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SUMMARY

This thesis describes experiments performed using rocket and
satellite-borne ion chambers sensitive to vacuum ultraviolet radiation.
The objectives of these experiments were:-

(i) the measurement of molecular oxygen density by the

technique of absorption spectroscopy, and

(ii) the measurement of absolute solar flux at the wavelength

of hydrogen Lyman-o (I?lSLTK) and in the wavelength
bands lhzoz to 1&802 and 1SSOX to 16903.

Ion chambers with both glass bodies and copper bodies have been
designed and constructed for use in these experiments. The construction
and testing of these'detectors are fuily discussed.

‘In the upper mesosphere (70 Km to 90 Km) end lower thermosphere
(90 Km to 200 Km), seasonal, geographical and temporal variations in
the stmospheric molecular oxygen density profile are still largely
unknown. As & result, significant uncertainties still exist with
regard to "model" or "standard" atmospheres used to represent the
molecular oxygen distribution.

In the present work, five rockets carrying lithium fluoride -
nitric oxide ion chembers (which respond mainly to hydrogen Lymsn-o
radiation) have been launched from Woomera, Australia. The main
objective of these experiments was the determination of the nature of
seasonal variations in the molecular oxygen density profile in the
altitude range 80 Km to 95 Km. Only two of the rockets, HAD 309 end

HAD 310, performed satisfactorily. The HAD 309 experiment gave the
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first winter measurement of molecular oxygen density in the eouthern
hemisphere in the region of the atmosphere near 90 Km.

A comparison of the HAD 309 and HAD 310 (summer) resulte with
similer measurements by other workers has indicated that the average
scale height of the density distribution, in the altitude range 80 Km
to 95 Km, is greater in winter than in summer.

Australis's first satellite, WRESAT 1, carried lithium fluoride-
nitric oxide, sapphire-xylene and quartz-triethylamine ion chambers.
This experiment was designed to measure atmospheric molecular oxygen
density at satellite sunrise and sunset, in the altitude range 90 Km to
220 Km. A method of analysis of the ion chamber data has been developed
which allows for the effect of the finite size of the solar disk. All
of the available WRESAT 1 data has been analysed using this method,

To withinllthe experimental uncertainties, the WRESAT 1 density
results show general agreement with the mean 1965 CIRA model atmosphere
in the region near 100 Km. However, in the height range 130 Km to
220 Km, the average density values are a factor of two below those of
the mean 1965 CIRA model and show day-to-day veriations greater than
those predicted by the 1965 CIRA models.

The region of the solar temperature minimum, between the upper
photosphere and lower chromosphere, is of considerable importence for
the theory of the solar atmosphere. The solar flux data obtained from
the sapphire-xylene and quartz-triethylamine ion chambers carried on
WRESAT 1, indicate a value of (4570 ¥ 50)°K for the solar minimum
brightness temperature., A comparison has been made between this value

and the values cbtained by workers using dispersive instruments.
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PREFACE

This thesis conteins no material which has been accepted for
the award of eny other degree or diplome in eny University. To
the best of the author's knowledge and belief it conteins no
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when due reference is made in the text,

E}. Lockey



(viii)
ACKNOWLEDGEMENTS

The setellite and rocket experiments described in this thesis
were carried out in co-operation with the Flight Projects Group,
Weepons Research Estsblisiment. The suthor would like to thank
all persons involved with the preparation and leunching of the
rockets and the WRESAT 1 satellite. In particular the author
gratefully acknowledges the considerable essistance given by the
lete Mr B. Rofe.

Thanks are due to Mr 8, Dowden of the Physice Department for
his invelueble technicel essistence and to Messrs B. Hurn and B.
Walker of the Physics Department for designing and constructing the
rocket electronic circuitry.

The euthor would like to thenk most sincerely Dr B.H. Horton
for the enthusisem, advice and encoursgement he hes given during the
time the author has worked with him.

The euthor would elso like to thenk Mrs P. Clark for her
efforte in plotting the satellite dete and Mrs R. Willshire for her
assistance in proof-reeding the typed copy.

Special thanks are due to the author's wife, Rosemary, for the
help end support she has given end for her great patience during a
trying period.

Finally the author would like to thank his supervisor Professor
J.H. Carver for his guidence and encouresgement during the experiments
and the writing of this thesis,

The author gratefully acknowledges the support provided by a

Camonwealth Postgraduate Award.



CHAPTER 1

o o
SOLAR RADIATION FROM 1000A TO 2000A

1.1 Previous Messurements

1.1.1 Introduction

Before 1946, knowledge of the solar spectrum was limited to
wavelengths longer than 28693. Shorter wavelengths are prevented
from reaching terrestial or balloon-borne equipment by the strong
absorption processes that take place in the upper atmosphere (Section
2,1). The first measurements of the soler spectrum beyond the atmos-
pheric cut-off were made with = normel incidence grating spectrograph
carried by a V-2 rocket to an altitude of 88 Km (Baxm et al., 19L46).
A series of 35 spectra were recorded on film and these showed a
continuation of the visible continuwm down to 2100?&. During the next
five years, considersble improvements were made in the speed and
resolution of spectrographs. However, extension of the spectrum to
wevelengths much below 2100;. was not possible, This was meinly due to
the rapid decreasse in the continuum intensity below 21001 and the
inability to obtain long exposures on flights vhere the rocket was

unstabilized.

The peed for a stabilized rocket-borne platform from which to point
a spectrogresph at the sun led to the development, by the University of

Colorado, of & bi-axial pointing control, suitable for use in the



Aerobee rocket. Before this was achieved however, non-dispersive
photometers were applied with success to the detection of solar
Lyman-a radiation (Section 1.1.5). Since 1952, when the pointing
control was used successfully for the first time, investigations of

the solar ultraviolet spectrum have followed two main lines:-

(i) dispersive measurements for which a pointing control is
essential, and
(1i) non-dispersive measurements for which a pointing control

is not necessary.

1.1.2 Dispersive Measurements

In 1952, with the aid of the bi-axial control, Rense (195}) was
able to photograph the Lyman-o resonance line of atomic hydrogen
(1215.78) for the first time, and to show that it was in emission.
From 1952 to 1960, all dispersive measurements of the solar ultra-
violet spectrum were made with single dispersion grating spectrographs
using photographic recording and operating at either normal or grazing
incidence. The spectra from these instruments were generally unsuit-
able for absolute intensity determinations due to the effects of stray
long wavelength light. However, important features of the solar
spectrum were observed for the first time in these spectra and so 3
short description of the most significant measurements will be given.
Reviews of these and subsequent measurements up to 1963 have been

given by Pagel (1963) and Tousey (1963). A review of the more recent



measurements has been given by Goldberg (1967) and Noyes (1971).

In 1954, Johnson et al. (1954) using a normal incidence instru-
ment obtained many intense images of the Lyman-a line of much better
quality than those of Rense (1953). An instrument of the same type was
flown in 1955 by Johnson et al. (1958) and many emission lines were
recorded, the shortest wavelength being that of the CIII line at 977%.
Also in this flight, the continuum could be traced down to 15508 and
the sudden decrease in the continuum intensity at 21003 was seen for the
first time. A grazing incidence spectrograph was flown in 1958 and
1959 by Violett and Rense (1959) and emission lines were recorded
down to 83.98. The resonance lines of HeI (5848) and HeIl (3048) were
seen for the first time but strong stray light made interpretation of
the spectra very difficult. The best spectra obtained with a single
dispersion instrument were those taken in 1959 by Purcell et al. (1960).
Although a special coating was used on the grating to reduce the
effects of stray light, intemsity determinations could only be made at

wavelengths longer than 17508.

A great improvement was made in the spectra by the use of the
double dispersion instrument, first flown in 1960 by Detwiler et al.
(196la). A grating was used to pre-disperse the incident solar rad-
jation along the entrance slit of the main spectrograph. As a result,
the stray light from the visible and near ultraviclet portions of the
solar spectrum fell beyond the ends of the slit and was rejected from

the spectrograph. The final spectrum was rendered stigmatic by
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mechanically distorting the pre-dispersing grating in such a way that
it compensated for the astigmation of the main grating. With this
system, the intensity distribution along a spectral line corresponded
to the intensity distribution at that wavelength in a slice along a
diameter of the sun. From the spectra obtained during this flight an
intensity distribution was derived over the range 8508 to 15508. The
absolute level of the spectrum was referred to Lyman-a, the intensity
of which was measured during the flight by an ion chamber, sensitive
to the range 10508 to 13508, attached to the spectrograph housing.

By combining the spectral response curve of the ion chamber with the
measured intensity distribution of the solar spectrum, a correction
of 15% was estimated for the contribution of the continuum and lines
other than Lyman-o to the ion chamber signal. The results of this
flight have been published by Detwiler et al. (1961b) in the form of
the total intensity of continuum plus lines in 508 intervals and the
intensities of the strongest emission lines. The intensity distribu-
tion has also been published, in digitalized form, by Brinkman et al.
(1966) and these values are used in Section 5.6 to determine the
contribution made by emission lines to the signal from an ion chamber
sensitive to the ramge 14208 to 14808. These values are also used in
Section 3.8 to estimate the change in sensitivity of this ion chamber

due to variations in its temperature during a rocket flight.

Two double dispersion spectrcgraphs covering the ranges 12008 to
20008 and 8008 to 12508 were flown in 1962 by Tousey et al. (1964).

The almost complete elimination of stray light enabled the continuum



between 15208 and 1780%.
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Fig. 1.1 The intensity distribution of the solar spectrum

The spectra were obtained by the

No attempt should

be made to read line intensities, as the spectra were traced
in rapid scan and some of the lines may therefore not have
been properly recorded (Widing et al., 1970).



to be traced down to approximately 9508. The double dispersion
instrument was reflown in July 1966 by Purcell, Snider and Tousey and
gave spectra that were significantly better for photometry than those
of the 1962 flight or those from a flight with a similar instrument
in February 1966. Figure 1.1 shows a densitometer trace between
15208 and 17808 from one of the spectra taken during the July 1966
flight (Widing et al., 19%0). Figure 1.2 is a densitometer trace for

the region 11508 to 15208 published by Tousey (1964).

The most recent photographically recorded spectra in the 10008
to 20008 range were obtained in 1970 by Brueckner and Moe (1972).
Unlike earlier instruments, their double dispersion spectrograph
accepted radiation only from a localized area on the solar disk. The
angular* resolution was determined by the size of the entrance slit,
which was 2 arc sec by 1 arc min projected on the solar disk, and by
the pointing jitter of * 2 arc sec. Spectra were taken at positions
7, 24, 40 and 300 arc sec distant from the limb, making it possible to
study centre to limb variations with a spatial resolution of £ 2 arc
sec. The spectra obtained covered the range 11758 to 17958 but the
instrument was only absolutely calibrated above 14008. As the spectral
resolution was 0.073, it was possible to determine the absolute con-
tinuum level in many sections without interference from absorption or

emission features.

Burton and his co-workers at the Astrophysics Research Unit,

Culham Laboratory, England, using the Skylark rocket fitted with a
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tri-axial pointing control, have been able to direct their spectro-
graph slit 10 arc sec outside the solar limb to an accuracy of z 2 arc
sec. This has enabled them to photograph the chromospheric and
coronal emissions in the range 3008 to 28008 with very little inter-
ference from the strong photospheric radiation. Burton and Ridéeley
(1970) have published a list of wavelengths and intensities of about
600 emission lines most of which are identified. The chromospheric
and coronal spectra have also been observed by Speer et al. (1970)

and Bruf®ckner et al. (1970). They carried out separate observagions
of the "flash" spectrum from 8508 to 21508 during the total eclipse

of March 7th, 1970.

The determination of absolute fluxes when using photographic
recording techniques is difficult, as has been pointed out by Rense
(1961) and Detwiler et al. (1961b). Both the film sensitivity and
the instrument's transmission efficiency must be measured as a func-
tion of wavelength., These two quantities can be determined separately
but are usually measured simultaneously by placing the instrument in
a vacuum chamber and exposing it to an absolutely calibrated source
of ultraviolet radiation. This was the method used by Brueckmer and
Moe (1972). Even when using a source of known absolute intensity
distribution, errors can be introduced due to scattered 1light, spectral-
impurities in the light source, overlapping orders and the fact that
the radiation from the laboratory source may not have the same angular

distribution as that from the sun.
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In early spectrographic measurements, absolutely calibrated iom
chambers were flown with the speetrograph. This method was first used
by Byram et al. (1958), who used ion chambers sensitive to the ranges
10508 to 13508 and 12208 to 13508 to correct the absolute fluxes
derived photographically by Johnson et al. (1958). The difficulty
with this method is that the integrated intensity from the total solar
disk (which is generally not uniformly bright) must be calculated from
the spectrographic data before comparisons can be made with the iom

chamber data.

Photoelectric recording techniques have also been applied to the
measurement of the solar ultraviolet spectrum from both rockets and
satellites. Hinteregger and his co-workers have flown a grazing
incidence grating monochromator in which the spectrum is scanned by
a slit in a moving belt and is detected by a windowless, magnetically
focussed, resistance strip photomultiplier. The output of the
detector is telemetered directly to ground. Due to the insensitivity
of the detector's photocathode to wavelengths longer than approxi-
mately 1300&, background problems, inherent in grazing incidence
instruments due to intemse long wavelength stray light, have been
eliminated. This instrument, which was flown successfully for the
first time in 1959, is described in detail by Hinteregger (196la).
The first reliable intensity measurements were taken on a flight in
August, 1960. Intensities, extrapolated to the top of the atmosphere,
have been given for all of the important lines and ﬁhg continuum in

the range 508 to 13008 from both the 1960 flight (Hinteregger, 1961b)
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and from later flights in 1963 (Hinteregger and Hall, 1965), A sum-
wmary of all of the important rocket flights made with this instrument
up to 1969 has been given by Hall et al. (1969). 1In all of.these
flights the measurecments have been of the integrated radiation from

the whole solar disk under non-flare conditions.

A scanning monochromator of the same type as that described
above has been flown on the NASA satellite 0SO 3 and has provided
absoclute measurements of the total disk radiation in the wavelength
range 2708 to 13008. As no corrections are needed for residual
atmospheric absorption these results are superior to the rocket
values. The satellite instrument worked for approximately six months
in 1967 during which time its sensitivity gradually decreased.
Absolute intensities of the important lines and the continuum have
been given by Hall and Hinteregger (1970) for observations taken before
appreciable deterioration had occurred. The decrease in sensitivity
was slow enough to allow the 27-day variations of the emission line
intensities to be clearly seen. Over one 27-day period the intensity

of the hydrogen Lyman-a line was found to vary by approximately 30%.

A normal incidence scanning monochromator was launched in 1967
on the satellite 0SO 4. This instrument was designed by Goldberg and
his co-workers at the Harvard College Observatory to obtain spectral
scane over the range 3008 to 14008 from a 1 arc min square at the
centre of the solar disk. A number of scans made in October 1967 have

been averaged to give a mean spectrum of the quiet sun (Dupree and
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Reeves, 1971). The instrument could also be used as a spectrohelio-
graph and during October and November 1967 approximately 4000
spectroheliograms of the entire disk were obtained in about 50 indivi-
dual emission lines or continuum wavelengths, with a spatial resolu-
tion of about 1 arc min. These results have been published in atlas
form by Reeves and Parkinson (1970). A similar instrument, with the
someéwhat better spatial resolution of 35 arc sec, was orbited in the
0SO 6 spacecraft and recorded spectra at many different points on the

solar disk (Dupree et al., 1970).

Timothy and Timothy (1970), using a different spectrometer on
0S0 4, monitored the intensities of the Lyman-o emission lines of
hydrogen and helium over the periods October 1967 to December 1967 and
June 1968 to December 1969. As the first of these monitoring periods
covers the data acquisition phase of the WRESAT I satellite, the
hydrogen Lyman-o intensities obtained by the 080 4 spectrometer are
compared in Section 6,3 with the values obtained in the present

work from the WRESAT I jion chambers.

A photoelectric scanning monochromator, which for the first time
was not limited to wavelengths less than 14002, was flown in 1968 in
an Aerobee~150 rocket by Parkinson and Reeves (1969). This instrument
was designed to make an accurate determination of the solar contin-
uum level in the range 14008 to 18758, where the radiation is believed
to originate in the vicinity of the solar temperature minimum (Section

1.2). To provide better data than existing photographic observations,
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high spatial and spectral resolutions were required. This was
achieved by using an Ebert spectrometer equipped with a telescope
system. The measured spectral response was 0.06% and the spatial
resolution 20 arc min by 7 arc sec. The detector was a photomulti-
plier with a lithium fluoride window and a calcium iodide photo-
cathode. The photocathode was relatively insensitive to wavelengths
longer than 25008 while the short wavelength cut-off was determined
by the detector's window and a calcium fluoride filter placed at the
exit slit. The effect of scattered light above 20008 and below
130028 was not measurable. Although the bi-axial pointing control
operated only intermittently during the flight, many intensity measure-
mruts were made near the centre of the solar disk throughout the range
14008 to 18758, Substantial agreement at 14008 was found between
these results and those of the Harvard 0SO 4 spectrometer described
above. A second flight, in which the pointing control operated
correctly, was made with this instrument in September 1969. Hinter-
egger (1970) has reported that the results of this experiment, which
have not yet been published, tend to confirm those of the earlier
flight. The continuum intensities derived from thé 1968 flight are
compared in Section 6.3 with the photographic measurements of
Widing et al. (1970) and Brueckner and Moe (1972) (both described

above) and with the present WRESAT I jon chamber measurements.

The absolute calibration of photoelectric scanning monochromators
has been discussed fully by Hinteregger (196la, 1965). As the cali-

bration procedure is easier than that used for photographic
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instruments, the monochromators allow more precise absolute intensity
measurements than the spectrographs. Due to the speed with which a
spectral scan can be made, the monochromators are also much better
suited to studies of the absorption in the earth’'s atmosphere of
radiation of a particular wavelength., However, in spite of considerable
progress in photoelectric recording techniques, the photographic plate
remains superior for any precise wavelength measurements as well as

for well defined image formation such as that required in spectro-

heliographs.

1.1.3 Profiles of the Solar Lyman-o Line

The profile of the solar hydrogen Lyman-a line was studied at
high resolution in 1959 and 1960 by Purcell and Tousey (1960, 1961).
Profiles were also taken in 1962 by Garrett, Purcell and Tousey
(Tousey, 1963), in 1966 by Bruner and Parker (1969) and in 1967 by
Bruner and Rense (1969).. All of these measurements have shown that
the line profile is characterized by a half maximum width of about
IX; a wide shallow self-reversal due to absorption in the solar atmos-
phere; and a deep, narrow reversal formed by absorption due to atomic

hydrogen between the rocket and the sun.

Figure 1.3 shows the line profile as measured in 1959 by Purcell
and Tousey (1960), who used the grating of their normal incidence
spectrograph in the thirteenth order to obtain a resolution of
0.038. From the 1959 and 1960 flights, it was found that the separa-

tion between the profile maxima varied from 0.38 to 0.48 for plage
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reglons and from 0.48 to 0.58 for qulet regions of the sun. The
maximum on the short wavelength side was found to be usually, but not
always, higher in intensity than the other. As the value of the
absorption cross-section of molecular oxygen changes rapidly near the
Lyman-a wavelength, the positions of the maxima and their relative
intensities can be of importance when determining the effective
absorption cross-section of molecular oxygen for the whole Lyman-u

line (Section 2.2),

1.1.4 Solar Images at Lyman-o

In 1956, Mercure et al. (1956) obtained the first image of the
solar disk at the wavelength of hydrogen Lyman-o. Although the image
was small and the stray light background intense, it was concluded
that Lyman—a is emitted from CaK plage regions with increased intemsity.
In 1959, when the sun was very active, Purcell et al., (1959) obtéined
a stigmatic image of the sun at Lyman-o with a spatial resolution of
1 arc min and with a very low stray light background. It was found
that the Lyman-a plage regions correlated well with those of Ca K and
to a lesser extent with those of H-a. In 1965 spectroheliograms of the
sun at Lyman-o were taken from the 0SO 3 satellite with a resolution of
1 arc min (Tousey, 1967). These images also showed good correlation
between the Lyman-o and Ca K plage regions. Sloan (1968) has mapped
the intensity distribution of Lyman-o over small areas of the sun with
resolutions of up to 2.5 arc sec. He used as a detector an ion

chamber, sensitive mainly to Lyman-o, positioned behind a pin-hole at
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the focal plane of a small telescope. Bright features 6 to 20 arc sec
in size were found with intensities typically 20% brighter than the

beckground.

Departure of the solar disk from uniform brightness at Lyman-a
can lead to serious difficulties when using the atmospheric occultation
of the sun, as seen from s satellite, to measure density profiles

in the earth's atmosphere (Section 6.2.2).

1.1.5 Non-dispersive Measurements

Before the development of a pointing control, rocket spectro-
graphs were unable to meeasure the solar spectrum below epproximately
21003 (Section 1.1.1). Because of this, attempts were made to develop
non-dispersive detectors which, because of their higher sensitivity,
could be used to measure intensities below 21003 from unstabllized

rockets,

The first non-dispersive detectors to be used employed the
thermoluminescent properties of the phosphor CaSOh:Mn. Detectors
sensitive to the ranges 10502 to 13h03 and 12202 to l3hOX were designed
and Tousey et al, (1951) have described a number of flights of these
detectors that took place from 1948 to 1950. They proved to be
unrelisble for ebsolute intensity measurements with the most reliable

experiment giving a value of 0.4 erg un-z sec—1 for the Lyman-o flux.

]
Geiger counters sensitive to the wavelength bands 1100A to

o ] o ] [o]
1350A, 14254 to 1650A and 1725A to 2100A were flown in rockets from
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1949 to 1952 by Friedman and his co-workers (Friedman et al., 1951

and Byram et al., 1953). The most accurate data were obtained in
.measurements of Lyman-o intensities using the 11008 to 135p8 detectors.
These detectors also proved unreliable for absolute intensity measure--
ments with the best experiment yielding a value of 0.1 erg Cm_zsec-

for the Lyman-¢' intensity.

The first non-dispersive detectors to give reliable solar flux
values were the ion chambers flown in 1955 by Byram et al. (1956).
These detectors employed a lithium fluoride window and a nitric oxide
filling gas to give a spectral response range from 10508 to 13508.
Absolute calibration of these detectors was both simple and accurate
(Section 3.6). The Lyman-a line dominates the radiation in the
10508 to 13508 range to such an extent that only between 10% and 15%
of the ion chamber signal 1s due to other wavelengths (Section 1.1.2).
As a consequence, lithium fluoride-nitric oxide ion chambers have been
used extensively for the purpose of measuring solar Lyman-o radiatiom
from both rockets and satellites. A list of most of the rocket
measurements up to 1967 has been made by Weeks (1967). He has found
a significant solar cycle variation in the Lyman-o level with a mean

value for the maximum of the solar cycle of 6.1 * 0.45 erg cm.-2 sec

and a mean value for the minimum of 4.3 * 0.35 erg cm.2 secnl.

Eight ion chambers semsitive to different narrow wavelength
bands between 10508 and 16808 were flown on a Long Tom rocket in 1966

by Carver et al. (1969). Sapphire-xylene (14203 to 14708) and
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quartz-~triethylamine (15702 to 1680%) ion chambers were included in
this experiment, Their spectral responses lie inside the wavelength
band believed to be emitted from the vicinity of the solar tempera-
ture minimum (Section 1.2). The intensities derived from these two
ion chambers are compared in Section 6.3 with measurements made in

the present work with WRESAT I ion chambers of the same types.

Lithium fluoride-nitric oxide ion chambers have been flown in
several satellite vehicles with the aim of monitoring continuously
the Lyman-o output from the total solar disk. Two of these detectors
were launched in the Solrad I spacecraft in Jume 1960. Some ambig-
uities in the derived flux levels resulted from the deterioration of
the sensitivity of the detectors. However, it was possible to comclude
that over the period from July 13th to August 3rd, 1960, the day-to-
day variations in solar Lyman-o emission did not exceed 18% (Kreplin
et al., 1962). It was algo concluded that the Lyman-a emission from
a class 2 disk flare does not exceed 11% of the quiet sun total disk
emission. The 0SO I satellite, launched in March 1962, also carried a
lithium fluoride-nitric oxide ion chamber. The average Lyman-o flux
was found to be 5.0 erg c:m.'-zsec-1 and enhancements were assoclated
with large flares. A 5% enhancement was caused by a class 77 flare
and a 7% enhancement was caused by a class 3 flare (Brandt, 1969).
Lithium fluoride-nitric oxide ion chambers on the Interkosmos 1 satel-
lite showed variations in the Lyman-o flux from 3.7 to 4,7 erg (:m"2

set:-l during the period from October 15th to October 23rd, 1969, with
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a mean value of 4.1 erg cr:fzsec-'1 (Felske et al., 1970). In the
present work, rocket flights of lithium fluoride-nitric oxide ion
chambers on July 24th, 1969 and Decembér 9th, 1969 resulted in Lyman—o
flux determinations in substantial agreement with those of the Inter-
kosmos I satellite (Section 4.4.2). The two lithium fluoride-nitric
oxide ion chambers on the 0SO 4 satellite deteriorated rapidly.
However, it was possible to extrapolate the response of one of the
ion chambers back to the first orbit (Timothy and Timothy, 1970).
Close agreement was found between the value of the Lyman-a intensity
determined in this way and that derived from a monochromator also on

the 0S0 4 satellite (page 9).

An improvement in the spectral reeolution of the lithium fluoride-
nitric oxide ion chamber has been made on the Solrad 8, 9 and 10
satellites by flying with it another ion chamber sensitive to the
range 12208 to 1350R. The latter ion chamber enables a calculation to
be made of the contribution to the 10508 to 13508 detector, due to
wavelengths longer than Lyman-a . Although saturation of the Solrad
8 detectors and a gradual decrease in their sensitivity made analysis
of the data difficult, it was possible to show that during the period
from December 1965 to July 1966 day-to-day variations were less than
10% (Fossi et al., 1970). The Solrad 9 ion chambers deteriorated

rapidly and no useful data were obtained.

The Solrad 10 satellite also carried an ion chamber sensitive

to the wavelength band 14408 to 16608. Privately communicated intensity
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measurements obtained with this detector are compared with those
obtained in the present work with ion chambers on the WRESAT I

satellite (Section 5.6)}.

The measurement of absolute intensities using satellite-borne
ion chambers has not yet proved to be very satisfactory, mainly'due to
the loss of instrument sensitivity. The satellite experiments have
been valuable, however, in showing that the day-to-day variations in
the Lyman-a flux level appear to be small with the greatest chapges
being less than 10%. Also enhancements in the total Lyman-o flux
due to large flares have been shown to be too small to cause signifi-
cant geophysical changes (such as an increase in D-region ionization).
However, these enhancements imply very large local increases in
Lyman-a brightness and may therefore make significant contributfons

to the energy lost from flares.

1.2 The Nature and Origin of the Solar Ultraviolet Spectrum

Observations of the solar spectrum have led to a description of

the solar atmosphere in terms of three emitting zones:-

(1) The photosphere. This is the inmermost zone and it extends
from the 1limb of the visible solar disk down to the deepest
observable layers. It is about 350 gm thick and its temp-
erature decreases from about 9000°K at the bottom to about

4500°K at the top.



18.

(11) The chromosphere. This zone lies immediately above the
photosphere and is about 20,000 Rm thick. Its temperature
increases from 4500°K where it meets the photosphere to

about 40,000°K where it meets the corona.

(11i) The corona. This is the outermost zome and during total
solar eclipse it has been seen to extend to a distance of
at least 40 solar radii. Between the chromosphere and the
corona there is a very narrow transition region where the
temperature rises from 40,000°K to about 1 million degrees.
The general coronal temperatures are between 1 and 2

million degrees.

The visible solar radiation comes almost entirely from the photo-~
sphere and consists of a continuum, with a radiation temperature¥* of
about 6300°K, crossed by numerous Fraunhofer absorption lines. The
continuous opacity of the solar gases is a minimum in the visible
spectral range where it is predominantly due to the free-free and
bound~free transitions o£ the negative hydrogen ion. At wavelengths
both longward and shortward of the visible spectrum, the comtinuous
opacity increases, with the result that the emergent solar continuum
originates in progressively higher layers. In particular, we expect

that in both the far infra-red and the extreme ultraviolet, the

* The radiation temperature of the sun at a particular wavelength is
the temperature of a black body which would emit the same intensity
of radiation at that wavelength as the sun.
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radiation temperature of the continuum will pass through a minimum at
some wavelength for which the radiation is emitted from the temperature

minimum region between the photosphere and chromasphere.

Beginning in the near ultraviolet, the continuous opacity
increases towards shorter wavelengths as the lonization limits of the
abundant neutral metals are crossed. As a result the radiation
temperature of the continuum drops from 6300°K to about 5500°K at
21008. Near 20878 the character of the solar spectrum undergoes a
rapid change with the continuum intensity falling by a factor of five
in the space of about 158 (Boland et al., 1971). At 20008 the rad-
iation temperature has dropped to 5000°K while the cores of the
absorption lines follow a 4900°K black body curve both aboye and
below the continuum discontinuity. The conclusion is that the con-
tinuum radiation below about 20808 arises only a short distance below
the region of the temperature minimum, while the absorption lines are
formed slightly closer to the temperature minimum where the temperature

is a little lower.

The moat recent measurements of the continuum intensity below
20008 are those of Widing et al. (1970), Parkinson and Reeves (1969)
and Brueckner and Moe (1972) all of which are described in Section
1.1.2, These measurements are generally in close agreement in terms
of the wavelength dependence of the intensity but there are still
large discrepancies between the various measurements of the absolute

intensity level (Section 6.3). Qualitatively, below 20008 the
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continuum follows a descending black body curve down to 17003.

Between 17008 and 14008 there 1s a broad radiation temperature minimum,
Below 14008 (Figure 1.2), the temperature begins to slowly rise with

a more rapid increase occurring as the wing of the very intense
Lyman-o line begins to dominate. On the short wavelength side of the
Lyman-a line the radiation temperature falls to another mindmum at
11808 but never reaches a temperature as low as the minimum on the
long wavelength side. Below 1180% the radiation temperature of the

continuum rises again to a maximum at 9708.

In the 20008 to 10008 range the type of line seen against the
continuum changes from absorption to emission. The first emission
lines appear just below 20008 and towards shorter wavelengths the
absorption lines progressively disappear as the emission lines become
more numerous. Below 16828 (which corresponds to the ) absorption
edge of Si I) there are npo atomic absorption lines and the only
absorption features are the band heads of CO. All of the emission
lines show limb brightening in keeping with their origin in the

chromosphere where the temperature is increasing outwards.

The spectral range from 16828 to 15258 is of particular interest
because the emergent continuum radiation can be shown from observations
to arise from the region of the temperature minimum. Above 16828 the
continuum is still photospheric in origin. This is shown by the con-
tinued presence of shallow absorption lines (Figure 1.1) which, as

mentioned above, indicates that the emergent continuum arises from
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just below the temperature minimum region where the temperature is
still decreasing outwards. Additional confirmation of this is given
by the fact that above 16828 the continuum is still 1imb darkened.
There is a small but rapid change in the continuum intensity at 15258
which coincides with the 3P absorption edge of Si I. The intensity
is highest to the short wavelength side of the edge and this, coupled
with the strong limb brightening observed below 15258, implies that
the continuum radiation below 15258 is chromospheric in origin.
Between 16828 and 15258 there are no atomic absorption lines and the
centre to limb variations are small (Brueckner and Moe, 1972). Both
of these characteristics are expected for radiation arising from the

region across the temperature minimum.

Recent theoretical models (Cuny, 1971, Gingerich et al., 1971)
are in agreement with the observations in suggesting that the region
between 15258 and 16828 is particularly significant for investigations
of the temperature minimum. A comparison of the various measurements
of the radiation temperature in this wavelength band is made in

Section 6.3,
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CHAPTER 2

i
A\

THE ATMOSPHERIC ABSORPTION OF SOLAR

ULTRAVIOLET RADIATION

2.1 Introduction

Although considerable effort has been expended in measuring the
properties of the total neutral atmosphere, relatively few measure-
ments have been made of the properties of the individual atmospheric
constituents. This is especially true with regard to molecular
oxygen above about 90 Km, where both its dissociation into atomic
oxygen and diffusion‘begin to become important. Seasonal, latitud-
inal and temporal variations in the molecular oxygen density profile
are still largely unknown and significant uncertaiﬁties exist with
regard to models used to represent the distribution of molecular
oxygen. At lower altitudes, where molecular oxygen 1g8 a well-mixed
species, more information is available from measurements of the total
pneutral atmosphere. However, even here more information is needed on
the molecular oxygen distribution and its variatioms with season,
latitude and time of day., Such measurements in the upper mesosphere
(70 Km - 90 Km) and lower thermosphere (90 Em - 200 Em) will be
helpful in understanding atomic oxygen and ozone photochemistry as
well as vertical and horizontal transport mechanisms in a region where
several of these problems are probably important. These measurements

will also be helpful in improving existing "standard or reference
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atmospheres", that attempt to give a dynamic interpretation of the
behaviour of the real atmosphere. As pointed out by Schiliing (1968),
even minor variations in the properties of a reference atmosphere in
the upper mesosphere - lower thermosphere region can lead to very laxge
variations in its properties at higher altitudes. Therefore, a

proper interpretation of the variatioms of the upper thermosphere, as
detected by earth-orbiting satellites, depends upon a thorough know-

ledge of the variations in these lower regiomns.

The two basic methods for determining the concentration of
different neutral species in the upper atmosphere are absorption
spectroscopy and mass spectroscopy. At present, absorptiom spectro-
scopy is preferred for accurate quantitative determinations because
the data interpretation is relatively straightforward . and unambig-
uous. The accuracy of the various mass spectrometric methods is
compromised by effects associated with motion of the rocket and
reactions ét the walls of the instrument (Section 6.1.3). In
addition, mass spectrometers can only be operated above about 100 Km.
Both dispersive instrumentation, such as spectrographs, and wider
band non-dispersive instrumentation, such as Gelger counters and ilon
chambers, are useful in the application of absorption spectroscopy.
In the present work, the study of molecular oxygen densities is based
on experiments using ion chambers carried on sounding rockets and on
one satellite vehicle, Within the wavelength range 10008 to 17008,
it can be shown that atmospheric absorption is due almost entirely to

molecular oxygen. However, the minor atmospheric constituents do
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absorb to a small extent and this can be of importance at the wave-

length of the solar Lyman-o line (Sectiom 2.5).

Figure 2.1 shows the variation of the atmospheric penetration
height* as a function of wavelength (Friedman, 1960b), From 20008
to 30002 the radiation is absorbed almost entirely by ozone, which
reaches its peak concentration at an altitude of about 25 Em, At
wavelengths shorter than 20008, molecular oxygen absorbs strongly
and the absorption takes place at higher altitudes. The absorption
by molecular oxygen leads to its dissociation and the production of
atomic oxygen. At wavelengths shorter than 10008, molecular nitrogen
also absorbs strongly and atomic oxygen, which 1s the principal
atmospheric constituent above about 150 Km, contributes to the

absorption of wavelengths shorter than about 9008.

2.2 The Absorption Cross—Section of Molecular Oxygen

The absorption of vacuum ultraviolet radiation by molecular oxygen
has been investigated by a number of workers. Detailed measurements
using photoelectric techniques have been made by Watanabe et al.
(1953a), Metzger and Cook (1964) and Blake et al. (1966). These
measurements are substantiitly in agreement with one another.

Figure 2.2 shows the absorption spectrum of molecular oxygen as given

*The atmospheric penetration height is the height above the earth's
surface at which the solar flux has been attenuated to 1/e of its
value above the atmosphere. N N
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by Cook and Ching (1965). The Schumann-Runge dissociation continuum
extends from about 13008 to about 17508 with the maximum cross-section

—17cm2 occurring at 14258, The Schumann-Runge bands are

of 1.48 x 10
at wavelengths longer than 17508. The cross-sections of these bands
decrease with increasing wavelength until they merge into the weak
Hertzberg continuum. At wavelengths shorter than 13002, the spectrum
shows a number of strong absorption bands separated by "windows"
where the cross-section is much lower. The most important of these
windows is the one that almost exactly coincides with the very strong
solar Lyman-a line. The shape of this window is shown in Figure 2.3
(Ogawa, 1968) which also indicates the approximate positions of the
two maximé in the solar Lyman-a line (Section 1.1.3). Although the
window is very narrow, the close proximity of the Lyman-a line to the
centre of the window means that the variation of the absorption
crogs-section across the line is small., The absorption cross-section
at the bottom of the window has been found to be pressure dependent
with a rate of change of about 1.7 x 10"23cm21:01:1:"-1 (Blake et al.,
1966, Shardanand, 1967). As the value of the cross-section is about
1.0 x 10-20cm2 at Lyman-a, the pressure dependence is negligible for

the range of pressures encountered in the reglon of the atmosphere

where absorption of solar Lyman-o radiation takes place.

Table 2.1 shows the values of the absorption cross-section at
Lyman-o that have been obtained by various workers using photoelectric
techniques. The two measurements of Ogawa (1968) refer to the cross-

section at the wavelengths of the two maxima of the solar Lyman-a line.



ABSORPTION CROSS-SECTION (10’20cm2)

4.0

3.0

2.0

1.0

Ly—-o.

1215 1216 1217 1218
WAVELENGTH (R)

Fig. 2.3 The shape of the molecular oxygen
window near Lyman-a (Ogawa, 1968).

ZENITH

SUN

dh secZdh

Fig. 2.4 Geometry for the flat-earth
approximation.



26.

TABLE 2.1
Reference Cross~Section
Preston (1940) 1.04 x 10" 2%%n?
Watanabe et al. (1953a) 1.00
Metzger and Cook (1964) 1.04
Blake et al. (1966) 1.12
Shardanand (1967) 1.08
1.03
Ogawa (1968) 1.13

More recently, Gaily (1969) (also using a photoelectric technique)
has studied the pressure dependence of the cross-section at Lyman-qo
and at several shorter wavelengths nearby. His results at Lyman-a are

in substantial agreement with those of Watanabe et al. (1953a).

Ditchburn et al. (1954) and Lee (1955) used photographic tech-

niques to obtain values for the ¢ross-section of 0.84 x 10-20cm2 and

0.85 x 10-20cm2. In the present work a value of 1.0 x 10-2ocm2 has
been adopted for the Lyman-o cross-section. The values quoted above
indicate an uncertainty of * 14% in the adopted value and this uncer-

tatuty must be taken into account when deriving molecular oxygen

densities from atmospheric Lyman-a absorption profiles (Sectiom 2.3).
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2,3 Molecular Oxygen Densities from Absorption Measurements Between

10008 and 17008

A reasonably complete treatment of the derivation of atmospheric
neutral particle densities, from measurements of the attenuation of
solar ultraviolet radiation, has been given by Hinteregger (1962).

In this chapter, the discussion will only apply to the absorption of
radiation in the wavelength range from 10008 to 17008. In this wave-
length range, the absorption due to atmospheric constituents other than
molecular oxygen can be ignored (Section 2.5). The discussion will
also be restricted to the case where the solar zenith angle*, Z, is
less than 90°. The situation where Z is greater than 90° ig consid-

ered in detail in Section 5.3,

Under the above restrictions, the flux in photons cm-zsec-l, of
parallel monochromatic radiation of wavelength, A, at a height, h,

above the earth's surface, is given by the Beer-Lambert law

$(A,h) = ) exp[-c(AIN(h}] oo (D)

where ¢(A) is the flux above the atmosphere im photons cm-zsec—l,

g(A) is the absorption cross-section of molecular oxygen

in cmz.

and N(h) 1s the columnar density above a height, h, i.e. the

2

number of oxygen molecules in a column of area lem® along

the path of the radiation.

*The solar zenith angle is the angle between the direction of the sun
and the local zenith,
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If o(A) is also dependent on temperature or pressure it may, as a
result, show an indirect height dependence. For molecular oxygen, in
the height and wavelength ranges applicable in the present work, these

effects may be neglected.

In practice, any radiation detector will have a finite bandwidth,
A\, within which it will respond. From equation (1), the flux, in
photons cmmzsec-l, within the instrumental bandwidth, from A to

A + A) is given by

A+BA

¢(A,A\,h) = N ¢O(A)exp[-c(l)N(h)]dA eee(2)

where ¢o(l) is the differential photon flux above the atmosphere in

photons cm.zset:-'1 R_l. If e(\) represents the spectral response
function of the detector (Section 3.6) then the detector's signal at

the height, h, is given by
1) = [ () (Ve [-oMINMINA ... (3)

If o(\) can be replaced by a constant cross-section, o, then equation
(3) can be simplified to the form

I(h) = I = I, exp[-cN(h)] oo s (&)
A+AA

A
atmosphere. This simplification is possible in two cases.

where I = f e(l)¢°(l)dl is the ion chamber signal above the

(i) A solar emission line may dominate the radiation within

the bandwidth of a detector to such an extent that the



29.

bandwidtli, A\, can be reduced to the bandwidth across the
line. This is the case for the ion chamber with 'a lithium
fluoride window and nitric oxide filling gas, which responds
over the wavelength range 10508 to 13508 (Chapter 3). As
mentioned in Section 1.1.2, the Lyman-o emission line at
1215.78 accounts for approximately 85% of the output of

this detector. Also, the Lyman-a line lies close to the
centre of a window in the molecular oxygen abserption
spectrum where the cross-section is very low (Section 2.2).
This means that most of the other wavelengths within the
10508 to 13508 range will be absorbed at much higher alti-
tudes. Therefore, in the region where the total solar
radiation in the bandwidth 10508 to 13508 has been reduced
by about 15% or more, the iom chamber can be considered to
be responding purely to Lyman—-a radiation. As the variation
of the absorption cross-section of molecular oxygen is small
over the wavelength range covered by the Lyman-o line
(Section 2.2), equation (4) is a good approximation with

o equal to 1.0 x 10”2002,

(ii) The absorption cross-section may be constant, or nearly so,
throughout the bandwidth of a detector. An example of this
behaviour is provided by the ion chamber with a sapphire
window and &ylene filling gas (Chapter 3). The bandwidth

of this detector is 14208 to 14808+ As can be seen from
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Figure 2.2, the variation of the molecular oxygen absorption
cross-section across this wavelength range is small.
Equation (4) 1is therefore a good approximation, with o

heving the value 1.45 x 10"

which is the avérage
value across the bandwidth. The estimated probable error

in this value is * 10%.

The third type of ion chamber used in the present work has a
quartz Window and triethylamine filling gas and a bandwidtﬁ extending
from 15508 to 16908. As can be seen from Figure 2.2, the absorption
cross-section of molecular oxygen varies somewhat over this wavelength
range. Therefore, the simplification of equation (3) used above is

not applicable to this detector.

Let us consider the change in the signal of a quartz-triethyla-
mine chamber over the height range h * Ah to h. The differential
photon flux at the height h + &h is given, by comparison with equation
(1), as

(A, i*ah) = ¢_(A)exp{-o (A)N(h+sh)]

Equation (3) can therefore be rewritten as

A+

e (\)¢ (A, h+ah)exp [~o (A) ANCh) JdA cee(5)
where AN(h) = N(h) - N(h+Ah).

1f Ah is sufficiently small, we may negleéct the changing distri-

bution of the radiation as it passes through the layer. We may then
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approximate equation (5) by
I(h) = I(hsh)exp[-0 . (btsh)AN(h)) ()

where oeff(h+Ah) is the "effective absorption cross-section" and 1is

defined by

I TYCWALTEVER

0 _.c(h) = ors(7)

The value of O.gg ©an only decrease or remain constant as the radiation
penetrates down through the atmosphere. It will decrease when o(?)
varies across the bandwidth of a detector because the radiation of
wavelengths where o(X) is larger will be absorbed mcre quickly,

leaving a higher proportion of the radiation of wavelengths at which

o is smaller. This changing distribution of the radiation within a

detector's bandwidth is known as "radiatiom hardening".

The variation of Oogs with height was investigated for the

quartz-triethylamine ion chamber using the following assumptions.

(1) The vertical distribution of molecular oxygen was assumed
to be that given by the 1965 mean CIRA atmosphere (CIRA
1965).

(11) The solar zenith angle was taken to be o°.

(1ii) The variation of the molecular oxygen absorption cross-

section between 15508 and 16902 was assumed to be that
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given by Blake et al. (1966).

(iv) The spectral distribution of the solar flux was taken to

be that of a black body at a radiation temperature of

4600°K (Section 6.3).

(v) The spectral response used was that shown in Figure 3.12

which is a typical example.

Equation (7) was used to calculate values of Ooff for various
heights. These values are listed in Table 2.2 along with the corres-
ponding values of the attenuation of the iom chamber's signal
((IO-I)/IO). The values of Ogs and attenuation, given in Table
2.2, are independent of the assumed density distribution and the
solar zenith angle. The height values, however, depend on both of
these parameters. The values of O.¢¢ 2Ye not strongly dependent on
the assumed solar flux distribution. As shown in Section 6.3,
the solar spectrum in the wavelength range from 15508 to 16708 1is
closely represented by that of a black body with a radiation tempera-
ture of 4600°K. 1f, however, the solar flux is assumed to be con-
stant over this wavelength range, the value of Ouff above the atmos-

phere is changed by less than 8% from the value given in Table 2.2.

As expected, the values of Geff decrease as the radiation pene-
trates deeper into the atmosphere, due to the effect of radiation
hardening. However, over the height range where the attenuation of

the ion chamber's signal is less than 80%, the values of Geff are
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greater than 80% of the value above the atmosphere. Therefore, over
this range, o, can be taken to have the value 3.2 x 10 8cn? wien
a maximum error of 12%. The values of o(A) used in the above calcu-
lations have a probable error of about t 5% (Blake et al., 1966).
The probable random error in the values of Ooff given in Table 2.2,

due to the errors in the values of o)), €(d) and ¢(A), is not

expected to exceed * 8%.

TABLE 2.2
Helght Off Signal Attenuation
(1-D/1,
100 2,2 0.97
105 2.8 0.82
110 3.2 0.58
115 3.4 0.37
120 3.4 0.24
3.6 0.00

To within the above accuracy limitations we may therefore assume

Y. to be a constant, ¢, with the value 3.2 x IO-lscmz. Equation

(6) therefore becomes
I(h) = I(h+Ah)exp{-oaN(h)]
which, by a simple iteratiom procedure, leads to the equation

I(h) = IO exp{~-oN(h)]
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Therefore, equation (4) is valid for all three of the ion chamber

types used in the present work.

Up to this point, the theory developed in this chapter is valid
fpr solar zenith angles up to 90°. 1In fact, if the variable, h, is
regarded as a minimum ray height (Section 5.3) rather than a
rocket height, this theory also applies for zenith angles in excess of
90°. However, the remainder of the theory in this chapter will be
concerned with the situation where the solar zenith angle is suffi-

ciently small for the flat-earth approximation to be used. The

geometry of this situation is shown in Figure 2.4,

The differential form of equation (4) is

1d1 d dN(h)
-——-’——-(ln I)--'o .lo(s)
I dh dh dh
From Figure 2.4, it can be seen that
dN(h)
= -n(h) sec 2 ees(9)
dh

where n(h) is the number density of molecular oxygen in molecules cmfa
and 2 1s the solar zenith angle. Therefore, substituting into
equation (8) and rearranging we have

1 d

— (lnI) sa s (10)
osecZ dh

n() =




35.

The number density at any height is therefore proportional to the
slope, at that height, of a semi-logarithmic plot of the ion chamber's
signal versus the height of observation. It should be noted that
density determinations do not depend upon an absolute measurement of

the signal.

For solar zenith angles in excess of about 73°, equation (9)
(and hence equation (10)) begins to become inaccurate due to the effect
of the curvature of the earth. In the satellite atmospheric occulta-
tion experiment described in Section 5.3, where the absorption
measurements are made at satellite sunrise and sunset, both the
curvature of the earth and the finite size of the sun must be con-
sidered when deriving density profiles. For the rocket experiments
described in Section 4.3, the solar zenith angles were such that

equation (10) could be used with negligible error.

2.4 Height Range for Determining Molecular Oxygen Densities

Equation (4) may be rewritten as
I=1 expf-t (h)} vee(11)

where the optical depth for the wavelength band A to A + AA is given
by
t(h) = oN(h) ... (12)

Therefore,
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t(h*) = ogN(h*) = 1 vee(13)
where h* 1s the penetration height (Section 2.1).

If the number density of molecular oxygen varies exponentially

with height, x, with a scale height, H, we have
n(x) = n, exp (-x/H)

This will be a good approximation over a limited height range.

Therefore, from equation (9),

N(h) = - Ih n, exp(~x/H) sec Z dh
o N H exp(~h/H)sec Z

and so, from equation (12),
1(h) = cnOH exp(~-h/H) sec 2 eoe(14)

Using equations (14) and (11) the variation of I with height

can be determined as shown in Table 2.3.

TABLE 2.3
h T I/Io
h*-H 2,7 0.07
h* 1.0 0.37
h*+H 0.37 .0.67
h*+2H 0.14 0.87
h*+3H 0.05 © 0,95
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As can be seen from Table 2.3, the absorption takes place over
a height range equal to about 4H. This represents the practical
limit to the range over which demsities can be determined by the
measurement of absorption at one value of og. The range is limited
in the region of low attenuation by the difficulty in measuring the
very small changes in I with height, and 1s limited in the region of
high attenuation by the difficulty in measuring very small values of
I. In general, the most accurate densities will be obtained near
the penetration height, where the rate of change of signal with
height 1s a maximum and the errors due to data reduction therefore a

ninimum.
From equation (13),
on H sec Z exp(~h*/H) = 1 «ss(15)

Therefore, the value of h* will be increased as Z is increased, but
the values in Table 2.3 will remain unaltered. As a result, the
absorption takes place higher up but over the same height range.

From equation (15), it can be seen that as the zenith angle changes
from 0 to Z, the value of h* is increased by an amount h),sstld that .
sec Z = exp(hy/H). Values of hy/H are given in Table 2.4 for various

values of Z.

It can be seen from Table 2.4, that even for large changes in
the zenith angle the height raﬁée over which oxygen densities can be

determined is not shifted by a large amount. This statement is
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TABLE 2.4
Z hi/H
0o° 0.00
20° 0.06
40° 0.27
60° 0.69
70° 1.07

strictly true only when the flat-earth approximation is valid.
In fact, due to the curvature of the earth the range is not raised
more than several scale heights for zenith angles up to 90°. Never-
theless, observations at large zenith angles provide a useful way of
extending, significantly, the range of heights over which densities
can be measured at one value of o . For zenith angles less than 700,
the normal height range for determining molecular oxygen densities
with the lithium fluoride-nitric oxide ion chamber is 70 Em to 90 Km.
Weeks and Smith (1968), using large zenith angles by making rocket
flights near sunrise and sunset, have raised this height range con-
siderably. For example, at a zenith angle of 95° they have determined
molecular oxygen demsities over the height range 94 ¥ to 112 Em.
Similarly in the satellite experiment described in Chapter 5, mole-
cular oxygen densities have been measured above 90 ¥m by using lithium
fluoride-nitric oxide ion chambers to measure the atmospheric atten~

uation of Lyman-a radiation at satellite sunrise and sunset.
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2.5 Absorption of Lyman-o by Constituents other than Molecular

Oxygen
In general, throughout the wavelength range 10008 to 17008 and
in the height range near where %% is a maximum, atmospheric absorp-

tion is due almost entirely to molecular oxygen. Therefore,
0‘02n02(h) >> g (AM)na(h) + o3(A)nz(h) + ...

where the cross-sections oy, 03 etc. and the number densities nz, n3
etc. refer to the constituents other than molecular oxygen. However,
Lyman-o. radiation almost exactly coincides with a window in the
molecular oxygen absorption spectrum where the cross-section is
particularly low (Figure 2.2). Also, as can be seen from Table 2.5,
all the other constituents except molecular nitrogen have higher
absorption cross-sections at this wavelength. Therefore, even small
concentrations of these constituents may make some contributiom to
the absorption.of Lyman-o. radiation. In the following, the absorption
of Lyman-o radiation by each atmospheric constituent, on, will be
expressed as a fraction of the absorption due to molecular oxygen,

002 noz. The results of these calculations are shown in Table 2.5.

(a) Molecular nitrogen

Above 10008 the absorption spectrum of molecular nitrogen con-
sists only of the very weak band systems corresponding to several
forbidden transitions. Upper limits that have determined for the

cross—section at Lyman-a are 2 x 10_22cm2 (Preston, 1940), 3 x 10-22cm2
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LE 2.
Constit- Cross~Section Nunmber Density Absorption of Lyman-o
uent Relative to 02, Relative to O,, Relative to 0,2,
o/o n/n n/c_ n
02 / 02 / 02 02 ,
(1) (2)
TOKm 90Km 70Km 90Km
0, 1 1 1 1 1
¥, © <6x10™3 3.73 3.713 | <2.2x1072 | <2.2x1072
co, T.h 1522073 | 1.5x1073 | 1.1x2072 | 1.1x1072
H,0 1.bx10° 2.7x10° | 7.6x10°T | 3.8x1072 | 1.0x1073
0, 2.3x10° 1.3x1070 | 4 .x107T | 3.0x2073 | 1.0x107
NO 2.7x102 3.5x10‘6 h.hx10‘6 9.hx10'h 1.2xio'3

(1) The cross-sections at Lyman-o. (see text) are relative to the

value 1.0 x 10~

(2)

20

cm2 teken for molecular oxygen.

The densities are relative to thet of molecylar oxygen as given

by the U.S. Standard Atmosphere (1962). The values for N, end CO,

apply for the homosphere (i.e. below about 90 Km where the atmosphere

is well mixed).

The values for the other constituents are teken

from the sources quoted in the text, the first value being that

at TO Km snd the second value that at 90 Ka,
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(Watanabe et al., 1953b) and 6 x 10 23 2

(Ditchburn et al., 1954).
Using the lowest upper limit of the cross-section the absorption due
to molecular nitrogen, at heights below 90 Km, is less than 27 of
that due to molecular oxygen (Table 2.5). At greater heights, this
percentage will be slightly greater due to the more rapid fall-off

in molecular oxygen density due to dissociationm.

M) Carbon dioxide

The absorption cross-section of carbon dioxide at Lyman-o
has been measured as 7.33 x 10-22m2 (Inn et al., 1953). This value
agrees closely with the value of 7.47 x 10 20 2 determined by
Preston (1940). There is no experimental evidence concerning the
distribution of carbon dioxide in the region above 70 Km. However,
Bates and Witherspoon (1952) have concluded that the rate of dissoc-
jation of carbon dioxide is appreciable only above 100 Km and so it
seems likely that the fraction of carbon dioxide in the atmosphere is
constant up to 100 Kin. Under this assumption the absorption of carbon
dioxide relative to that of molecular oxygen is 1.1% below 100 Km

(Table 2.5) and less than this at greater heights,

{(c) Water Vapour

The absorption spectrum of water wvapour is shown in Figure 2.5
(Watanabe and Zelikoff, 1953). It can be seen from Figure 2.5 that
Lyman-o. occurs near a maximum in the absorption spectrum. The values
of the cross-section obtained at Lyman—a by various workers are

17 2

1.45 x 10 17 2 (Preston, 1940), 1.45 x 10 (Watanabe and

Zelikoff, 1953) and 1.34 x 10 17 2 (Ditchburn et al., 1954). As
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Fig. 2.5 The absorption spectrum of water vapour (Watanabe and Zelikoff, 1953).
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these values are more than a thousand times the value for molecular
oxygen, even very small concentrations of water vapour above 70Km
could contribute significantly to the absorption of Lyman-uq rad-
iation. The very strong band structure in the water vapour
absorption spectrum occurs within the 10508 to 13508 bandwidth of
the ion chamber used in the present work to detect Lyman-o radia-
tion. Due to the very high cross-section values at the peaks of
these bands, even very small traces of water vapour in the nitric
oxide filling gas of this detector can seriously affect 1its opera-

tion (Section 3.6.3).

There have been no experimental determinations of water vapour
concentrations above 70Km but a theoretical profile has been
obtained by Bates and Nicolet (1950), as a result of an analysis
of the photo-chemistry of a hydrogen-oxygen atmosphere., The forma-
tion of noctilucent clouds near an altitude of 80Km , in summer and
at latitudes above 450, has been studied by Chapman and Kendall
(1965). They have concluded that these clouds are formed when water
vapour is carried (by convection at night) up to 80Km , where it
condenses on dust particles. As these clouds appear infrequently,
i1t must be assumed that the tramsport of water vapour to these
heights is a rare phenomenon. It should not therefore affect the

overall concentration of water vapour at these heights.

There is obviously still a great uncertainty in the concentra-

tion of water vapour above 70Km but for the present work it was
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assumed that the water vapour concentration is as calculated by
Bates and Nicolet (1950). Under this assumption the absorption due
to water vapour, relative to that due to molecular oxygen is 3.8%
at 70Km, 0.57% at 80Km', 0.10% at 90Km and less at greater heights

(Table 2.5).

(d) Ozone

Tanaka et al. (1953) have obtained a value of 2.3 x 10_17cm2

for the absorption cross-section of ozone at Lyman-o. The only
experimental determination of the concentration of ozone above 70Km
is that of Rawcliffe et al. (1963). They have determined the density

to be 4.5 x 108 mols.cm_3 at 70Kkmand 8 x 106 mol.-.v..cm--3 at 90Km,
Therefore the absorption due to ozone relative to that due to mole-

cular oxygen 1s 0.30% at 70Km and 0.10% at 90Km (Table 2.5).

(e) Nitric oxide

A value of 2.5 x 10-18cm2 has been obtained for the absorption

cross-section of nitric oxide at Lyman-o (Marmo, 1953). Pearce
(1969) has determined the concentration of nitric oxide to be
1.2 x 109 mols.cm-3 at 70Kkm, 2.8 x 108 mols.cm-'3 at 80Km and

8 x 107 mols.cm'_3

at 90Km, Using these values the absorption of
nitric oxide relative to that of molecular oxygen is negligibly small

(Table 2.5).

Atomic oxygen and atomic nitrogen exhibit continuous absorption
only below their first ionization limits which are at 9108 and 8521

respectively. They can therefore be neglected when considering
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absorxrption processes above 1000%. Similarly, the inert gases which
have ionizatfon limits at 8868 (Kr), 7878 (a) and 5758 (Ne) need

not be considered.

In the present work no corrections have been made for absorp-
tion due to constituents other than molecular oxygen. From the
values give;‘iﬁ Table 2.5 it may be concluded that the total comtri-
bution due to constituents other than molecular oxygen is not more
than seven percent. The exact contribution is uncertain due to the
uncertainty in the concentrations of some of the constituents, parti-

cularly water vapour.

In the wavelength bands 14208 to 14808 and 15508 to 16908
(which are the bandwidths of the other ion chambers described in
Chapter 3), the effective absorption cross-section of molecular
oxygen is respectively 1.45 x 103 times and 300 times the value at
Lyman~o. (Section 2.3). As a result, the comtribution to the absorp-
tion of radiation in these wavelength bands, due to atmospheric

constituents other than molecular oxygen, is negligible.
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CHAPTER 3

THE CONSTRUCTION AND TESTING OF

VACUUM ULTRAVIOLET JON CHAMBERS

3.1 Introduction

In principle, it is possible to fly dispersive instruments to
measure the transmission of solar radiation by the atmosphere (Section
6.1). However, especially when using unstabilized rocket vehicles,
a simpler and more practicable method is to use non-dispersive but

gpectrally selective detectors.

The broad-band non-dispersive detectors used for the detection
of ultraviplet radiation, in the range 10003 to ZOOOR, can be put into

two broad categories:-

(1) photomultipliers or photodiodes having high work function
photocathodes that restrict their sensitivities to regions

below approximately 20008, and

(11) detectors utilizing the photolonization of gases and having

relatively narrow band-passes in the range 10508 to 17008.

The short wavelength limits of both types of detector are determined
by the use of various window materials that can only transmit rad-

iation of wavelengths longer than some definite value.
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Detectors of the first type have been described by Dunkelman et
al. (1962) who have detailed a variety of high work function photo-
cathodes, both opague and semitransparent, that have been developed
to produce detectors spectrally selective to the vacuyum ultraviolet.
Typical examples of such materials are Cu-I, Cs-I and K-Br. However,
the nature of the photoemissive process is such that the decrease in
sensitivity towards longer wavelengths is only gradual. As the
intensity of solar radiation increases rapidly towards longer wave-
lengths, these detectors have poor spectral selectivity when used in

experiments where the sun is the source of radiation.

In contrast, detectors of the second type have quite a definite
upper limit, or cut-off, to their long wavelength sensitivity. This
limit is set by the energy needed to ionize any molecule of the £illing
gas. Apart from a small low energy tail, mainly due to the thermally
excited vibrational and rotational states of the neutral molecules
(Watanabe, 1957), this energy corresponds to the adiabatic ionizatiom
potential (IP) of the gas. Watanabe et al. (1962) have given the IP
values of about 300 molecules in the range 7 to 15 eV, The gases
most suitable for use in radiation detectors will be those for which
the photoionization efficiency (defined as the number of ion-electron
pairs produced for each photon absorbed in the gas) rises rapidly at
the photoionization threshold. A sharp long wavelength cut-off will
be prevented if there is appreciable photoelectric emission from the

cathode (Section 3.9).
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The ecarliest detectors employing the photoionization of a gas
were the Geiger counters described by Chubb and Friedman (1955).
These counters proved unreliable and were replaeed by ion chambers
(Friedman et al., 1958). Ion chambers with machined copper bodies
have been used at the U.S. Naval Research Laboratory (Friedman et al.,
1964) and at University College, London (Willmore, 1961). An inter-
nally plated ceramic form has been used at NASA Goddard Space Flight
Centre (Stober, 1962, Dunkelman et al., 1963) and at the Meteorolo-
gical Office, Bracknell (Wildman et al., 1969). Ion chambers with
bodies of extruded copper tubing have been used at the University of
Adelaide (Carver and Mitchell, 1964, Carver et al., 1969) and are

described in Section 3.2.

These detectors, with their wide field of view, excellent
spectral selectivity, ruggedness and small size have proved to be
well suited for use in geophysical experiments designed to be flown

in small unstabilized rocket vehicles.

3.2 Construction of the Jon Chambers

3.2.1 Copper-Bodied Ion Chambers

Figure 3.1 shows a cross-sectional diagram of a copper~bodied
fon chamber identical to those described by Carver and Mitchell
(1964). Detectors of this type were used in the Skylark rocket
experiment described in Section 4.2 and in the satellite experiment

described in Chapter 5. The body of the chamber consisted of a
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length of 1 inch copper tubing, into which copper end pieces were
gsoldered. . The cathode was a 1 mm diameter tungsten rod supported by
a kovar-glass seal. A length of annealed copper tubing was soldered
into the back of the chamber and acted as an evacuating and filling
tube. Soft silver solder was used in assembling the chamber and the

window materials were attached with epoxy resin.

In the present work, some difficulties were experienced in the
manufacture of ion chambers with lithium fluoride windows and nitric
oxide filling gas (LiF-NO ion chambers) due to contamination of the
£f11ling gas by water vapour. This was thought at first to be due to
the migration of water through the epoxy window seal and so silver
chloride was investigated as a sealing material. Silver chloride
cannot be applied directly to copper and so glsee-bodied chambers were
constructed (Section 3.2.2) to emable this seal to be used. As a
result of investigations using glass-bodied ion chambers it was found
that the source of water vapour was the lithium fluoride windows.

Due to their ease of manufacture, copper-bodied chambers were again

constructed.

Figure 3.2 shows a cross-sectional diagram of the more recently
designed copper-bodied chamber. It is similar in design to the ion
chamber shown in Figure 3.1 but has the advantage of being simpler to
construct and much easier to clean., The body consisted of a 1 inch
length of copper tubing with an outside diameter of 0.813 inch and a

wall thickness of 0.094 inch. The support for the centre electrode
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was a kovar-glass seal which incorporated a guard ring. After clean-
ing in an ultrasonic bath, the leakage resistance between the guard

139. The

ring and the centre electrode was always greater than 5 x 10
geal was soft soldered on to the back of the copper tube and at the same
time a filling tube was soft soldered into the metal flange of the

seal. The cathode was a length of solid, ground tungsten rod of lmm
diameter which was hard soldered on the tip and then soft soldered

into the back seal., The assembled chambers were cleaned in nitric

acid and then boiled in detergent. They were then scrubbed with steel

wool, washed in distilled water and finally washed in acetone.

Both ion chamber and window were heated in an oven to a tempera-
ture of approximately 90°C and the window then attached with the epoxy
resin Araldite AV100. At the same time, a glass extension was joined
on to the copper filling tube with epoxy resin, 60 that the iomn
chamber could be connected to the glass manifold of the filling system

(Section 3.5.1).

3.2.2 Glass-Bodied Ion Chambers

Glass-bodied ion chambers were used in the HAD 309 and HAD 310
rocket flights described in Sections 4.3.5 and 4,3.6 respectively.
Figure 3.3 shows a cross-sectional diagram of a t&pical glass~bodied
chamber. The body consisted of a length of glass tubing, with an
outside diameter of 19mm and a standard wall thickness, which was open

at the front end and had a domed seal at the rear end. The front
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surface was ground flat, and square to the tubing walls, on a lathe.
A length of glass tubing with an outside diameter of 4mm was sealed
into the rear of the chamber and served as an evacuating and f11ling
tube. A glass to metal seal was made on a 1.25 inch length of solid
ground tungsten rod of lmm diameter and the rod was then sealed into
the back of the chamber. The assembled chamber was cleaned in the

same way as described above for the copper-bodied chambers.

To provide a second electrode, platinum was coated on the inside
wall of a glass chamber in the following way. After the chamber had
been cleaned, the inside wall, except for a gmall area around the
centre electrode, was painted with Mathey Bright Platinum Solution.
This coating was continued across the front face and on to the front
Y inch of the outside wall. The chamber was then gently heated inside
and outside with a gas flame until a bright platinum surface became

apparent. A second coat of platinum was applied in the same manner.

For those chambers requiring a higher leaskage resistance a guard
ring was incorporated. This was done by depositing a ring of platinum
on the glass around the back seal of the centre electrode, on both
the inside and outside walls, in the same way as described above.
These two layers were then joined through a fine hole in the chamber
wall which was later sealed with silver chloride and covered with

epoxy resin.

The window was coated with $latinum around the edge of the inside

face and then sealed on to the body with silver chloride.
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3.3 Window Materials

The properties of the window materials used in this work are

listed in Table 3.1.

TABLE 3.1

WINDOW PROPERTIES

Material Size Transmission
1imit
Lithium fluoride | 3/4 inch diameter 10358

x 3/4 mm thick

Lithium fluoride | 3/4 inch diameter 10458
x 1} mm thick

Sapphire 3/4 inch diameter 14158
x 0.02 inch thick

Quartz 3/4 inch diameter 15458
x 0.063 inch thick

The transmission limit, as given in Table 3,1, represents the
shortest wavelength transmitted by the window. The lithium fluoride
windows were unpolished, cleaved crystals, while the sapphire and
quartz windows were polished plates. A highly refimed variety of
quartz known as Spectrosil A was used to obtain a transmission limit
at a much shorter wavelength than the nominal 18008 1imit of natur-

ally occurring quartz.
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3.4 Baking the Lithium Fluoride Windows

Contamination by water vapour of a LiF-NO ion chamber could be
casily detected by the appearance of absorption dips in its spectral
response (Section 3.6.3). The contamination was found to be pre-
vented by baking the window to a high temperature for a peéiod of
several hours before attaching it to the chamber. This generally
produced a marked change in the transmission of the window. Figure
3.5 shows the transmission, as a function of wavelength, of a 1.5mm
thick cleaved lithium fluoride window, both before and after baking
for two hours at a temperature of 300°C in an electric oven. It can
be seen that the transmission was improved at all wavelengths as a
result of heating. This improvement was found to be permanent pro-
vided the window was kept in a dry atmosphere or under vacuum. Baked
windows left exposed to the laboratory atmosphere deteriorated to
their original condition over a period of three to four weeks. The
conclusion is that when a lithium fluoride window is exposed teo the
atmosphere it takes up a surface layer of water. Baking the window
drives off the layer and so the window transmission is improved. If
the window 1s not baked before its attachment to a chamber, the
water layer on the inmer surface of the window subsequently out-gases
into the nitric oxide and so reduces the quantum efficiency of the
ion chamber at Lyman-o (Section 3.6.3). When filled (Sectiomn 3.5)
LiF-NO ion chambers were stored in a desiccator to prevent the forma-
tion of a water layer on the outer surface of the window. Not only

would such a layer lower the sensitivity of the ion chamber by
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reduecing its window transmission, but subsequent out-gassing of the
layer during a rocket or satellite flight would cause its sensitivity

to vary.

3.5 Filling the Ton Chambers

3.5.1 The Filling System

The glass filling system consisted of a manifold, mercury mano=-
meter, cold trap and sections to which pressure geauges, gas flasks
and liquid containers could be attached, The manifold had several
glass stems to which the glass filling tubes of the ion chambers
could be easily joined. A 2 inch diffusion pump, backed by a rotary
pump, was used to evacuate the detectors to pressures below 10'-5 torr,
The pressure was monitored by means of an iomnization gauge mounted
above the butterfly valve that isolated the diffusion pump from the
glassware. The various sections of the glassware were separated by
bakeable taps and the whole glass system, other than the mercury
manometer, was enclosed in an asbestos-walled oven. Baking the system
while evacuating the ion chambers resulted in a more complete removal

of contaminants,

Table 3.2 lists the three different combinations of window
material and filling gas employed in the ion chambers used in the
present work. Also shown are the filling pressures of the gases and

the spectral responses of the ion chambers.
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TABLE 3.2

ION CHAMBERS

Window Gas Filling Spectral
' pressure response

| Lithium fluoride | Nitric oxide |15-20mm of Hg | 1050-13508

(NO)

Sapphire p~Xylene 4um of Hg 1420-14808
(CgH, )

Quartz Triethylamine | 9.5mm of Hg 1550-16908
(CgHy 5N

The ion chambers with sapphire windows and p-xyleme filling gas
will be referred to as S-X ion chambers, and those with quartz

windows and triethylamine £1lling gas as Q-T ion chambers.

3.5.2 The Filling Procedure

The ion chambers to be filled were evacuated and maintained at

a pressure less fhan 10"5

torr for several days. They were periodi-
cally heated to a temperature of approximately 90°C to assist in the
removal of contaminants. Nitric oxide (purified as described in
Section 3.5.3), which is a gas at room temperature, was introduced
into the filling system from a 1 litre glass flask. A mercury mano-
meter was used to ensure that the filling pressure was in the range
of 15mm to 20mm of mercury. As the other gases were liquids at room
temperature, they were introduced into the filling system from a

small glass phial containing approximately 5 ml of liquid. The air

in the phial was pumped away by the rotary pump, before the gas was



35.

admitted into the manifold. The filling pressures of these gases
were monitored by connecting a calibrated oil filled manometer to

the filling system.

Chubb and Friedman (1955) have shown that pre-treatment of a
chamber with an electronegative gas like nitric oxide increases the
work function of the metal surfaces and so reduces photoemissive
cffects. For that reason, any chamber to be filled with p-xylene or
triethylamine was first filled with nitric oxide, to a pressure of
30mm of mercury, and left for an hour. The nitric oxide was then

pumped away and the required filling gas admitted.,

Each glass ion chamber was removed from the £illing system by
sealing its filling tube with a gas flame, approximately six inches
from the back of the chamber. This avoided the decrease in filling
pressure that would occur during seal off, if the ion chamber was
heated while still connected to the manifold. The filling tube was

later sealed off closer to the back of the chamber.

Before removing a copper-bodied ion chamber, its copper filling
tube was compressed in two places approximately ¥ inch apart. A sesl
was then made between these compressions by cutting the £filling tube
with a pair of pincers., This formed a vacuum-tight cold weld pro-
vided the copper tubing had been well annealed. The seal was coated

with epoxy resin to give it mechanical strength.
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For maximum efficiency, the £1lling pressure should be high
enough to ensure that the incident radiation is completely absorbed
in the gas. Table 3.2 lists the filling pressures needed to ensure
that most of the ultraviolet radiation entering the detectors is

absorbed by the gas.

Figure 3.6 shows the three different types of glass and copper-
bodied ion chambers after assembly and filling. The earlier type of
copper-bodied ion chamber is shown with the back seal and leads potted
in silicone rubber for protection. For mechanical protection and
electrical isolation, the glass-bodied ion chambers are later potted
in silicone rubber inside a copper holder suitable for mounting in

the rocket.

3.5.3 The Purification of Nitric Oxide

Nitric oxide was obtained commercially in storage cylinders or
prepared chemically in the laboratory. In either case, the impurities
expected were the other oxides of nitrogen, water vapour and nitrogen.
The technique used to remove thesé impurities was to pass the nitric
oxide over silica gel coocled to -80°c. Hughes (1961) has shown this
to be as effective as twenty fractional distillations in removing all

the impurities except nitrogen.

The nitric oxide container was connected to two U-tubes filled
with silica gel which were in turn connected to a 1 litre glass flask

fitted with taps. The U~tubes and the flask were then evacuated to a

3

pressure less than 10~7 torr while being heated. This helped in the



Fig. 3.6 The three different types of ion chamber shown
after assembly and filling. The earlier type of copper-

bodied ion chamber is shown with the back seal and leads

potted in silicone rubber for protection.
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removal of water vapour and other gases that would contaminate the
nitric oxide. The vacuum system was then closed off énd the U-tubes
surrounded by a 'slush' mixture consisting of 50% cloroform and 50%
carbon tetrachloride partially solidified by the addition of liquid
air. Nitric oxide was then allowed to flow slowly through the U-tubes
until the pressure in the glass flask was approximately equal to the

atmospheric pressure,

3.6 Absolute Calibration of the Ion Chambers

3.6.1 Introduction

Each ion chamber was calibrated by measuring its quantum effi-
ciency* as a function of wavelength. The ion chambers used in this
work were run at unity gas gain, that is with no gas multiplication,
and so the quantum efficiency was given by the product of the window
transmission, the fraction of the photons absorbed by the gas and the
photoionization efficiency (Section 3.1) of the gas. Figure 3.4 shows
typical gas gain curves for both positive and negative voltage applied
to the chamber body. The applied voltage was always such that the
detector operated in the 'plateau' region, between approximately 10V
and S0V, where the current was almost independent of the voltage and

the ion collection efficiency close to 100%. To minimize photoelectric

*The quantum efficiency of an ion chamber, at a given wavelength, is
defined as the number of ions collected at the cathode, divided by
the number of photons of that wavelength incident on the window.
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effects (Section 3.9) the ion chambers were operated with positive

voltage on the case.

The dispersed ultraviolet radiation used for the calibrations
was obtained from an half metre McPherson vacuum monochromator. A
grating with 1200 lines . gave a dispersion of 60u 87! at the exit
glit. The intensity of the monochromator beam was monitored by means
of a photomultiplier that viewed the fluorescent radiation from a
sodium salicylate-coated wire grid placed in the beam (Ditchburn, 1962).
The photomultiplier current was taken to be proportional to the beam
intensity. The assumption made was that the intensity of the £luor-
escent radiation was independent of the incident wavelength. Watanabe
and Inn (1953) and Allison et al. (1964) reported that the quantum
yield (the number of fluorescent photons produced per incident photon)
of sodium salicylate, in the range 10008 to 17008 was constant.
However, Knapp and Smith (1964) and Samson (1964) have shown that a
fresh layer has a constant quantum yield from 9008 to 12508 with a
rise of approximately 20% up to a maximum at approximately 15008.
They have also shown that prolonged exposure to the atmosphere of a
monochromator produces a slow decrease in quantum yield with the
greatest effect occurring at short wavelengths. In this work, sali-
cylate layers were always less than three days o0ld, and so the quantum
efficiency between 10508 and 17008 was assumed to be constant to at

least + 10%. No corrections were made for such variations.
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3.6.2 Spectral Response

The experimental arrangement for determining the shape of the
spectral response of an ion chamber is shown in Figure 3.7. Radiatiom
from the exit slit of the monochromator passed through the salicylate-
coated grid (0.5mm spacing) and entered the ion chamber which was
electrically insulated from the monochromator. A voltage of + 30V
was applied to the ion chamber body which meant that the ion chamber
operated at unity gain. The fluorescent radiation from the sodium
salicylate was transmitted to a type EMI 95148 photomultiplier by a
polished perspex light pipe. New salicylate layers were deposited on
the grid by placing it in a stream of warm air and spraying it with a
saturated solution of sodium salicylate in methyl alcohol. Old layers

were simply removed by washing the grid in water.

The currents from the ion chamber and photomultiplier were momi-
tored on Keithley micro-microammeters, and the ratios of these currents,
as a function of wavelength, gave the shape of the spectral response
curve independent of the lamp spectrum. An absolute efficiency scale

was derived for this curve as described in Section 3.6.3.

3.6.3 Absolute Quantum Efficiency

The quantum efficiency of a LiF-NO ion chamber was calculated
at Lyman-a by comparing its ion current with that from a standard
parallel plate ion chamber filled with nitric oxide and subjected to
the same beam of radiation from the monochromator. The quantum

efficiency of any other ion chamber was obtained by comparison with
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Fig. 3.7 Experimental arrangement for measuring the spectral response of an ion chamber.



Inclusion to Seection 3.6

By moving windows with various short wavelength cut-offs in and
out of the monochromator beam in the region between the monochromator
exit elit and the salicylate coated grid (figure 3.7), the following
facts were ascertained:-

(1) The percentage of the signal of photomultiplier
P.M. 2 (figure 3.8) due to stray light was alvays
less than %% of the signal due to the main beam.
(11) Almost all of the stray light was at wavelengths
greater than those to which the ion chambers
responded.
These facts show that the stray light produced by the monochromat

had no significant effect on the calibration of the fon chambers.
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the calibrated one, Nitric oxide was used in the standard ion chamber
as its photoionization efficiency has been calculated to be 81% by

Watanabe et al, (1967).

Figure 3.8 shows the standard ion chamber in position at the exit
port of the monochromator. The lithium fluoride window was attached
to a brass plate that was insulated from the monochromator. An
adequate collecting field was provided for ions formed close to the
window by electrically connecting the window mount to the positive
plate of the standard ion chamber, Suppose that i, is the ion current
from the standard ion chamber (operated at unity gain) when all of the
Lyman-o photons entering it are absorbed by the nitric oxide. Then,
10/0.81 represents the ion current that would be produced by the
standard ion chamber if all of the photons produced an ion-electron
pair., If iL is the lon current from a LiF-NO ion chamber subjected to
the same beam of radiation gs the standard iom chamber, then the

quantum efficiency of the ion chamber at Lyman-c is given by:-

0.81 2

Q =
Ly
o

An absolute scale for the spectral response curve of any ion
chamber (obtained as deseribed in Section 3.6.2) was determined in the
following way. The ion chamber was positioned on the monochromator,
as shown in Figure 3.7. The photomultiplier current, IA’ and the ion
chamber current iA’ were noted for any wavelength, A, within the

sensitive range of the detector. This ion chamber was then replaced
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with a LiF-NO ion chamber, calibrated at Lyman-c as deseribed
above, and the corresponding curtents at Lyman-a, I, and i, were
noted. The quantum efficiency, of the uncalibrated ion chamber, at

the wavelength A, was then calculated from the expression:-

L1

L I

Q =Q x

where QL is the quantum efficiency of the LiF-NO ion chamber at

Lyman~-a.

Figure 3.9 shows the spectral respomse curve of a typical LiF-NO
ion chamber. The window of this chamber had been baked, as described
in Section 3.4. The curve follows closely that obtained by multiplying
the measured window transmission by the values of the photoionization
efficiency of nitric oxide, as measured by Watanabe et al. (1967).
Figure 3.10 shows the spectral respomnse curve of a LiF-NO ion chamber
contaminated by water vapour. As the window of this chamber was not
baked, subsequent out-gassing of water vapour from the window into
the nitric oxide (Section 3.4) has produced prominent absorption
dips in the spectral response. The centres of the strong water vapour
absorption bands between 10408 and 13508 are indicated in Figure 3.10
by small arrows. It can be seen that the wavelength of Lyman-o lies
close to the centre of a strong water vapour absorption band (Figure
2.5). The degree of contamination of the nitric oxide was found to
increase rapidly with increasing temperature. The rapid change in the

quantum efficiency at Lyman-o that would therefore occur during a
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Fig. 3.9 Spectral response curve of an uncontaminated LiF-NO ion chamber
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Fig. 3.10 Spectral response curve of a LiF-NO ion chamber contaminated
by water vapour. The peaks of the strongest bands in the water vapour
absorption spectrum (Fig. 2.5) are indicated by small arrows.
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rocket flight, renders such an ion chamber useless.

For the LiF-NO ion chambers, the monochromator exit slit was set
to give a resolution of 58 and values of quantum efficiency were
measured at 58 intervals. For the S-X and Q-T ion chambers the beam
resolution was set to 22 and the quantum efficiency measured at 28
intervals, Room temperature spectral response curves are shown for

these chambers in Figure 3.11 and Figure 3.12 respectively.

3.7 Angular Response

When measuring the intemsity of solat radiation with a rocket-
borne ion chamber, corrections must be made to the ion chamber's out-
put to allow for variations in the angle of incidence*, a, of the
radiation. As an in-flight measurement of an ion chamber 's angular
response (Section 4.3.6) could not be relied upon, each detector was

calibrated in the laboratory.

The ion chamber to be calibrated was mounted in a chamber om the
end of a rotatable shaft that passed through an O-ring seal in the
top of the chamber. The source of ultraviolet radiation was a port-
able hydrogen discharge lamp with a 1ithiuvm fluoride window. A
100cm long glass tube mounted into the side of the chamber was used to

provide a vacuum-tight conmection between the chamber and the lamp.

*The angle of incidence is the angle between the normal to the
detector's window and the direction of the sun.
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Inclusion to Section 3.7

Fluctuations in the lamp output were checked by making a
minimum of three consecutive angular response determinations for
each ion chamber. The final angular response curve used was an
average of these curves. The scatter of the individual points
about the final smooth curve was always found to be within that
expected from the other experimental uncertainties. Continuous
monitoring of the lamp, by the use of a chart recorder to monitor
the output of an ion chamber exposed to the lamp, revealed that
short period fluctuations in lamp output were negligible. There
was a gradual decrease in lamp output with significant changes
occurring over a period of about an hour. This slow decrease had
no effect on the angular response measurements. Typical errors on
the individual points of an angular response curve such as that shown
in figure 3.13 ranged from *1%Z near normal incidence to *3% for

angles of incidence near 40°,
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Inside the tube was a series of baffles designed to prevent reflections
from the walls of the tube and to ensure that the radiation reaching
the ion chamber was almost parallel. The chamber and the glass
connecting tube were evacuated and the signal from the ion chamber
monitored as it was rotated in the beam. Figure 3.13 shows a typical

angular response curve.

As the angular divergence of the laboratory beam was not
exactly the same as that from the sun, it was expected that the
laboratory calibration would be slightly in error. However, a com-
parison between the laboratory angular response curves and in-flight
curves taken during the HAD 310 flight (Section 4.3.6) showed that
the differences were about 3% for angles near 40° and less than this
for smaller angles. As corrections were not made for values of a

greater than about 40° the laboratory calibrations were quite adequate.

3.8 Temperature Effects

The ion chambers used in rocket and satellite vehicles are sub-
jected to a wide range of temperatures. Because of this, Carver and
Mitchell (1967) investigated the effects of temperature variations
from 15°C %o 100°C on the sensitivities of several different types
of lon chambers. They found that the main effect of an increase in
temperature was a shift to longer wavelengths of both the short and
long wavelength limite of the spectral range. 1In all cases the shifts

in the short wavelength limit, due to variations in the window
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Inclusion to Section 3.8

To avoid contamination ¢f the window, a thermistor was not
attached to the window of the S-X ion chamber used in the experiment
described. Initially however an o0ld S-X ion chamber was tested with
thermistors attached to both the window and the chamber body. The
temperature difference indicated by the two thermistors fluctuated
but never exceeded 2°C over the temperature range 5°C to 90°C. As
the accuracy of the calibration of each thermistor was 11.5°c, it
was concluded that no significant error would be produced by taking
the window temperature to be that indicated by the thermistor

attached to the chamber wall.
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transmission, were larger than the shifts in the long wavelength

linit caused by thermal excitation of the ground state gas molecules.
The results of Carver and Mitchell (1967) show that while the sensi-
tivity changes of the LiF*K0Q and Q-T ion chambers are small, S-X lon
chambers can be expected to show significant changes im their seﬁsi—

tivity in the temperature range 15°¢ to 100°C.

To investigate the magnitude of the temperature induced sensi-
tivity changes that could occur during a rocket f£light, the spectral
response of a S~X ion chamber was measured at several temperatures
from 15°C to 87°C. The ion chamber to be tested was mounted at the
exit port of the momochromator as shown in Figure 3.7, with the
difference that a water-cooled brass mounting plate was included
between the insulated ion chamber mount and the end of the monochroma-
tor. This plate prevemted the conduction of heat to the monochromator
and photomultiplier. A calibrated M53 thermistor was attached to the
wall of the ion chamber. The ion chamber was then surrounded by 2
heating jacket and its spectral response measured, as described in
Section 3.6.2, at several temperatures in the range 15°C to 87°c.
After each increase in the current passing through the coil of the
heating jacket, sufficient time was allowed for the temperature of
the ion chamber to stabilize before the spectral response was measured.
The ion chamber was finally allowed to cool dowm and its spectral
response again measured at room temperature to ensure that no perman-

ent change had oeccurred.
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The spectral response curves obtained are shown in Figure 3.14,
superimposed on the solar spectrum as given by Brinkman et al. (1966)
(page 4). It can be seen that both the absolute quantum efficiency
at the peak of the response, and the band-pass, change considerably
above about 40°C. The peak sensitivity is shifted towards longer
wavelengths as the temperature increases, being at 14458 at 15°C

and at 14608 at 87°C.

The change with temperature of the output of a S-X ion chamber,
directly viewing the sun above the earth's atmosphere, can be deter-
mined in the following way. Let QA,T represent the quantum efficiency
of the ion chamber at the wavelength X and for a temperature of T°C.
Let ¢, represent the number of photons sec” ! unit weewelengt:h"1 incident
on the ion chamber's window at the wavelength A. Then, if q is the
electronic charge, and A; and Ay are the wavelength limits of the

spectral range, the ion chamber current is given by:-
= gf?2
ip qf}q Q) ¥ 42

We may define the sensitivity of the iom chamber at the temperature
TOC, ST’ by the expression:-

i

[72]
L]
|

where F represents the total radiant energy in the band-pass of the

detector, incident on the detector's window per second. Hence,
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Fig. 3.14 Spectral response curves of a S-X ion chamber at various temperatures.
is a plot of the digitalized solar spectrum given by Brinkman et al. (1966).
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A
F=["2 ¢ oE &
At ?

where EA is the energy per photon of wavelength A. A list of values
of ST and the corresponding values of temperature is given in Table

3.3. The values of ST have been normalized to 1 at 15°¢.

TABLE 3.3

S-X TEMPERATURE SENSITIVITY

Sensitivity (ST) Temperature (°c)
1.00 15
0.97 39
0.80 68
0.68 87

In flights on unstabilized rocket vehicles such as the Long Tom,
the ign chambers (which are mounted near the skin of the rocket to
give a wide field of view) may reach temperatures in excess of 80°c.

It can be seen from the values given in Table 3.3
that under such circumstances the in~-flight sensitivity will be much

less than that measured in the laboratory at room temperature.

Figure 3.14 shows that the contribution to the ion chamber signal
due to the emission lines between 14658 and 15003, increases as the
temperature is raised. This complicates any attempt to interpret the

level of the solar continuum from the ion chamber signal (Section 5.6).
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3.9 Long Wavelength Sensitivity

If the spectral response of an ion chamber is to have a sharp
long wavelength cut-off, its response due to photoelectric emission
from the cathode must be negligible. This is usually so, as the
filling gas absorbes strongly at wavelengths greater than its photo-
jonization threshold wavelength. Therefore, as the photoelectric yield
of metal surfaces decreases rapidly with increasing wavelength, the
radiation most efficient at producing photoelectrons is absorbed
before it can reach the exposed surfaces. To reduce the possibility
of lomg wavelength sensitivity even further, the ion chambers used in
the present work were operated with the chamber walls as the anode.
The centre electrode and back seal were then the only possible emitters
of photoelectrons. In additionm, before being filled, each ibn
chamber was pre-treated with mitric oxide to increase the work

function of its metal surfaces (Section 3.5.2).
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CHAPTER 4

ROCKET MFASUREMENTS OF MOLECULAR OXYGEN

DENSITIES AND SOLAR VACUUM ULTRAVIOLET RADIATION

4.1 Introduction

Five rocket vehicles were instrumented with ion chambers of the

types described in Chapter 3. Each experiment had two objectives:-

(1) the measurement of molecular oxygen density profiles by the
technique of absorption spectroscopy described in Section

2.3, and

(i1) the measurement of the intensity of solar radiation in one

or more wavelength bands in the range 10508 to 16808.

The Skylark rocket, SL 781, was instrumented with LiF-NO, S-X
and Q-T ion chambers. However, no useful information was obtained as
the rocket failed to reach an altitude at which solar ultraviolet
radiation could be detected. This experiment is described briefly in

Section 4.2.

Three HAD rockets were used to carry LiF-NO ion chambers to
heights in excess of 70 Km. The experiments flown in the vehicles
designated HAD 309 and HAD 310 were successful and are described in
detail in Section 4.3. The third of these rockets, HAD 311, failed to

reach an altitude of 70 Km and so no useful data were obtained.
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The Cockatoo rocket, COCK 113, was used to carry an experiment
identical to that flown in the HAD rockets. Due to the very large
aspect angles, which resulted from excessive precession of the rocket

roll axis, the data was not reduced.

4.2 The Skylark Experiment

A section of the Skylark rocket, SL 781, was instrumented with
nine ion chambers which were mounted in three banks such that their
look directions were normal to the rocket roll axis. Each detector
bank consisted of a LiF-NO, a S-X and a Q-T ion chamber as well as
aspect sensors of the type described in Section 4.3.3(c). The ion
chambers were a mixture of the copper-bodied type flown previously by
Carver et al. (1969) (Figure 3.1) and the more recent glass—bodied

type shown in Figure 3.3.

The main objectives of this experiment were to measure the
vertical distribution of molecular oxygen in the height range 70 Km
to 150 Km and to measure the intensity of solar radiation both at
Lyman-o and in the wavelength bands 14208 to 14808 and 15508 to 1690K.
The radiation intensity in these bands has importance in establishing

the value of the solar minimum temperature (Section 1.2).

As explained in Section 2.1, in the height range 70 Km to 150 Km,
much more information is required on the variations of the molecular

oxygen distribution with season, jatitude and time of day. This is



70.

especially true above about 90 Km where the dissociation of mole-
cular oxygen into atomic oxygen is significant. It was hoped that
useful comparisons would be made between the results of this experi-
ment and those from the WRESAT satellite (Chapter 5) and the Long

Tom rocket experiment of Carver et al. (1969).

Skylark SL 781 was launched from Woomera at 1355 hours local
timekon Januamry 2lst, 1969, Due to the premature activation of the
head release mechanism, the vehicle failed to reach an altitude at

which useful data could be obtained.

4,3 The HAD Experiments

4,3.1 The HAD Rocket

The HAD (High Altitude Density) rocket was developed by the
Flight Projects Group of the Weapons Research Establishment, Department
of Supply. It is a two stage vehicle with solid fuel motors and when

fully instrumented it can reach an apogee height in excess of 90 Km,

HAD rockets were used to carry LiF-NO ion chambers to heights in
excess of 70 Km, to enable measurements to be made of the atmospheric
absorption of Lyman-o radiation. As explained in Section 2.3 such
measurements can be used to determine the vertical distribution of
molecular oxygen. Below about 90 Km, where molecular dissociation 1is
small and the major atmospheric constituents are well mixed, the

vertical distribution of molecular oxygen can be inferred from

*Local time = Greenwich Mean Time + 0906 hours,
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measurements of the total neutral atmosphere. However, direct

measurements of molecular oxygen in this region are valuable, if only

as indicators of the total atmospheric demsity.

An attempt was made to investigate seasonal variations of the
molecular oxygen distribution, in the height range 70 Km to 100 Km,
by flying LiF-NO ion chambers at different times of the year. However,
only two of the HAD flights (the results of which are given in
Section 4.4) were successful. The results of these experiments are

discussed in Section 6,2,1 in relation to similar measurements

made by other workers.

4.3,2 TInstrumentation Layout of the Rocket Head

Space for instrumentation is provided in the HAD rocket in the
forward section of the second stage which has a diameter of 5 inch
and a length, including the nosecone, of 48 inch. The distribution of
the payload in the rocket head is shown in Figure 4.1, while Figure

4.2 shows the Various sections of the head prior to its assembly.

As can be seen from Figure 4.1, the detectors, and their assoc-—
jated electronics, were contained in the gection of the rocket immed-
iately below the telemetry aerials. The section above the aerials,
including the nosecone, housed the telemetry equipment. An "ackaid"
oscillator, used to assist the radar in tracking the rocket, was

mounted below the experiment section.

Signals from the detectors (OV to 1.5V) were fed to a 24 pin



Fig. 4.2 A view of the various sections of the HAD head
prior to its assembly. The section on the far right housed
the telemetry equipment and was later mounted inside the
nosecone section of the skin shown on the far left. The
radiation detectors and their associated electronice were
housed in the section second from the right which was later
mounted inside the section of black anodized skin shown
second from the left.
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rotating switch, the wiper arm of which rotated at about 80 rev/sec.
The voltages on the wiper arm were fed to a voltage comntrolled
oscillator, the frequency modulated output of which was used to
amplitude modulate a 465 MHz carrier wave. The telemetry signals

were received at the ground and recorded on magnetic tape.

The detectors were arranged in two banks which were mounted on
opposite sides of the rocket. The look direction of the detectors
in each bank was normal to the rocket roll axis. Each bank contained
a glass-bodied LiF-NO ion chamber (Figure 3.3) which was potted in
silicone rubber inside a copper holder suitable for mounting in the
rocket. The potting material mechanically protected the ion chamber
and also electrically isolated it from the rocket, enabling the
required voltage to be applied to the chamber body. In addition to an
ion chamber, each detector bank contained sunslits and an amplitude
ratio aspect sensor. These detectors, which are described in Section

4.3.3, were needed to determine the solar aspect angle.

The current from each ion chamber was fed through a 10MQ
resistor connected between the input of a linear amplifier and ground.
The gain of the amplifier, the circuit of which is shown in Figure 4.3,
could be varied between 1 and 10 to allow for variations in the quan-
tum efficiencies of the ion chambers. The input of the amplifier
was a dual p-channel MOS field effect transistor which gave an input
16

jmpedance of greater than 10" Q. The maximum amplifier temperature

recorded in the HAD flights was 60°C. In the laboratory, the change
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in the zero level of an amplifier, when heated from room temperature
to 60°C, was always found to be less than 15 mV (which represents 1%

of the telemetry range).

4.3.3 Solar Aspect Sensors

(a) The solar aspect angle.

The aspect angle of an ion chamber is defined as the angle
between its look direction and the direction of the incident radiation.
Since the output of an ion chamber changes as the aspect angle varies
(Section 3.7), it is essential to know the solar aspect angle during
a rocket flight. This allows the signal to be corrected to what it
would have been if the ion chamber had been pointing directly at the

sun.

Usually, the roll rate is greater than the rate at which the
roll axis changes its orientation in space, and so an ion chamber
will show one peak in its output for each roll of the rocket. The
peak value occurs when the solar aspect angle is a minimum and it is
this angle, termed the rocket aspect angle, o, which must be measured,
For an ion chamber with a look direction normal to the rocket roll
axis, o is the complement of the angle between the roll axis and the

direction of the sun.

The two different types of aspect sensor flown with each ion

chamber are described below.
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(b) Sunslits.

One of the aspect semsors flown on the HAD rockets wes a modi-
fication of the sunslits used in Skylark rockets and described by
Gross and Heddle (1964). Sunslits only respond when the sun crosses
one of several planee fixed relative to the rocket body. The solar
aspect angle is deduced from the time interval between the pulses
produced in this way. In the HAD sunslits, these planes were defined
by three slits, 0.3mm wide, cut in an aluminium hemisphere (inset
Figure 4.4). One plane contained the rocket roll axis while the other
two made an angle of 45° with the roll axis (Figure 4.4). The three
planes intersected along a line that was perpendicular to the rocket
roll axis and passed through the centre of the detector. The light
detector was a small silicon photovoltaic cell (Mullard type BPY 10)
which was mounted behind a pinhole fixed at the centre of curvature

of the aluminium hemisphere.

In Figure 4.4, which illustrates the operation of the sunslits,
B represents the angle between the planes of the sunslits B = 45°
in this case) and o is the rocket aspect angle. It is assumed that
the ion chamber is pointing in the same direction as the sunslits.
If the rocket rolls through an angle ¥y, in the time interval

between two pulses from the sunslits, then the angle o is given by
tana = siny cotf = siny

Therefore, by measuring the roll rate and the time between successive

pulses from the sunslits, y and hence a can be determined.
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Fach set of sunslits was calibrated by rotating it in front of a
mercury-iodide lamp placed behind an aperture. The distance between
the aperture and the sunslits was adjusted so that the aperture sub-
tended an angle at the sensor equal to the angular diameter of the
sun, The above relationship was found to hold for aspect angles up
to about 40°. At greater angles no signal was obtained through the

45° slits.

1f the roll axis of the rocket does not coincide with its longi-
tudinal axis, or if the roll axis changes its positilon in space
significantly during the time interval between the pulses from the
45° slits, then the above relationship will not hold. This type of
rocket behaviour is made obvious by the use of three slits, as under
these conditions the three pulses will not be evenly spaced. Supslits
may also become useless when the rocket roll rate is too fast. For
example, if the roll rate of the rocket is 2 cps then, as the HAD
telemetry rate is about 80 samples sec-l, the error in determining
the angular separation of the two 45° slits is ¢ 4.5°, The error in
v is therefore % 2.25° which may lead to an error in a that would
cause serious errors in the corrected ion chamber signal. In all of
the HAD flights, two telemetry channels were allocated to each sunslit

thus giving an effective sampling rate of about 160 samples sec-lo

(c) Amplitude ratic aspeect sensor
The second type of aspect sensor used was a modification of the

aspect sensor designed by Mitchell (1966). Two light detectors, with
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different angular responses, were needed for each aspect sensor.

Each detector consisted of a small vacuum phototube (RCA type 1P42) .
surrounded by a teflon insert inside an aluminium holder. As shown
in Figure 4.5, the teflon insert was flush with the front face of the
aluminium holder for one getector and protruded past the front face
for the other. As the teflon acted as a diffuser, the response of
each detector depended mainly on the effective area of the exposed
teflon. This resulted in an almost flat response for the detector
with the protruding teflon piece, while the flush teflon piece resulted
in a response strongly peaked in the forward direction (Figure 4.6).
A 0.1 inch deep hole of 0.0l4 inch diameter was drilled down the
centre of the flush teflon plece to enhance the peaked nature of the
response. As the spectral responses of the two detectors were the
same, and as they responded to the same intemsity of light, the ratio
of their outputs was a unique function of the aspect angle and was
independent of the light intensity. The aspect sensor was mounted

in the rocket #o that the detector pair pointed in the same direction

as the ion chamber.

The angular response of each detector was measured in the labora-
tory by rotating it in front of a xenon lamp. The lamp was placed
behind an aperture and the distance between the aperture and the
detector adjusted until the aperture subtended an angle at the det-

ector equal to the angular diameter of the sun.

The output signal from each detector was obtained by connecting



77.

the 1P42 and a variable resistor, R, in series with a +45V supply.

The voltage developed across R was then taken to the telemetry switch.
The absolute level of each detector was adjusted prior to launch by
pointing the aspect sensor directly at the sun and then varying the
value of R until the output voltage ws& +1V. This ensured that the
telemetry limit of + 1.5V would not be exceeded during the flight when
the detector was exposed to unattenuated solar radiation. Once the
absolute level of each detector had been set, the angular response
curves were normalized and the ratio of the detector outputs plotted
as a function of aspect angle (Figure 4.6). This calibration curve
was indeﬁendent of the light intensity and so aspect angles could be
derived in flight, even in regions where considerable scattering and

absorption of solar visible light occurred.

In the original aspect sensor designed by Mitchell (1966), the
light detectors were silicon photodiodes (Phillips type LS 400), the
outputs of which were very temperature dependent. In the present
work, it was found to be difficult to obtain pairs of these photo-
diodes with exactly the same temperature response and so it was
decided to replace them with 1P42 vacuum phototubes. This latter
detector is insensitive to temperature variations in the range 15%

to 90°C.

The LS 400 has a wavelength response that peaks at 98008. Each
detector has a wide field of view and so it is possible for it to
respond to light reflected and scattered from the earth and clouds

(earthshine), as well as the direct solar radiation. This results
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in a varying background level that has to be considered when deter-
mining the ocutput of each detector. Mitchell (1966) has reported a
maximum signal due to earthshine that was 10% of the signal due to

the direct sun. To minimize the effect of earthshine, the detector
should be sensitive to the wavelength region where the ratio of the
intensity of the earthshine to the intensity of the direct solar
radiation is a minimum. The spectral distribution of the earthshine
is not accurately known however, so it is not possible to say where
this region is. It was hoped that as the 1P42 has a different spectral
response (peak response at 47003) to the LS 400, the earthshine signal
would be less. However, on thg HAD 310 flight (Section 4.3.6) the
maximum background level due to earthshine was again nearly 10% of

the direct sun signal,

(d) Summary.

Two types of aspect sensor were flown with each ion chamber.
Sunslits are the preferred method of determining aspect angles due to
their ecase of calibration and the fact that respomse to earthshine
does not affect the aspect angle determinations. However, as sunslits
are useless when the rocket motion is unstable or irregular, ampli-
tude ratio aspect sensors, which do not rely on a suitable roll rate,

were included.

4,3.4 The Form of the HAD Trajectory

Part of the trajectory information derived from the radar track-

ing data is the height, h, of the rocket above sea level, given at
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0.5 sec intervals from launch. When the tracking is incomplete, the
heights in the missing portions of the trajectory must be inter-
polated. To do this, the mathematical form of the trajectory must

be known.

1f, in this section, we let t represent the time from apogee,

then the trajectory can be represented by the simple ballistic form
h(t) = h(0) - Ygt? .

The two most important factors that cause the trajectory to deviate
from this form are air drag and variations in the acceleration due

to gravity, g. As shown in Section 4.3.6, the effect of air drag is
negligible when the rocket is above an altitude of about 50 Km and as
the oxygen density determinations take place above 70 Km this effect

need not be considered.

The value of g varies inversely as the square of the distance
from the centre of the earth, but over a height range of about 50 Km
the decrease in g with height will be very closely linear. We may

therefore write
a(t) = - (go + kfh(0) - h(t)]

where a(t) is the vertical acceleration of the rocket, B, is the
value of g at apogee and k 1s a small positive constant. If a(t) and
8, are in units of Km sset.:.'2 and h(0) and h(t) are in units of Knm,

then k has the value 3.0866 x 107 sec™? (CIRA,1965). Because k is
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small we may, to a good approximation, put

a(t) = -(g, +% kg t?) .

-

1f v(t) is the vertical velocity of the rocket then, as v(Q)
:O,

v(t)

t
- 1 3
Io a(t)dt (got + 3 kgot )

and therefore

t
h(t) = h(0) + [  v(t) dt

1
- 2 1 .2
h(0) « % g t“(1 + 77 kt )

h(0) - % g t2(1 + 2.572 x 1077 £2)  ...(D)

This equation accurately describes the trajectory of a HAD rocket
above 50 Km. If we assume an apogee height of 100 Km then the differ-
ence between the values of h(t) determined from equation (1) and the

equation
h(t) = h(0) - % got2 eee(2)

amounts to only 0.05 Km at a height of 70 Km. As the density deter-
minations are made above 70 Km, and this difference decreases with
increasing height, we can use equation (2) to describe the HAD
trajectory with no significant loss of accuracy in the determination

of oxygen densities.

4,3.5 The HAD 309 Flight

The rocket HAD 309, was fired from Woomera (latitude 30°35's,
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longitude 136°31"E) on July 24th, 1969, at 1615 hours local time when
the solar zenith angle was 78°. It carried two LiF-NO ion chambers
with their associated equipment as described in Sections 4.3.2 and
4.3.3. The apogee height of 121.3 Km was reached 172.5 sec after
launch. A 1P42 phototube in one of the ratio aspect sensors failed
soon after launch, but good telemetry signals were received from the
remaining detectors until the loss of telemetry 204 sec after launch.
As the telemetry failure occurred soon after apogee, no information

was received from the downward portion of the flight.

Above 72 Km, Lyman-o radiation was detected by the ion chambers
ecach time the rocket, which rolled once every 3.7 sec, pointed them
towards the sun. No respomse was seen from the ion chambers below
72 Km indicating that their long wavelength gensitivity (Section

3.9) was negligible.

The tracking of the rocket was poor, with the radar never lock-
ing onto the vehicle. However, during the period from 100 sec to
200 sec after launch the radar was slave to the signals from the
ackaid tracking oscillator mounted in the rocket head (Section
4.3.2). This meant that the azimuth and elevation of the rocket
were known relative to the location of the radar station. Also, the
range of the rocket was determined on five occasions during this
period. From these five sightings it was possible to establish the
plane of the rocket trajectory. Using the azimuth and elevation

information and the position of the radar station it was then possible
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to calculate the rocket's altitude as a function of time from 100
gsec to 200 sec after launch. The apcgee height was estimated in this
way to be 121.3 £ 1.0 Km and to have been attained 172.5 sec after
launch. Using these values the rocket trajectory above 70 Km was

derived from equation (2) in Section 4.3.4.

As the rocket rolled, each ion chamber showed a peak in its
telemetry output voltage as it looked towards the sun. The peak
value occurred when the aspect angle was equal to the rocket aspect
angle (Section 4.3.3.(a)) and it was this value that had to be
determined. The sunslits (Section 4.3.3(b)) were used to determine
the rocket aspect angle values. The rccket roll period of 3.7 sec,
coupled with the sampling rate of 143 samples sec-1 (two telemetry
channels were used for each set of sunslits), resulted in a maximum
error in the derived aspect angle of % 0.25°, Additional uncertain-
ties resulting from the laboratory calibrations and alignment of the
detectors 1n the rocket increased the error to about % 1°. The anpli~-
tude ratie aspect sensors showed almost no response due to earthshine
(Section 4.3.3(c)) and so they were used to check the sunslit deter-—
minations of the rocket aspect angle at a few points. The difference
between the aspect angles derived by the two types of aspect sensor
never exceeded 1°. This demonstrates the accuracy of the laboratory

calibration procedures for these sensors.

As the rocket aspect angle was not zero at any stage of the

flight, it was not possible to obtain an in-flight calibration of the
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angular response of the icn chambers (Section 4.3,6). Therefore, the
laboratory angular response curves were used to derive the factors
needed to correct the peak telemetry voltages from the ion chambers
to their values at zero aspect angle. The rocket aspect angles and
the corresponding correction factors are plotted im Figure 4.7 as a
function of time from launch, for the period during which the height
of the rocket was above 65 Km. The rocket altitude is also shown at

a few points.,

The aspect corrected values of peak ion chamber voltage were
converted to currents, using the known input resilstance and gain of
each ion chamber amplifier. Figure 4.8 shows a gsemi-logarithmic plot
of the individual currents versus altitude. This respoanse curve
includes data from both ion chambers but the values refer only to
the upward portion of the flight due to the failure of the telemetry
sender shortly after apogee. Molecular oxygen demsities and the absol-
ute solar Lyman-a flux were determined from this responmse curve as

described in Section 4.4.

4.3.6 The HAD 310 Flight

The rocket, HAD 310, was fired from Wocmera on December 9th,
1969, at 0726 hours local time when the solar zenith angle was 59°.
It carried two LiF-NO ion chambers in an experimental package identi-
cal to that carried by HAD 309, Good telemetry signals were received
throughout the flight and all of the instrumentation performed satis-

factorily. However, due to the very large rocket aspect angles that
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occurred on the downward pcrtion of the flight, only the results

obtained from the upward portion were reduced.

The rocket was tracked by FPS16 radar from 19 sec before apogee
until impact. The apogee height of 98.3 * 0.02 Km and the apogee
time of 151.1 sec after launch were directly determined from the
tracking data. Using these values the rocket trajectory was derived
from equation (1) in Section 4.3.4. The derived trajectory was then
compared with the actual trajectory (as given by the tracking data)
for the downward portion of the flight. At low altitudes, due to
air drag, the actual trajectory heights were higher than those of the
derived trajectory for the same time from apogee. The height differ-
ence was about 0.1 Km at an altitude of 50 Km and decreased rapidly
with increasing altitude. Therefore, for the purpose of molecular
oxygen density determinations, the effect of air drag on a HAD

vehicle can be ignored.

The amplitude ratic aspect sensors responded to earthshine
(Section 4.3.3(c)) as well as the direct solar radiation, with the
earthshine signal at times reaching about 10% of that due to the sun
at zero aspect angle. Because of the resultant uncertainty in the
output levels of these sensors, only the sunslits were used to deter-
mine the rocket aspect angles. As two telemetry channels were
employed for each set of sunslits, the roll period of 0.82 sec
resulted in a maximum uncertainty in the derived aspect angles of

+1°. Figure 4.9 shows the rocket aspect angle as a function of time
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from launch for the upward portion of the flight, during tﬁe
period when the rocket was between 68 Km and 98 Km. As can be seen
from Figure 4.9, at 121 sec from launch the rocket aspect angle was
0°. The angular response curve of each ion chamber was determined
from the signals obtained during onme roll of the rocket at this time.
Good agreement was found between these in-flight curves and the
laboratory calibrations described in Sectioen 3.7, with the differ-
ence being less than 3% for aspect angles less than 40°. The in-
flight calibrations were used to derive the facters needed to
correct the peak telemetry voltages from the ion chambers to their
values at zero aspect angle. It can be seen from Figure 4.9 that
between 82 Km and 96 Km the correction factors were always less than
1.6. However, both between 72 Km and 82 Km and above 96 Km the rocket
aspect angle rapidly increased and the correction factors became
large. Rocket aspect angles greater than 40° could not be measured
with the sunslits. No ion chamber signals were detected below 70 Km

indicating that the long wavelength semsitivity of the ion chambers

(Section 3.9) was negligible.

Ion chamber currents were derived as described in Section 4.3.5
for the HAD 309 detectors. The individual current values from both
jon chambers are plotted in Figure 4.10 as a function of the rocket
altitude. The data refers only to the upward portion of the flight
as the very large aspect angles on the downward portion made accurate
aspect corrections impossible. The data points can be seen to follow

a smooth curve except where the aspect angles are large and the
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correction factors consequently of greater uncertainty.

4.4 Results from HAD 309 and HAD 310

4.4.1 Molecular Oxygen Densities

As shown in Section 2.3, when the solar zenith angle, Z, is not
too large, the number density is proportiomal to the slope of a
semi-logarithmic plot of ion chamber signal versus height. In
practice, the analysis is best carried out by determining the aver-—
age number densities in a series of equal height intervals in the

following way.

To a good approximation, it may be assumed that over a limited
height range near the height, h, the density distribution of mole-

cular oxygen is of the form
n(hl) = n(h) exp {—(hl—h)/Hl i

If we consider the atmosphere to be divided into layers of equal
height interval, Ah, then, provided Ah is less than H, the density at
the height (h + 4h/2) can be taken with high accuracy to be the aver-
age number density over the height range h to h + 4h. Equation (10)
of Chapter 2 then becomes

1 In[(h#aB)]-2n [L(h)]

n(h+Ah/2) = ees (3)
osecZ Ah
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Two main assumptions were made when deriving densities from the

Lyman-o absorption profiles:-—

(i) The ion chamber was assumed to be responding only to Lyman-

a radiation (Section 2.3).

(1i) Molecular oxygen was assumed to be the only atmospheric
constituent contributing to the absorption of Lyman-o

radiation (Section 2.5).

The density profiles obtained from the BAD 309 and HAD 310 flights

are discussed separately below.

(a) HAD 309.

Figure 4.8 shows the vertical distribution of molecular oxygen
(histogram) derived as described above assuming a layer height of
1 Kn. The 1965 mean CIRA atmosphere (CIRA, 1965) is also showm
(full curve) for comparison. The value of the zenith angle used in
equation (3) was 78°14" which occurred when the rate of change of
signal with height was a maximum. The density values follow closely

those of an exponential distribution with a scale height of 7.5 Km.

Random errors in the densities are due to uncertainties arising
from the data reduction and noise on the telemetry records. In this
flight the errors due to telemetry naise are less than * 2%. As shown
in Section 2.4, errors in the data reduction are generally a minimum
in the vicinity of the penetration height where the rate of change

of the signal with height is a maximum. In this flight, the probable
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errors in the demsity values arising from the data reduction, in the
height range 80 Km to 100 Km, are estimated to be less than £ 5%
with the greatest error occurring near 85 Km where the aspect angles
are largest. An additional error results from the inaccuracy of

the flat earth approximation (Section 2.3) at large zenith angles.
For an aspect angle of 780 Weeks and Smith (1968) have shown that
this approximation results in an error of approximately * 2% for a
species having a scale height of 6.5 Km. The total probable random
error in the density values between 80 Km and 100 Km is therefore

not expected to exceed * 7Z.

As shown in Section 2.2, there is an uncertainty of about * 147%
in the value of 1.0 x 10"20 cm2 taken for the absorption cross—
section of molecular oxygen at Lyman-a. As can be seen from equation
(3) above, this results in a systematic error of * 14% in the number

densities.

There is also a systematic error of £ 1 Km in the height values
of the data points due to an uncertainty of *+ 1 Km in the estimated
apogee height. As the scale height of the density distribution is
about 7.5 Km, this error is significant and must be considered when
comparing these results with gimilar measurements by other workers

(Section 6,2,1).

(b) HAD 310.
A layer height of 1 Km was used to derive a molecular oxygen '

distribution from the HAD 310 absorption data. The results are
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shown as a histogram in Figure 4.10 which also shows (full line)
the 1965 mean CIRA atmosphere (CIRA, 1965) for comparison. The
density profile is well represented by an exponential distribution

with a scale height of 6.5 Km.

Random errors in the density values due to noise on the tele-
metry records are estimated to be about % 2%. The random errors
resulting from uncertainties in the data reduction vary widely due
to the rapid change of aspect angles that occurred. Between 82 Km
and 96 Km, where the aspect angles are less than 220, the probable
errors are less than * 8%. Outside of this height range the aspect
angles become rapidly larger and the errors therefore increase. If
the systematic error of * 14% due to the uncertainty of the value of
the absorption cross-section is included, the total error in the
density values between 82 Km and 96 Km is not expected to exceed
+ 22%. Errors in the trajectory heights are estimated to be less

than 0.1 Km.

The HAD 310 density results are compared in Section 6,2.1.
with those from the HAD 309 flight and with similar results obtained

by other workers.

4.4.2 Lyman-o Flux Values

The individual aspect corrected currents from each ion chamber
were converted to Lyman-o flux values by using the known effective
area of the detector (1.60 cmz) and its absolute quantum efficiency

at Lyman-a, measured as described in Section 3.6.
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To obtain the Lyman—-a flux above the atmosphere for each flight,
it was necessary to assume that the derived molecular oxygen distri-
bution could be extrapolated to higher altitudes with the same scale
height. A plot was then made of the logarithm of the flux as a
function of the columnar density (Section 2.3) in units of the
columnar density at a chosen height (90 Km for HAD 309 and 85 Km
for HAD 310). The straight lime graph that resulted was then extra-
polated to zero columnar demsity. The values of the solar Lyman-o
flux obtained in this way for the HAD 309 and HAD 310 flighte were
3.9 * 0.4 erg Cm—z rsec.-1 and 4.2 * 0.4 erg <:m'.2 sec.1 respectiveiy.

These values are compared with other measurements in Section 6.3.

In the HAD 309 flight, the flux values at heights in excess of
110 Km were found to lie above the extrapolation of the straight
line fitted to the points below this height. This additional signal
was due to radiation ether than Lyman-o in the 1050 to 13508 band-
pass of the ion chambers. At the apogee height of 121.3 Km this

additional signal was about 7% of the extrapolated Lyman-o flux.
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CHAPTER 3

THE WRESAT 1 ION CHAMBER EXPERIMENI

5.1 Introduction

_ WRESAT 1, a small scientific gsatellite, was launched from Woomera
in November 1967. It was designed and developed by the Weapons Research
Establishment, Department of Supply and the Department of Physics,
University of Adelaide. The launch vehicle was provided by the U.S.
Department of Defence, while the launch facilities were provided by the
U.K. Ministry of Technology. Satellite tracking and data acquisition
were performed by the STADAN network of the U.S. National Aeronautics
'and Space Administration (NASA).
Tncluded in the experiments flown on WRESAT 1 were six ion
chambers of the types described in Chapter 3. The two objectives of
the ion chember experiment were:-
(i) The measurement of molecular oxygen densities by utilizing
the occultetion of the sun by the earth's atmosphere at
satellite sunrise and sunset (Section 5.3).

(1i) The determination of the solar flux in the wavelength bands
1h20.g. to 1h803 and 155OK to 16903 and at the wavelength of
hydrogen Lyman-o. (Section 5.6).

It was hoped that the density determinations would lead to
information on possible dey-to-day and geographical variations in the

vertical molecular oxygen density profile, The soler flux measurements



Fig. 5.1 A view of the WRESAT 1 satellite undergoing
environmental testing at Weapons Research Establishment.
The side-facing detector package can be seen to the left of
the aperture formed by the removal of a section of the skin,

The side of the forward-facing package can be seen at the

apex of the cone. s
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were expected to give important information relating to the solar
temperature minimum (Section 1.2).

The satellite (Figure 5.1) was conical in shape with a base
diemeter of 30 inch end a height of 62 inch. All of the instrumentation
units were thermally isolated from the main structure which cansiséed
of a framework end skin of aluminium alloy. By painting the bulk of
the external surfaces black and the interior surfaces white, 1t was
possible to ensure that the temperature of the internal equipment ‘
remained within satisfactory limits as the satellite orbited the earth.

The satellite structure and equipment were subjected to
environmental tests by the Weapons Research Esteblishment. These,
tests included static and dynamic loading, vibration testing, impact
loading and teéting at elevated temperatures. In addition, the complete
satellite was tested in a high vacuum chamber at the Physics Department,
University of Adelaide. The satellite was held at a pressure of 10_h mm
of Hg while being cycled in temperature between +50°C and -15°C over a
period of about b deys. All units survivedthis test without observable
permanent changes in their operation.

WRESAT 1 (also given the COSPAR designation 1967-118A) was
aunched on 29th November,1967 at 1425 hours Australien Central Standard
Time. The lsunch vehicle was a Redstone missile boost motor modified
to accept two solid fuel upper stages. A nearl)y polar elliptical orbit
was achieved with a perigee of 170 Km and en apogee of 1249 Km. The
orbital inclination was 83.3° and the orbital period 99 min. The sub-
gatellite track of WRESAT 1 is shown in Figure 5.2 for the first 8

orbite.
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The satellite entered orbit with a spin rate of 2.5 rev sec'lz
sbout the cone axis which was inclined at approximately 27° to thel
earth's rotational exis. Due to the lack of infinite rigidity of 1‘:he
satellite, and other factors, the axis of spin nutated and the mot.;mon
became that of a flat spin about the axis of maximum moment of ine:;'tia.
This latter axis, which was designed to be at right angles to the cone
axis, was parallel to the original spin axis of the satellite on its
insertion into orbit. As the ratio of the moments of inertie about
the cone axis and the flat spin axis was 1:5, the final flat spin
rotation rate was about 0.5 rev sec—l. The conversion to the flat spin
mode wes accelerated by the use of an energy dissipator mounted inside
the satellite. As a result, the conversion was complete 35 min from
leunch.

The orbital lifetime of WRESAT 1 was U2 days, re-entry occurring
on 10th January,.1968. However, the use of batteries for satellite
power limited the useful transmitting life to 53 orbits, i.e.,

approximately 3 deys.

5.2. Satellite Instrumentation

5.2.1. The Ion Chambers and Amplifiers

Figure 5.3 shows the layout of the WRESAT 1 instrumentation.
The radistion detectors were mounted in two separate packages. The
front-facing package was located near the apex of the cone (the tip of
vhich was separated after the injection of the satellite into orbit)
with the look direction of the semsors being forward along the cone

axis. The side-facing package was located near the surface of the cone,



Fig. 5.3 The layout of the WRESAT 1 instrumentation.
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30 inch from the apex (Figure 5.1), such that the look direction of
the sensors was at right angles to both the cone axis and the anticipated
axis of the flat spin mode. With this geometry, first the front-facing
jon chambers end then the side-facing ion chambers were expected to
scan directly across the solar disk as the satellite rotated. However,
the actual axis of the flat spin mode was at right engles to the cone
axis but rotated approximately 30° about the cone axls relative to its
predicted position. As a result, the front-facing detectors scanned
directly across the sun while the minimum solar aspect angle for the
side-facing detectors was 30° (Section 5.k.3).

The ion chember experiment consisted of two LiF-NO, two Q-T gnd
two S-X copper bodied ion chambers of the type shown in Figure 3.1.
Both detector packages contained three ion chambers (one of each type)
and a set of optical aspect sensors. These three combinations of
window material and filling gas were chosen because the resulting
effective molecular oxygen absorption cross-sections (Section 2.3) are
such that an almost continuous density profile can be obtained over the
height range 90 Km to 220 Km at satellite sunrise and sunset. The
importance of such measurements has been pointed out in Section 4.1.

All of the ion chambers were operated at unity gain with positive
voltage applied to the chamber walls to minimize long wavelength photo-
electric effects (Section 3.9). The ion chamber currents were fed to
logarithmic amplifiers. Those amplifiers fed by the LiF-NO ion
chambers developed output voltages from OV to +5V for input currents

from 20720 amp to 10'6 emp, while those fed by the Q-T and S-X ion
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chambers produced the same range of voltage for input eurrents from

1072 amp to 10"8 amp.

5.2.2, Optical Aspect Sensors and Magnetometers

A set of amplitude ratio aspect sensors similar to those flown in
the rocket experiments (Section 4.3.3) was included in each of the
detector packages for the purpose of messuring solar aspect. Originally,
three mutually perpendicular flux-gate magnetometers were included in the
payload to determine the attitude of the satellite and to provide e check
on the measurements of the optical aspect sensors. Owing to weight
limitations, two of the megnetometers had to be removed from the
satellite prior to launch, leaving one with its axis parsllel to the
cone axis. This remaining magnetometer enabled en independent check to
be mede on the solar aspect angle for the front-facing detector peckage.
However, the solar aspect angle determined for the side-facing package

relied entirely on the optical aspect sensors (section 5.4.3).

5.2.3. The Telemetry System

The WRESAT 1 telemetry system v;ra.s purchased commercially and was
compatible with the NASA STADAN network. As there were no facilities
Por data storage in the satellite, only those observations made within
range of a telemetry gtation esre availabvle. The sempling rate was
256 samples sec-l with the sampling format being & 16x8arrey. Each
position was sampled in turn and the complete array scanned in helf a
gecond. This meant that there were 128 sampling positions available for

the readiation detectors and the general voltage and engineering



96
monitor levels. The ion chamber and aspect sensor outputs were
allocated to positions in the telemetry matrix such that each detector
was sampled at intervals of i/16 gsec. This gave sufficient data points
to define the shape of the signal pulses from the detectors as they
scanned across the sun. Sunslits were not jncluded in the detector
packages owing to the high sampling rate demanded by them (Section
4.3.3) which could only have been achieved at the expense of the other

experiments involved.

5.3 The Atmospheric Occultation Experiment

5.3.1. The Principle of the Experiment

Observations of the orbital drag on artificial satellites have
yielded information on atmospheric densities down to an altitude of about
180 Km. However, for lower altitudes this technique is limited by the
short lifetime of satellites (e.g, Champion et al., 1969). Knowledge of
atmospheric densities between 90 Km and 180 Km has been derived from a
relatively small number of widely scattered rocket flights. One of the
main objectives of the WRESAT 1 ion chamber experiment waes to make
repeated measurements of molecular oxygen density over the height range
from 90 Km to 220 Km. It was hoped that important information would be
obtained on the expected day-to-day and geographical variations in the
molecular oxygen density profile over this height range. BSuch
jnformation is needed to improve existing thermospheric models and to
provide a better understanding of the relationship between the thermo-

sphere and the underlying atmosphere.
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The principle of the experiment is shown in Figure 5.4, At times
pnear satellite sunrise and sunset, the intensity of the solar ultréviolet
radiation detected at the satellite, S, w11l vary as the sun is occulted
by the earth's atmosphere. As shown in Section 2.5, molecular omyéen is
the only effective absorbing constituent of the atmosphere at the wave-
lengths to which the ion chambers respond. Therefore, &s the decrease
of molecular oxygen density with height is approximately exponential,
most of the absorption along & ray from the sun to the satellite, tekes
place in the near vicinity of the point where the ray approaches closest
to the esrth. The height of closest approach is known as the minimum
ray height and in this work is taken to have the value h for the central
solar ray (Figure 5.4).

To determine molecular oxygea number densities from the absorption
data we may, as a first epproximetion, consider the sun to be a point
source. We may then (Section 5.3.2) extend the theory derived in
Section 2.3 for the rocket experiments, to apply to the situation vhere
the solar zenith angle, Z, is greater than 90°, It will then be
possible (Section 5.3.3) to include the effect of the finite size of the

sun in the analysis.

5.3.2. The Point-Sun Approximation

Let us assume that the sun is a point source located at the centre
of the solar disk. As can be seen from Figure 5.4, the solar zenith
angle at the minimum ray height point, P, is always 90°. However, the
gsolar zenith angle at the satellite is greater than this and for the

WRESAT 1 satellite varied from approximately 119° to 116° as the minimum
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ray height of the central solar ray varied over the height range 100 Km
to 200 Km. Equations (1) to (k) and equation (8) in Chapter 2 were
derived for the situation where the soler zenith angle at the observing
point is less then 90°, These equations are also valid for the
gsatellite sunrise-sunset experiment provided that the rocket height, h,
is now congidered as the minimum ray height of the central solar ray.
Therefore, if I(h) is the ion chamber current when the minimum ray
height is h, we have, from equation (8) in Chapter 2, the expiession

a d N(h
& U 1) = o SR eV

The columnar density, N(nh), can be found by integrating along the ray
from the satellite to the sun, If s i{s the distance along the ray from

the point P, then, with reference to Figure 5.4, we have

N{(h) =r;nds+fgnds .(2)

where n is the number density of molecular oxygen.

At satellite sunrise and sunset, the satellite was at an altitude
of about 900 Km ebove the earth's surface. It was therefore sbove the
effective sbsorbing atmosphere and so the second integral in equation (2)
may also be taken to infinity with no loss of accuracy. Therefore

equation (2) becomes

N(n) = 2f; n ds .o (3)

To evaluate this integral the variation of n with height mst be

specified. If we assume an exponential distribution of scale height, H,
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we may write
n(x) = n(h) exp(-x/H) eee(l)

where n(x) is the number density at the height (h + x) sbove the
earth's surface and n(h) is the value at the height h. As most of the
absorption is taking place at heights less than two scale heights above
h, the assumption that the scale height is constant does not introduce
significant errors into the calculations unless the scale height
gradient, 98, is large.

From Figure 5.1 we see that

82=(R+h+x)2—(R+h)2

il

i.e. 8 x(2R + 2h + x).

It follows that

f;nds

n(h)[: (R ; h + x) exp(=x/H) 4. .. (5)
x%(2R + 2h + x)

+

gince, over the range of importance, (R + h) >> x, equation (5) may

be simplified to the form

%
I: n ds = (&%—h} n(h) f:smi&@- ax ...(6)

X

If we put t = x/H, equation (6) can be rewritten as

" _% -t
o H(R + h)
j'P n ds = [,JTJ n(n) f:i;— at o)
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Now

f: € a=[(x) =
t
and so, substituting equation (T) into equation (3) gives

§(n) = [2ME (R + n)1% n(h) ...(8)

The differential form of equation (8) is, to a very good approximation,

aNMh) _ (on g (R + h)]% d n(n)

dh dh ...(9)
But, from equation (L)
a :ﬁh) = -n(h)/H ...(10)

Substituting equation (10) into equation (9) and re-arranging gives

%
a ﬁéh) _ [?ﬂgg + h)] a(n)

and so, from equation (1), we may write

n(h) = %
o[2II(R + h)]*

i
EE_[xn I(h)] ...(11)

A constant value of 6520 Km was taken for (R + h) in the present
work. The maximum error in n(h) introduced by this assumption is less

than 0.5% over the height range 90 Km to 220 Km.

5.3.3. Correction for the Effect of the Finite Size of the
Solar Disk

In Section 5.3.2, theory was developed for a point sun, but in
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reality each ion chamber responds to the integrated radiation o§9r &
cone of angle 0.5° (Figure 5.k).

The distance, d, from the satellite to the point P was ebout

3300 Km, at both satellite sunrise and sunset. The difference in the
minimum ray helght of the rays reaching the satellite from the upper
and lower limbs of the solar disk was therefore approximately 29 Km.
As this difference is considerably greater than the scale height of
molecular oxygen over much of the height range from 90 Km to 220 Km,
the attentuation of rediation along these extreme rays will be very
different.

In developing a method of analysis that allows for the finite
size of the sun, we will make the assumption that the sun is e uniformly
bright disk subtending an angle of 0.56 at the satellite. The possible
errors introduced by assuming the solar disk to be uniformly bright are
discussed in Section 6;2. The variation in absorption along reays
emitted from a horizontal line across the solar disk (i.e. a line
tangential to the earth's horizon as seen from the satellite) will be
small. Therefore, we can replace the solar disk by a vertical line
source such that the intensity at any polnt on this source is
proportional to the width of the solar disk at that point.

Consider the situation shown in Figure 5.4, where the minimum ray
height of the ray from a point, Q, & distance r from O along the soler
line source, is (h + p). Let I  represent the ion chamber current
due to radiation emitted from the entire unobscured disk. Then, the

current due to radiation emitted from a section of the line source of
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length dr, &t Q is given by

I

I = 2(R 2 _ rz)ai dr Qo
Q & IR?Z

8

2
R T
2 2.% s (o)
=2(t° -p ) - dp

2 IIRBQ

where Rs is the solar radius and t is the difference in the minimum ray
height of the centrel solsr ray and a ray from either extremity of
the line source, The total ion chamber current cobserved when the minimum

ray height of the centrel solar ray is h, is therefore given by

2
I R .
I(n) = [T} —25. 2(+2 - p)* ~— expl—a B{n+ p)Jap
TR t
- ;.% JrE (2 - 02)¥ expl-oN(n + p)lap (12)
t

Therefore, if a theoretical model of the vertical distribution
of molecular oxygen is assumed, a plot of I(h) versus h can be derived
from equation (12). This computed attenuation curve can be compared with
the experimentally determined attenuation curve. Then, by an iteration
procedure, a density profile can be obtained which glves a computed
attenuation curve in sccord with the observations. Note that although
sbsolute values of I(h) are not required, the values relative to I sre
essential for the determination of a density profile. This is in
contrast to the point-sun approximation method (Section 5.3.2) where

density determinations are not dependent on any knowledge of I° but
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are instead dependent on the local gredient (%x]-:-) of the flux,

In the method adopted here, the solar line source is considered
to be divided into an odd number of sections, (2m + 1), such that the
length of each section is 2R /(2m + 1). If the sections are nunbered
sequentially from the lower limit of the line source (as seen from the
satellite) from -m to +m, then we may replace equation (12) by

+m I
I(h) = I A ﬁ—%- exp[-o N(h + pi)] .e(13)
B

i= -m
vwhere h + Py is the minimum ray height of the rey from the centre of the
1 th section of the line source and Ai is the area of the strip of the
solar disk replaced by the i th section. From Figure 5.k, it can be seen
that
r id a 2iRB
P15 " 5am+ D)

The value of m to be used in equetion (13) must be such that for
any assumed density distribution, an increase in this value produces no sig-
nificant change in the resultant camputed attenuation curve. The individual
gsections of the line source are then behaving as point sources. For the
data from the Q-T and S-X ion chambers, & value of 2 was found to be
sufficient for m. However, due to the much smaller density scale height
of molecular oxygen in the height range where solar Lyman-a rediation
is absorbed, & value of T was required for m for the LiF-NO ion chamber
data.

The model chosen in this work to represent the vertical

distribution of molecular oxygen is of the form
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n(h) = lsn(hc){exp[(hc - h)/Hl] + expl(n, - h)/H2]} ooo(1l)

where Hl and H2 are scale heights and hc ig the minimum ray height of
the central soler ray when the rate of change of the ion chamber

current is a meximm (Stewart end Wildman, 1969). A single exponential
model (obteined by putting H, = H, in equation (1l4)) was tried initially
but was found to be inadequate for the data from the Q-T and S~X ion
chambers, If Hl is smaller than H2, then the model given by equation
(14) is one in which the scale height at low altitudes approaches H,
while the scale height at high altitudes approaches H2.

It cen be shown that when the point-sun approximation is valid
the maximum rate of change of I(h) occurs at the penetration height :
(i.e., at the height where I(h)/I_ = el = 0,370). For the date from
the Q-T and S-X ion chambers, hc was found to be close to the penetration
height. The value taken for hc was 150 Km for all the Q-T ion chamber
date and 180 Km for all the S~X ion chember data. However, for the
LiF-NO ion chamber data, where the point-sun approximetion is least
valid (Section 5.5), h o Wes found to be higher than the penetration
height and in fact was close to the height at which the jon chamber
current had been attenuated by 50%. This height varied from ebout
100 Km to 106 Km for the different sets of data.

For the demsity model given in equation (1l), the columnar
density for the ray from the centre of the i th section of the line
source (which, as shown on page 103,can be considered as a point source)

is given by (18
[N N ] 15)

N(n,) = ¥n(n,)[2N(R + h)f‘[(exp[(hc - n) /] H¥ + explin, - )/, ua’f]
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This equation is obtained by considering the right hand side of
equation (14) to consist of two separate terms of the same form as
the right hand side of equation (4). The steps shown in equetions (5)
to (8) can then be applied to each term and the results added to gilve
equation (15).

Once the values of the paremeters n(h ), H, and H, have been
selected, columar densities calculated from equation (15) can be used
in equation (13) to generate a computed attenuation curve which may
then be compared with the cbservations.

The slteration of the model parameters to improve the
agreement between the experimental and computed attenuation curves is
carried out in two steps:

(i) The central number density, n(hc) , is muitiplied by a
scaling factor, A, such that the next computed curve
generated is normelized to the experimental curve near
the height hc' The agreement between the two curves is
then checked by means of the "chi-squared" test.

(ii) When the two curves have been normalized, Hl and H2 are
adjusted to improve the agreement between the computations
and the observations, at heights well below and above hc
respectively, and a new attenuation curve computed.

These two steps are repeated until no further improvement in the
agreement between the computed and observed attenuation curves, as
indicated by the chi-squared test, is possible. These steps are
considered separately below and, for simplicity, only their application

to the S-X ion chamber data will be considered in detail. The curve
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fitting procedures used for the data from the LiF-NO and Q-T ion

chambers were very similar to the one used for the S-X ion chamber data.

(a) Normalization of the theoretical curve

Each experimentally determined attenuation curve for the S-X
{on chamber consisted of values of ion chamber current plotted as a
function of the minimum ray height of the central solar ray, h, at
height intervals of 5 Km (Section 5.4). As explained cn page 104, the
value of h  taken for all the S-X ion chamber data was 180 Km. The
effective molecular oxygen absorption cross-section for this ion
chamber was taken to be 1.45 x 1077 cn? (Section 2.3).

The first step in the normalization procedure is to ecalculate
the meen relative error of the computed current values over the height

range 175 Km to 190 Km. This is given by

s = 1/k 120 I(h) - I'(h)

" h=175 I(h)

vhere I(h) and I'(h) represent the experimental and computed ion
chamber currents respectively. We require a new computed attenuation

curve such that the current values are given by
I"(n) = 1'(h)(1 + 8)
and in particular we require
1"(180) = 1'(180)(1 + S) ...(16)

This new computed curve will be in better agreement with the

observations near 180 Km than the initial computed curve.
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Suppose that when deriving the initial computed attenuation
curve it is foupd thet the i th section of the soler line source
provides the greatest contribution to the value of I1'(180). Then for
the purpose of determining the scaling factor, A4, the sun mey be
approximated to a point source located at the centre of the i th
section of the solsr line source. The minimum ray height of the ray
from this point on the line source to the ion chamber is 180 + Py

(equation 13) and so we may write

1'(180) I_ exp[-o N'(180 + pi)] ee o (17)

(o}

and I"(180) I exp[-o N"(180 + pi)] «..(18)

(e

where N' and.N" are the respective colummar densities of the initial
and required density models. From equations (16), (17) and (18) we

have

I'(180)] _ 1 S
R'n[I T 0] = ln(m) = o [N"(180 + pi) - N'(180 + pi)]
and so N"(180 + p,) = N'(180 » p.) (1 + 1 tn(+2—=) 1 (19)
i i oNW180+pi) 1+8'° """
= N'(180 + pi) A
Therefore, from equation (15), we may write
n"(180) = n'(180) A ...(20)

where n'(180) and n"(180) are the respective number densities of the
initial and required density models. This normalization procedure is

repeated until the value of the factor A becomes within 0.5% of unity,
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or reaches some minimum velue. The chi-squared test is then applied
to the whole of the normalized computed curve to test its agreement

with the observations.

(b) Adjustment of the scale heigl}ts

For the S-X ion chamber data, Hl is generally sbout a factor
of three less than K, (Appendix A). Therefore for values of h much
jess than 180 Km the last exponential term in both equations {1k} and
(15) will become vanishingly small, As a result, a substantial change
in H2 will have little effect on the computed ion chamber currents at
heights well below 180 Km, Similerly, a substantial change in Hl will
not greatly affect the computed ion chamber currents at heights well in
excess of 180 Km. Therefore, essentially independent adjustments can
be made to Hl and H2 to improve the agreement between the experimental
and computed attenuation curves é,t altitudes well below end above
180 Km respectively.

Suppose that the values of current for the computed attenuation
curve (normalized to the experimental curve as described in (a) above)
are given by I'(h). Suppose also that the mean relative error in
these theoretical current values over the height range 150 Km to 170 Km
is T. Then, to improve the agreement between the computed and
experimental attentuation curves over this height range, we require a
new computed curve with current values over this height renge given by

() = I'(h) (1+7T)

in particular we require



109

I"(160) = I'(160) (1 + T)

Suppose that when deriving the normelized computed attenuation
curve, it is found that the i th section of the solar line source
provides the greatest contribution to the value of 1'(160). Then, for
the purpose of determining the change required in Hl’ the sun may be
approximated to a point source located at the centre of the i th
section of the line source, Therefore, we cen see from equation (19)

that

N"(lGO + pi) |: 1
= |1+

N'(160 + pi) o N%(160 + pi} 1+ 7

(= ‘}=B ...(21)
where N" and N' are the respective columnar densities of the required
density model and the density model producing the normalized computed
attenuation curve.

As explained above, the last exponential term of equation (15)
is small for heights well below 180 Km and so we may use the
approximation

N"(160 + pi) .
W(160 + ) expl(20 - p,)(1/8] - 1/8])] (Hj/H])

where the scale heights H; and Hi refer respectively to the required

density model and the density model producing the normalized computed
attentuastion curve. If we assume that the cheange required in Hl is
small, we may meke the spproximation (I-I'Ji/H:'L);5 = 1, Therefore, from

equation (22) we have
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N"(160 + pij]
anN'(l60 s Pijj = (20 - pi)(l/H1 - l/Hi) ee.(23)

Substituting equation (21) into equation (23) and re-arranging results

in the expression

)
Hl

H; = ... (2h)

Hl
1
1+ in B
(20 - pis

Similarly, an improvement in the agreement between the computed
and experimental asttenustion curves, over the height range 195 Km to

220 Km, will occur if the scale height, Hé, of the demsity model

producing the normalized theoreticel curve, is changed to the value

'
H2

H'Q‘ . ' ---(25)

2
l- Tga—:—gzj- fn C

In this expression, C is given by

N"(210 + pi)

1
“ N'(210 + Pi)

1
G (210 + p,)

1+V

C

=1+ n(

where V is the mean relative error in the computed current values

between 1905 Km and 220 Km and N"(210) end N'(210) are the respective

columer densities of the required density model and the density model

producing the normalized theoretical curve.

The point~sun method of deriving molecular oxygen densities
(Section 5.3.2) is shown in Section 5.5 to be of insufficient accuracy.



111

When using the finite-sun method described above, it was found that the
chenges required in the values of the parameters of the density model
were generally small, Even though a point-sun approximation was ursed
in their derivation, equations (20), (24) and (25) were found to 'be
accurate enough to define a density profile in accord with the
experimental data.

In the experimentally determined attenuation curves of the Q-T
ion chamber (Section S5.4), values of ion chamber current were also
given a:t. 5 Km intervals and the fitting procedure used for this data
was very similar to that described abo*}e. The value of hc used was
150 Km while the comparison heights used for edjusting Hl and H2 vere

130 Km and 180 Km respectively. The effective molecular oxygen Cross-—

18 cm2 (Section 2.3).

section was taken es 3.4 x 10
Ton chamber currents were determined at 2 Km intervals in the
experimental attenuation curves of the LiF-NO ion chember (Section 5.4).
The value taken for hc varied over the renge 98 Km to 104 Km for the
different sets of date considered. The effective molecular oxygen
absorption cross-section was taken as 1.0 x 10_20 cm2 (Section 2.§).
A fitting procedure similar to that used for the S-X ion chamber éa.ta.
was tried, but it was found that to within the experimental error, an
exponential model (H2 =H in equation (1l4)) was sufficient to fit the
data. The comparison heights used to adjust the scale height were
14 Km ebove and 14 Km below hc. The two correction factors obtained

in this way were combined to produce an average correction factor for

the scale helght.
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A computer progrem, compatible with the CDC 6400 digital

computer of the University of Adelaide, was devised to carry out
automatically the iterative fitting processes described above. The
input for each density profile determinetion consisted of the
experimentally derived ion chamber currents (at 5 Km or 2 Km height
intervals), the appropriste values of A, and p, (equation (13)),§he
effective molecular oxygen absorption cross-section, O (section 2.3),
and the initial values of the density model parameters n(hc), H) and
H2. After each normalization stage of the.fitting procedure, th&
experimental and computed attenuation curves were printed out. Also
printed out, was the attemuation curve that would have resulted if the
sun was in fact & point source located at the centre of the solar disk.
This latter curve was obtained by only considering the contribut;on
to the ion chamber signal due to the central section of the solaé line
source. Also, soler intensity profiles were printed out for various
values of h. Each profile consisted of a list of the comtributions to
the ion chamber signal due to the various sections of the line source.
These values (which are given relative to a value of 1 for the
contribution due to the unobscured centre section) are proportional to
the intensity of each section of the line source (Figures 5.9 and
5.12). The solar intensity profiles made it simple to determine which

section of the line source was contributing most to the ion chamber

signal at a given value of h (Section 5.5).
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5.4, Determination of the Attenuation Curves

5.4,1, Data Acguisition

Real-time telemetry signals from the satellite were recorded on
magnetic tape at the various tracking stations shown in Flgure 5.2.
The satellite experienced both sunrise and sunset on every orbit but
only those observations mede within range of a telemetry station are
eveilable. All of the satellite sunrises occurred in the southern
hemisphere as the satellite crossed the sunrise line on the earth.
The satellite sunsets were confined to the northern hemisphere and
occurred when the satellite crossed the sunset line. The Fairbanks,
Alagka, telemetry station was the only station far enough north to be
able to monitor the satellite as it experienced sunset, Those
stations with their location names underlined in Figure 5.2 recorded
telemetry data from the satellite as it passed through one or more
sunrise. In Figure 5.2, an alphe-numeric system has been used to denote
the location of the mean position of the sub-minimum ray height point
of the central solar ray (the point T in Figure 5.4) for a recorded
satellite sunrise or sunset. The letter represents the first letter of
the recording station name and the number represents the pumber of the
orbit. This number is referred to as the station pass number, During
the time taken for h to vary from 90 Km to 240 Km at satellite sunrise,
the latitude of the point T changes by about 2° yhile its longitude
changes by sbout 1.8°. At satellite sunset these changes are about
0.2° and 7.0° respectively. In 8ll, 1T usable satellite sunrises and

5 usable satellite sunsets were recorded during the period from
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0738 hours U.T. on 29th November to 1758 hours U.T. on 2nd December, 1967,
The tracking station tepes were decoded by Weapons Research
Establishment staff who then provided the Physics Department, University
of Adelside, with computer print-outs of the ion chamber currents as
functions of time. The conversion of the telemetry voltages to ion
chamber currents was made usimg the laboratory amplifier calibration

curves (Section 5.4.2).

5.4.2, Amplifier Calibrations

Over the current renges given for the ion chamber amplifiers
described in Section 5.2.1, a plot of the logarithm of the input
current of an amplifier versus its output voltage, results in a
straight line graph. The slope of this graph is independent of the
environmental conditions but the whole graph can shift as the anbient
temperature varies. TFor this reason a gystem was included on the
satellite to provide an in-flight calibration of each amplifier.

For an amplifier fed by a Q-T or S-X ion chamber a current
of 2,03 x 10-9 amp was fed through a standard resistance to its imput
once every 30 seconds. For the less sensitive amplifiers, fed by
the LiF-NO ion chambers, the celibration current was 1.67 x 1077 anmp.
The conversion of the telemetry voltages on the tracking station
tapes to ion chamber currents was performed using the laboratory
calibration grephs. These currents were then corrected for emplifier
drift by simply mmltiplying them by the ratio of the laboratory

calibration current to the apparent in-flight calibration current.
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This latter current was found by averaging over a pass the calibration
current pulses given every 30 seconds in the computer print-out

derived from the telemetry tapes.

5.4,3. Aspect Angle Determinations

As mentioned in Section 5.2.2, one mspmetometer and two
amplitude ratio optical aspect sensors were used to determine solar
a.speét relative to the detector packages. The aspect sensor pair in
the front-facing package performed satisfactorily for the transmitting
lifetime of the satellite and indicated minimum aspect angles between
8° and 5° for all of the passes investigated. Minimum solar aspect
angles between 0° and5° were also found by Johnson (1970) from en
analysis of the data from the flux-gate magnetometer, the axis of
which was parallel to the satellite cone axis. Acting independently,
the Royal Radar Establishment, Malvern, England, tracked WRESAT 1
during orbit 36 with a high powered tracking radar. From their radar
data, they were able to determine the orientation in space of the
rotational axis of the satellite. Assuming the spin axis of the
satellite and the axis of the mggnetometer are perpendicular, the radar
measurements imply & minimum solar aspect angle for the front-facing
package of about 20 (Johmson, 1970). This value is in excellent
agreement with the aspect sensor and magnetometer determinations.
These results indicate that the solar aspect relative to the front-
facing package was changing by at most t2.5° with the mean value close
to 2°. Variastions of the aspect angle over this range will not

produce & significant change in the output of an jon chamber (Figure 3.13).



116

It was not possible to obtain solar aspect information from the
side—faéing optical aspect sensor pair. This wes a result of the break-
dovn of the flush-teflon detector (Figure 4.5) in an early satellite
pass. However, it was possible to derive aspect information for the
gside-facing package by using the side-facing protruding-teflon
detector and the front-facing flush-teflon detector as a pair. This
could be done as the ratio of the outputs of these two detectors, when
exposed to the sun at zero aspect angle, had been determined in
leboratory calibrations before leaunch. The in-flight zero aspect
response of the sidé—facing protruding-teflon detector could therefore
be determined from the in-flight zero aspect response of the forward-
facing flush-teflon detector. The laboratory determined angular
response curve of the side-facing detector could then be used to
determine the minimum solar aspect angle for the side-facing package.
This aspect angle, which varied very little throughout a pass and fram
pass to pass, was found to have a mean value of 30° :3°.

Provided the solar aspect angle is constant, it is not
necessary to know its absolute value when meking density determinationms.
However, the value of the aspect angle is essential for the measurement

of absolute solar fluxes (Section 5.6).

5.4.4, Minimum Rey Height and Sub-Minimum Rey Height
Point Determinations

Satellite orbital parameters for WRESAT 1 were provided at time
intervals of 1 min by Goddard Space Flight Centre, Maryland, U.S.A.

Included in these parameters were the latitude and longitude of the
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sub-gatellite point, the distance of the satellite from the centre of
the earth (H in Figure 5.4) and the solar zenith angle at the satellite,
Z.

As can be seen from Figure 5.4, the minimum ray height of the
central solar ray is given by

h = HsinZ -R

Owing to the deviation of the earth from a perfectly spherical
shape, R cannot be assumed to be the radius of the earth at the sub-
satellite point. For example, at gsatellite sunrise the sub-minimum
ray height point is approximately 20° further south than the sub-
satellite point. This results in R being approximately 7 Km less than
the earth's radius at the sub-satellite point. Therefore, it is
essential that the latitude, kray’ of the sub-minimum ray height point

be known. The following expression was derived to calculate this value

sin A = cos Z sin A
A = arcsin sat ﬁ_}sun
ray gin Z

In this expression )‘sat is the latitude of the sub-satellite point and

Asun is the declination of the sun as determined from ephemeris tables.
As the geographicel location of each density determination was required,
an expression was also derived whereby the longitude, 6, of the sub-
minimum rey height poiut could be calculated.

The earth model used to calculate R was that used by Goddard
Space Flight Centre (equatorial radius 6378.166 Xm and flatness

coefficient 1/298.25).
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A computer program was developed to calculate h, Aray’ 0,
R, H and 4 (Figure 5.4) at 10 sec intervals throughout each satellite
sunrise and sunset. As inputs the program had satellite abital
parameters at 1 min intervals, and solar ephemerides at 1 day
intervals. Stirling's formula to second degree was used to interpolate

between these values.

5.4.5. The Attenuation Curves

A peak was produced in the current output from each ion
chamber as the detector looked towards the sun once every revolution
of the satellite, These peak values were read from the computer
print-out (derived from the telemetry tapes as described in Section
5.4.1) and tabulasted as a function of time. The corresponding values
of minimum ray height of the central solar ray, h, were determined
from the print-out of the computer program described in Section S5.h.Lk,
Plots of I(h) versus h were then produced and smooth curves fitted.
As the variation in aspect angle throughout a sunrise or sunset was
negligible (Section 5.4.3) no espect corrections were applied to the
currents.

Figure 5.5 shows the variation of ion chamber current with
minimum ray height for Santiago pass 2, the first recorded WRESAT 1
sunrise. Data from all the ion chambers are shown. The ion chamber
currents, which have not been aspect corrected nor corrected for
amplifier drift, are plotted in erbitrary units. As pointed out on
page 102, it is not necessary to know the absolute values of the iom

chamber currents when determining number densities. However, their
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values relative to Io the current due to the unobscured solar disk,
must be known,

The signal from each ion chamber at very low values of h was
less than 10-13amp and represented the leskage current between the
centre electrode and the guard ring (Section 3.2). For values of h
between 50 Km and TO Km an increase in the ion chamber signal wes
noted. This is thought to be a result of photoemission from the
centre electrode and the back seal (which were both close to ground
potential) caused by long wavelength radietion near 2100?\. This long
wavelength signel, which has also been noted in the ion chambers
carried by the U.K. ARIEL 3 satellite (Stewart and Wildman, 1969)
reached a constant value for values of h above about 80 Km, The
full-sun signal of each ion chamber was therefore Io plus the long
wavelength signal and the leakage signal. Due to the high values of
Io given by them, the long wavelength signal was negligible for the
LiF-NO ion chambers (less than 0.2% of Io) for all passes.

For the Santiago 2 pass, the long wavelength signal of the
front-facing Q-T and S-X ion chambers and the side-facing Q-T and
S-X ion chambers was respectively 1.0%, 32%, 6.0% and 2.5% of the full-
sun signal. The very high long wavelength signal of the fygut-facing
S-X ion chamber, coupled with the large differences noted in this
chember's full-sun signal at sunrise and sunset (Section 5.6),
indiceted that this detector was malfunctioning. Therefore, it was not
used for the determination of molecular oxygen densities or absolute

solar flux.
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As explained in Section 5.6, the side-facing LiF-NO
and Q-T ion chambers were also suspected of malfunctioning and so only
the front-facing LiF-NO and Q-T ion chambers and the side-facing S-X
ion chember were used for density and flux measurements. The long
wavelength signal of all the ion chambers was found to increase, as &
percentage of the full-sun signal, as the orbit number increased. This
was partially due to a decrease in the main short wavelength signel but
was mainly a result of an absolute increase in the long wavelength
signal.

Figures 5.6 and 5.7 show the variation of output current with
minimum réy height for the front-facing LiF-NO and Q-T ion chambers
and the side-facing S-X chamber. The data of Figure 5.6 apply to the
satellite sunset, Fairbanks psss 16, while the data of Figure 5.7
apply to the satellite sunrise, Orroral pass 22. By orbit 22, the
long wavelength levels of the front-facing Q-T and side-facing S-X ion
chambers had increased to 6.2% and 14.5% of the full-sun signal
respectively. For orbit numbers in excess of 26, the long wavelength
signal of the Q-T ion chamber continued to increase above 80 Km and
did not reach e constant value before the onset of'the mein short
wavelength signel. It was therefore impossible to estimate accurately
the level of the background signal to be removed from the main short
wavelength signal and so this ion chamber was not used for denslty or
flux determinations from orbit 27 onwards. For the same reason it wes
not possible to use the side-facing S-X ion chamber from orbit 36

onwards.
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As can be seen from Figures 5.5, 5.6 and 5.7 the LiF-NO ion
chamber signal reaches an almost constant level at heights near 140 Km.
However, as expected (pages 29 and 90) an increase of about 10% in the
jon chamber current is observed at greater heights. This increase is
due to wavelengths other than Lyman-o in the pass-band of the detector.
Owing to the much greater molecular oxygen absorption cross-gection
et these wavelengths, this radiation is absorbed at much greater
sltitudes then the Lyman-a radiation. The signal level near 140 Km
is taken as the value of Io for Lyman-Q.

Attenuation curves were obtained from plots such as those
ghown in Figures 5.6 and 5.7 by subtracting the background levels
(due to leakage and long wavelength effects) from the ion chamber
currents. Rach curve was then normalized to that Io had the value 1.
Values were read from the Q-T and S-X ion chamber attenuation curves
at height intervals of 5 Km and from the LiF-NO ion chamber curves at

height intervals of 2 Km,

5.5. Molecular Oxygen Density Results

The point-sun method of deriving molecular oxygen densities
from the experimentsl attenuation curves (Section 5,3.2) was found to
be of insufficient accuracy. The greatest errors occur for the data
from the LiF-NO ion chamber, due to the small molecular oxygen density
scale heights (approximately 6 Km) that prevail in the height range
where soler Lymen-0 radiation is absorbed. The errors are somewhat

less for the Q-T ion chamber deta and even less for the S~X ion chamber
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data. The degree of inaccuracy introduced by the employment of the
point-sun approximation is discussed below.

Figure 5.8 shows the computed attenuation curve which gives
the best fit to the experimental data obtained from the front-facing
LiF-NO ion chamber during the satellite sunrise, Orroreal pass 22. This
curve was obtained from the print-out of the fitting program used in the
finite-sun method of analysis (section 5.3.3). Shown for comparison is
the attenuation curve computed for the same molecular oxygen density
profile, assuming that the sun is & point source located at the centre
of the solar disk (i.e., assuming that only the centre section of the
solar line source is contributing to the ion chamber signal). This
curve was also cbtained from the fitting program (page 112), The
explanation for the great disparity between these two curves can be
seen from Figure 5,9 which shows the corresponding solar intensity
profiles (page 112) for gseveral values of h and also for the uncbscured
sun. The difference in the minimum ray height for rays to the
satellite from the centres of adjacent sections of the line source 1is
2,19 Km, For each value of h, the corresponding value of ion chember
signal is shown as a percentage of Io. It is clear from Figure 5.9,
that even for ion chamber signals with values well in excess of 60% of
Io‘ the central section of theline source is still not the main
contributor to the ion chamber signal. The point-sun approximation
method developed in Section 5.3.2 is therefore completely inadequate.

The density profiles resulting from a finite-sun and point-sun -
analysis of the LiF-NO ion chamber data for the Orroral pass 22 sunrise

are shown in Figure 5.10. As can be seen from Figure 5.10, the
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errors in the number densities resulting from the use of the point-sun
approximation are large across almost the entire height range over
which the LiF-NO ion chamber responds. The best agreement between the
profiles occurs near the height where the ion chamber current is
epproximately 50% of Io' This height corresponds closely to hc, the
height at which the ion chamber signal is changing most rapidly with
height (page 104),

Figure 5.11 shows finite-sun and point-sun computed
attenuation curves for the S-X ion chamber data from the satellite
sunrise, Orroral pass 22. These curves were obtained in the same weay
as those shown in Figure 5.8 for the LiF-NO ion chamber date from the
seme sunrise pass. Figure 5.12 shows some of the corresponding solar
profiles. By comparing Figures 5.11 and 5.12 with Figures 5.8 and 5.9,
jt can be seen that the point-sun approximation is much more valil
for the S-X ion chamber data then for the LiF-NO ion chamber data.
This is due to the much grester density scale height of moleculer
oxygen (approximately 20 Km) across the height range where the solar
radiation in the wavelength range 1h207\. to 11&702 is being absarbed.

Figure 5.13 shows the density profiles obtained from a
finite-sun and point-sun anslysis of the S-X ion chamber dsta for the
Orroral pass 22 sunrise. The agreement between these profiles is much
better than for the corresponding LiF-NO ion chember profiles but the
point-sun approximetion still introduces significant errors below

about 190 Km.
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For the Q-T ion chamber data the errors introduced by the point-
sun approximation are intermediate between those for the LiF-NO and
8-X ion chamber data.

Due to the inaccuracy of the point-sun method, only the
finite-sun fitting procedure described in Section 5.3.3 was used to
derive moleculer oxygen number density profiles. The results are given
in Appendix A in order of the pass number of the observations. The
date of each observation is given together with the time, tl50’ at
vhich h was 150 Km. The mean geographical position of each observation
is given by the values of the latitude and longitude of the sub-minimum
ray height point of the central solaxr ray at tlSO' These values,
obtained from the print-out of the computer program described on
pege 118, were used to display the positions of the recorded satellite
sunrise and sunset density measurements in Figure 5.2.

The number density results have been presented both in tabular
form and in the form of the final values of the density model parameters
ﬁ(hc), H, end H, () = H, = ¥ for the LiF-NO ien chamber results). No
real physical significance can be given to the values obtalned for Hl
and H2 as these scale heights refer to altitudes well outside the
range over which the experiment gives accurate results. The values of
Hl and H2 ere not obtained with great precision/by the fitting procedure.
However, the local scale height at the altitu9 h,> H(hc), is determined

with greater precision and is given by

H(hc) = 2111H2/(Hl + H2)
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Therefore, for the Q-T and S-X ion chamber results the local scale
height is given at 150 Km and 180 Km respectively.

In presenting the density results, the notation a(b) has been
used as an sbbreviation for a x 1ob. The probable error, E, of the
density values, hes been given in the tables at the height hc and at
the extremities of the height range over which each density profile
has been given. These errors, which do not include errors due to
height uncertainties and uncertainties in the values of the effective
molecular oxygen absorption cross-sections used, are discussed in
Section 6.2. Also given in the tables are the values of the vertical
columnar density* (VCD).

The WRESAT I density results are compared with the rocket
results described in Chapter L and with the results of other workers,

in Section 6.2.

5.6. Solar Flux Results

As stated in Section 5.4.5, a peak was produced in the current
output from each ion chamber as the detector looked towards the sun
once every revolution of the satellite. The total signal in full
sunlight (or the full-sun signal) was derived for each Q-T and S-X ion
chamber by averaging the peak currents over a period of at least
2 minutes for times when h was greater them 350 Km. The value of I°

was then obtained by subtracting the background signal, due to leakage

#The vertical columnsy density at the height, h, is the number of
oxygen molecules in & vertical column, of cross-sectional area lem,
gbove the height h.
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and long wavelength effects (Section 5.4.5), from the full-sun signal.
As the background level was negligible for the LiF-NO ion chambers
(page 119) the value of I for each of these detectors was obtained
simply by averaging the peak current values for heights near 140 Km
(page 121).

The values of I° obtained in this way were corrected for
amplifier drift (as described in Section 5.4.2) and also corrected to
their zero aspect values. As shown in Section 5.4.3, the minimum solar
aspect angle could be taken as 0° for the front-facing detectors with
negligible error. An in-flight calibration curve could therefore be
obtained for the angular respomnse of the front-facing ion chambers.

All of the ion chambers had the same geometry except for slight
differences in window thickness which had only a minor effect on the
angular response. Therefore, the in-flight calibration curves could
be used to derive an aspect correction factor for the side-facing ion
chembers. In this way, the minimum sclar aspect angle of 30° t3° that
was determined for the side-facing detector package (section 5.4.3),
was found to result in an aspect correction factor of 1.66 I0.13.

Figure 5.1k shows, as a function of time, the values of I
obtained for each ion chamber after corrections for amplifier drift and
aspect corrections had been made. It was generally difficult to
estimate accurately the background signal level for the Q-T and S-X
jon chambers on those passes where the satellite was always in full
sunlight., For this reason, the values of I° given in Figure 5.14 for
the Q-T and S-X ion chambers refer only to satellite sunrise and sunset

passes, The background signal for the LiF-NO ion chambers was
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negligible on all passes. However, to determine the value of Io for a
pass in which the satellite was always in full sunlight, the
contribution to the LiF-NO ion chamber signal due to Lyman-a alone
had to be estimated. The contribution to the total signal due to
wavelengths other than Lymen-o was determined for all of the sunrise
and sunset passes, The average contribution was found to be 11% with
a standard deviation of approximately 2%. Therefore, on passes where
the satellite was always in full sunlight, I° was derived for each
LiF-NO ion chamber by multiplying the full-sun signal by 0.89. As
Figure 5.14 is only intended to show the general trend with time of
the ion chamber signals only the Io velues for the sunrise and sunset
passes are shown for the LiF-NO ion chanbers.

Apart from a small difference, due to a difference in their
quantum efficiencies, ion chambers of the same type should have given
the same value of I  for the same satellite pass. From Figure 5.1l
it can be seen that the side-facing LiF-NO and Q-T ion chambers gave
much smaller values of Io than did their front-facing counterparts.
For this reason, these detectors were not used for the solar flux or
atmospheric density determinations. The reagon for the initially low
value, and the decrease with time, of the output of each of these
detectors is not known. Loss of the filling gas due to a small leak
developed during launch of the satellite could explain this behaviour.

The values of Io obteined for the front—faciné S-X ion chamber
have been presented in Figure 5.14 in two groups. Those values
jndicated by open squares refer to sunrise observations while those

indicated by solid squeres refer to sunset observations. It can be
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seen that for all but the first recorded satellite sunrise (Santiago
pass 2) the value of Io is much less at sunrise than at sunset, A
thermistor ettached to the mounting block of the front-facing detector
package was used to monitor the temperature of the front-facing ion
chembers. This thermistor indicated that from orbit 8 onwards, the
temperature of the front-facing package cycled between 8°C at
satellite sunrise and 20°C et satellite sunset (Hind and Beach, 1969).
However, for the first seven orbits, the satellite was cooling down
from the high temperatures reached during the launch phese. As a
result, the temperature of the front-facing package was approximately
25°C during the Santiago pass 2 sunrise and during the Fairbanks pass
3 punset. The temperatures prevailing during all subsequent recorded
satellite sunrise and sunset passes were 8°C and 20°C respectively.
Therefore, the output from the front-facing S-X ion chanber seems to
be temperature dependent, giving a much higher value of Io at
temperatures near 20°C than at temperatures near 8°C, As can be seen
from Table 3.3, the change in sensitivity of & S-X ion chamber over
this temperature range is expected to be very small. This is verified
by the fact that to within the experimental error, no significant
systematic difference could be found between the sunrise and sunset
values of Io obtained from the side-facing S-X ion chember. The
front-facing S-X ion chamber was not used for solar flux or density
determinations owing to its very large long wavelength signal (Section
5.4.5) and to the large difference between its values of I at sunrise

and sunset.
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The front-facing Q-T ion chamber showed a rapid decrease in
its output with time. The reason for this is not known but it seems
likely that it is a result of the decay of the triethylamine filling
ges under the action of ultraviolet radiation. Another possible cause
of the decrease is the loss of transmission of the quartz window due
to X-ray irredistion (Friedman, 1960a). That the spectral response of
this ion chember was not substantially changed by these effects, is
demonstrated by the good agreement between the molecular oxygen
density profiles obtained from this detector end from the side-facing
S-X ion chamber (Appendix A).

Both the side-facing S-X ion chamber and the fromt-facing
LiF-NO ion chamber showed relatively small changes in output with time.
The side-facing S-X ion chamber showed a gradual decrease in the value
of Io' This was to be expected, as the outputs of the S5-X ion chambers
flown on the British satellite ARIEL 3 (Stewart end Wildman, 1969) were
found to decrease owing to the deterioration of the p-xylene filling gas
under the action of ultraviolet radistion. The front-facing Lip-NO
jon chamber was the only detector to show an increase in output during
the trensmitting lifetime of the satellite. The output of this
detector showed a gradual rise of about 8% over the 3-day period
indicated in Figure 5.1k,

For the purpose of determining solar flux values, smooth
curves were fitted to plots of Io versus time for the front-facing Q-T
and side-facing S-X ion chambers. These curves were then extrapolated
beck to the time of the first satellite orbit. This extrapolation was

assisted for the Q-T ion chamber by including values of Io measured in
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orbits 1 and 2 for passes where the satellite was always in full
sunlight. As the background signal level for this ion chamber was only
about 1% of the full-sun signal for the early passes (Page 119)
it was possible to accurately estimate the value of Io from the full-
gun velue. The first orbit values of Io’ obtained by extrepolation,

L amp end 1.68 x 10710 amp for the Q-T and S-X ion

were 3.40 x 107%
chambers respectively.

The S-X and Q-T ion chembers respond to radiestion in the
wavelength bands lh2OK to 1h803 (i.e. a full width at half maximum,
FWHM, response of 1h302 to 1&703) and 15503 to 16902 (lSBOK to
16hOX FWHM) respectively (Figures 3.11 and 3.12). To obtain sclar
flux values from the Q-T and S-X ion chamber current measurements,
obtained as described sbove,it was assumed that the solar continuum
spectrum in these wavelength bands could be represented by that of a
black body at temperature T. The laboratory calibrations of .the
efficiency (Section 3.6.3) and spectral response (Section 3.6.2) of
each ion chamber were then used to calculate the ion chamber current
which would be produced for different values of T. In this way, &
brightness temperature was deduced which agreed with the satellite
observations. The contributions of emission lines to the iom chamber
currents were estimated using the solar spectral data of Detwiler et
el. (1961 a and b), page 3, & portion of which has been presented in
e convenient digitalized form by Brinkman et al. (1966)(Figure 3.14).
These contributions were 4.5% for the Q-T ion chamber and 12% for the

S-X ion chamber. After meking these comparatively small corrections
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for the effects of emission lines, the brightness temperature for the
continuum was found to be 4590°K for the wavelength region 1SBOK to
161;03 (Q-T ion chamber) and 45LO°K for the region 114303 to 1h7oK (s-x
ion chamber).

As can be seen from Figure 3.14, the percentage of the ion
current that is contributed by emission lines will very as the
temperature of a S5-X ion chamber changes. However, no significant
variation is expected over the temperature range from 8°C (satellite
sunrise) to 20°C (satellite sunset). For this reason, the laboratory
derived spectral response curve, determined at room temperature, was
used in the solar flux determinations for the gide~-facing S-X ion
chamber.

The uncertainty in the estimated solar flux values, arising
from errors in the laboratory calibrations, errors in the telemetry
transmission and errors in estimating the first orbit values of Io’
smounted to ¥ 15%. An additional uncertainty of - 8% in the intensity
levels resulted from errors in the aspeet correction factor for the
side-facing 5-X ion chamber (page 126).

An ion chamber responding to radiation in the wavelength band
14408 to 1660A (11;703. %o 15TOA FWHM) has been orbited on the SOLRAD 10
gatellite (Chubb et al., 1971). Using leboratory calibretions provided
by the U.S. Naval Research Laboratory, some of the SOLRAD 10 observations
were analysed in the same way as was done for the WRESAT 1 data. In
the case of the SOLRAD 10 ion chamber, the results of Detwiler et al.

(1961b) indicate that emission lines contribute about 25% of the
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observed signal., After making this correction, the SOLRAD 10 ion
chamber data indicated a brightness temperature of 4525°K for the solar
continuum in the wavelength region lhTOR to 15703 FWHM.

As the fronmt-facing LiF-NO ion chamber showed no signs of
deterioration during the trensmitting lifetime of the sgtellite
(Figure 5.1k4), the individual values of I were converted to Lyman-o
f£lux values using the known effective area of the detector (1.60 cm?)
and its absolute quantum efficiency at Lyman-o (Section 3.6). The
uncertainty in the Lyman-o flux values, due to random errors in the
telemetry transmission and errors in determining the values of Io’
is estimated to be Y 6%. There is also a systematic uncertainty of
approximately £ 6% due to errors in the laboratory calibration of
absolute efficiency.

The WRESAT 1 and SOLRAD 10 solar flux values are discussed

and compared with other measurements in Section 6.3,
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CHAPTER 6

DISCUSSION AND COMPARISON OF THE SATELLITE
AND ROCKET RESULTS

6.1. Measurements of Molecular Oxygen Demsity
6.1.1. Introduction

As mentioned in Section 2.1, the two basic methods for
determining the concentration of molecular oxygen in the upper
atmosphere are ultraviolet absorption spectroscopy and mass
spectroscopy. Some measurements that have been made by other workers,
using these techniques, are discussed in Sections 6.1.2 and 6.1.3. The
discussion is limited to those results most suitable for comparison

with measurements made in the present work.

6.1.2. Measurements by Absorption Spectroscopy

Both narrow-band dispersive instruments and broad-band non-
dispersive instruments have been used in the application of absorptiomn
spectroscopy. The most successful non-dispersive detector that has
been employed is the ultraviolet ion chamber,

Ion chambers of various types have been used Dby Weeks and
Smith (Smith and Weeks, 1965, Weeks and Smith, 1968) in a series of
ten rocket flights between 15th July,1964 end 31lst January, 1967. The
use of solar zenith angles in the range 19° to 95° made possible the
determination of molecular oxygen densities over the height range 62 Km
to 154 Km (page 38). Eight of the flights were made in the northern
hemisphere at latitudes between 38°N and LO°N. The other two flights

"~
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were made in the southern hemisphere at latitudes Lk°S (9th April,1965)
and 32°S (12th November,1966). As the density measurements were made
at different times of day and in different seasoms, Weeks and Smith
(1968) have been able to draw some tentative conclusions regarding
seasonal and diurnal variations. Some of the results of Weeks and
Smith (1968) are compared with the present results in Figures 6.1, 6.2,
and 6.L.

There have been very few determinations of molecular oxygen
density in the southern hemisphere. In rocket flights from Woomera
in December 1963 and February 1965 (Carver et al., 1964, 1965) LiF-NO
jon chembers were used to determine molecular oxygen densities in the
height renge TO Km to 90 Km. The results of the 1965 flight are
compared with the present rocket results in Figure 6.1, 1In a rocket
£1ight from Woomera in November 1966, molecular oxygen densities were
determined from TO Km to 150 Km using ion chambers of six different
types (Carver et sl., 1969). Wildmen et al, (1969) heve flown S-X ion
chambers on sun-stabilized Skylark rockets in a series of three
experiments launched from Woomera in March and November 1967 and
March 1968. Trom the data of these flights, molecular oxygen density
profiles have been derived over the height range 100 Km to 150 Km.
One of these profiles is compared in Figure 6.4 with the present
satellite results.

Ton chembers have also been used in satellite occultation
experiments, similar to the WRESAT I experiment, to determine molecular

oxygen densities at satellite sunrise and sunset. Norton and Warnock
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(1968) have analysed SOLRAD 8 LiF-NO ion chanmber data from winter
(December 1966) and summer (June to August 1967) satellite passes over
the Boulder, U.S.A. telemetry station (40O°N, 105°W) end from summer
(December 1966) passes over the Orroral, Australia, telemetry station
(36°S, 149°E). Although there is some scatter in the data, a
preliminary analysis has indicated a seasonal variation in the molecular
oxygen number density near 100 Km. The summer data are a mixture of
sunrise and sunset observations and to within the experimental error
no systematic difference was detected between the density values
determined at sunrise and sunset (Norton, 1970). Also, unpublished
winter date measured at sunset fall within the same scatter as the
winter sunrise deta (Norton, 1970). The SOLRAD 8 results are compared
with the WRESAT I results on page 1Lk,

Stewart and his co-workers (Stewart and Wildman, 1968, 1969
and Parker and Stewart, 1972) have analysed S-X ion chamber data received
from the ARIEL 3 satellite during the period from Mey to November 1967.
Preliminary results indicate geomagnetic,diurnal and longitutinal
variations in the molecular oxygen density at 180 Km. A comparison
between the ARTEL 3 and WRESAT 1 results is given in Figure 6.3.

More recently, Felske et al. (1970) have reported the
determinstion of molecular oxygen density using data received from
LiF-NO ion chambers orbited on the INTERKOSMOS I satellite.
Uncertainties in the satellite orbit led to a height uncertainty of
b 5 Km. However, from Lyman-c é.'bsorption data obtained on 15th October

1969, it was concluded thet the molecular oxygen densities in the height
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reage 90 Km to 105 Km were significently lower than the corresponding
mean 1965 CIRA model atmosphere velues (CIRA, 1965). A comparison is
made between the INTERKOSMOS I and the WRESAT I results on page 1Lk,

Hinteregger and his co-workers (Hall et al,, 1965, 1967) have
used the photoelectric monochrometors described in Sectiom 1.1.2 to
measure the atmospheric absorption of solar ultraviolet radiation.

These instruments could only be used ebove an altitude of about 120 Km
owing to the effect of the atmospheric gases on the open photomultiplier.
Absorption analysis was carried out at the wavelengths of nine strong
solar emission lines between 30hK and 12073. Molecular oxygen density
profiles were derived direétly from the measurements of the lQOTX (81 111)
line while measurements of the other emission lines were combined to

give 02, N2 end 0 density profiles. Results obtained by Hall et al.
(1965) are compared in Figure 6.3 with the WRESAT I results.

Moleculer oxygen density determinations by absorption spectroscopy
have been discussed above for two different types of imgtrument. Of these
instruments, the photoelectric monochromator provides the most detailed
information. Howev®r, the operation of this.instrumapt is limitéd to
altitudes above 120 Km and it requires the use of a pointing control.
Also, the density determinations rely on an accurate.kﬁowledge of the
absorption cross-sections of the atmospheric constituents. Ion chambers
have the adventage of not requiring a pointing control and their
ruggedness and small size allow them to0 be used in small (and
relatively inexpensive) unstabilized sounding rockets, Although the

information provided by ton chambers 48 less detailed than that provided
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by spectrometers, the height resolution of the data is generally

better. As for the spectrometer, the ion chamber demsity determinations

rely on an accurate knowledge of absorption cross-sections (Section 2.3).

6.1.3. Measurements by Mass Spectroscopy

In a completely different approach to the prcblem of the
measurement of atmospheric composition, Nier and his co-workers have
flown mass spectrometers in a number of rockets. On 36th November, 1966
(night) and 2nd December,1966 (dey) mass spectrometers were flown to
investigate diurnal effects in the lower thermosphere (Kasprzak et al.,
1968). Very little difference was found between the daytime and
nighttime molecular oxygen densities in the height range 120 Km to
220 Km. A further flight on 21st June,1967 and two more flights on
20th July 1967 were made by the same group (Krankowsky et al., 1968).
The flights on 20th July were a true day-night pair and it was found
that the deytime molecular oxygen densities were substantially higher
than the nighttime densities (Figure 6.3). However, the very small
difference observed between the daytime .a.nd nighttime densities
measured in the 1966 flights indicates that day-to-day variations in the
altitude range 120 Km to 200 Km are at least as important as the diurnal
effect.

The mass spectrometer does not require e pointing control; it
can be operated at night and the density determinations are independent
of any knowledge of absorption cross-sections. Its mein disadvantages

are that it can only be used sbove 120 Km and it is very difficult to
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calibrate sbsolutely (Nier et ax., 19Ah). Difficulties also arise from
the dependence of its response on the orientation of the rocket and

from its susceptibility to contamination.

6.2. Discussion of the Density Results

6.2.1. The Rocket Measurements

In Figure 6.1, the molecular oxygen density profiles obtained
from the HAD 309 (winter) and HAD 310 (summer) rocket flights at Woomera
(section 4.4.1) are compared with the mean 1965 CIRA model atmosphere
(CIRA, 1965).

The uncertainties in the HAD results are discussed in Section
4.4,1, The maximum random uncertainty in the HAD 309 density values
is ¥ 7% over the height range 80 Km to 100 Km. There is also a height
uncertainty of g 1 Km which results from uncertainties in the rocket
trajectory (Section 4.3.5). The maximum random uncertainty in the
HAD 310 density values is — 8% over the height range 82 Km to 96 Km.
As shown in Section U4.k4.1, there is a systematic uncertainty of T g
in the results from both of the HAD flights owing to an uncertainty of

e cm2 taken for the absorption cross-

I 14% in the velue of 1.0 x 10~
section of molecular oxygen at Lyman-0.

The HAD 309 results represent the first winter measurement of
molecular oxygen density below 100 Km that has been made in the southern
hemisphere. The most obvious difference between the HAD 309 and HAD 310
results is that the average scale height of the former (7.5 Km) is

considerably greater than that of the latter (6.5 Km). The two HAD
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profiles taken together suggest a region near 91 Km where the density
is the same in summer snd in winter. Models of the total neutral
atmosphere given by the U.S. Standard Atmosphere Supplements (19662,
are in agreement with the HAD results in indicating a larger scale
height in winter and a region near 90 Km where the density is
essentially the same in winter and summer.

Also shown in Figure 6.1 is a density profile obtained by
Carver et al. (1965) from a summer rocket flight at Woomera and two
smooth curves representing average daytime profiles obtained from
rocket flights at Wallops Island (38°N) in winter and summer by Weeks
end Smith (1968). The results of Carver et al. (1965) and Weeks and
Smith (1968) were also obtained by the use of LiF-NO ion chambers. It
can be seen from Figure 6.1 that the summer profiles measured by Carver
et al. (1965) and Weeks and Smith (1968) are in good agreement with the
summer profile from HAD 310. The winter profile measured by Weeks and
Smith (1968) is in good agreement with the winter profile from HAD 309.
Other summer measurements from Woomera (Carver et al., 1964, Carver et el.,
1969) are also in substantial agreement with the HAD 310 results.

Below approximately 85 Km the present results are, on the average,
in agreement with the values given by the mean 1965 CIRA model atmosphere
(CIRA, 1965). However, at greater altitudes the observed values are
significantly higher than those of the mean CIRA model. The local
scale height of the mean CIRA model at 85 Km is 5.6 Km which is

substantially lower than that observed in the present measurements.
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6.2.2. The Satellite Measurements

The uncertainties in the molecular oxygen densities determined
from the WRESAT I data varied greatly from pass-to-pass. The most
accurately determined parameters for each profile given in Appendix A
are the number density and local scale height at the height hc(n(hc) and
ﬁ(hc) respectively). The random uncertainties in the density values
arising from telemetry errors and errors in the fitting procedure are
given in Appendix A for each pass. However, there are other important
uncertainties which must be considered.

As pointed out in Section 6.2.1, there is a systematic
uncertainty of ¥ 144 in the number densities determined from the LiF-NO
jon chamber deta, owing to uncertainties in the value of the absorption
cross-section of molecular oxygen at Lyman-o. Similarly there are
systematic uncertainties of : 20% and z 10% respectively in the nunber
densities determined from the Q-T and S-X ion chamber data owing to
corresponding uncertainties in the effective asbsorption cross-sections
for these detectors (Section 2.3).

Another importent source of uncertainty in the results arises from
uncertainties in the satellite position. These uncertainties, due
mainly to uncertainties in the atmospheric drag on the satellite, lead
to a probable error in the minimum ray height of ¥ 2 Xm with the
maximum error not expected to exceed b 3.5 Km. The effect of these
height errors is much more significant for the LiF-NO ion chamber
results than for the Q-T and S-X ion chamber results, owing to the
greater scale height of the molecular oxygen density distribution in the

altitude range where solar Lyman-o radiation is absorbed (Appendix A).
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In the finite-sun ﬁ;alysis described in Section 5.3.3, it is
assumed that the solar disk is uniformly bright at the wavelengths to
which the ion chambers respond. However, the solar Lyman-0 radiation
is chfoqospheric in origin and as shown in Section 1.1.4 there can‘be
considerable plage enhancement. The error involved in assuming the solar
disk to be uniformly bright will depend on the fraction of the total
radiation that comes from plage regions. It will also depend on the
distances of these regions from the centre of the solar disk measured
in the direction in which the earth's horizon, as seen from the
satellite, moves across the soler disk.

No direct evidence is available concerning the Lyman-0 plage
regions on the solar disk during the period from 29th November to
2nd December,1967. Although Mercure et al. (1956), Purcell et al. (1959)
and others have shown that there is a strong correlation between CeK
and Lyman-0. plage regions (Section 1,1.4), it is difficult to estimate
the Lyman-a intensities assoclated with these regions of high activity.
In general the earth's horizon, as seen from the satellite, sweeps across
the solar disk at different angles to the solar rotation axis for sunrise
and sunset passes., It follows that in the presence of plage regions on
the solar disk, the errors incurred in the derived number densities will
be different for sunrise and sunset passes and in fact may be of
opposite sign.

In the wavelength regions to which the Q-T and S~X ion chembers
respond, plage enhancement is not expected to be as important as it is

[+
at Lymen-0. This is especially true for wavelengths greater than 1525A
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as the continuum here is photospheric (section 1.2) and no plage
enhancement is seen in the visible or near ultraviolet continuum
wavelengths except close to the limb. In addition, for the determination
of number densities, the finite size of the solar disk is much less
important for the Q-T and S-ﬁ jon chambers than for the LiP-NO ion
chambers (Section 5.5). For these reasons, €rrors in the density
values derived from the Q-T and S-X ion chamber data, arising from non-
uniformity of the brightness of the solar disk, are assumed to be small
and are not considered in the present work.

Figure 6.2 shows a comparison of the mean 1965 CIRA model
atmosphere (CIRA, 1965) with the Fairbanks 16 and the Orroral 50
satellite passes. These profiles are representative of the LiF-NO ion
chamber sunset and sunrise results respectively. As stated above, the
most accurately determined number density in each profile is n(hc).

The value of hc varied from pass-to-pess between 96 Km and 104 Km with
the mean value being 100 Km. The vertical bar in Figure 6.2 represents
the range of values of n(100) determined from the WRESAT 1 dats.

Owing to height uncertainties and uncertainties resulting from
possible non-uniformity of the Lymen-a brightness of the golar disk, it
is not certain to what extent the observed variations in the value of
n(100) represent actual chenges in the molecular oxygen density at this
height. The mesn velue of n(100) is 1.39 x 1012 em™> for the sunrise

12 w3 for the sunset data (cf. 1.99 x 1012 em >

data and 1.96 x 10
for the mean 1965 CIRA model), with all of the sunset values being

greater than the sunrise mean. The sunrise observations were made in
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late spring-early summer at a local time of approximately 4 hours and
at latitudes between 4l.5°S and 46.9°S. The sunset observations were
mede in late autum-early winter at a local time of approximately 13
hours and st latitudes between 67.5°N and 68.0°N (Figure 5.2). The
difference seen between the mean sunrise and sunset observations could
therefore reflect seasonal, diurnal or geogrephical variations or some
combination of these. Alternatively, as described sbove, it could be
s consequence of non-uniformity of the Lyman-0. brightness of the solar
disk. However, if the latter effect is assumed to be negligible, the
difference between the sunrise and sunset results is in agreement with
both the seasonal and diurnsl variations suggested by rocket
observations.

The results of Weeks and Smith (1968) (page 133) suggest a
significant diurnal veriation near 100 Km with lower concentrations at
sunrise then in the early morning and afternoon. An example of thelr
results is shown in Figure 6,2 for a case in which the two flights
were only one hour and five minutes apart, From ok Km to 10k Km the
average change between sunrise and deytime at a particular helght was
found to be approximately 33% of the average concentration at that
height. This variation is in good agreement with the difference seen
between the WRESAT 1 sunrise and sunset measurements.

However, the mean scale height at 100 Km for the WRESAT 1
results is 6.3 Km for the summer (sunrise) observations and 7.2 Km for
the winter (sunset) observations. This and the greater average number
density for the winter observetions seems more in agreement with the

seasonal variations suggested by the results displayed in Figure 6.1.
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The only other extensive satellite measurements of molecular
oxygen density near 100 Km are the SOLRAD 8 results reported by Norton
and Warnock (1968) (page 135), No evidence was found of a difference
between sunrise and sunset observations for the same season (Norton,
1970). The average number density* at 100 Km was found to be
1.80 x 1022 cm™3 for the winter data and 2.76 x 10%? en™3 for the
summer dats indicating a seasonal difference opposite to that
suggested by the WRESAT 1 results.

A single molecular oxygen density profile was obtained from
the INTERKOSMOS 1 LiF-NO ion chamber data (page 135). Over the height
range from 90 Km to 105 Km this profile, determined in October 1969,
at a latitude of 40PN, showed essentially the same scale height as the
mean 1965 CIRA model atmosphere (CIRA, 1965). However, the density
values were more than a factor of three below those of the CIRA model
and so significantly lower than the WRESAT 1 values.

The widely different number densities derived from the LiF-NO
jon chamber date from the three satellite experiments indicate the
difficulties associated with the use of this type of ion chamber in
the satellite sunrise-sunset experiment. Possible ways of improving
this experiment are discussed in Section 6.4,

Considering the uncertainties in the data and the fitting

procedure, the WRESAT I LiF-NO ion chamber density values at 100 Km

#The density values given in the paper by Norton and Wa.rnock &1968)
have been changed to correspond to a value of 1.0 x 10-20 cm© for the
absorption cross-section of molecular oxygen at Lyman-a.
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are in genersl agreement with the mean 1965 CIRA model atmosphere
value., However, the mean values of the scale height at 100 Km for the
sunrise and sunset results are considersbly greater than the mean CIRA
model value of approximately 5.1 Km.

In a preliminary analysis of the WRESAT I LiF-NO ion chamber
data (Lockey, Horton and Rofe, 1969), a different fitting procedyre to
that described in Section 5.3.3 was used end an attempt was made to
extend the density determinations above an altitude of approximately
110 Km. The resulting profiles indicated a region from epproximately
110 Km to 120 Km where the molecular oxygen dengity was almost constant.
This effect, also reported by Groebecker (1971), is now thought to be a
result of wavelengths other then Lymsn-o (e.g. the 81 III line at
1206.53) contributing significantly to the ion chenber signal at
these altitudes (Section 2.2).

Figure 6.3 shows the number dengity profiles derived from the
Q-T and S-X ilon chamber data obtained on the Woomera 8 sunrise pass
and the Fairbanks 16 sunset pass. These results are representative of
the extreme profiles obtained. Considering the random uncertainties
in the density values (Appendix A) and the height uncertainties
discussed sbove, it can be seen from Figure 6.3 that there is a
significant difference between the mean profiles suggested for these
two passes.

As stated sbove, the most accurately determined parameters of
each profile are the number density end local scale height at the

height hc. For the Q-T and S-X ion chamber data hc wes approximately
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150 Km and 180 Km respectively. The few sunset observatlons (two Q-T
jon chamber and three S-X ion chember observations) fall within the
scatter of the sunrise observations. The mean value of molecular oxygen
number density at 150 Km, as determined from the sunrise and sunset Q-T

jon chamber data, is 2.7 x 10° en™>

1.8 x 109 cm'3 and 3.9 x 109 cm-3. The mean value of the number density

with extreme density values of

at 180 Km, as determined from the sunrise and sunset S-X ion chamber

data, is 4.7 x 108 em™> with extreme values of 3.3 x 108 em™3

7.5 x 108 em3. The mean density values at 150 Km end 180 Km are

and

indicated in Figure 6.3 by asterisks. In comparison, the number
densities at 150 Km and 180 Km given by the mean 1965 CIRA model

atmosphere (shown in Figure 6.3) are 4.78 x 10° cm™> and 8.83 x 108 cm

3
respectively. The meen WRESAT 1 values are therefore a factor of 1.8
lower than the mean CIRA model values at 150 Km and a factor of 1.9
lower at 180 Km.

The mean scale height at 150 Km, determined from the sunrise
and sunset Q-T ion chamber data, is 16.3 Km while the mean value at
180 Km, determined from the sunrise and sunset S-X ion chamber data, is
20.3 Km. The scale heights given at 150 Km and 180 Km by the mean
CIRA model are 15.4 Km and 20.5 Km respectively. Therefore, the
WRESAT 1 mean scale heights, which can be interpreted as temperatures
if diffusive equilibrium is assumed, are somewhat higher than the mean
CIRA model values at 150 Km and almost the same at 180 Km.,

The ARIEL 3 satellite sunrise-sunset experiment described on

page 135, showed variations in the number density &t 180 Km from
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2,0 x 108 em™3 to 8.8 x 108 cm™> with one exceptionally high velue of
1.12 x 109 cmf'3 (Parker and Stewart, 1972). Two density profiles,
representative of the profiles obtained from ARIEL 3 (Stewart, 1969) are
shown in Figure 6.3.

Also shown in Figure 6.3 are results obtained using the other
techniques for determining molecular oxygen density described in
Section 6.1. A single profile obtained by Hall et al. (1965) using a
rocket-borne photoelectric monochromator (page 13€) is shown along
with two profiles (& day-night pair) obtained by Krenkowsky et al, (1968)
using rocket-borne mess spectrometers (page 137), Considering the
uncertainties in the various techniques of measuring molecular oxygen
density (Section 6.1) there is broad agreement between the results
shown in Figure 6.3. The results are all in accord in showing that
there are substantial variations in the molecular oxygen denslty
profile over the range 130 Km to 220 Km and that the mean densities are
a Pactor of two or more lower than those given by the mean CIRA model
values.

Insufficient Q-T and S-X ion chamber sunset data were obtained
to allow & meeningful comparison of the WRESAT 1 sunrise and sunset
results to be made over the height range 130 Km to 220 Km. As shown by
Krankowsky et al. (1968), day-to-dey variations in this height range
are st least as important as diurnal variations. Therefore, an
observational period considersbly longer than that of WRESAT 1 would be
needed to definitely establish the existence or otherwise of a diurnal

variation in this height range. The ARIEL 3 experiment (363 observations)



148

hes ipdicated that at 180 Km the molecular oxygen density is higher at
sunrise thaen at sunset. {

The varietions in the WRESAT 1 density profiles over the height
range 130 Km to 220 Km are greater than those given by the CIRA model
etmospheres (CIRA, 1965). The small variations predicted by the CIRA
models are s result of the fixed boundary conditioms of constant
density and temperature at 120 Km, Jacchia (1969) has suggested that
the height of the boundary layer be lowered to 90 Km and be made
isopycnic but not isothermal.

Figure 6.4 demonstrates the overall character of the WRESAT 1
results, The density profiles from the LiF-NO, Q-T and S-X ion chamber
data obtained on the Johannesburg 13 sunrise pass are compsred with the
mean 1965 CIRA model atmosphere (CIRA, 1965). The vertical bars at
100, 110, 130 and 160 Km represent the range of number densities
obtained at these heights from the WRESAT 1 data. Table 6.1 summarizes
the mean WRESAT 1 results. For comparison, the corresponding values
of number density and scale height for the 1965 mean CIRA atmosphere
(CIRA, 1965) are given in parentheses. At 100 Km the WRESAT 1 results
are given separately for sunrise (S.R.) and sunset (8.8.):

As stated sbove, at altitudes below approximately 110 Km, the
WRESAT 1 LiF-NO ion chawber number densities are in agreement with
the mean CIRA model to within the experimental uncertainties. However,
‘above 130 Km the WRESAT 1, Q~T end S-X ion chamber number densities
are, on average, a factor of almost two below those of the mean

CIRA model.
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Fig.6.4 Comparison of some O, density determinations with the mean 1965
CIRA model for the altitude range 100-160 Km.  Wocmera, Wildman et al. (1969);
Wallops Island, Weeks and Smith (1968).



TABLE 6.1

MEAN WRESAT 1 RESULTS

1h9

Height Mean number_3 Mean scale
(Km) density (em ) height (Km)
1.39 x 10%2 (s.R.) 10 6.3 (S.R.)
100 i (1,99 x 107°) (5.1)
' 1.96 x 10°° (S.8.) 7.2 (8.8.)
150 2.7 x 10° (4,78 x 109) 16.3 (15.4)
180 L7 x 108 (8.86 x 108) 20.3 (20.5)

In the altitude region from approximately 110 Km to 130 Km

there are no results from WRESAT 1.

profiles obtained from two rocket flights of S-X ion chambers (Weeks and

Shown in Figure 6.4 are density

Smith, 1968 and Wildman et al. , 1969)., These results span the gap in

the WRESAT I results and indicate that in the region of the atmosphere

near 110 Km there is a sudden decrease in the number densities, to a

value of two or more below those of the mean CIRA model,

6.3. Discussion of the Solar Flux Results

The region of the solar temperature minimm (Section 1.2) between

the upper photosphere and lower chromosphere is of considerable

importance for the theory of the solar atmosphere,

The value of the




150

temperature minimum may be inferred from measurements of the brightness
temperature of radiation emitted from this region. As explained in
Section 1.2, both observation (Tousey, 196l) and theory (Gingerich et
al., 1971) suggest that the wavelength range 15252 to 1682K is the
paert of the spectrum most clearly ghowing the properties of the solar
temperature mininmum.

As gan be seen from Figure 3.12, the spectral response of a
Q-T ion chamber of the type orbited in WRESAT 1 is perticulerly well
suited to a determination of the solar continuum flux over the above
wavelength range. The solar fluxes determined (as described in
Section 5.6) from the WRESAT 1 and SOLRAD 10 ion chembers are
represented in Figure 6.5 as black body curves plotted over wavelength
ranges equal to the full width at half meximum (FWHM) response of the
jon chambers. Black body curves for various temperatures are also
shown in Figure 6.5 for comparison with the observations. The flux
velues refer to the integrated radiation from the entire solar disk.
Combining the results for the WRESAT 1 ion chambers, and giving
greater weight to the Q-T ion chamber date, suggests a value of
(4570 ¥ 50)°K for the minimum soler brightness temperature. These
results are consistent with the value of 4525°K cbtained from the
SOLRAD 10 ion chamber and with the value of 4500°K reported previously
for similar rocket ion chamber observations from Woomera (Carver et al.,
1969) .

The ion chamber determinations are compsred in Figure 6.5 with

spectroscopic observations of the golar flux made using dispersing
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ipstruments by Parkinson and Reeves (1969), Widing et al. (1970) and
Brueckner and Moe (1972). All of these observations have been discussed
fully in Section 1.1.2. Widing et al. (1970), using photographic
recording techniques, have found that the brightness temperature of the
ultraviolet continuum emerging near the centre of the solar disk,

passes through a minimum in the region of the silicon 1D continuumkwith
a value of (LBTO ¥ 100)°k. Parkinson snd Reeves (1969) have used a
photoelectric recording technique to astudy the spectral region between
lhOOK and 18753. The obgervations of Parkinson and Reeves (1969), also
made near the centre of the solar disk, suggest a minimum brightness
temperature of 4400°K (or lower) and therefore some 300°K lower than the
value obtained by Widing et al. (1970). Hinteregger (1970) has
reported that the results of a second flight in August 1969 tend to
confirm those of the earlier flight of Parkinson and Reeves. More
recently Brueckner and Moe (1972), also using photographic recording
techniques, have determined the intensity distribution of the continuum
radiation emerging from four localized areas on the soler disk at
positions T, 24, 40 and 300 arc sec from the limb. The intensity
digtribution for the region nearest the centre of the disk is shown

in Figure 6.5 and indicates a minipum brightness temperature in
agreement with that obtained by Widing et al. (1970). The observations
taken closer to the limb indicate a minimum radistion temperature of
4550°K in the wavelength region from lGGOK to 17&03. The spectroscopic
observations all refer to localized areas of the solar disk, and to make

the comparison shown in Figure 6.5 the observations have been converted
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to total disk emissions, assuming that the disk is uniformly bright in

the wavelength region concerned (Section 6.2).

As explained in Section 1.2, information about the solar
temperature minimum region can also be obtained from observations in
the infrared portion of the spectrum. The most recent measurements in
the infrared, carried out at wavelengths spanning the region of the
solar temperature minimum, yield a mean brightness temperature of
(4370 ¥ 260)°k for the spectral range 238y to 312u (Eddy et al., 1969).
This value, recorded at aircraft altitude, is in agreement with the
ultraviolet measurements of Parkinson and Reeves (1969). However,
the nature of the Plank function is such that observations of the ultra-
violet continuum intensity should be the most sensitive indicator of
the precise velue of the minimum temperature.

The difference of approximately 300°K in the value of the
brightness temperature determined near 16OOK by the use of photographic
and photoelectric recording techniques, represents a difference of a
factor of three in the measured solar flux. As explained in Section
1.1.2, the asbsolute calibration of dispersive instruments is difficult.
The ion chamber measurements provide an independent estimate of the
solar minimum brightness temperature using simple detectors which are
very straight forward to calibrate (Section 3.6). In the important
region of the temperature minimum near 16001, the present ion chamber
observations are inconsistent with the very low flux values reported by
Parkinson and Reeves (1969).

Figure 6.6 shows, as & function of time, the Lyman-o flux values

obtained from the front-facing LiF-NO ion chamber carried on WRESAT 1.
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For those passes where the satellite was always in full sunlight, the
flux level has been estimated using the method described on page 127.
The uncerteinty of the flux values due to errors in the telemetry
transmission and errors in determining the values of Io is estimated to
be £ 6%. Apart from this random uncertainty, there is also a systematic
uncertainty of approximately E 6% due to errors in the leboratory
calibration of the ion chamber's quantum efficiency at Lyman-a. From
Figure 6.6 it can be seen that to within the random uncertainty of palys
there is no evidence of short term variations in the Lyman-o flux level.
However, there is evidence of a gradual increase in the flux level ;ver
the 3-day period of the observations. The mean flux level increased from
approximately 5.1 erg em~2 sec™t on 29th November to a value of
approximately 5.5 erg em 2 sect on 3rd December (i.e. & rise of about 8%).
This longer period variation is in accord with the satellite observations
of Hall and Hinteregger (1970) which showed a 27-day periodicity in the
solar Lyman-0 line intensity with a variation over one period of
epproximately 30% (page 8).

As described on page 9, Timothy and Timothy (1970) used a
photoelectric monochromator on the satellite 0SO 4 to monitor the
intensity of the soler hydrogen Lyman-a line over the period from
October 1967 to December 1967, The value of the Lyman-o flux was found
to be constant over this period, to within the estimated experimental
uncertainty of = 30%, with a mean value of 5.9 erg em 2 sec™l. This
meen velue is in good agreement with the mean WRESAT 1 value of

approximately 5.3 erg em 2 sect,



15k

The Lyman-0 flux velues determined in 1969 from the HAD 309 and
HAD 310 rocket flights (Section 4.4.2), are considerably lowver then the
values obtained in the period November to December 1967 from WRESAT 1
and 0SO 4 observations. However, the Lyman-o flux level was monitored
from 15th October,1969 to 23rd October ,1969 by LiF-NO ion chambers
carried on the INTERKOSMOS 1 satellite (page 15). During this period
the flux level showed variations from 3.7 to 4.7 erg cm"2 sec"'l with
a mean velue of U.1 erg om~2 sec™). These values are in good
agreement with the velue of 3.9 Yoherg cm? gec™l determined by
HAD 309 on 2Uith July,1969 and with the value of h.zf 0.4 erg em ™2 gec™t

determined by HAD 310 on 9th December,1969.

6.4 Conclusions and Comments

A comparison of the present results, obteined from rocket
flights of LiF-NO ion chambers, with the results of other workers has
indicated seasonal variations in the atmospheric distribution of
molecular oxygen in the altitude range 80 Km to 95 Km. The seasonal
variations are clearly seen in the average scale height which is larger
in winter than in summer. As & result, in the region near 90 Km the
pumber density of molecular oxygen is almost the same in sumer and
vinter. Below 85 Km the present results are, oo the average, in
agreement with the mesn 1965 CIRA model etmosphere (CIRA, 1965).
However, at greater altitudes the observed values are significantly
higher than those of the mean CIRA model. The average scale heights
of both the summer (6.5 Km) and winter (7.5 Km) results are

substentially greater than the mean CIRA model value of 5.6 Km,
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Recent atmospheric models (Moe, 1970, Jacchia, 1971) have
replaced the fixed boundary conditions at 120 Km of earlier models (e.g.
the 1965 CIRA models) with time varying boundary conditions at 90 Km.
More information about seasonal and other variations neer 90 Kn is
pneeded if realistic models are to be produced. To determine fully
the seasonal variations near 90 Km, a series of rocket experiments
gimilar to the HAD experiments of the present work are required at
regular (e.g. two monthly) intervals over a period of at least two
years.

Results obtained from the WRESAT 1 LiF-NO ion chambers are
complicated by height uncertainties and by unknown but potentially
significant uncertainties arising from non-uniformity of the Lyman-a
brightness of the solar disk. To within the uncertainties in the data,
the observed molecular oxygen densities at 100 Km are in agreement with
the mean CIRA model value, However, the average scale height at 100 Km
of both the sunrise (6.3 Km) and sunset (7.2 Km) results is considerably
greater than the mean CIRA model velue of 5.1 Km.

A systematic difference was found between the WRESAT 1 LiF-NO
jon chamber sunrise (summer) and sunset (winter) data. This difference
could be explained as a seasonal effect. However, results obtained
from a similar experiment orbited on the SOLRAD 8 satellite indicate a
geasonal difference near 100 Km which is the reverse of that suggested
by the WRESAT 1 results.

The large differences in the results obtained near 100 Km by

the WRESAT 1, SOLRAD 8 and INTERKOSMOS 1 experiments indicate the -
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difficulties involved in the use of LiF-NO ion chambers in satellife
atmospheric occultation experiments. The effect of the finite size of
the sun could be greatly diminished by limiting the field of view of
esch ion chamber so that it could only receive radiation from a small
area of the solar disk. An accurate pointing control would be needed
to ensure that the detectors remasined pointed at the same region of the
solar disk.

The WRESAT 1 Q-T and S-X ion chamber results shof!d that there
sre substantial day-to-day variations in the molecular oxygen
distribution in the altitude range 130 Km to 220 Km. These variations
are greater than those given by the CIRA model atmospheres. The
mean densities in the altitude range 130 Km to 220 Km were found to be
almost a factor of two lower than those of the mean 1965 CIRA model.

The satellite atmospheric occultation experiment gives data
only during sunrise and sunset periods but is useful for studying
changes in density from day-to-day, with season, with geographical
position and during geomagnetic storms. To distinguish between these
various effects, satellite measurements over a period of greater than
one year are required. Unfortunately, ultraviolet ion chanbers suffer
a loss of sensitivity with time owing to ultraviolet degradatiom of
their £illing gases. However, the useful lifetime of ion chambers
could be prolonged by extreme limitation of the exposed window areas
and the use of high gain amplifiers,

The solar minimum temperature between the photosphere and low

chromosphere is an importent parameter of theoretical models of the
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solar etmosphere. The nature of the Plank function is such that
observations of the ultraviolet contimuum intensity should be the
most sensitive indicator of the precise value of the solar minimum
temperature. However, there 1s a difference of approximately 300°K
in the values of the brightness tempersture determined at wavelengths
near 16003 by the use of dispersive instruments with photographic and
photoelectric recording techniques. This temperature difference
represents a difference of approximately a factor of three in the
absolute flux level. The WRESAT 1 ion chamber measurements provide
an independent estimate of the solar minimum brightness temperature
using simple detectors which are much easier to calibrate than the
dispersive instruments. In the important region of the temperature
minimum near 16003, the present ion chamber determination of

(LsT0 ¥ 50)9k is inconsistent with that made using photoelectric
recording techniques. Further satellite and rocket flights of Q-T
and S-X ion chambers will help in determining more precisely the value

of the solar minimum temperature.
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APPENDIX A

THE WRESAT 1 DENSITY RESULTS

This eppendix contains a summary of the molecular oxygen
density results obtained from the WRESAT 1 ion chember experiment.

The tebles are discussed on pages 124 and 125.

Note that throughout this sppendix the notation a(b) has

been used as an abbreviation for a x lob.
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Date:

SUNRISE PASS SANTIAGO 2

29 November 1967

Ray latitude:

44,6%s

Time:

7h  38m

Ray longitude:

45s U.T.

50.2%%

LiF - Nitric Oxide

Quartz - Triethylamine

Sapphire - p-Xylene

Model parameters:

Model parameters:

Model parameters:

n(100) = 9.91(11)cm™3 n(150) = 2.09(9)em™3 n(180) = 4.54(8)cm™3
H = 6.52 Km H; = 12.3 Km H; = 13.1 Km
Hy = 26.1 Km H, = 39.0 Km
H(150) = 16.7 Km H(180) = 19.6 Km
h (Km) n E(%) VCD h (Km) n E(%) VCD h (Km) n E(%) VCD
92 | 3.38(12) | 28 | 2.20(18) 130 | 7.83(9) | 20 | 1.29(16) 150 | 2.74(9) | 22 | 4.86(15)
94 | 2.49 1.62 140 | 4.03 7.16(15) 160 | 1.43 2.85
96 | 1.83 1.19 150 | 2.17 11 | 4.17 170 | 7.81(8) 1.78
98 | 1.35 17 | 8.80(17) 160 | 1.22 | 2.53 180 | 4.54 13 | 1.18
100 | 9.91(11) 6.46 170 | 7.18(8) 1.58 190 | 2.82 8.24(14)
102 | 7.29 4.75 180 | 4.39 1.02 200 | 1.86 5.95
104 | 5.37 3.50 190 | 2.77(8) | 18 | 6.65(14) 210 | 1.28 4. 40
106 | 3.95 2.58 220 | 9.21(7) | 21 | 3.31Q14)
108 | 2.90 1.89
110 | 2.14(11) | 28 | 1.40(17)
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SUNSET PASS FATRBANKS 3
Date: 29 November 1967 Time: 8h 42m 10s U.T,
Ray latitude: 68.0°N Ray longitude: 60.2°E
LiF - Nitric Oxide Quartz - Triethylamine Sapphire ~ p-Xylene
Model parameters: Model parameters: Model parameters:
n(100) = 2.17(12)cm”3 n(150) = 3.13(9)cm > n(180) = 5.86(8)cm~>
H = 7.60 Km Hi = 12.4 Km Hi = 13.1 Km
Ho = 22.2 Em Hz = 43.2 Km
H(150) = 15.9 Km H(180) = 20.1 Km
h (Km) n E(%) VCD h (Km) n E(%) VCD h (Km) n E (%) VCD

98 | 2.82(12) 25 | 2.14(18) 130 | 1.17(10) 19 | 1.83(16) 150 | 3.48(9) 18 | 6.31(15)
100 | 2.17 1.65 140 | 5.97(9) 9.80(15) 160 | 1.81 3.77
102 1.67 1.27 150 | 3.13 10 | 5.42 170 | 9.99(8) 2,42
104 | 1.28 15 4 9.73(17) 160 | 1.70 3.08 180 | 5.86 11 | 1.65
106 | 9.85(11) 7.49 170 | 9.48¢(8) 1.80 190 | 3.69 1.18
108 | 7.57 5.75 180 | 5.45 1.07 200 | 2.48 8.80(14)
110 | 5.82 4.42 190 | 3.20(8) 17 | 6.50(14) 210 | 1.76 6.71
112 | 4.47 3.40 220 | 1.30(8) 19 | 5.19(14)
114 | 3.44 2.61
116 | 2.64(11) 26 | 2.01(17)




Date: 29 November 1967
45, 8°s

Ray latitude:

SUNRISE PASS WOOMERA 8

Time:

Ray longitude:

17h 33m 25s

U.T.

159.9°E

LiF - Nitric Oxide

Quartz - Triethylamine

Sapphire - p-Xylene

Model parameters:

Model parameters:

Model parameters:

n(100) = 2.72(12)cm™3 n(150) = 3.87(9)cm 3 n(180) = 7.45(8)cm 3
H = 5.79 Km Hy = 11.5 Km H; = 13.9 Km
H, = 23.5 Km H, = 34.6 Km
H(150) = 15.4 Km H(180) = 19.9 Km
h (Km) n E(%) VCD h (Km) n E(%) VCD h (Km) n E(%) VCD
98 | 3.85(12)| 29 | 2.23(18) 130 | 1.56(10) | 18 | 2.33(16) 150 | 4.09(9) | 19 | 7.53(15)
100 | 2.72 1.57 140 | 7.58(9) 1.23 160 | 2.23 4.48
102 | 1.93 1.12 150 | 3.87 10 | 6.77(15) 170 | 1.26 2.79
104 | 1.37 17 | 7.93(17) 160 | 2.08 3.90 180 | 7.45(8) | 11| 1.81
106 | 9.66(11) 5.59 170 | 1.17 2.33 190 | 4.61 1.22
108 | 6.84 3.96 180 | 6.82(8) 1.43 200 | 2.98 8.47(14)
110 | 4.84 2.80 190 | 4.12(8) 17 | 8.96(14) 210 | 2.00 6.02
112 | 3.43 1.99 220 | 1.38(8) | 19 | 4.35(14)
114 | 2.43 1.41
116 | 1.72(11) | 28 | 9.96(16)
{




SUNRISE PASS TANANARIVE 11

Date: 29 November 1967 Time: 22h 30m 30s U.T.
Ray latitude: 46.3°s Ray longitude: 85.3°E
LiF - Nitric Oxide Quartz - Triethylamine Sapphire - p-Xylene
Model parameters: Model parameters:
n(100) = 1.94(12)cm 3 n(150) = 2.87(9)cm”3
H = 5,82 Km H; = 12,0 Km
Ho = 23.4 Km not available
H(150) = 15.8 Km
h (Km) n E(%) VCD h (Km) n E(Z) VCD
96 3.86(12) 28 | 2.25(18) 130 | 1.10(10) 22 | 1.70(16)
98 2.74 1.59 140 | 5.50(9) 9.10(15)
100 1.94 1.13 150 | 2.87 12 | 5.07
102 1.38 18 | 8.03(17) 160 | 1.56 2,93
104 9.77(11) 5.69 170 | 8.80(8) 1.75
106 6.93 4.03 180 | 5.15 1.07
108 4,91 2.86 190 | 3.10(8) 20 | 6.68(14)
110 3.48 2.03
112 2.47 1.44
114 1.75(11) 29 1.02(17)




Date:
Ray latitude:

SUNRISE PASS

JOHANNESBURG 12

30 November 1967

46.5°8

Time:
Ray longitude:

Ch

9m 30s U.T.
60. 4O°E

LiF - Nitric Oxide

Quartz - Triethylamine

Sapphire - p-Xylene

Model parameters:

Model parameters:

Model parameters:

n(100) = 1.26(12)cm”3 n(150) = 2.78(9)cm™ 3 n(180) = 4.89(8)cm 3
H = 7.11 Kn Hy = 12.1 Km H,y = 13.8 Kn
Hy = 23.1 Km H, = 33.9 Kn
H(150) = 15.9 Km H(180) = 19.6 Km
h(Km) n E(%) VCD h (Km) n E(%) VCD h (Km) n E(%) VCD
92 | 3.89(12)| 24 | 2.77(18) | 130 | 1.06(10) | 17 | 1.64(16) | 150 | 2.74¢9) | 18 | 4.99(15)
94 | 2.93 2.08 140 | 5.33(9) 8.79(15) || 160 | 1.48 2.94
96 | 2.21 1.57 150 | 2.78 9 | 4.89 170 | 8.33(8) 1.82
98 | 1.67 14 | 1.19 160 | 1.51 2.81 180 | 4.89 10 | 1.17
100 | 1.26 8.96(17) | 170 | 8.50(8) 1.67 190 | 3.00 7.84(14)
102 | 9.52(11) 6.77 180 | 4.95 1.01 200 | 1.93 5.41
104 | 7.19 5,11 190 | 2.96(8) | 16 | 6.27¢14) | 210 | 1.29 3.82
106 | 5.42 3.85 220 | 8.86(7) | 19 | 2.75(14)
108 | 4.09 2.91
110 | 3.09(11) | 24 | 2.20(17)




SUNRISE PASS

JOHANNESBURG 13

Date: 30 November 1967 Time: 1h 48m 30s U.T.
Ray latitude: 46 .7°8 Ray longitude: 35.5°E
LiF -Nitric Oxide Quartz - Triethylamine Sapphire - p-Xylene
Model parameters: Model parameters: Model parameters:
n(100) = 1.14(12)cm 3 n(150) = 2.54(9)cm 3 n(180) = 5.10(8)cm™3
H = 6.00 Km Hy = 12,9 Km Hy = 14.0 Km
H, = 21.7 Km H, = 35.1 Km
H(150) = 16.2 Km H(180) = 20.0 Km
h (Km) n E(%) VCD h (Km) n E(Z%) VCD h (Km) n E(7%) VCD
92 | 4.34(12) 27 | 2.60(18) 130 | 9.20(9) 20 | 1.47(16) 150 | 2.77(9) 20 | 5.14(15)
94 | 3.11 1.87 140 | 4.78 7.93(15) 160 | 1.51 3.07
96 | 2.23 1.34 150 | 2.54 11 | 4.39 170 | 8.59(8) 1.92
98 | 1.60 17 | 9.60(17) 160 | 1.39 2.49 180 | 5.10 12 | 1.25
100 | 1.14 6.84 170 | 7.75(8) 1.44 190 | 3.17 8.48(14)
102 | 8.20(11) 4.92 180 | 4.43 8.52(14) 200 | 2.05 5.92
104 | 5.87 3.52 190 | 2.58(8) 19 | 5.11(14) 210 1.38 4.23
106 | 4.21 2.53 220 | 9.63(7) 21 | 3.07(14)
108 | 3.02 1.81
110 | 2.16(11) 26 | 1.30(17)




SUNSET PASS FATRBANKS 16
Date: 30 November 1967 Time: 6h 9m 10s U.T.
Ray latitude: 67.9°N Ray longitude: 97.8°E
LiF - Nitric Oxide Quartz - Triethylamine Sapphire - p-Xyiene
Model parameters: Model parameters: Model parameters:
n(100) = 1.92(12)cm 3 n(150) = 2,03(9)cm 3 n(180) = 3.26(8)cm 3
H = 6.53 Km Hy = 12.6 Km H; = 14,8 Km
Hp = 24.9 Km H, = 37.2 Km
H(150) = 16.7 Km H(180) = 21.2 Km
h (Km) n E(%) VCD h (Km) n E(%) VCD h(Km) n E(%) VCD

96 | 3.55(12) | 23 | 2.32(18) 130 | 7.29(9) 23 | 1.19(16) 150 | 1.60(9) | 23 | 3.19(15)
98 | 2.61 1.70 140 | 3.77 6.61(15) 160 | 9.08(8) 1.97
100 | 1.92 1.25 150 | 2.03 12 | 3.81 170 | 5.35 1.27
102 | 1.42 14 | 9.27(17) 160 | 1.14 2.27 180 | 3.26 13 | 8.49(14)
104 | 1.04 6.79 170 | 6.62(8) 1.39 190 | 2.07 5.87
106 | 7.67(11) 5.01 180 | 3.98 8.75(14) 200 | 1.38 4,17
108 | 5.65 3.69 190 | 2.46(8) | 22 | 5.60(14) 210 | 9.42(7) 3.03
110 | 4.16 2.72 220 | 6.67(7) | 21 | 2.23(14)
112 | 3.06 2.00
114 | 2.25(11) 25 1.47(17)
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Date:

30 November 1967
47,498

Ray latitude:

SUNRISE PASS LIMA 17

Time:

Ray longitude:

8h 24m 20s U.T.

64.2%

LiF - Nitric Oxide

Quartz - Triethylamine

Sapphire - p-Xylene

Model parameters:

Model parameters:

Model parameters:

n(100) = 1.28(12)cm™3 n(150) = 2.39(9) cm™3 n(180) = 3.54(8)cm 3
H = 6.00 Km H; = 12,0 Km H; = 14.4 Km
Hy = 24.9 Km Hy = 37.3 Kn
H(150) = 16.2 Km H(180) = 20.7 Km
h (Km) n E(%) VCD h (Km) n E(%) VCD h (Km) n E(%) VCD
94 | 3.47(12) | 30 | 2.08(18) 130 | 9.01(9) | 25 | 1.42(16) 150 | 1.81(9) | 25 | 3.53(15)
96 | 2.49 1.49 140 | 4.54 7.75(15) 160 | 1.02 2.15
98 | 1.78 1.07 150 | 2.39 14 ¥ 4.39 170 | 5.88 1.37
100 | 1.28 19 | 7.68(17) 160 | 1.32 2.61 180 | 3.54(8) | 15 | 9.14(14)
102 | 9.16(11) 5.50 170 | 7.61(8) 1.60 190 | 2.23 6.31
104 | 6.56 3.94 180 | 4.56 1.01 200 | 1.48(8) 4,49
106 | 4.70 2.82 190 | 2.82(8) | 23 | 6.45(14) | 210 | 1.01 3.27
108 | 3.37 2.02 220 | 7.15¢7) | 23 | 2.41(1%)
110 | 2.41 1.45
112 | 1.73(11) | 29 | 1.04(17)




Date:
Ray latitude:

SUNRISE PASS ORRORAL 21

30 November 1967
47.9%

Time:

14h 59m 50s U.T.

Ray longitude: 163.6%

LiF - Nitric Oxide

Quartz - Triethylamine

Sapphire - p-Xylene

Model parameters:

Model parameters:

Model parameters:

n(100) = 9.02(11)cm 3 n(150) = 1.83(9)cn3 n(180) = 3.49(8)cm3
H = 5.70 Kn Hy = 12.7 Kn H, = 13.9 Kn
H, = 23.8 Kn H, = 37.0 Km
H(150) = 16.6 Knm H(180) = 20.3 Knm
h (Km) n E (%) VCD || h(Rm) n E (%) VCD || h(Km) n E (%) VCD
92 | 3.67(12) | 26 | 2.09(18) | 130 | 6.51(9)| 17 | 1.06(16) | 150 | 1.89(9) | 18 | 3.54(15)
94 | 2.59 1.48 140 | 3.40 5.86(15) | 160 | 1.03 2.13
96 | 1.82 1.04 150 | 1.83 9 | 3.33 170 | 5.86(8) 1.34
98 | 1.28 15 | 7.30(17) || 160 | 1.02 1.96 180 | 3.49 10 | 8.89(14)
100 | 9.02(11) 5.14 170 | 5.84(8) 1.18 190 | 2.18 6.12
102 | 6.35 3.62 180 | 3.45 7.24(14) | 200 | 1.43 4. 34
104 | 4.47 2.55 190 | 2.09(8) [ 18 | 4.53(14) | 210 | 9.79(7) 3.16
106 | 3.15 1.80 220 | 6.91(7) | 18 | 2.33(14)
108 | 2.22 1.27
110 | 1.56(11) | 25 | 8.89(16)




SUNRISE PASS ORRORAL 22

Date: 30 November 1967
Ray latitude: 48.0°s

Time:

l6h 38m 45s U.T.

Ray longitude: 171.4°E

LiF - Nitric Oxide

Quartz - Triethylamine

Sapphire - p-Xylene

Model parameters:

Model parameters:

Model parameters:

n(100) = 1.14(12)em™3 n(150) = 3.04(9)cm” 3 n(180) = 5.30(8)cm 3
H = 5.70 Km H; = 14.7 Kn Hp = 14.1 Km
Hy = 20.8 Km H, = 37.6 Km
H(150) = 17.2 Km H(180) = 20.5 Km
h(Rm) n E(%) VCD h (Km) n E(%) VCD h (Km) n E (%) VCD
92 | 4.63(12) | 25 | 2.64(18) 130 | 9.91(9)| 18 | 1.70(16) 150 | 2.82(9)| 19 | 5.35(15)
94 | 3.26 1.86 140 | 5.46 9.52(15) 160 | 1.55 3.24
96 | 2.29 1.31 150 | 3.04 10 | 5.39 170 | 8.84(8) 2.06
98 | 1.61 14 | 9.21(17) 160 | 1.71 3.08 180 | 5.30 11 | 1.37
100 | 1.14 6.49 170 | 9.70(8) 1.78 190 | 3.33 9.47(14)
102 | 8.00(11) 4.57 180 | 5.56 1.04 200 | 2.20 6.75
104 | 5.63 3.22 190 | 3.22(8) | 18 | 6.09(14) 210 | 1.51 4.93
106 | 3.97 2.26 220 | 1.07(8) | 18 | 3.65(14)
108 | 2.79 1.59
110 | 1.97(11) | 26 | 1.12(17)




SUNRISE PASS CARNARVON 23

Date: 30 November 1967 Time: 18 17m 35s U.T.
Ray latitude: 48.2°8 Ray longitude: 146.5°E
LiF - Nitric Oxide Quartz -~ Triethylamine Sapphire - p-Xylene
Model parameters: Model parameters:
n(100) = 1.66(12)cm™3 n(150) = 2.76(9)cm™3
H = 7.10 Km Hy = 12.8 Km
H, = 24.2 Km
H(150) = 16.7 Km
h (Km) n E (%) VCD h (Km) n E(Z) VCD
96 | 2.91(12) 27 | 2.07(18) 130 | 9.75(9) 19 | 1.61(16)
98 | 2.20 1.56 140 | 5.10 8.90(15) not available
100 | 1.66 1.18 150 | 2.76 11 | 5.10
102 | 1.25 18 | 8.88(17) 160 | 1.54 3.02
104 | 9.44(11) 6.70 170 | 8.92(8) 1.83
106 | 7.12 5.06 180 | 5.31 1.14
108 | 5.38 3.82 190 | 3.25(8) 19 | 7.17(14)
110 | 4.06 2,88
112 | 3.06 2.17
114 | 2.31(11) 25 | 1.64(17)




SUNRISE PASS TANANARIVE 26

Date: 30 November 1967 Time: 23h 1l4m Os U.T.
Ray latitude: 48.7%s Ray longitude: 72.0°E
LiF - Nitric Oxide Quartz -~ Triethylamine Sapphire - p-Xylene
Model parameters: Model parameters: Model parameters:
n(100) = 1.53(12)cm 3 n(150) = 2.81(9)cm 3 n(180) = 4.02(8)cm 3
H = 5.30 Km H; = 13.0 Km H; = 13.3 Km
Ho = 22.7 Km Hy = 42.2 Km
H(150) = 16.5 Km H(180) = 20.2 Km
h (Km) n E(Z) VCD h (Km) n E(%) VCD h (Km) n E(%) VCD
94 | 4.76(12) 34 | 2.52(18) 130 | 9.96(9) 26 | 1.62(16) 150 | 2.33(9) | 24 | 4.28(15)
96 | 3.26 1.73 140 | 5.22 8.89(15) 160 | 1.23 2.56
98 | 2.24 1.19 150 | 2.81 15 | 5.01 170 | 6.81(8) 1.64
100 | 1.53 24 | 8.11(17) 160 | 1.55 2.89 180 | 4.02 16 | 1.11
102 | 1.05 5.57 170 | 8.82(8) 1.71 190 | 2.53 7.94(14)
104 | 7.21(11) 3.82 180 | 5.13 1.03 200 | 1.70 5.86
106 | 4.94 2.62 190 | 3.05(8) | 25 | 6.31(14) 210 | 1.20 4.44
108 | 3.39 1.80 220 | 8.77(7) 25 | 3.41(14)
110 | 2.32 1.23
112 | 1.59(11) 33 | 8.43(17)




SUNRISE PASS  JOHANNESBURG 27

Date: 1 December 1967 Time: Oh 52m 50s U.T.
Ray latitude:  48.9°S Ray longitude: 47.1°E
LiF - Nitric Oxide Quartz - Triethylamine Sapphire - p-Xylene
Model parameters: Model parameters:
n(100) = 1.32(12)cm > n(180) = 5.65(8)cm 3
H = 7.00 Km H; = 13.8 Km
H, = 41.6 Km
H(180) = 20.7 Km
h (Km) n E(%) VCD h (Km) n E(%) VCD
94 | 3.12(12) | 28 | 2.18(18) 150 | 3.06(9) | 20 | 5.84(15)
96 | 2.34 1.64 160 | 1.66 3.56
98 | 1.76 1.23 170 | 9.42(8) 2.30
100 | 1.32 16 | 9.24(17) 180 | 5.65 12 | 1.57
102 | 9.94(11) 6.96 190 | 3.59 1.11
104 | 7.47 5.23 200 | 2.41 8.18(14)
106 | 5.61 3.93 210 | 1.70 6.15
108 | 4.22 2.95 220 | 1.24(8) | 20 | 4.70(14)
110 3.17 2.22
112 2,38(11) 27 1.67(17)




SUNSET PASS FATRBANKS 29

Date: 1 December 1967 Time: 3h 33m 45s U.T.
Ray latitude: 67.7°N Ray longitude: 136.7°EF
LiF-Nitric Oxide Quartz - Triethylamine Sapphire - p-Xylene
Model parameters: Model parameters:
n(100) = 1.51(12)cm 3 n(180) = 3.69(8)cm 3
H = 7.81 Km Hy = 14.1 Km
Hy = 40.4 Km
H(180) = 20.9 Km
h (Km) n E(%) VCD h (Km) n E(%) VCD
94 | 3.25(12) 29 | 2.54(18) 150 | 1.94(9) 22 | 3.75(15)
96 | 2.52 1.97 160 | 1.07 2,30
98 | 1.95 1.52 170 | 6.12(8) 1.48
100 | 1.51 18 | 1.18 180 | 3.69 13 | 1.01
102 | 1.17 9.14(17) 190 | 2.35 7.10(14)
104 | 9.04(11) 7.06 200 | 1.57 5.17
106 | 7.00 5.47 210 | 1.10 3.86
108 | 5.42 4,23 220 7.94(7) 21 | 2.92(14)
110 | 4,19 3.27
112 | 3.25(11) 28 | 2.54(17)




LITHIUM FLUORIDE -~ NITRIC OXIDE

ION CHAMBER RESULTS

Sunrise Pass Orroral 36

Sunrise Pass Johannesburg 42

Sunset Pass Falrbanks 45

Date: 1 December 1967 Date: 2 December 1967 Date: 2 December 1967
Time: 15h 41m 15s U.T. Time: 1h 32m 55s U.T. Time: 5h 5lm 30s U.T.
Ray latitude: 50.3°s Ray latitude: 51.0°s Ray latitude: 67.5°N
Ray longitude: 176.6°W Ray longitude: 34.6°E Ray longitude: 102.1°E
Model parameters: Model parameters: Model parameters:
n(100) = 8.02(11)cam~3 n(100) = 1.79(12)cm”3 n(100) = 1.59(12)cm” 3
H = 6.80 Km H = 7.00 Km H = 7.50 Km
h (Km) n E(%) VCD h (Km) n E (%) VCD h (Km) n E(%) VCD
90 | 3.49(12) | 25 | 2.37(18) 96 | 3.17(12) 26 | 2.06(18) 96 | 2.71(12) 29 | 2.04(18)
92 | 2.60 1.77 98 | 2.38 1.67 98 | 2.07 1.56
94 | 1.94 1.32 100 | 1.79 1.25 100 | 1.59 1.19
96 | 1.44 14 | 9.79(17) 102 | 1.34 15 | 9.41(17) 102 | 1.22 18 | 9.14(17)
98 | 1.08 7.34 104 | 1.01 7.07 104 | 9.34(11) 7.01
100 | 8.02(11) 5.45 106 | 7.59(11) 5.31 106 | 7.15 5.37
102 | 5.97 4.06 108 | 5.71 3.99 108 | 5.48 4,11
104 4,45 3.03 110 | 4.29 3.00 110 | 4.20 3.15
106 | 3.32 2.26 112 | 3.22 2.26 112 | 3.22 2,41
108 2.47(11)! 24 | 1.68(17) ! 114 | 2.42(11) 27 | 1.69(17) 114 | 2.46(11) 29 | 1.85(17)
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LITHIUM FLUORIDE - NITRIC OXIDE

ION CHAMBER RESULTS

Sunset Pass Fairbanks 46

Sunrise Pass Santiago 46

Sunrise Pass Orroral 50

Date: 2 December 1967
Time: - 7h 30m 5s U.T.
Ray latitude: 67.5°N
Ray longitude: 78.7°E

Model parameters:

Date: 2 December 1967
Time: 8h 7m 2s U.T.
Ray latitude: 51.5°S
Ray longitude: 64.6°W

Model parameters:

Date: 2 December 1967
Time: 4h 41m 3s U.T.
Ray latitude: 52.2°s
Ray longitude: 163.9%

Model parame ters:

n(100) = 2.62(12)cm 3 n(100) = 1.62(12)cm 3 n(100) = 1.31(12)cm 3
H = 6.50 Km H = 6.10 Km H = 5.50 Km
h (Km) n E (%) VCD h (Km) n E(%) VCD h (Km) n E(%) VCD

98 | 3.56(12) | 27 | 2.31(18) 94 | 4.34(12) | 29 | 2.65(18) 94 | 3.91(¢12) | 27 | 2.15(18)
100 | 2.62 1.70 96 | 3.13 1.91 96 | 2.72 1.50
102 | 1.92 1.25 98 | 2.25 1.37 98 | 1.89 1.04
104 | 1.41 16 | 9.18(17) 100 | 1.62 18 | 9.88(17) 100 | 1.31 15 | 7.21(17)
106 | 1.04 6.76 102 | 1.17 7.14 102 | 9.12(11) 5.02
108 | 7.64(11) 4.97 104 | 8.42(11) 5.14 104 | 6.34 3.49
110 | 5.62 3.65 106 | 6.07 3.70 106 | 4.41 2.43
112 | 4.13 2.68 108 | 4.37 2.67 108 | 3.06 1.68
114 | 3.04 1.97 110 | 3.15 1.92 110 | 2.13 1.17
116 | 2.23(11) | 27 | 1.45(17) 112 | 2.27(11) | 30 | 1.38(17) 112 | 1.48(11) | 26 | 8.14(16)
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LITHIUM FLUORIDE - NITRIC OXIDE

ION CHAMBER RESULTS

Sunrise Pass Orroral 51

Sunrise Pass Woomera 52

Date: 2 December 1967
Time: l6h 19m 26s U.T.
Ray latitude: 52,398
Ray longitude: 171.4°E

Model parameters:

Date: 2 December 1967
Time: 17h 57m 51s U.T.
Ray latitude: 52.49s
Ray longitude: 146.7°E

Model parameters:

n(100) = 9.87(11)cm > n(100) = 1.23 (12)cm” 3
H = 6.80 Kn H = 6.80 Km
h (Km) n E(2) VCD h (Km) n E (%) vCD

92 | 3.20(12) | 24 | 2.18(18) 92 | 3.99¢12) | 26 | 2.72(18)
94 | 2.39 1.62 94 | 2.98 2.02
9 | 1.78 1.21 96 | 2.22 1.51
98 | 1.32 14 | 9.01(17) 98 | 1.65 15 | 1.12
100 | 9.87(11) 6.71 100 | 1.23 8.37(17)
102 | 7.36 5.00 102 | 9.18(11) 6.24
104 | 5.48 3.73 104 | 6.84 4.65
106 | 4.09 2.78 106 | 5.10 3.47
108 | 3.04 2.07 108 | 3.80 2.58
110 | 2.27¢11) | 25 | 1.54(17) | 110 | 2.83(11) | 26 | 1.92(17)
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