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AN ATLAS OF THE INFRA-RED SOLAR SPECTRUM FROM
1 TO 6:5p OBSERVED FROM A HIGH-ALTITUDE AIRCRAFT

By J. T. HOUGHTON,* N. D. P. HUGHES, T. S. MOSS
anp J. S. SEELEYt

Royal Aircraft Establishment, Farnborough, Hants
(Communicated by M. J. Lighthill, F.R.S.—Received 15 November 1960)

Records are presented of the infra-red solar spectrum from 1 to 6-5 u, observed from altitudes up
to 15 km. A resolution of about 1 cm~! has been obtained over the whole region and 1200 absorp-
tion lines belonging to water vapour, CO,, CO, N,O and CH, have been identified.

1. INnTRODUCTION

The infra-red solar spectrum has been the subject of intensive study from observatories
on the earth’s surface (see, for example, Migeotte, Neven & Swensson 1956). Large
portions of the infra-red region, however, are completely obscured, even at high mountain
observatories, by absorption bands of water vapour and carbon dioxide. At altitudes
above 40000 ft., which are easily reached by modern jet aircraft, the water vapour
absorption bands are largely transparent and the carbon dioxide absorption bands are
much reduced, so that more of the solar spectrum is available for study. This project was
initiated by Dr F. E. Jones in consultation with the Gassiot Committee of the Royal
Society as a contribution to the programme of the International Geophysical Year.

This atlas of the infra-red solar spectrum from 1 to 6-5 u is a record of observations made
during ninety-eight flights with a high-resolution grating spectrometer installed in a
Canberra aircraft of the Royal Aircraft Establishment, Farnborough, at altitudes of 20000
to 49000 ft. The instrumentation, which has been described in detail by Houghton, Moss
& Chamberlain (1958), was, briefly, as follows. A gauze-covered hole in the unpressurized
part of the aircraft fuselage allowed sunlight to fall on a plane mirror 6 in. square, which
formed part of a sun-following system. The spectrometer, which had an f]6 optical system,
used a prism pre-monochromator and a 7500 lines/in. diffraction grating, 4 in. X 3 in. in
size. A resolution of about 1 cm~! was obtained within the wavelength range 1 to 6-5 .
Lead salt photoconductive detectors were used for the following spectral ranges: 1 to 3 u,
uncooled lead sulphide; 3 to 5u, cooled lead telluride, 5 to 6-5u, cooled lead selenide.
A few results were also obtained with a gold-doped germanium detector. Great care was
taken to ensure that the spectrometer was free of water vapour or other absorbing gases.

The spectrum was scanned by rotating the grating while the signal from the detector
amplifier was recorded by a multi-channel film recording galvanometer. The galvano-
meter recorded on photographic paper, 60 mm wide, moving usually at 1 in./s, but at
1% in./s for the longest wavelengths. During preliminary work a potentiometer pen-
recorder was used, but the spectra presented here were all made with the film recorder,

* Now at Clarendon Laboratory, Oxford.
1 Now at Queen Mary College, London.
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48 J. T. HOUGHTON AND OTHERS

which had the advantage of a much faster response. Additional channels indicated the
output from a photocell monitoring the total sunlight entering the spectrometer and the
angular position of the grating at intervals of 3 minutes of arc. The latter marks, which
enabled a fairly accurate wavelength scale to be established, have been removed from the
records which are reproduced in the atlas at approximately the original size.

Variations in the monitoring signal were due either to imperfect functioning of the
sun-follower in compensating for aircraft movements or to variations in the degree of
obscuration of the gauze ‘window’. The variations in the monitor and detector signals
are not necessarily in proportion and in general the monitor signal shows greater variation
than the spectral record, probably because the former is determined mainly by the peak
solar radiation which, for example, is much more susceptible to scattering by traces of
high cloud than the infra-red radiation. Where the monitor shows little variation the
spectra can be used directly to determine absolute absorption levels; where variations
occur, careful comparison of the two traces will still enable a background energy curve to
be drawn over small wavelength intervals in many cases.

2. THE FIGURES

The region from 1 to 6-5u has been divided into 35 sections, with a small overlap on
each section. Wherever possible, an opening shows four observations of the same section,
together with the appropriate portion of the table of line identification (table 2).

In general the three upper traces, on the left-hand page, show records obtained from
the aircraft, divided into the altitude categories: (a) above 40000 ft., (b)) 30000 to
40000 ft. and (¢) 20000 to 30000 ft. On the right-hand page a ground level record (d),
obtained near Farnborough (240 ft. above sea level) with the same instrument has been
included for comparison. In the spectral regions where no solar radiation reaches the
ground, suitable laboratory spectra are included in place of the solar spectrum (d).
Table 1, pp. 51 and 52, identifies the conditions under which the spectra in each figure
were observed.

Each section comprises about 8 in. of the original record, which for figures 1 to 33
would have taken 30 s to scan. For figures 34 and 35, which were recorded at the slower
paper speed, the time would have been 120 s.

The monitor signal is usually the broader line on the trace. The zero level of the detector
galvanometer is shown by the base line which has been drawn in, and a short example of
the noise level encountered when the detector was not illuminated has been included at
the end of the trace where appropriate. The spectral bandwith used in each observation
is represented by the gap in the symbol < . A wave-number scale has been constructed
for each page; small fluctuations in the recording speed often occurred and since these
cannot be corrected the scale is to be used only as a guide.

3. THE IDENTIFICATIONS

The most prominent features in each section have been marked with a vertical dash on
one, or sometimes two, of the traces in each figure. Every tenth dash is numbered to
correspond to table 2. In identifying these features the frequency was first established to
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within about 5 cm™! by means of the grating rotation markers. Careful comparison of the
records with data from other sources then enabled the identifications in table 2 to be
listed. The wave numbers (corrected to vacuum) given in this table are quoted from the
various sources noted by a number in the reference column. These numbered references
have been listed on p. 53. Particular use has been made of the three photometric atlases
covering the region studied in the present work: from 1 to 2-5 u, Mohler, Pierce, McMath
& Goldberg (1950), at the Mount Wilson Observatory; 2-8 to 5-3 u, Migeotte ez al. (1956)
at the Jungfraujoch Observatory; and Shaw, Chapman, Howard & Oxholm (1951) at
Columbus, Ohio.

Most of the spectra in this atlas are not so well resolved as those given in the sources
quoted; many of the features, registered with a single mark, are blends of lines quite
clearly resolved by other workers. In each of these cases the wave number assigned to
the feature is that of the strongest component, which is listed first in the table. Where the
intensities are approximately equal the identifications are given in the order of the wave
numbers. The v, band of water vapour near 6 u, however, is revealed in greater detail in
the high-altitude solar spectra than in published laboratory spectra. The additional
features have been given an interpolated wave number from the known positions of
nearby lines.

4. DiscussionN

The prominent features of the spectra are already well known (see, for example,
Goldberg 1954), being bands due to the atmospheric constituents: water vapour, carbon
dioxide, carbon monoxide, methane and nitrous oxide. Quantitative studies of some of
the water-vapour lines have been made by Houghton & Seeley (1960), and of some of the
lines of methane, nitrous oxide and carbon monoxide by Seeley & Houghton (1961).

Some lines due to absorption in the solar atmosphere are prominent in the high-
altitude observations and are marked with the symbol ® in table 2. Among these are
three absorption lines of hydrogen which are obscured by water vapour in the ground-
level spectrum and have not previously been observed. They are the second (4-6 transi-
tion) and fourth (4-8) members of the Brackett series and the first member (3-4 tran-
sition) of the Paschen—Ritz series. The line 46 occurs at 3808 cm™! and overlaps the
water-vapour line at 3806-7 cm™! (figure 11, no. 24) ; it can be distinguished by comparing
the solar spectra with figure 11 (d), which is a record of the residual water-vapour absorp-
tion in the spectrometer at 45000 ft. obtained by mounting a small tungsten filament
lamp at the entrance slit. The other two new hydrogen lines appear on figure 6, lines
no. 26 and no. 52.

The R-branch of the v; band of methane, previously obscured by absorption due to
the 2», water-vapour band, is revealed clearly in the high-altitude observations in figure 16.
In figure 22 the v; band of carbon dioxide is the only extended region of complete absorp-
tion which remained at the highest altitude (49000 ft.). The short-wavelength absorption
edge is advanced by about 5 cm~! towards the band centre at this altitude.

There are a number of spectral features listed in table 2 for figures 23 and 24 which
have a separation less than the spectral bandwidth of the spectrometer. Calculations show
that the bandwidth used is sufficient to give the partial resolution observed. The repetition
of these features in the several observations confirms their reality.

7-2
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50 J. T. HOUGHTON AND OTHERS

Laboratory spectra, obtained with a short path (6 ft. of air at atmospheric pressure)
arc included in figures 31 to 35, since they have been helpful in identifying the new
features observed at altitude in this region.

The data in the atlas are the culmination of a comprehensive flying programme, during
which many members of the engincering services and aircrew associated with R.A.E.
Radio Flight have given us their patient co-operation. We are grateful to our colleagues
Mr I. D. Birch, who kept the equipment in working order and Mr T. D. F. Hawkins who
acted as observer on many flights, and for assistance by our printing department in
preparing the figures.

The lead selenide detector with a bloomed silicon window and the gold-doped ger-
manium detector were generously provided by Dr B. Bode, Santa Barbara Research
Centre, and Dr H. Levinstein, Syracuse University, respectively.
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