation for emission rather than transmission spectra. Thus, the 
emission spectra must be critically examined. It is suggested that the 
model be re-run for wavelength regions where there is experimental data 
(e.g. Baluteau et £l., 1977) and the two sets of results be compared. 

In chapter three, several lines were chosen as candidates for study 
in the Imperial College Line Astronomy Programme. For the near-infrared 
instrument, the 12.8ym [Nell] line was selected in preference to the other 
two bright lOym fine structure lines because of its proximity to the 12.3vii 
molecular hydrogen line. For the far-infrared lines, some theoretical 
work on estimating line intensities was examined. The later predictions 
were lower than the earlier and closer to the measured values. No mole-
cular lines had been detected at this time and thus, no direct information 
was available on the reliability of the estimates. For a first flight with 
a new instrument, it is desirable to be searching for a line that is known 
to be present and therefore, it was decided not to look for a molecular 
line. Predictions of fine structure line intensities for HII. regions and 
Planetary Nebulae were then examined in more detail, and the former seemed 
brighter than the latter. Eventually, it was decided to look for 88pm 
[OIII] emission from HII regions because this line is strong, very free 
from atmospheric confusion and technically feasible with the proposed 
instrumentation. For future work, however, molecular lines must be re-
examined. The recently-detected molecules have very bright transitions 
and, in addition, are species that were not considered by the author in 
chapter three. 

T h e r a t i o n a l e f o r c h o o s i n g a F a b r y - P g r o t S p e c t r o m e t e r ( F - P ) , w i t h 
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which to attempt balloon-borne detections of far-infrared emission lines, 
was given in chapter four. After comparing and contrasting different 
spectroscopic techniques, the choice lay between the Michelson and Fabry-
Pelrot Interferometers. Both have a large resolution-luminosity product 
and the former can have a multiplex advantage. However, this was not 
considered sufficient to outweigh the disadvantages of the Michelson, 
namely, increased size and complexity and thus, it was decided to build a 
Fabry-Pdrot Interferometer. 

The standard theory of the F-P, complete with wavelength-dependent 
phase shifts, was presented before design criteria were discussed. A 
brief survey of previous F-P designs illustrated the wide diversity of 
approach. The chapter concluded with a brief description of the general 
design of the IC F-P. A novel form of a spring hinge arrangement is used 
with the gap being monitored by capacitance micrometry. 

Design details specific to the near-infrared F-P were discussed at 
the start of chapter five. Most of the components of the interferometer 
were tested individually and all performed satisfactorily. Infrared tests 
of the entire instrument showed that it was working as a Fabry-Perot with 
reasonable transmission and a finesse in excess of 15, compared to the 
expected value of around 20. The resolving power is limited to about 400 
by the need to work in 25th order or less because of the order sorter. 
The F-P was taken to the 60" telescope on Tenerife on three occasions. 
Telluric absorption features were found and identified in spectra of Mars 
and the Moon. The 12.8ym [Nell] emission line from G29.9-0.0 was detected. 
It has, thus, been conclusively shown that this instrument is both ready 
and able to be used for astronomy. 

However well an instrument is working, there are always further tests 
and modifications that can be made. This paragraph describes one measure-
ment and one alteration that must, in the opinion of the author, be 
carried out before taking the F-P on another observing trip. Firstly, an 
obvious omission from the laboratory trials is a measurement of the 
instrumental profile of the F-P. The ideal way to obtain this information 
is to scan a laser line. However, this is difficult because of the short-
age of suitable lasers in the wavelength region. The 10.6ym CO2 laser is 
a possibility but, as shown in figure 5.15, the reflectivity of the F-P 
plates has fallen substantially by this wavelength. In the next few years, 
solid state diode lasers for the lOym wavelength region may become gen-
erally available but until then, perhaps the most practical method of 
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measuring the instrumental profile of the F-P is to use a 'high' resolu-
tion grating spectrometer. The drawback of these instruments, as has been 
seen, is that the beam through the sample chamber is usually highly con-
vergent. This degrades the apparent resolution of the F-P through its 
effect on the overall finesse. Nevertheless, it should not be too much 
of a problem to equip the grating instrument with ancillary optics so 
that a beam of any desired f/number may be passed through the interfero-
meter. It is strongly recommended that this be done and the profile of 
the F-P be measured. Secondly, at present, the 'drift' in the capacitance 
micrometer is corrected by cross-calibration against the position of the 
drive micrometer. This is very inconvenient as reading the drive micro-
meter involves climbing onto the telescope as it is tracking a source. 
A magneto-resistive device, as used for the far-infrared instrument, 
should be installed on the lOym version, and be used to cross-check the 
capacitance micrometer. 

The next two paragraphs suggest firstly, some modifications to the 
current instrument and secondly, a few ideas for a completely rebuilt 
system. The next stage in the development of the present near-infrared 
F-P system is to improve its sensitivity and resolution. The former is 
now limited by the bolometer and the latter by the bandwidth of the 
order-sorting filter. A new lOym photometer, incorporating a Si:As 
photoconductive detector, is under development in the laboratory. This 
system promises to be background noise limited even at very narrow 
spectral bandwidths and thus is ideal for use with the F-P. However, to 
take full advantage of the new detector, the photon shot noise from the 
interferometer and its ancill ary optics must be reduced as much as pos-
sible. This may be done by cooling some or all of the components. If 
just the order-sorter were to be cooled to 77K, then a gain in sensitivity 
of x30 is expected by using the photoconductor. Unfortunately, cooling 
the order-sorting filter to liquid-nitrogen temperature shifts its pass-
band towards shorter wavelengths by between 1% and 3% and might, there-
fore, make it unuseable for the neon line. If this is the case and a new 
order-sorting filter is needed, the opportunity ought to be taken to buy 
one with a narrower bandpass and, thereby, improve the resolving power of 
the system. The resolution of the F-P is limited to 1500 because it is 
operating in the converging telescope beam. It is possible to make a 
multi-layer, dielectric-coated interference filter at these wavelengths 
with a bandwidth narrow enough to allow the interferometer to be operated 
in high enough order to reach this value. Thus, by merely cooling a new 
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order-sorting filter and using a photoconductive detector, the sensitivity 
of the system can be increased by x30 and the resolution improved to the 
maximum achievable in the present set-up. 

If the entire system were to be rebuilt, it is envisaged that the 
telescope beam would be collimated for passage through the F-P to enable 
higher resolving powers to be reached. Depending on the chosen order 
sorter and photon shot noise considerations, the entire F-P may have to 
be cooled. Experience with the far-infrared F-P has shown that it is 
possible to operate a cryogenically-cooled F-P and, also, van der Wal and 
Slingerland (1979) have shown that dielectric-coated zinc selenide plates 
are useable at liquid nitrogen temperatures. It is recommended that a 
second or "finding and guiding" detector be added to the system. The 
order-sorting filter could be used as a dichroic, transmitting a very 
narrow spectral band to the F-P detector and reflecting the rest of the 
lOym - 13ym (or even lym - 5ym!) radiation to the second detector. 

Chapter six began with a detailed description of the design of a 
liquid-nitrogen-cooled far-infrared Fabry-Perot Interferometer, placing 
particular emphasis upon the differences between it and the lOym instru-
ment. The interferometer uses stretched, electroformed metal mesh for 
the etalon mirrors, which are also the capacitor for the gap-sensing 
electronics. A fixed-gap low-order F-P is the order-sorting filter. 
Additional filtering is provided by restrahlung reflections off potassium 
iodide crystals 5 which are housed in a new two-channel photometer. The 
second channel is used for a guide detector. The results of laboratory 
tests on the F-P and its sub-systems were discussed with close attention 
to their completeness. To the limit of the testing, the instrument was 
shown to be working well. During a balloon flight in 1979 December, the 
mechanical performance of the interferometer was adequate. Platform 
stabilisation problems prevented any optical testing of the F-P during 
the flight. 

The far-infrared F-P has not yet been fully evaluated in the labor-
atory. This paragraph outlines some of the important tests that remain 
to be made. The interferometric alignment technique of section 6.2.2.d 
must be examined in detail to determine its reliability and accuracy. 
The parallelism of the etalon meshes needs to be measured, firstly as the 
F-P is cooled from room temperature to 77K and secondly, as the instru-
ment is scanned. Most important of all, the resolution (and transmission) 
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of the interferometer are, at present, unknown. There are some far-
infrared laser lines, e.g. Methyl alcohol at 119pm, across which the F-P 
could be scanned in order to determine its instrumental profile. However, 
if no laser is easily available, the far-infrared Fourier Transform 
Spectrometer (FTS) in the Analytical Services Laboratory at Imperial 
College could be used. Once again, auxiliary optics would be needed to 
overcome the problem of the converging beam. It would also be interest-
ing to measure the performance of the F-P as a function of the periodicity 
of the grids used for the etalon. Lastly, but not least, the order-sorting 
F-P must be tuned to the correct wavelength and have its performance 
checked at liquid-helium temperatures. No doubt, this can also be done 
with the FTS and its ancillary optics. 

From the experiences to date with the F-P, the need for several mod-
ifications has been seen. The guide detector appears to be receiving very 
little signal. This is due to two factors. Firstly, it is a very small 
detector and is over-filled by the Fabry lens and secondly, the four 
meshes of the F-P and order-sorter attenuate the radiation reaching the 
guide detector. In the absence of a larger detector, a simple solution 
to the first problem is to re-design the Fabry lens. The second problem 
is much more difficult to overcome because there is not enough room 
inside the present dewar to move either the F-P or the order-sorter or 
both out of the beam of the guide detector. Thus, it is desireable to 
consider moving to a bigger cryostat. If this is done, two further alter-
ations ought to be made. Firstly, collimating optics should be added; 
this will improve both the resolution and the transmission of the F-P. 
Secondly, the parallelism adjusting screws, at present, face the liquid-
helium surface. This means that the entire F-P has to be removed from 
the cryostat in order to align the grids parallel to each other. Opera-
tion of the instrument would be greatly simplified if it were to be 
'inverted1 so that the differential screws are accessible when the F-P is 
in position inside the dewar. 

Looking further forward to possible future developments, several 
other points deserve mentioning. The sensitivity of the system will be 
increased when the Low bolometers, currently used, are replaced by gallium-
doped germanium photoconductive detectors. The Imperial College Balloon 
Astronomy Group have recently purchased one of the latter, and laboratory 
testing of it will shortly be started. For wavelength calibration of the 
F-P in flight, a gas cell and a black body (cf. Storey, Watson and Townes, 
1980) ought to be added to the payload. A flip-in mirror would allow the 
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F-P to view the black body through an absorption cell, containing a gas 
with absorption lines at known wavelengths. 

The next point concerns the metal grids themselves. Chanin (private 
communication, 1979) says that metal mesh F-P's will be limited in resol-
ution by the intrinsic irregularities of the grids themselves. He meas-
ures the thickness variation of the meshes as about 40%-50% of the mean 
thickness. Rousseau and Setton (1978) solve a similar problem by embedd-
ing metal grids in epoxy cement, polishing them flat and then dissolving 
away the glue. However, their grids are coarser and thicker than those 
used in this work and the polishing technique may not be applicable to 
the thinner grids. Another method of improving the flatness of the 
reflecting surfaces is to deposit a mesh onto an optically flat substrate. 
The author has briefly experimented in this field, using two different 
techniques. In each case an electroformed grid was used as a mask. The 
first technique was to deposit common salt onto the substrate through the 
mesh and then remove the mesh before depositing aluminium. When the sub-
strate was washed in water, the aluminium on top of the salt came away, 
leaving the image of the original mesh. Figure 7.1(a) is a photograph of 
a 30 £.p.i. grid deposited this way. The results are impressive but the 
presence of some little fillets of metal in the corners of the apertures 
shows that this technique is not useable for very fine grids. Thus, a 
second technique, using standard photo-lithographic methods, was tried. 
Figure 7.1(b) shows a 1000 £.p.i. aluminium mesh deposited on crystal 
quartz in this way. These grids look very promising and it is strongly 
recommended that they be tried in an F-P as soon as possible. 

Another possible future development would be to observe several lines 
simultaneously. The telescope beam could be passed through the main scan-
ning F-P and then split up into different wavebands by restrahlung reflect-
ions (or other means, e.g. possibly the single mesh narrow-bandpass filters 
of Sakai and Yoshida, 1978). Each channel would contain an order-sorting 
F-P tuned to a particular line, and its own detector. An arrangement such 
as this would make extremely efficient use of observing time. This is 
essential for a balloon flight. 

Infrared line astronomy is still a very new area of research but the 
wealth of information contained in these lines is certain to ensure con-
tinued growth of both interest and effort. It is hoped that the instru-
mental base, laid in this thesis, will contribute, in a small way, to 
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this process. The pioneering phase of astronomical infrared line studies 
is nearly over and the subject is rapidly becoming an established and 
productive branch of modern astrophysics. 

THE END 
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Tertiary Mirror Chopper 

The development and test programme of a focal-plane chopper for the 
IC balloon telescope is described in this appendix. 

A.l Introduction 

Chopping may be accomplished in many different ways. Two methods 
were considered in some detail for the IC Telescope. Firstly, the second-
ary mirror may be rocked to-and-fro and secondly, an additional mirror in 
the focal plane may be moved. Although it requires a third mirror, tert-
iary chopping was eventually chosen in preference to wobbling the large 
(13.6 diameter) and heavy (6 kg) secondary mirror. To minimise the move-
ment of the telescope beam across the primary mirror, parallel, rather 
than angular motion of the chopper flat is used, even though this causes 
some defocussingin the focal plane. In addition to the normal chopper 
design criteria of amplitude (and frequency) stability and freedom from 
microphony, a balloon instrument must have exceptional reliability, low 
power consumption and be undisturbed by changes in ambient temperature 
and pressure. After consideration of several other ideas, an electro-
mechanically-resonant design, based upon a parallel spring movement, was 
adopted. This design is outlined in the following two sections. 

A.2 Parallel Spring Movements 

A parallel spring movement (figure A.l(a) consists of two identical, 
flat, rectangular springs, A and A^, held parallel to each other and 
clamped to opposite sides of two rectangular blocks, B and P. If the 
base, B, is secured, the application of a force, F, to the platform, P, 
causes the latter to move sideways, whilst remaining parallel to B, (see 
figure A.l(b)(i)). It should be noted that the motion, although parallel, 
is not rectilinear because P drops towards B. Measurements of the paral-
lelism of the motion of this and similar arrangements are reported by 
Jones (1951). In addition to the desired S-bending of the springs, there 
may also be some cantilevering, (figure A.l (b) (ii)), which can be mini-
mised (Jones and Young, 1956) by driving at the centre of the free length 
of the springs (figure A.1(b) (iii)) . The same authors also discuss 
design and constructional criteria for maximising the parallelism of the 
motion. 
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To make t h e most e f f i c i e n t u s e o f o b s e r v i n g t i m e , two d e t e c t o r s a r e 

u s e d and t h e c e l e s t i a l s o u r c e i s c h o p p e d f r o m one t o t h e o t h e r . B e h i n d 

t h e p r i m a r y m i r r o r , t h e beam i s t u r n e d t h r o u g h 90° i n t o t h e dewar w i t h 

t h e f l a t t e r t i a r y c h o p p e r m i r r o r . To a c h i e v e t h e d e s i r e d c h o p , i t i s 

n e c e s s a r y t o move t h e f l a t n e a r l y 5mm a l o n g i t s a x i s w h i l e k e e p i n g i t 

p a r a l l e l t o i t s o r i g i n a l p o s i t i o n . T h i s i s a c c o m p l i s h e d u s i n g t h e 

d e s i g n shown i n f i g u r e A . 2 ( t a k e n f r o m J o s e p h e t a L , 1977, c f . A p p e n d i x 

C ) . 

I n o r d e r t o r e d u c e t h e v i b r a t i o n t r a n s f e r r e d t o t h e t e l e s c o p e 

s t r u c t u r e ( m i c r o p h o n i c s ) , momentum must be c o n s e r v e d i n t e r n a l l y . I n t h e 

y - d i r e c t i o n ( f i g u r e A . 2 ) , t h i s i s d o n e b y d r i v i n g two i d e n t i c a l m i r r o r 

c a r r i a g e s a g a i n s t e a c h o t h e r i n a n t i p h a s e . Due t o t h e n o n - r e c t i l i n e a r i t y 

o f t h e d e v i c e , t h e p l a t f o r m s a l s o move i n t h e x — d i r e c t i o n . H o w e v e r , 

t h i s m o t i o n i s v e r y s m a l l compared t o t h a t i n t h e o t h e r d i r e c t i o n and so 

no a t t e m p t i s made t o b a l a n c e t h e c h o p p e r i n t h i s p l a n e . The m i r r o r s 

u s e d a r e d i a m o n d - t u r n e d a l u m i n i u m ( H e l i o t r o p e L t d . ) w i t h a t h i n g o l d 

c o a t i n g . T h e y a r e k i n e m a t i c a l l y mounted i n t h e i r w e i g h t - r e l i e v e d c e l l s . 

The s y s t e m i s made e l e c t r o m e c h a n i c a l l y r e s o n a n t b y u s i n g a d r i v e s i g n a l 

d e r i v e d f r o m t h e m o t i o n o f o n e o f t h e c a r r i a g e s . T h i s movement i s mon-

i t o r e d b y a magnet , f i x e d t o t h e m i r r o r c e l l , mov ing a c r o s s a m a g n e t o -

r e s i s t i v e s e n s o r . The e l e c t r o n i c s w e r e d e s i g n e d and b u i l t b y Mr J . A l l e n 

and a r e shown i n b l o c k d i a g r a m m a t i c f o r m i n f i g u r e A . 3 . The c o i l and 

d r i v e magnet a r e b o t h mounted o n r i g i d e x t e n s i o n s t o t h e m i r r o r c a r r i a g e s , 

so t h a t t h e f o r c e a c t s a t t h e c e n t r e o f t h e s p r i n g s , t h e r e b y m a x i m i s i n g 

t h e p a r a l l e l i s m o f t h e m o t i o n . 

A . 4 P e r f o r m a n c e T r i a l s 

The n a t u r a l f r e q u e n c y , f Q , o f t h e m i r r o r a s s e m b l i e s was a d j u s t e d 

s e m i - e m p i r i c a l l y t o t h e d e s i r e d r a n g e o f 10 Hz - 20 Hz b y a l t e r i n g t h e 

t h i c k n e s s , t , o f t h e s p r i n g s . T h i s i s n o t a p a r t i c u l a r l y s e n s i t i v e 

method b e c a u s e f Q i s a s t r o n g f u n c t i o n o f t ( f Q « t ^ ^ ) and a l s o s h i m 

s t o c k o n l y comes i n s t a n d a r d g a u g e s . F o r f i n e f r e q u e n c y t u n i n g , a d d -

i t i o n a l mass i s added t o t h e c a r r i a g e . T h i s a d j u s t m e n t i s n o t e a s y 

b e c a u s e t h e r e s o n a n t f r e q u e n c y i s n o t o n l y s e n s i t i v e t o t h e t o t a l mass 

b u t a l s o t o i t s d i s t r i b u t i o n . 

The m a j o r p r o b l e m w i t h t h e c h o p p e r was t h a t changes i n e i t h e r 
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o r i e n t a t i o n o r c o u p l i n g t o i t s s u r r o u n d i n g s c o u l d c a u s e t h e two c a r r -

i a g e s , w h o s e a m p l i t u d e s h a d p r e v i o u s l y b e e n s t a b l e a n d e q u a l , t o go i n t o 

e i t h e r a b e a t i n g o r a s t a b l e - b u t - u n e q u a l a m p l i t u d e mode. T h i s was assumed 

t o be c a u s e d b y v a r i a t i o n s i n t h e 'amount 1 and p h a s e o f t h e e n e r g y b e i n g 

c o u p l e d f r o m one c a r r i a g e t o t h e o t h e r ; t h e c a r r i a g e s h a v i n g d i f f e r e n t 

r e s o n a n t f r e q u e n c i e s and Q - c u r v e s s h a r p e n o u g h t o p e r m i t t h e s y s t e m t o 

o p e r a t e on e i t h e r p e a k o r t o b e a t b e t w e e n them. A c c u r a t e measurements 

o f t h e i n d i v i d u a l n a t u r a l f r e q u e n c i e s and o f t h e Q f o r t h e p h o s p h o r -

b r o n z e s p r i n g s showed t h a t t h e r e s o n a n t f r e q u e n c i e s w e r e s e p a r a t e d b y more 

t h a n t h e FWHM o f t h e Q - c u r v e . Two a p p r o a c h e s w e r e u s e d t o i m p r o v e t h e 

c h o p p e r p e r f o r m a n c e . F i r s t l y , a t t e m p t s w e r e made t o r e d u c e Q and 

s e c o n d l y , d i f f e r e n t c o u p l i n g s b e t w e e n t h e two c a r r i a g e - s p r i n g a s s e m b l i e s 

w e r e t r i e d . 

T o a t t e m p t t o w i d e n t h e r e s o n a n c e c u r v e s , s p r i n g s o f m a t e r i a l s w i t h 

h i g h e r damping c a p a c i t i e s w e r e u s e d . T h e r e s u l t s o f t h i s a r e as f o l l o w s : 

P h o s p h o r b r o n z e , Q ^ 330, M i l d s t e e l , ^ 180; A l u m i n i u m , 'v* 100. H o w e v e r , 

t h e a l u m i n i u m s p r i n g s f a t i g u e and b r e a k a f t e r 2 h r s - 4 h r s o f o p e r a t i o n . 

T h e m i l d s t e e l s p r i n g s a l s o s u f f e r f r o m f a t i g u e a n d , i n a d d i t i o n , show 

no i m p r o v e m e n t i n a m p l i t u d e s t a b i l i t y o v e r t h e p h o s p h o r b r o n z e o n e s . 

T h u s , i t was d e c i d e d t o r e t a i n t h e l a t t e r and t o i n v e s t i g a t e d i s s i p a t i v e 

methods o f s p o i l i n g Q . F r i c t i o n a l damping - w i t h a l e v e r s p r i n g o n one 

c a r r i a g e , p r e s s i n g down o n a p a d o n t h e o t h e r - r e d u c e s t h e s e n s i t i v i t y 

t o b e a t i n g b u t d o e s n o t e l i m i n a t e t h e p r o b l e m . I t a l s o l e a d s t o l o n g -

t e r m a m p l i t u d e f l u c t u a t i o n s d u e t o u n e v e n w e a r i n t h e p a d . T h e Q o f t h e 

s y s t e m c a n be r e d u c e d t o 200 b y u s i n g e l e c t r i c a l d a m p i n g . I n summary, 

methods o f s p o i l i n g Q do n o t s o l v e t h e p r o b l e m and so t h e s e c o n d a p p r o a c h 

was a d o p t e d . 

On a t o t a l l y e m p i r i c a l b a s i s , many d i f f e r e n t m e c h a n i c a l a r r a n g e m e n t s 

w e r e t r i e d i n o r d e r t o c o n t r o l t h e c o u p l i n g b e t w e e n t h e two c a r r i a g e s . 

T h e b e s t r e s u l t s o c c u r when t h e c h o p p e r i s c lamped a t t h e c e n t r e o f i t s 

b a s e b e t w e e n two p i e c e s o f s i l i c o n e r u b b e r and t h e e n t i r e a s s e m b l y i n s u l -

a t e d f r o m t h e t e l e s c o p e s t r u c t u r e w i t h a n o t h e r p i e c e o f r u b b e r . W i t h 

t h i s c o n f i g u r a t i o n , t h e a m p l i t u d e i s s t a b l e t o one p a r t i n 300 and a l t h o u g h 

t h e r e a r e s t i l l c h a n g e s i n a m p l i t u d e w i t h o r i e n t a t i o n , i t was d e c i d e d t o 

f l y t h e c h o p p e r i n t h i s f o r m w i t h no d a m p i n g . F i g u r e A . 4 shows t h e 

c h o p p e r i n p o s i t i o n a l o n g s i d e t h e d e w a r . 

O t h e r m e c h a n i c a l t r i a l s o f t h e c h o p p e r i n c l u d e p a r a l l e l i s m c h e c k s , 

t o g e t h e r w i t h vacuum and t h e r m a l r u n s . The p a r a l l e l i s m o f t h e m o t i o n i s 
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The Tertiary Chopper and Dewar Ready for Flight. 
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a d e q u a t e ; t h e t i l t i s l e s s t h a n 10" f o r a chop a m p l i t u d e o f 3 f . Vacuum 

t e s t s show t h a t t h e f r e q u e n c y change i s l e s s t h a n 1% f o r a d r o p i n 

p r e s s u r e f r o m 760 t o r r t o 2 t o r r . I n t h e r m a l t e s t s b e t w e e n - 7 0 ° C and 

+20°C, t h e change i n f r e q u e n c y was < 3% and t h e t o t a l change i n Q was 

a b o u t 10%. The c h a n g e i n Q shows no s y s t e m a t i c t r e n d w i t h t e m p e r a t u r e 

and so i t i s l i k e l y t h a t t h i s i s due t o o t h e r e f f e c t s e . g . v a r y i n g amounts 

o f i c e o n t h e c h o p p e r e t c . 

The' f i g u r e o f t h e a l u m i n i u m m i r r o r s was i n v e s t i g a t e d b y t h e a u t h o r 

w i t h a T w y m a n - G r e e n I n t e r f e r o m e t e r . T h i s w o r k i s r e p o r t e d i n d e t a i l i n 

S u g d e n ( 1 9 7 8 ) . A l l o f t h e m i r r o r s h a v e a s a d d l e - s h a p e d s u r f a c e . T h e 

b e s t has a c e n t r e - t o - e d g e f l a t n e s s e r r o r o f a b o u t l y m . A n i n t e r f e r e n c e 

m i c r o s c o p e was u s e d t o e x a m i n e t h e s u r f a c e m i c r o s t r u c t u r e . T u r n i n g marks 

show up as t h i n l i n e s a c r o s s t h e m a i n f r i n g e s and a r e a b o u t X ^ /20 w i d e . 

A . 5 C o n c l u s i o n s 

The a b j e c t f a i l u r e o f t h e M a r c o n i S t a b i l i s e d B a l l o o n P l a t f o r m i n 

two f l i g h t s i n 1976 p r e v e n t e d f u l l f l i g h t t r i a l s o f t h e c h o p p e r . N e v e r -

t h e l e s s , t h e a v a i l a b l e d a t a show a d e q u a t e p e r f o r m a n c e t o t h e l i m i t o f t h e 

t e s t i n g ( J o s e p h e t a l , 1977; S u g d e n , 1 9 7 8 ) . 

T h e c h o p p e r has two m a j o r d i s a d v a n t a g e s , w h i c h a r e common t o a l l 

r e s o n a n t s y s t e m s . F i r s t l y , i t s u f f e r s a s t a t i c d e f l e c t i o n u n d e r i t s own 

w e i g h t . T h i s d e f l e c t i o n a l t e r s w i t h t e l e s c o p e e l e v a t i o n and r o l l , t h u s 

c a u s i n g a s l o w change i n i n s t r u m e n t a l o f f s e t . To e l i m i n a t e t h e e f f e c t 

o f e l e v a t i o n upon s t a t i c d e f l e c t i o n r e q u i r e s o n l y a s m a l l d e s i g n c h a n g e , 

n a m e l y , r o t a t i n g t h e c h o p p e r t h r o u g h 45° so t h a t i t s d i r e c t i o n o f v i b -

r a t i o n i s p a r a l l e l t o t h e e l e v a t i o n a x i s . The c h o p p e r m i r r o r w o u l d a l s o 

h a v e t o b e t u r n e d t h r o u g h 45° w i t h r e s p e c t t o t h e d i r e c t i o n o f m o t i o n . 

S t a t i c d e f l e c t i o n may be e n t i r e l y p r e v e n t e d b y c o u p l i n g t h e c a r r i a g e s 

t o g e t h e r and d r i v i n g a g a i n s t a f i x e d p o i n t . S e c o n d l y , t h e a m p l i t u d e o f 

t h e o s c i l l a t i o n i s v e r y e a s i l y p e r t u r b e d . T h e s e a m p l i t u d e f l u c t u a t i o n s 

c a u s e c h a n g e s i n t h e c h o p p e d o f f s e t , w h i c h i n c r e a s e s t h e s y s t e m n o i s e . 

A t e c h n i q u e has b e e n d e v e l o p e d f o r a n o t h e r r e s o n a n t c h o p p e r ( R o s e n , 1981 ) , 

t h a t r e d u c e s t h i s n o i s e t o b e l o w d e t e c t o r n o i s e , b y m o n i t o r i n g t h e amp-

l i t u d e f l u c t u a t i o n s and a d d i n g them i n a n t i - p h a s e t o t h e s i g n a l . 

T o c o n c l u d e , i t has b e e n shown t h a t w i t h a q u i e t and s t a b l e b a l l o o n 

p l a t f o r m and t h e u s e o f t h e a b o v e b u c k i n g s y s t e m , t h e t e r t i a r y m i r r o r 

c h o p p e r i s u s e a b l e f o r t h e I C p h o t o m e t r y p rogramme. 
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A . 6 P o s t s c r i p t 

A s e c o n d a r y m i r r o r c h o p p e r was b u i l t f o r t h e s e c o n d f l i g h t c a m p a i g n 

i n 1979. T h i s was d o n e f o r t h e f o l l o w i n g r e a s o n s . F i r s t l y , two d e w a r s 

w e r e t o b e f l o w n a n d i t i s n o t e a s y t o f i t two c r y o s t a t s , a b e a m - s w i t c h i n g 

m i r r o r and a t e r t i a r y c h o p p e r b e h i n d t h e p r i m a r y m i r r o r . S e c o n d l y , t h e 

i n s t r u m e n t a t i o n f o r a t h i r d c a m p a i g n may i n c l u d e a p o l a r i m e t e r , and t h i s 

c a n n o t t o l e r a t e r e f l e c t i o n s o f f p l a n e s u r f a c e s . T h i r d l y , a s e c o n d a r y 

m i r r o r c h o p p e r does n o t d e f o c u s a c r o s s a c h o p . 
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J H K L M O b s e r v a t i o n s o f N o v a C y g n i 1978 

T h i s a p p e n d i x p r e s e n t s some l y m - 5ym s p e c t r o p h o t o m e t r i e o b s e r v a -

t i o n s o f N o v a C y g n i 1978 t h a t w e r e made i n t h e p e r i o d 16 -28 O c t o b e r 1978. 

T h e i n s t r u m e n t a t i o n , o b s e r v a t i o n a l p r o c e d u r e and d a t a r e d u c t i o n a r e 

d e s c r i b e d and t h e r e s u l t s a r e b r i e f l y d i s c u s s e d . F u r t h e r i n t e r p r e t a t i v e 

w o r k o n t h i s d a t a and t h e m o r e e x t e n s i v e o b s e r v a t i o n s r e p o r t e d b y G e h r z 

e t a l . (1980a) i s s t i l l i n p r o g r e s s . 

B . l I n t r o d u c t i o n 

As m e n t i o n e d i n s e c t i o n 5 . 3 . 1 , no l i q u i d h e l i u m was d e l i v e r e d t o t h e 

I n f r a r e d F l u x C o l l e c t o r ( I R F C ) i n T e n e r i f e u n t i l t h e l a s t n i g h t o f t h e 

O c t o b e r 1978 o b s e r v i n g t r i p . T h u s , i t was i m p o s s i b l e t o c a r r y o u t a n y -

o f t h e p l a n n e d l O y m programmes and so o b s e r v a t i o n s w e r e made b e t w e e n l y m 

and 5ym u s i n g a l i q u i d - n i t r o g e n - c o o l e d p h o t o v o l t a i c d e t e c t o r b e l o n g i n g 

t o D r M . J . S e l b y and r e s i d e n t i n T e n e r i f e . 

A l l n e c e s s a r y f i n d i n g c h a r t s f o r N o v a C y g n i 1978 w e r e p r e p a r e d 

b e f o r e l e a v i n g L o n d o n b e c a u s e i t was p l a n n e d t o o b s e r v e t h e e a r l y 

s p e c t r a l d e v e l o p m e n t o f t h e n o v a w i t h t h e lOym F - P . The i n t e r e s t i n 

t h i s n o v a a r o s e f r o m t h e s u g g e s t i o n b y F e r l a n d and S h i e l d s (1978) t h a t 

t h e weak lOym e x c e s s i n t h e l a t e d e v e l o p m e n t o f N o v a C y g n i 1975 ( E n n i s 

e t a l . , 1977) m i g h t be due t o f i n e s t r u c t u r e [ N e l l ] e m i s s i o n . 

B . 2 I n s t r u m e n t a t i o n 

The C a b e z o n O b s e r v a t o r y o f t h e U n i v e r s i t y o f L a L a g u n a , T e n e r i f e 

i s a t an a l t i t u d e o f 2400m a n d a p o s i t i o n o f 28 1 7 ' 3 2 " l a t i t u d e a n d 

1 ^ 0 5 m 4 8 ? l l o n g i t u d e . The I R F C i s t h e l a r g e s t t e l e s c o p e o n t h e s i t e a n d , 

f o r t h e s e o b s e r v a t i o n s , t h e f / 1 3 . 6 C a s s e g r a i n f o c u s was u s e d . A c a s t 

a l u m i n i u m c a g e i s a t t a c h e d u n d e r n e a t h t h e p r i m a r y m i r r o r . T h e t e l e s c o p e 

beam i s t u r n e d t h r o u g h 180° b y a t w o - m i r r o r c h o p p e r ( a m o d i f i e d v e r s i o n 

o f t h a t d e s c r i b e d b y J o r d e n e_t a l . , 1 9 7 6 ) , mounted on t h e b a s e o f t h e 

c a g e , and c h a n n e l e d i n t o a b o t t o m - e n t r y c r y o s t a t ( f i g u r e B . l ) . T h e 

l i q u i d - n i t r o g e n d e w a r c o n t a i n s an I n d i u m A n t i m o n i d e p h o t o v o l t a i c d e t e c t o r 

w i t h two s w i t c h a b l e l o a d r e s i s t o r s and a f i l t e r w h e e l c o n t a i n i n g f i v e 

f i l t e r s and a b l a n k . T a b l e B . l l i s t s t h e p a s s b a n d s o f t h e s e f i l t e r s . 
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T e n e r i f e P h o t o m e t r y S e t - U p . 
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b 
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- 1 . 7 3 2 . 6 e 1080 
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e, 
•2.04 2.91 245 

b 
- 1 . 7 3 2 .95 155 
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A beam s i z e o f 15" was c h o s e n f o r t h i s w o r k . T h e s i g n a l f r o m t h e 

d e t e c t o r p a s s e s t h r o u g h a p r e a m p l i f i e r ( g a i n x l O O O ) , mounted on t h e s i d e 

o f t h e dewar and i n t o a n I t h a c o l o c k - i n a m p l i f i e r , a t t a c h e d t o t h e p h o t o -

m e t e r c a g e . T h e p h a s e - s e n s i t i v e l y - d e t e c t e d o u t p u t i s t a k e n o f f t h e 

t e l e s c o p e t h r o u g h a b u f f e r w i t h a g a i n o f x 2 and i s t h e n d i s p l a y e d on a 

c h a r t r e c o r d e r and a l s o p r e s e n t e d t o a NOVA m i n i c o m p u t e r t h r o u g h a CAMAC 

a n a l o g u e - t o - d i g i t a l c o n v e r t e r . A s t a n d a r d p h o t o m e t r y programme n u m e r i c -

a l l y i n t e g r a t e s o v e r many n o d c y c l e s and p r o v i d e s r e a l - t i m e s i g n a l - t o -

n o i s e i n f o r m a t i o n . A d i c h r o i c m i r r o r i n t h e c h o p p e r ( c f . f i g u r e B . l ) 

d i v e r t s t h e o p t i c a l r a d i a t i o n t o a n e y e p i e c e f o r g u i d i n g . Two a u x i l i a r y 

t e l e s c o p e s a r e p r o v i d e d f o r f i n d i n g , a 4 " r e f r a c t o r w i t h a f i e l d o f 

v i e w and a 10" r e f l e c t o r w i t h a 15T f i e l d o f v i e w . 

B . 3 O b s e r v a t i o n a l P r o c e d u r e s 

S t a n d a r d s e t t i n g - u p p r o c e d u r e s a r e u s e d . The dewar i s t o p p e d up 

w i t h l i q u i d n i t r o g e n b e f o r e t h e I n S b d e t e c t o r i s h y p e r s e n s i t i s e d b y 

J - f l a s h i n g . T h e i m p e d a n c e a n d n o i s e o f t h e d e t e c t o r a r e c h e c k e d , o n c e 

t h e b i a s h a s b e e n s e t . N e x t , t h e t e l e s c o p e i s f o c u s s e d b y s c a n n i n g 

a c r o s s a s m a l l s o u r c e and a d j u s t i n g t h e p o s i t i o n o f t h e s e c o n d a r y m i r r o r 

u n t i l t h e s i g n a l i s a t maximum and t h e beam p r o f i l e h a s s t e e p s i d e s and 

a f l a t t o p . T h e f r e q u e n c y a n d a m p l i t u d e o f t h e c h o p p e r a r e s e t a n d t h e 

p o s i t i o n s o f t h e i n f r a r e d beams w i t h r e s p e c t t o t h e v i s i b l e image i n 

t h e g u i d e e y e p i e c e c a r e f u l l y n o t e d . N e x t , t h e two f i n d i n g t e l e s c o p e s 

a r e a l i g n e d w i t h t h e I R F C . 

T h e n o v a was f o u n d b y m a n u a l l y s l e w i n g t h e t e l e s c o p e t o r o u g h l y t h e 

p o s i t i o n o f a C y g n i . When t h i s s t a r had b e e n f o u n d , i t was c e n t r e d up 

i n t h e f i e l d o f v i e w o f t h e I K F C a i id t h e t e l e s c o p e p o s i t i o n r e a d o u t s 

w e r e r e s e t t o t h e c o r r e c t v a l u e s . T h e n t h e I K F C was moved t o t h e p o s i t i o n 

o f a n SAO s t a r n e a r t o t h e n o v a . T h e 4 " t e l e s c o p e was u s e d t o i d e n t i f y 

t h e s t a r f i e l d and t h e SAO s t a r was c e n t r e d u p . T h e n , a f t e r t h e p o s i t i o n 

r e a d o u t s had b e e n c o r r e c t e d , t h e t e l e s c o p e was o f f s e t t o t h e n o v a p o s i t i o n 

and t h e g u i d i n g c o n t r o l s u s e d t o p l a c e t h e n o v a i n t h e c e n t r e o f one o f 

t h e i n f r a r e d beams. 

O b s e r v a t i o n s o f N o v a C y g n i 1978 w e r e o n l y p o s s i b l e o n s i x n i g h t s 

b e t w e e n 1 6 t h and 2 8 t h O c t o b e r a n d , on some o f t h e s e n i g h t s , c o n d i t i o n s 

w e r e f a r f r o m i d e a l . T h e d a t a o b t a i n e d o n t h e f i r s t and t h i r d n i g h t s 

a r e p a r t i c u l a r l y p o o r and a r e n o t u s e d i n a n y o f t h e a n a l y s i s . T h e 

u s u a l s e q u e n c e o f e v e n t s was a c a l i b r a t i o n r u n o n t h e n e a r b y s t a r , 
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a C y g n i a t a l l w a v e l e n g t h s , a s t u d y r u n on t h e n o v a and t h e n a n o t h e r 

c a l i b r a t i o n r u n o n a C y g . H o w e v e r o n t h e 1 9 t h / 2 0 t h , $ Andromeda was 

u s e d f o r c a l i b r a t i o n . On t h e l a s t n i g h t , <r C y g was t h e c a l i b r a t i o n 

o b j e c t b u t two o b s e r v a t i o n s o f n C y g w e r e u s e d f o r t h e a t m o s p h e r i c 

e x t i n c t i o n c o r r e c t i o n ( s e e b e l o w ) . 

B . 4 D a t a R e d u c t i o n 

B o t h t h e o u t p u t f r o m t h e c o m p u t e r and t h e d e f l e c t i o n s o n t h e c h a r t 

r e c o r d a r e p r o p o r t i o n a l t o t h e e n e r g y , L , f r o m e i t h e r t h e o b j e c t o r t h e 

c a l i b r a t i o n s o u r c e . T h u s , i f t h e a p p a r e n t m a g n i t u d e , ®q» o f t h e l a t t e r 

i s k n o w n , t h e n t h e a p p a r e n t m a g n i t u d e o f t h e o b j e c t , m 0 , c a n b e f o u n d 

f r o m , 

mQ =» m c + 2 . 5 l o g ( L c / L 0 ) . B . l 

T h e m a g n i t u d e s o f cr Cyg a n d $ And i n t h e I C p a s s b a n d s ( t a b l e B . l ) w e r e 

o b t a i n e d b y i n t e r p o l a t i o n f r o m a l i s t o f t h e a p p a r e n t m a g n i t u d e s o f 

s t a n d a r d s t a r s a t c e r t a i n w a v e l e n g t h s . 

Once t h e m a g n i t u d e o f t h e n o v a has b e e n f o u n d f r o m e q u a t i o n B . l , 

two c o r r e c t i o n s m u s t b e a p p l i e d . T h i s f i r s t i s t o t a k e a c c o u n t o f 

a t m o s p h e r i c e x t i n c t i o n . T h e two o b s e r v a t i o n s o f t h e c a l i b r a t i o n s t a r 

a r e t a k e n a t d i f f e r e n t a i r m a s s e s and so t h e e x t i n c t i o n , i n m a g n i t u d e s 

p e r a i r m a s s , may b e e v a l u a t e d . T a b l e B . 2 l i s t s t h e o b s e r v e d m a g n i t u d e s , 

c o r r e c t e d f o r a t m o s p h e r i c e x t i n c t i o n , o f t h e n o v a f o r s i x n i g h t s . T h e 

e r r o r s q u o t e d a r e t h e r a n d o m e r r o r s i n t h e s a m p l i n g . T h e n o v a m a g n i t u d e s 

a r e p r o b a b l y s l i g h t l y more u n c e r t a i n due t o t h e v a r i a b i l i t y o f t h e 

e x t i n c t i o n . T h i s was o b s e r v e d t o v a r y b y up t o a f a c t o r o f 2 o v e r 

p e r i o d s o f 5 h o u r s and t h u s makes t h e c o r r e c t i o n s e q u a l l y u n c e r t a i n . 

H o w e v e r , t h i s i s n o t a s e r i o u s p r o b l e m b e c a u s e t h e c o r r e c t i o n s t o b e 

a p p l i e d a r e o n l y a f e w h u n d r e d t h s o f a m a g n i t u d e o w i n g t o t h e p r o x i m i t y 

o n t h e s k y o f t h e n o v a and c a l i b r a t i o n s t a r . No a c c o u n t was t a k e n o f 

t h e v a r i a t i o n o f e f f e c t i v e w a v e l e n g t h o f t h e f i l t e r w i t h t h e t e m p e r a t u r e 

o f t h e o b j e c t as t h i s i s a s m a l l e f f e c t . T h e d a t a o b t a i n e d f r o m t h e 

c h a r t r e c o r d and f r o m t h e c o m p u t e r o u t p u t w e r e r e d u c e d i n d e p e n d e n t l y 

t o p r o v i d e a c r o s s - c h e c k . I n a l l c a s e s , t h e f i n a l m a g n i t u d e s a g r e e d t o 

b e t t e r t h a n 0 . 3 % ; t h e s m a l l e r o f t h e two was u s e d f o r s u b s e q u e n t c a l -

c u l a t i o n s . 



DAYS PAST MAGNITUDE A T D I F F E R E N T WAVELENGTHS X T c S., ( J y ) I R F L U X m um 

INTEGRATED 

FLUX 

-1 -2y DATE MAXIMUM J H K L M (ym) ( K ) ( e r g s s cm ) 

O c t 16/17 35.A 7 . 3 2 ± 0 . 0 1 7 . 1 5 ± 0 . 0 1 6 . 1 7 ± 0 . 0 2 4 . 2 8 ± 0 . 0 4 3 . 4 5 ± 0 . 2 7 -

O c t 19/20 3 8 . 5 7 . 0 8 ± 0 . 0 5 6 . 8 6 ± 0 . 0 1 5 . 6 3 ± 0 . 0 6 3 . 6 7 ± 0 . 1 6 2 . 9 3 ± 0 . 3 0 4 . 8 1062 9 . 2 9 . 3 x l 0 ~ 9 

O c t 22/23 4 1 . 4 7 . 3 8 + 0 . 0 5 7 . 5 5 + 0 . 0 6 5 . 7 8 + 0 . 0 4 3 . 7 3 + 0 . 0 8 2 . 9 7 + 0 . 2 2 -

O c t 24/25 4 3 . 4 7 . 4 8 ± 0 . 0 1 6 . 7 1 ± 0 . 0 1 5 . 4 1 ± 0 . 0 1 3 . 3 1 ± 0 . 0 1 2 . 7 2 ± 0 . 2 3 4 . 8 7 1047 1 3 . 0 1 3 . 0 x l 0 ~ 9 

O c t 26/27 4 5 . 4 7 . 5 3 ± 0 . 0 1 6 . 7 5 ± 0 . 0 1 5 . 3 2 ± 0 . 0 1 3 . 1 9 ± 0 . 0 5 2 . 6 4 ± 0 . 0 8 4 . 9 5 1030 1 4 . 3 1 4 . 0 x l 0 ~ 9 

O c t 27/28 4 6 . 4 7 . 6 1 ± 0 . 0 1 6 . 8 0 ± 0 . 0 1 5 . 4 0 ± 0 . 0 1 3 . 1 9 ± 0 . 0 5 2 . 5 3 ± 0 . 3 3 5 . 0 5 1010 1 5 . 3 1 4 . 7 x l 0 ~ 9 
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The s e c o n d c o r r e c t i o n i s n e c e s s i t a t e d b y t h e p r e s e n c e o f i n t e r s t e l l a r 

d u s t . T h i s b o t h weakens and r e d d e n s s t a r l i g h t . T h e v a l u e o f t h e r a t i o , 

R , o f t h e t o t a l e x t i n c t i o n i n m a g n i t u d e s i n t h e V - p h o t o m e t r i c b a n d (Ay.) 

t o t h e s e l e c t i v e a b s o r p t i o n o r c o l o u r e x c e s s ( E g . y - A^ - A ^ ) h a s b e e n 

t h e s u b j e c t o f c o n s i d e r a b l e d e b a t e . J o h n s o n ( 1 9 6 8 ) , among o t h e r s , m a i n -

t a i n s t h a t R d e p e n d s o n g a l a c t i c l o n g i t u d e and l i e s b e t w e e n 3 a n d 6 . 

H o w e v e r , many o t h e r a u t h o r s ( e . g . S c h u l t z and W i e n e r , 1975 and r e f e r e n c e s 

t h e r e i n ) c o n c l u d e t h a t a mean r e d d e n i n g l a w e x i s t s f o r a l l d i r e c t i o n s i n 

t h e g a l a x y . A v a l u e f o r R o f 2 . 9 8 ( N a n d y e t a l . , 1975) has b e e n a d o p t e d 

f o r t h i s w o r k . W . P . S . M e i k l e ( p r i v a t e c o m m u n i c a t i o n , 1979) p r o d u c e d a 

w e i g h t e d mean f o r i n f r a r e d c o l o u r e x c e s s r a t i o s f r o m t h e r e c e n t l i t e r a -

t u r e . F o r m o s t w a v e b a n d s , t h e s e a r e v e r y s i m i l a r t o t h o s e o b t a i n e d f r o m 

V a n d e r H u l s t c u r v e n o . 1 5 ( J o h n s o n , 1968) and so t h e l a t t e r w e r e u s e d 

( c o l u m n 6 o f t a b l e B . l ) . 

T h e d e r e d d e n e d n o v a m a g n i t u d e s w e r e c o n v e r t e d t o f l u x e s u s i n g t h e 

d a t a o f Thomas je t a l . (1973) f o r t h e f l u x f r o m a 0?0 s t a r ( t a b l e B . l ) . 

A R a y l e i g h - J e a n s s p e c t r u m , e q u a t e d t o t h e f l u x d e n s i t y a t J , was s u b -

t r a c t e d f r o m t h e r a w n o v a s p e c t r u m . ( T h i s i s f u r t h e r d i s c u s s e d l a t e r . ) 

B l a c k b o d y c u r v e s w e r e f i t t e d b y e y e t o t h e r e s u l t i n g s p e c t r u m as shown 

i n f i g u r e B . 2 . The q u a l i t y o f t h e f i t was n o t s i g n i f i c a n t l y a l t e r e d as 

t h e d a t a was p r o c e s s e d f o r v a l u e s o f E_ TT f r o m 0 . 3 t o 1 . 2 . Thus i j—v 
E_ - 0 . 4 ( S l o v a k a n d V o g t , 1979) was a d o p t e d f o r a l l f u r t h e r a n a l y s i s , 

ij—v 

A c o l o u r t e m p e r a t u r e , T c , was o b t a i n e d f r o m t h e b l a c k b o d y c u r v e s b y 

r e a d i n g o f f t h e w a v e l e n g t h , X m , o f t h e peak and u s i n g , 

The t e m p e r a t u r e s , t h u s d e d u c e d , a r e l i s t e d i n t a b l e B . 2 . 

T h e r e a r e two w a y s i n w h i c h t h e t o t a l i n f r a r e d f l u x , a t t h e 

e a r t h may b e f o u n d . The f i r s t i s b y n u m e r i c a l e v a l u a t i o n o f t h e a r e a 

u n d e r t h e f i t t e d b l a c k b o d y c u r v e . S e c o n d l y , t h e i n f r a r e d o p t i c a l d e p t h 

may b e assumed t o b e c o n s t a n t w i t h w a v e l e n g t h , and u s i n g 

F ^ = 5 . 9 5 6 x l O ~ 1 6 T c 3 e r g s cm"*2K~3 ( A l l e n , 1 9 7 6 ) , w h e r e F ^ i s t h e f l u x 

a t t h e maximum o f t h e b l a c k b o d y c u r v e , t h e t o t a l i n f r a r e d f l u x may be 

c a l c u l a t e d f r o m , 

T, c 5100 / ^ ( y m ) B . 2 

9 . 5 2 x 10 
- 1 3 B . 3 

l r 
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w h e r e S ^ i s t h e o b s e r v e d f l u x d e n s i t y ( i n J a n s k y s ) a t t h e b l a c k b o d y 

maximum. T h e l a t t e r m e t h o d was g e n e r a l l y u s e d , a l t h o u g h i t was c h e c k e d 

b y t h e f o r m e r i n some c a s e s . T a b l e B . 2 g i v e s t h e i n t e g r a t e d i n f r a r e d 

f l u x f r o m t h e n o v a f o r f o u r n i g h t s . 

B . 5 I n t e r p r e t a t i o n 

T h e i n f r a r e d o b s e r v a t i o n s o f N o v a S e r p e n t i s 1970 b y G e i s e l , 

K l e i n m a n n and Low (1970) p r o v i d e d a new i n s i g h t i n t o t h e e n e r g e t i c s o f 

c l a s s i c a l n o v a e and t h e i r p o s t - m a x i m u m e v o l u t i o n . T h e s e o b s e r v a t i o n s 

showed t h a t d u s t g r a i n s may c o n d e n s e o u t o f t h e e x p a n d i n g n o v a e j e c t a 

and g r o w u n t i l t h e y a b s o r b m o s t o f t h e r a d i a t i o n e m i t t e d b y t h e n o v a , 

r e r a d i a t i n g i t i n t h e i n f r a r e d . 

T h e r e h a v e b e e n e x t e n s i v e i n f r a r e d o b s e r v a t i o n s o f t h r e e o t h e r 

n o v a e s i n c e N o v a S e r p e n t i s 1 9 7 0 . The s l o w N o v a V u l p e c u l a e 1976 e x h i b i t e d 

d u s t f o r m a t i o n s i m i l a r t o N o v a S e r p e n t i s 1970 ( N e y and H a t f i e l d , 1 9 7 8 ) , 

as d i d N o v a S e r p e n t i s , 1978 ( G e h r z e t a l . , 1 9 8 0 b ) , b u t i n t h e f a s t N o v a 

C y g n i 1975 n o s u b s t a n t i a l d u s t f o r m a t i o n p h a s e e v e r a p p e a r e d ( E n n i s e t 

a l . , 1 9 7 7 ) . N o v a C y g n i 1978 was a f a s t n o v a ( t i m e t o f a l l two. m a g n i t u d e s 

^ 12 d a y s ) and so i t s h o u l d b e a n i n t e r e s t i n g t e s t c a s e f o r t h e o r i e s o f 

d u s t g r a i n f o r m a t i o n i n n o v a e . 

F i g u r e B . 3 shows some I C d a t a t o g e t h e r w i t h i n f r a r e d o b s e r v a t i o n s 

r e p o r t e d b y G e h r z e t a l . ( 1 9 7 8 ) , f o r two n i g h t s e a r l i e r i n t h e p o s t -

maximum p e r i o d , and s t i l l e a r l i e r o b s e r v a t i o n s b y P h i l l i p s et_ a l . ( 1 9 7 9 ) . 

T a k e n t o g e t h e r , t h e i n f r a r e d d a t a show t h e d e c l i n i n g R a y l e i g h - J e a n s 

t a i l o f t h e e m i s s i o n f r o m t h e n o v a p h o t o s p h e r e ( c f . B a t h and S h a v i v 

1976) u n t i l a b o u t d a y 25 w h e n t h e r m a l e m i s s i o n f r o m t h e d u s t e m e r g e s . 

( I t was assumed t h a t m o s t o f t h e f l u x a t J was f r o m t h e p h o t o s p h e r e and 

so a R a y l e i g h - J e a n s s p e c t r u m , f i t t e d t o t h e J f l u x d e n s i t y , was s u b -

t r a c t e d o f f t h e I C d a t a b e f o r e t h e b l a c k b o d y c u r v e was f i t t e d . ) 

T h e i n f r a r e d o b s e r v a t i o n s d u r i n g d a y s 25 -46 p o s t - m a x i m u m e x h i b i t 

t h r e e s t r i k i n g f e a t u r e s : 1) T h e s p e c t r a i n t h e l - 5 y m r e g i o n c o n f o r m 

v e r y p r e c i s e l y t o b l a c k - b o d y s p e c t r a , as f i g u r e B . 2 s h o w s . 2) T h e 

c o r r e s p o n d i n g b l a c k - b o d y t e m p e r a t u r e s o f t h e s e s p e c t r a d e c r e a s e d u r i n g 

t h i s t i m e , w i t h T ( t ) a t 2 , a s i s e v i d e n t i n f i g u r e B . 4 . D a t a f o r two 

n i g h t s f r o m G e h r z e t a l . (1978) i s i n c l u d e d i n t h i s p l o t and i n t h e 

r e s t o f t h e c a l c u l a t i o n s . 3) W h i l e t h e t e m p e r a t u r e d r o p s , t h e i n t e g r a t e d 

i n f r a r e d l u m i n o s i t y r i s e s b y n e a r l y a f a c t o r o f t e n i n 20 d a y s , a p p r o x -
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i m a t e l y l i n e a r l y w i t h t i m e . T h e s e f e a t u r e s a r e g e n e r a l l y c h a r a c t e r i s t i c 

o f t h o s e n o v a e w h i c h d e v e l o p a n i n f r a r e d e x c e s s due t o d u s t e m i s s i o n . 

Two q u e s t i o n s a b o u t t h e p h y s i c s p r o d u c i n g t h e s e f e a t u r e s a r e ' i m m e d i a t e l y 

a p p a r e n t and t h e i r a n s w e r s p e r m i t a mode l f o r t h e n o v a d u s t c l o u d t o b e 

c h o s e n . 

F i r s t l y , t h e s p e c t r a a r e P l a n c k i a n . T h u s e i t h e r t h e g r a i n s m u s t 

b e l a r g e , w i t h t h e g r a i n r a d i u s o f t h e o r d e r o f t h e i n f r a r e d w a v e l e n g t h , 

o r t h e d u s t c l o u d m u s t b e o p t i c a l l y t h i c k . O t h e r w i s e t h e P l a n c k s p e c t r u m 

w i l l be m o d i f i e d b y a w a v e l e n g t h - d e p e n d e n t e m i s s i v i t y e ( X ) a X a w i t h 

1 <£ a £ 2 . S u c h a n e m i s s i v i t y w o u l d d e t e c t a b l y d i s t o r t t h e s p e c t r a o f 

f i g u r e B . 2 , e v e n w i t h a = 1 . T h e d u s t c l o u d i s c e r t a i n l y n o t o p t i c a l l y 

t h i c k i n t h e i n f r a r e d d u r i n g t h i s p e r i o d , f o r i t i s s t i l l q u i t e t r a n s -

p a r e n t a t w a v e l e n g t h s 10 t i m e s s m a l l e r , i n t h e v i s i b l e . Thus t h e d u s t 

g r a i n s must b e l a r g e e n o u g h f o r t h e M i e a b s o r p t i o n e f f i c i e n c y , Q , , 
aD s 

t o h a v e s a t u r a t e d a t X ^ 5ym. Q a ^ s ^ 1 when t h e p a r a m e t e r x = 27ra/X i s 

2 - 4 , w h i c h s u g g e s t s a g r a i n r a d i u s a 2/m f r o m t h e t i m e d u s t e m i s s i o n 

was f i r s t d e t e c t e d o n d a y 25. T h u s t h e n o v a d u s t g r a i n s must b e a n 

o r d e r o f m a g n i t u d e l a r g e r t h a n t h e g r a i n s r e s p o n s i b l e f o r v i s i b l e 

e x t i n c t i o n i n t h e g e n e r a l i n t e r s t e l l a r medium. T h i s r e q u i r e m e n t h a s 

n o t g e n e r a l l y b e e n u n d e r s t o o d i n i n t e r p r e t a t i o n s o f t h e i n f r a r e d 

e m i s s i o n f r o m n o v a e , and g r a i n s i z e s t y p i c a l o f t h e i n t e r s t e l l a r medium 

h a v e u s u a l l y b e e n assumed f o r t h e n o v a d u s t g r a i n s . 

S e c o n d l y , t h e i n f r a r e d l u m i n o s i t y r i s e s as t h e t e m p e r a t u r e f a l l s . 

T h e t e m p e r a t u r e , T , o f a d u s t g r a i n a d i s t a n c e R f r o m t h e n o v a p h o t o -

s p h e r e ( c f . B a t h and S h a v i v , 1976) i s d e t e r m i n e d b y e q u i l i b r i u m b e t w e e n 

a b s o r b e d u l t r a v i o l e t and e m i t t e d i n f r a r e d r a d i a t i o n and i s g i v e n b y , 

w h e r e L ^ i s t h e l u m i n o s i t y o f t h e n o v a p h o t o s p h e r e and a i s t h e S t e f a n -

B o l t z m a n c o n s t a n t . I n e q u a t i o n B . 4 , t h e P l a n c k mean a b s o r p t i o n ^ 

T 
,4 B . 4 

16ir o R' 
2 ' 

r-
B .5 

B ( T ) du 
o 

w h e r e B y ( T ) i s t h e P l a n c k f u n c t i o n , has b e e n assumed t o b e e q u a l t o u n i t y 
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b o t h i n t h e u l t r a v i o l e t and i n t h e i n f r a r e d b e c a u s e t h e d u s t g r a i n s a r e 

l a r g e ( c f . G i l m a n , 1 9 7 4 ) . I f t h e l u m i n o s i t y o f t h e n o v a i s assumed t o 

b e c o n s t a n t ( c f . G a l l a g h e r a n d C o d e , 1974), t h e n t h e t e m p e r a t u r e o f a 

d u s t g r a i n o n l y d r o p s b e c a u s e i t i s f u r t h e r away f r o m t h e n o v a p h o t o -

s p h e r e . The i n f r a r e d l u m i n o s i t y o f t h e d u s t c l o u d i s , 

L . = 4 i ra 2 a T 4 N , B . 6 
l r ' 

w h e r e N i s t h e t o t a l number o f r a d i a t i n g d u s t g r a i n s i n t h e c l o u d . 

O b v i o u s l y t h e i n f r a r e d l u m i n o s i t y c a n r i s e w h i l e t h e t e m p e r a t u r e f a l l s 

o n l y i f t h e r e i s a n i n c r e a s e i n number a n d / o r r a d i u s o f t h e g r a i n s . 

T h e r e a r e two m o d e l s f o r t h e f o r m a t i o n and e v o l u t i o n o f n o v a d u s t 

c l o u d s i n t h e l i t e r a t u r e . F o l l o w i n g t h e s u g g e s t i o n o f G e i s e l e t a l . 

(1970) t h a t d u s t g r a i n s c o n d e n s e o u t i n an e x p a n d i n g s h e l l o f m a t e r i a l 

e j e c t e d i n t h e n o v a o u t b u r s t , C l a y t o n and W i c k r a m a s i n g h e (1976) w o r k e d 

o u t a q u a n t i t a t i v e m o d e l . A s e c o n d , r a t h e r d i f f e r e n t m o d e l , has b e e n 

p r o p o s e d b y Bode and E v a n s (1979 a n d 1 9 8 0 ) . T h e y p o s t u l a t e a s h e l l o f 

s m a l l d u s t g r a i n s a r o u n d t h e n o v a b e f o r e i t s o u t b u r s t . T h e s e g r a i n s 

a b s o r b l a r g e r f r a c t i o n s o f t h e r a d i a t i o n f r o m t h e n o v a p h o t o s p h e r e as 

i t s r a d i u s s h r i n k s a n d i t s s p e c t r u m h a r d e n s and r e r a d i a t e s i t i n t h e 

i n f r a r e d . 

T h e s e i n f r a r e d r e s u l t s f o r N o v a C y g 1978 c a n b e u s e d t o d i s c r i m i n a t e 

b e t w e e n t h e s e m o d e l s . F i r s t o f a l l , t h e Bode and E v a n s m o d e l seems t o 

f o u n d e r o n i t s r e q u i r e m e n t f o r s m a l l g r a i n s , w i t h a % O . l y m . W i t h 

l a r g e r g r a i n s t h e m o d e l d o e s n o t p r o v i d e t h e r e q u i r e d i n c r e a s e i n i n f r a -

r e d l u m i n o s i t y as t h e p h o t o s p h e r i c s p e c t r u m s h i f t s t o w a r d t h e u l t r a -

v i o l e t . S e c o n d l y , i t i s d i f f i c u l t t o see how t h i s s t a t i c g r a i n m o d e l 

c a n p r o v i d e i n c r e a s i n g i n f r a r e d l u m i n o s i t y w h i l e t h e d u s t t e m p e r a t u r e 

f a l l s . E v e n a l l o w i n g f o r t h e l i g h t t r a v e l t i m e d e l a y ( t h e d u s t s h e l l 

i s i m a g i n e d t o b e t e n s o f l i g h t d a y s a c r o s s ) t h e c o n s t a n t n o v a b o l o m e t r i c 

l u m i n o s i t y r e q u i r e s t h a t d u r i n g t h e r i s e i n t h e i n f r a r e d l i g h t c u r v e 

t h e d u s t t e m p e r a t u r e b e c o n s t a n t o r i n c r e a s i n g ; i t c a n n o t a p p e a r t o 

c o o l w h i l e t h e i n f r a r e d l u m i n o s i t y i n c r e a s e s , as i s o b s e r v e d . F i n a l l y , 

i f t h e l i g h t t r a v e l t i m e d e l a y i s i m p o r t a n t ( i . e . i f t h e s h e l l w e r e 

t h i s l a r g e ) , t h e n i t i s d i f f i c u l t t o i m a g i n e t h e i n f r a r e d e m i s s i o n 

f o l l o w i n g a b l a c k - b o d y s p e c t r u m ( a n d , i n d e e d , Bode and E v a n s (1979) 

p o i n t t h i s o u t ) . T h u s i t a p p e a r s t h a t t h e s e i n f r a r e d o b s e r v a t i o n s 



254 
e x c l u d e t h e Bode and E v a n s (1979 a n d 1980) m o d e l . 

The e x p a n d i n g s h e l l m o d e l o f C l a y t o n and W i c k r a m a s i n g h e ( 1 9 7 6 ) , o n 

t h e o t h e r h a n d , seems t o a g r e e n i c e l y w i t h t h e f e a t u r e s d i s c u s s e d a b o v e . 

I f t h e s h e l l t h i c k n e s s i s s m a l l compared t o R , t h e n a l l the d u s t w i l l 

r a d i a t e a t t h e same t e m p e r a t u r e a n d t h e i n f r a r e d s p e c t r u m w i l l b e 

P l a n c k i a n a t a l l t i m e s . I f t h e s h e l l e x p a n d s a t c o n s t a n t v e l o c i t y , 

t h e n e q u a t i o n B . 4 g i v e s T ( t ) a t w h i c h i s v e r y c l o s e t o t h e c o o l i n g 

r a t e o b s e r v e d . 

B . 6 C o n c l u s i o n s 

JHKLM p h o t o m e t r y o f N o v a C y g n i 1978 h a s b e e n o b t a i n e d d u r i n g t h e 

p o s t - m a x i m u m p e r i o d when i t s i n f r a r e d e m i s s i o n r o s e d r a m a t i c a l l y a s 

d u s t g r a i n s f o r m e d i n t h e e x p a n d i n g s h e l l o f e j e c t e d m a t e r i a l . T h e d u s t 

s h e l l i s o p t i c a l l y t h i n i n t h e i n f r a r e d and t h e d u s t g r a i n s a r e an o r d e r 

o f m a g n i t u d e l a r g e r t h a n t h o s e r e s p o n s i b l e f o r t h e g e n e r a l i n t e r s t e l l a r 

e x t i n c t i o n i n t h e v i s i b l e . 
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Appendix C 

P u b l i c a t i o n s 

D u r i n g my t i m e as a r e s e a r c h s t u d e n t , I was c o - a u t h o r o f t h e 

f o l l o w i n g two p u b l i c a t i o n s . 
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R. D. Joseph, J. Allen, W. P. S. Meikle, K. C. Sugden, 
M. F. Kessier, D . L. Rosen, G. Masson 

Astronomy Group 
The Blackett Laboratory, Imperial College 

London SW7, England 

Abstract 
We have developed a 41-inch balloon telescope for far-infrared 
astronomical observations. It is constructed entirely of alumi-
num alloy, including the optics, and incorporates several novel 
features. Two composite bolometers, operated at 1 .7°K, with 
adjacent fields of view on the sky, allow us to carry out two-
color photometry in the wavelength ranges 40-80 Mm and 80-
4 0 0 fim. 

The far-infrared payload flies on a stabilized balloon plat-
form developed in the U.K. as a national facility by the Science 
Research Counci l The maiden flight of both systems was 
launched in 1976 November. Despite problems with the stabili-
zation system which prevented releasing the telescope from its 
stow position, we were able to scan a number of fax-infrared 
sources. In-flight calibration, based on detections of b o t h Venus 
and Saturn, indicates that the far-infrared noise-equivalent f lux 
density* [areance] was J 3 0 Jy Hz"1* for the short wavelength 
channel and 500 Jy Hz"'^ for the long wavelength channel. 

I. Introduction 
The opacity of the earth's atmosphere effectively prohibits 
ground-based astronomical observations throughout the five 
octaves of the electro-magnetic spectrum that comprise the far 
infrared (25 iim to 1 mm wavelength). Except for t w o rather 
poor transmission windows at ^ 35 [im and ^ 350 y m , observa-
tions must be made from platforms above most of the atmo-
sphere. Large scientific balloons provide one attractive platform 
of this kind, and several far-infrared balloon telescopes have 
been flown, ranging from the pioneering 1" telescope of Woolf 
et al. ( 1 9 6 9 ) 5 to the 4 0 " Smithsonian-Harvard-Arizona tele-
scope described by Fazio et al. ( 1 9 7 4 ) . 1 At Imperial College 
(London) we have developed a new 4 1 " balloon telescope, and 
the associated payload, for far-infrared astronomy. The tele-
scope is designed to fly on a stabilized balloon platform devel-
oped in the U.K. by the Science Research Council. In the fol-
lowing we will describe the main features of the infrared astron-
omy payload, and report on the preliminary analysis of its per-
formance on the first two flights. 

II. Instrumentation 
Telescope Design 
The mechanical configuration of the f /7 Cassegrain telescope is 
shown in Figure 1. The 4 1 " diameter primary mirror has a 
spherical figure and a focal ratio of f /2 .9 . The secondary mirror 
is also spherical, and has a diameter of 13.6". A flat tertiary mir-
ror behind the primary deflects the beam through 9 0 ° into the 

*See explanatory note in Guest Editorial. 
1R-102 received June 6,1977. 

Figure 1. Layout of tha 41-inch Casugrain ts/tscop«. 

detectors. All three mirrors are made of aluminum alloy and are 
gold-coated. The secondary and tertiary mirrors were both 
machined using diamond-turning techniques, whereas the final 
figuring and polishing of the primary was done by conventional 
methods after depositing a hard nickel alloy on the machined 
surface. .All the mirrors were optically tested to confirm that 
they were figured to better than 4 |im. 

The telescope is an open structure made of aluminum alloy, 
and uses conventional Serrurier trusses. The primary mirror cell 
is constructed of hollow rectangular section tubing. The mirror, 
which weighs 105 kg, is kinematically mounted inside the cell 
using orthogonal radial and axial supports. All six supports are 
shock-mounted and pre-tensioned to prevent movement of the 
mirror, under its own weight as the telescope is tipped to various 
attitudes. The telescope attaches to the balloon platform by a 
three-point kinematic mount using commercially-available rod-
end bearings. The total weight of the telescope, including the 
optics, is 215 kg. 

The telescope design incorporates several noteworthy fea-
tures. First, there is negligible thermal focal shift. When the mir-
rors and telescope structure undergo a temperature change 5 T , 
the focal length, F, of the telescope changes by 5 F = F ( a s -
a m ) 5 T , where Oj and a m are the thermal expansion coeff ic ients 
of the structure and mirror materials respectively. For a typical 
balloon flight, 5T is ^ 80°K, which, with glass optics, would 
produce a focal shift of ^ 14 mm. But by using aluminum op-
tics, with thermal coeff icient matched to that of the telescope 
structure, there is no thermal focal shift. This in turn permits 
mounting the secondary mirror without an active focusing mech-
anism requiring adjustment by telecommand during flight. 
This makes the telescope more simple and reliable in operation, 
and allows a much lighter secondary ring assembly. The trusses 
supporting the secondary ring can then be lighter and still main-
tain alignment of the two mirrors as the telescope orientation is 
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altered. Further, the use of aluminum rather than glass optics 
offers a factor of ^ 10 more resistance to permanent damage 
resulting from impact shock after parachute descent. Finally, 
the factor of 200 in the thermal conductivity of aluminum com-
pared to glass means that thermal gradients across the aluminum 
mirrors will be much smaller, thereby minimizing thermally-
induced aberrations. 

Another feature of the telescope is the use of only spherical 
optics, with attendant figuring economies. The spherical aberra-
tion was calculated for a range of telescope parameters, and by 
the appropriate choice of mirror focal ratios it is possible to 
keep the spherical aberration less than the diffraction limit in 
the far infrared, to keep the telescope to a reasonable size, and 
to achieve a plate scale consistent with both the diffraction limit 
and the linear size of sensitive helium-cooled bolometers. The 
telescope is about 2 m in length, is diffraction-limited at ^ 70 
Mm, and has a plate scale of 30 arcsec m m ' 1 . 

A final point concerns the thermal hygiene of the telescope, 
the sine qua non in achievement of the best far-infrared sensitiv-
ity. The entrance pupil of the telescope is fixed by the second-
ary mirroT, which is slightly undersized compared to the aper-
ture of the primary. This ensures that the detector field of view 
does not extend beyond the rim of the primary at either ex-
treme of the chop cycle. A central hole in the secondary mirror, 
matching the shadowing of the secondary on the primary, guar-
antees that the detector does not see radiation emitted by the 
instrumentation behind the Cassegrain hole in the primary. The 
four vanes supporting the secondary mirror are very thin, 0.8 
mm. Thus the detectors see about as little thermal emission 
from the telescope as the Cassegrain configuration allows. 
Detectors and Infrared Filters 
Since the large radiant background from the telescope demands 
that some form of spatial filtering (chopping) be performed so 
that faint astronomical sources can be discriminated against this 
background, observing time is used most efficiently if two de-
tectors are placed in the focal plane with adjacent fields of view 
on the sky. It is then possible to chop so that the source is 
viewed by one detector while the other views the adjacent com-
parison field. Both detectors are composite germanium-silicon 
bolometers mounted in simple integrating cavities. They are op-
erated at a temperature of l . 7 3 K by venting the liquid helium 
(LHe) to the ambient atmosphere. A I mm cold stop, just in 
front of each detector, is at the focus of an f/1 crystal quartz 
Fabry lens which images the primary mirror onto the cold stop. 
At the lenses are field stops which restrict the angular field of 
view on the sky to 3 arcminutes. In front of the field stops are 
helium-cooled filters which give the detectors effective band-
widths of 40 - 80 Mm, and 80 - 400 Mm, as shown in Figure 2. 

500 300 250 150 
«av*l«ffqtn Imtcrontl 

10090 M 70 50 

20 '0 60 90 100 120 U0 160 130 200 220 210 260 230 
*avtnuwo«ricm"l 

Figure 2. Ralativa jpactral responsa of tha two datactor-filtar combina-
tions. 

Both filters include diamond dust scattering layers on CaF 2 for 
short-wavelength blocking. The long-wavelength cutoff at 80 M 

is provided by a thin 0.3 mm slice of KRS-5, while the cut-on 
at this wavelength for the other detector is due to KG. There is 
additional short wavelength blocking provided by a diamond 
dust layer on crystal quartz at 77°K. The dewar vacuum win-
dow is made of high density polyethylene. 

It is important to keep the angular field of view of the detec-
tors as small as possible, consistent with filling the solid angle 
subtended by the secondary mirror, and this requires that the 
cold stop in front of each detector be positioned very precisely 
with respect to the field stop at the Fabry lenses. The mountinj 
for these elements is designed so that the relative positions of 
the stops are determined to better than 0.05 mm. 

The entire detector-filter assembly was enclosed in a LHe-
cooled copper shield in order to keep radiation-driven thermal 
drops and drifts to a minimum. Initial beam-pattern measure-
ments showed that considerable scattered radiation could reach 
the detectors, but by sand-blasting the inside of the shield and 
then painting it with a good optical black this stray radiation 
was greatly reduced. The measured beam pattern was then well-
matched to the convergence angle from the secondary minor. 

For reasons both of thermal stability and LHe perdurance we 
chose to use a LN2 -shielded dewar. Thermal vacuum tests con-
firm that with Butyl rubber O-rings the dewar vacuum remains 
intact at the low temperature encountered at balloon float alti-
tudes. Similar tests show a reduction by half in the LHe perdui-
ance when the LN ? reservoir is vented to the atmosphere, allow-
ing the nitrogen to solidify, despite the fact that the LN-j reser-
voir is filled with copper gauze to maintain good thermal con-
tact with the shield when the LN? freezes. The dewar was there-
fore flown with a simple check valve on the LN-i vent to main-
tain the vapor pressure over the LNi at about one atmosphere. 
Chopper 
Rather than rocking the comparatively large and heavy second-
ary mirror, a parallel-motion, focal plane chopper was chosen, 
in order to reduce problems with microphonic noise, amplitude 
stability, and drive- power required. The chopper is designed to 
conserve momentum internally as it oscillates, thereby mini-
mizing the generation of microphonic noise which can seriously 
degrade the noise performance of the detectors. To accomplish 
this, duplicate mirror carriages are mounted on parallel springs, 
as shown in Figure 3. The carriages are electromagneticaily 
driven against each other using an amplified and phase-shiftsd 
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Figura 3. Tha focal-plan* choppar. 

signal derived from the motion of one of the carriages. Thus the 
system is electromechanically resonant, and requires very little 
drive power. Its amplitude stability, as measured by thermal 
vacuum tests in the laboratory, was more than adequate, as was 
its performance in long-term room-temperature runs. Its major 
disadvantage is the static deflection under its own weight, due 
to change of attitude, that is a feature of such resonant systems. 
This results in a small drift of the offset due to chopped instru-
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mental radiation as the telescope changes attitude. 
Star-Field Camera 
For precise post-flight determination of the celestial coordinates 
of the field observed by the telescope at any time, a 16 mm 
pulse camera is mounted on the instrument flange o f the tele-
scope. It is aligned with the telescope axis, and is capable of 
taking up to 4000 star-field photographs during .the flight. The 
fleld-of-view is 1.5° x 2.7°, and the scale is 11*5 m m " 1 . The 
camera may be operated in either a manual mode, in which the 
shutter is both opened and closed by a discrete telecommand 
from the ground, or in an automatic mode, in which pictures are 
taken at regular intervals which may be varied from I to 16 sec-
onds by the appropriate digital telecommand word. A frame 
number is written both on each frame of the film and in the 
main data format, so that there is unambiguous correlation be-
tween the star field photographs and the rest of the experimen-
tal data. The film we use is Kodak 2475 high-speed recording 
emulsion. In ground tests, trails of 9 m stars were easily observ-
able. 
On-Board Signal Processing 
A block diagram of the on-board electronics system is shown in 
Figure 4. Each signal channel consists of a conventional phase-

couNrea] 

Figure 4. Block diagram of tha on-board alactronfc signal-handling 
tyrtam. 
sensitive detector (PSD) with telecommandable phase shifts and 
integration time constants. Two PSD channels for each detector, 
with gains differing by a factor of 30, permit linear readout over 
a dynamic range extending from detector noise to the signal 
levels expected for planets. One novel feature is the scheme for 
cancelling the component of signal due to chopped instrumental 
radiation. This signal can be several orders of magnitude larger 
than that due to detector noise, and it is virtually impossible to 
determine its magnitude, or even its phase, before flight. Since 
we are using a sinusoidal chopping waveform, the detector sig-
nals are approximately sinusoidal as well, but shifted somewhat 
in phase relative to the chopper waveform due to the finite re-
sponse time of the bolometers. The reference signal derived 
from the chopper is phase-shifted by telecommand and routed 
to a multiplying digital-to-analog converter (MDAC), in parallel 
with the PSDs, and the 10-bit MDAC performs as a digitally-
controlled attenuator, adjusted by telecommand from the 
ground. The attenuated reference signal from the MDAC is then 
fed to one input of a differential amplifier, while the preamp 
signal goes to the other input. The MDAC attenuation is com-
manded from the ground to a value such that the output of the 
differential amplifier is nearly zeTO when the telescope is not 
pointed at a celestial infrared source. By bucking out the instru-
mental offset signal at this point, extended dynamic range is 
achieved for the downstream electronics. 

Battery power is provided by a rechargeable pack of sealed 
Ni-Cd batteries with 300 W-hr capacity. There is no active heat-
ing for the electronics box; all circuits are designed to operate 
to specification below -20°C, and are kept above this tempera-
ture by 1 kW-hr of energy released by 10 kg of water stored in-
side the insulated electronics box. 

Telemetry of scientific and payload housekeeping data is 
done using the PCM system provided by the National Scientific 
Balloon Facility (NSBF). Nine digital and fourteen analog data 
words are telemetered at a rate of 10 kbits sec" 1 . To provide a 
measure of redundancy in case of disaster, the analog detector 
and chopper signals are also telemetered directly to ground via 
the FM/FM telemetry system. Telecommand requirements in-
clude seven discrete and eleven digital functions, and the tele-
command equipment used is also that provided by NSBF. 

Stabilized Balloon Platform 
The Imperial College payload is flown on a stabilized balloon 
platform designed and built by GEC Marconi Electronics Ltd. 
for the U.K. Science Research Council, and operated by a team 
from the SRC's Appleton Laboratory. A preliminary description 
of the overall design concept and performance specifications of 
the platform has been given by J. How ( 1 9 7 4 ) , 3 and the proto-
type platform differs from this design only in one or two re-
spects. The approach taken is to stabilize the entire gondola in 
three axes - azimuth, elevation, and roll - about a central gim-
bal-torque-motor cluster which is suspended from the balloon. 
The reaction mass against which the platform is driven in azi-
muth is the balloon itself. 

There are two guidance modes. In the degree mode, position 
information is derived from magnetometers for the- azimuth 
loop and from accelerometers for the roll and elevation loops. 
In the arcminute mode, position information comes from a star-
sensor which has a stellar magnitude limit of -t-5 m . In both 
modes rate information is derived from a three-axis gyro pack-
age. The star-sensor can be offset ±53 both in elevation and in 
cross-elevation to permit acquisition and tracking by the tele-
scope of fields which have no suitable guide stars. A TV camera 
which gives a 10 3 star field picture is also provided to aid acqui-
sition of the desired guide star. 

In pre-flight ground tests, the platform pointing and stability 
were generally up to the design specifications: 
Degree Mode 

Roll and Elevation: Offset < 40 arcmin 
Drift < 6 arcmin hr"1 

Noise < 1 arcmin RMS 
Azimuth: Offset < 1.6° 

Noise < 1 arcmin RMS 
Arcminute Mode 

Lateral Axis: 

Twist Axis: 

Offset 
Drift 
Noise 
Offset 
Drift 
Noise 

20 arcsec 
1 arcmin hr" 1 

10 arcsec RMS 
62 arcmin 
15 arcmin hr" 1 

5.5 arcmin RMS 
A major modification to the design described by How 

( 1 9 7 4 ) 3 is the scheme for handling out-of-balance torques. An 
auto-balancing system was devised which pumps fluid between 
tanks located at the ends of the roll and elevations axes, and this 
replaces the cross-slide mechanism which How described. The 
system pumps fluid to readjust the weight distribution about 
the roll and elevation axes whenever the torque demand exceeds 
about 2 Nt-m. The gondola is stowed for launch and parachute 
descent by pumping extra fluid into the forward and right-hand 
tanks, thereby parking the platform against the stops, normally 
at -5 in elevation and +5° in roll. 

Total payload weight below the parachute is about 2800 
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T H E IMPERIAL C O L L E G E 41-INCH T E L E S C O P E F O R F A R - I N F R A R E D B A L L O O N A S T R O N O M Y 

pounds. Its dimensions ire 10 ft x 15 ft x 9 ft high. Figure 5 
shows a picture of the gondola on the launch pad just before the 
second flight. 

Figure 5. Gondola sutpandad from tha launch truck Just bafora tha 
sacond flight. 

III. Flight Performance 
The first flight of this payload was launched on 29 November 
1976. With a 4.3 Mft 3 balloon the telescope reached an altitude 
of 100,000 ft. Unfortunately, we were unable to unstow the 
payload in roll due to a problem with the auto-baiancing system. 
However, despite a large frictional force against the roll stop we 
were able to point the telescope at elevations above -5°, and 
scan it in azimuth in an attempt to detect bright sources. Al-
though the scan was at the rather fast degree mode slew rate of 
about 1° sec" 1 , we detected Saturn easily, and the data indicate 
that the infrared system was working well. Parachute impact 
was near Seima, Alabama in a pine forest, and in spite of the 
fact that the gondola did not land on the crush pads, the infra-
red system suffered almost no damage. Only two vanes of the 
secondary mirror spider were broken, and the entire infrared 
telescope system was checked out and ready for re flight within 
five days. The stabilization system experienced somewhat more 
damage, and in particular the elevation axis gimbal was slightly 
sprung. However, the entire payload was repaired ana tracking 
stars from the suspension on the ground within about 10 days 
after the recovery. 

The second flight was launched on 16 December 1976, but 
we were unable to unstow the gondola from its park position o n 
the forward elevation stop. However, following the first flight 
the stop had been rebuilt at +5°, so it was possible to attempt to 
observe sources rising or setting at +5 elevation. To do this, we 
carried out a raster scan using the sidereal motion of the sky, by 
scanning the telescope in azimuth about the position in which 
the putative source would be rising or setting. In this way we 
were able to detect both Venus and Saturn, and thereby cali-
brate the far-infrared sensitivity. 

Parachute impact on this flight was in open ground, and the 
payload suffered very little damage, aside from slightly bent 
telescope trusses and some breaks in the protective structure 
underneath the telescope. In particular, the telescope, optics, 
LHe dewar, chopper, star-field camera, and electronics were all 
undamaged and ready for reflight. 
Far-Infrared System Performance 
Analysis of the flight data is still under way, but preliminary 
assessment of the overall performance of the payload indicates 

that there were no failures in the infrared system during either 
flight. We have calibrated the in-flight optical efficiency of the 
entire infrared detection system using the observations of Sat' 
urn and Venus. The adopted temperature of Venus was 240°K 
(Wright, 1976) , 6 and that of Saturn plus its projected rings 
(taken to be optically thick) was 88°K (Rieke, 1975; 4 Fazio iff 
al, 1976 (flight 2 ) } Wright, 1976).6 These give peak-to-pealc 
signals at the detectors, per Jansky of source flux density at the 
telescope, of 0.8 nV Jy" 1 in the 40-80 /im band, and 0.2 nV 
Jy" 1 in the 80-400 Mm band. 

For both detectors the minimum noise during the flights waj 
within 20% of the levels measured in the laboratory under simu-
lated flight conditions, viz. 'V 40 nV (RMS) Hz"^, although this 
value was exceeded by several times when the platform under-
went oscillation due to problems with the stabilization system. 
The source flux density that results in an RMS detector signal 
equal to the RMS detector noise is the noise-equivalent flux 
density (NEFD), and it can be found by substituting the flight 
data given above in the expression 

_ I detector noise (Volts RMS Hz"^) NEFD =* -=r-
u detector response (Volts P-P/Jy) 

The duty factor, D, is Vi for a square-wave modulated signal; in 
our case D 0.4. (It is not always clear in the literature whether 
this factor has been included in the measured (or calculated) 
NEFD reported for infrared astronomical observations.) From 
the data for these flights we find: 

NEFD (40-80 nm) =* 130 Jy Hz'* 
NEFD (80-400 Mm) =» 500 Jy Hz"*. 

The offset signal produced by chopped instrumental radia-
tion is always a problem besetting infrared observations, not 
only because it can saturate the signal processing chain at some 
crucial point, but also because small fluctuations in its ampli-
tude can easily become the dominant noise source that limits 
sensitivity. In flight the offset signal was about 350 times the 
RMS noise (in a 1 Hz bandwidth) for the short wavelength de-
tector and about 90 times the RMS noise for the long wave-
length detector. To cancel out this signal required less than 10% 
of the dynamic range available in the electronic compensation 
scheme described above. The amplitude stability of the chopper 
was sufficiently good that we did not experience noise due to 
fluctuations in the radiant background on the detectors from 
variations in the amplitude of the chopper throw, except for 
periods when the gondola suffered severe suspension train oscil-
lations. 

Star-field photographs were taken mostly with 3 sec and 6 
sec exposures throughout the flights, and despite the rather fast 
angular scan rates we had to employ, traces for 8 m stars are 
identified on these pictures without difficulty. 

During the second flight we were able to scan several possible 
far-infrared sources in our observing list when they were rising 
or setting at +5° elevation, and between these times we scanned 
the galactic plane. Analysis of this data is still under way. 

In addition to two-color photometry, future flights of this 
payload will include far-infrared polarimetry and emission-line 
observations with a Fabry-Perot interferometer. 

Acknowledgments 
We are grateful for the support we have received from many 
sources in developing and flying this payload. Chris Chaloner, 
Neil Urquhart, and Graham Luscombe of the SRC Appleton 
Laboratory, and Paul Cope, from GEC Marconi Electronics Ltd., 
expended really heroic efforts in preparing the SRC stabilized 
platform for its first flights. Among our colleagues at Imperial 
College, John Long, Bill Stannard, Roy Barr, and Jack Crabtree 
were especially helpful with the solution of various mechanical 
problems, Charles Wynne gave expert advice on the optical cal-
culations, Dick Chater of the Analytical Services Laboratory 

smber-December 1977 / Vol. 16 No. 6 / OPTICAL E N G I N E E R I N G / 561 



261 

n . D. J O S E P H , J. A L L E N , W . P. S. M E I K L E , K . C . S U G D E N , M . F. K E S S L E R . 0 . L. R O S E N , G . M A S S O N 

provided efficient assistance with the spectral calibration of the 
detectors and filters, and we would like to thank Jim Ring for 
his interest and encouragement in the I.C. balloon astronomy 
program. It is always a pleasure to acknowledge the superb bal-
looning support, and hospitality, provided by the National 
Scientific Balloon Facility in Palestine, Texas. And finally, we 
wish to thank the U.K. Science Research Council for its con-
tinuing financial support of this entire project. J.A. and W.P.S.M. 
are SRC Research Assistants, and M.F.K., D.L.R. and K.C.S. 
hold SRC Research Studentships. 

References 
1. Fnio, G. G., Kleinmann, D. E., Noyes, R. W., Wright, E. L., and Low. F. J. 1974, Proc. Symposium on Telescope Systems for Balloon-Bone Research, NASA Ames Research Center, California, NASA TM-X-62,397, p. 38. Z Fazio, G. G., Traub, W. A., Wright, E. L„ Low, F. J., and Trafton, U 1976, Ap J., 209, 633. 
3. How, J. 1974, Proc. Symposium on Telescope Systems for Ballocn-Bome Research. NASA Ames Research Center, California, NASA TM-X-62,397, p. 284. 4. Rieke, G. H. 1975, Icarus, 26. 37. 5. Woolf. N. J., Hoffmann, W. F., Frederick, C. L„ and Low, F. J. 1969. PhiL Tran. Roy. Soc., 264, 263. 6. Wright, E. L. 1976, ApJ., 210, 250. s 

558 / OPTICAL ENGINEERING / Vol . 16 No. 6 / November-December 1977 



Inlrural W i n w Vol. IX. pp 6:7 (Six 
0 Pcrgamon Prcii Ltd 197H. Printed in Grout Brtiuin 

ixco-OWI 7x I;III.I)6:7SI>:.U)U 

A SCANNING FABRY-PEROT INTERFEROMETER 
FOR FAR-INFRARED BALLOON ASTRONOMY 

M . F . KESSLER, R . D . JOSEPH a n d J . ALLEN 
Astronomy Group. Blackett Laboratory. Imperial College. London SW7 2BZ. U.K. 

Abstract—Design and performance details of a scanning Fabry-Perot interferometer developed 
for far-infrared balloon astronomy are presented. Scanning is achieved mechanically by a parallel 
spring arrangement and plate spacing is measured by capacitance micrometry. 

We have developed a scanning Fabry-Perot interferometer for astronomical use with 
the Imperial College 41 in. balloon telescope.' 1* The instrument is scanned mechanically 
by varying the plate spacing using a parallel strip spring arrangement,' 2* shown in 
Fig. 1, to maintain alignment. When the upper carriage of this movement is displaced 
to the left in the figure, there is a corresponding demagnified vertical movement. With 
the plane of our interferometer etalon parallel to the drive direction, the demagnified 
movement permits use of an ordinary micrometer for scanning. We drive at the centre 
of the spring to reduce non-parallel movement caused by cantilevering. Coarse gap 
and tilt adjustment are carried out using three screws bearing on the upper mirror 
holder, whereas the fine adjustment is achieved by moving ball bearings along tapered 
glass V-blocks attached to the underside of the lower plate holder. 

The mirror spacing is measured by capacitance micrometry based upon the techniques 
described by Jones and Richards.' 3* The capacitor pads are 1 cm 2 gold-coated glass 
pillars standing on the mirror holders. The lower pad is the larger of the two to reduce 
edge effects which would otherwise result from lateral displacement of the top carriage. 
To measure the change in the etalon gap, the capacitance of these pads is compared 
to that of a reference capacitor of similar design but optically contacted. The absolute 
gap is determined with a travelling microscope focusing on each mirror in turn. 

The mirrors are made from commercially available'4* electroformed metal mesh 
stretched tightly over lapped metal rings. The mounted meshes have a defect finesse 
in excess of 100 at 100/mi wavelength over their central 2/3 in. 

The design allows for easy interchange of etalons. By replacing the wire mesh etalon 
with one made of dielectric coated zinc selenide plates, the instrument becomes useable 
for astronomy in the 10 fim atmospheric window. The performance of the scanning 
system was checked using visible light and semi-transparent gold-coated zinc selenide 
plates. These indicate that the interferometer remains in alignment to one visible light 
fringe over 40 visible orders. The peak-to-peak noise in the whole system is 0.02 /zm 
with an average drift of 0.02 /mi/hr. The upper carriage was given a small displacement 

Fig. 1. Scanning Fabry-Perot interferometer. (1) Upper carriage. (2) Capacitor pads. (3) Tapered 
glass V-blocks. (4) Metal meshes. (5) Phosphor bronze springs. (6) Drive micrometer. (7) Ball 

bearing. 
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to pretension it against the micrometer and the arrangement was stable against tilt 
to 0.001 fim/deg over angles from - 4 0 ° to +40° in all directions from horizontal. 
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