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ABSTRACT

A survey of devices suitable for producing photo-
graphs of low intensity aurora was made,

A mechanical flying spot scanner was designed
and constructed to take fast moving photographs of low in-
tensity aurora, This device was used to study the correla-
tion between visible aurora and x-rays detected at balloon
altitudes., From this analysis a close association was noted
between these phenomena for the particular auroral display

considered.
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CHAPTER 1

INTRODUCTION AND AURORAL PHENOMENA

It is difficult, if not impossible, to obtain
fast time correlations between visible aurora and related
phenomena without fast, moving photographs of the aurora
over large regions of the sky,
The various instruments and techniques which can
be used to obtain photographs of the aurora will be de-
scribed in the following chapter. Photometers and verbal
descriptions may also be used to provide information on
auroral intensity variations, «
Photometers indicate only the average light intensity
within their field of view, and so would produce the same
signal for a small bright source as for a large faint source.
Verbal descriptions of the aurora recorded on mugnetic tape
(a technique used extensively by the auroral grour at U.A.C.)

is limited due to the complexity and rapidity of the auroral
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motions as well as numerous human limitations (see Chapter
4,)

This thesis describes an apparatus for taking fast
moving photographs of low intensity aurora., The instrument
was designed to have the following characteristics:

(a) capable of up to 10 pictures per second

(b) 120° x 120° field of view

(¢) 1.2° x 1.2° resolution

() sufficiently sensitive to detect Brightness I

Aurora (see Chapter 2).

When constructed, the apparatus was found to have substan-
tially less than the designed sensitivity due to the low re-
flectivity of the mirrors, which was not adequately taken
into account in the calculations. The device still repre-
sented a considerable improvement over direct photography.

The apparatus was in operation during the test flight

of a balloon-borne x-ray detector which employed a new type

of telemetry system (see Appendixj;, An attempt
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has been made to correlate the x-rays detected by the balloon
equipment with auroral photographs obtained by means of the
apparatus, Variations in the x-ray energy spectrum with

position and intensity of the aurora will also be discussed,

Auroral Phenomena and X-Rays

Auroral light comes mainly from ionospheric atoms
and molecules, especially those of oxygen and nitrogen,
which are excited and ionized by primary particles, mainly
electrons, but also protons, The particles descend along
the geomagnetic lines of force and enter the atmosphere pri-
marily in zones centered about the magnetic poles, at geomag-
netic latitudes »f about 65° in the northern and southern
hemispheres,

The electrons directly associated with the aurora
generally have energies of a few KeV, but a significant

number of electrons with energies up to 100 KeV or higher
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may be present (O'Brien and Taylor, 1964).

It is generally believed that the particles pro-
ducing the visible aurora are locally accelerated by a
mechanism influenced by the solar wind--a continuous flow of
neutral but ionized hydrogen gas, which comes from the sun,
Chapman (1961) suggested that the wind may set up an electric
current round the earth on the equatorial plane, which affects
the electrons trupped in the Van Allen radiation belts, caus-
ing them to be precipitated into the atmosphere,

The electrons that enter the upper atmosphere lose
most of their energy producing ionization and excitation of
the gas atoms at altitudes in the vicinity of 100 km, Higher
energy electrons also give up a small part of thelr energy
in producing bremsstrahlung x-rays, which penetrate down to
30 km where they can be detected by balloon borne equipment,

X-rays with energies less than 30 KeV are pre-
dominantly photoelectrically absorbed., X-rays with energles

greater than 30 KeV are predominantly Compton scattered,
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These x-rays lose some energy with each scatter. 1In addition,
because these x-rays do not travel directly from the source
to the detector, they increase their chance of being photo-
electrically absorbed before reaching the detector.

The electrons which are directly associated with
visible aurora produce x-rays which have a high probability
of being photoelectrically absorbed before penetrating down
to balloon altitudes., The x-rays which do reach balloon
altitudes are scattered many times ond so give little indi-

cation of their original direction,

Experimental Evidence

A direct association between x-rays and visible
aurora was found in balloon experiments over Minneapolis
(Winkler and Peterson, 19573 Winkler et al,, 1958 and 1959).

Anderson and Dewitt (1963), in balloon experiments
over College, Alaska, also found a very close minute-by-

minute correlation between x-ray intensity and auroral
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luminosity. They determined the auroral intensity at the
100 km height above the balloon from All-Sky Cuamera photo-
photographs (see Chapter 2, Section (i)). Anderson thus
concluded that on this particular occasion the electrons
associated with aurora produce a measurable number of x-rays
at balloon altitudes.

Contrary to these results Anderson (1958 and 1961),
from balloon experiments over Fort Churchill, Manitoba, and
Pairbanks, Alaska, concluded that x-rays were not always
associated with visible aurora., He reported that on numerous
occasions high x-ray count rates were observed with no sign
of visible aurora, and that on other occasions aurora was
observed without x-rays.

Anderson suggested that the acceleration of elec-
trons in the atmosphere might be a common phenomenon which
was accompanied by optical aurora only on special occasions,
He also suggested that perhaps other conditions had to be

met before optical aurora were produced, for example, the



presence of protons,
It seems to be generally accepted that a correl-

ation exists between visible aurora and x-rays outside the
auroral zones, but not necessarily inside, However, it should
be mentioned that, in spite of very extensive studies of
auroral x-ray phenomena by numerous investigators, only on
very few occasions have balloon flights been carried out
under conditions where simultaneous auroral observations
could be made, Even when correlations were possible, the
only optical data available has been All-Sky Camera pictures
or brief visual reports, neither of which provides very good

time resolution,
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CHAPTER 2

AURORAL ILLUMINATION AND AURORAL PHOTOGRAPHY

The major difficulty in obtaining pictures of the

aurora arises from its extremely faint luuinosity,

The Brightness Index is a visual estimate of the

order of magnitude of auroral intensities, It is given in terms
of an apparent isotropic emission rate of lO6 photons per second
from a column of aurora in the observer's line of sight and of
one square centimeter area, This unit is the Rayleigh,

)
Por the green oxygen emission 5577 A a scale of

intensity index is defined by the following: ‘
Intenskty
(5577 &) Scene
Kilo-Rayleighs Brightness Inten- Reumarks on visual
(IXR = 1000 (lwuens per sity appearance of
Raylcighs) sq, ft.) Index typicul aurora

0.1 2 % 1077 0 Subvisual

1 2 x 1074 I Comparable to Milky Way.
No coloxr perceived,
10 2 x 1073 II Comparable with moonlit

cirrus cloud, Color
(green) sometimes
perceived.

(table cont'd., )



Intensﬁty
(5577 &) Scene

Kilo-Rayleighs Brightness Inten- Remarks on visual
(IkKR = 1000 (lumens per sity appearance of
Rayleighy sq. ft.) Index typical aurora

[}
100 2 x 107“ III Comparable with brightly
moonlit cirrus cloud
or moonlit cumulus cloud.
Color perceived,

1000 2 x 107t Iv Much brighter than 3.
Sometimes casts easily
discernible shadows,

From the International Auroral Atlas, Published for the
International Union of Geodesy and Geophysics,

It is interesting to consider the sensitivity of
the human eye, According to A. Morton (1964) a young trained
observer begins to be able to see at an illumination of
about 10-5 ft. candles, (This corresponds to a scene
brightness of 1072 lumens per sq. ft., assuming 100% reflec-
tivity of the scene,) At this level he sces only large
high-contrast objects.lf the ilIwuinution is inercased to 1072
ft. candles, about equivalent to the illumination produced
by the full moon, it is possible to make out large newsprint
but still not possible to discern color., Color can be dis-

1

cerned with an illumination of 10— ft. candles,
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Thus an observer can easily detect a source of
light of luminance similar to thet of a brightness one
aurora} however, the problem of contrast must be considered.
The clear night sky is equivalent to a scene brightness
of 107* lumens per sq. £.( Lue hall thut of a brightness I
aurora), Thus to detect low intensity aurora it is dcsirable
to reject the sky light and any other sources of light that
could enter the detector. Auroral emission lines have
bandwidths of typically 0.01 2, thus the required rejection
of unwanted light can be effected by incorporating in the
detector a light filter with a narrow transmission bandwidth,

Thin film interference filters provide a narrow
transmission bandwidth, with about 60% transmission effi-
clency at the transmitted wavelength, These filters
have the property that the wavelength of the transmitted
light depends on the angle at which the light is incident
on the filter. Thus if the light beam incident on the

filter is not sufficiently well-collimated, the transmission
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bandwidth of the filter will be broadened, giving poorer
rejection of unwanted light and decreased transmission of
the desired wavelength, It is necessary to consider this
in the discussion of the suitability of a particular device
as an auroral detector,

The various methods of producing a picture of the
aurora will now be considered in detail, the sensitivity
and merits - of the methods will be discussed,

The methods available are:

(L) Direct photography using photochemicalﬁ,
(11) Scanning techniques including (a) mechanical
and (b) electronic,
(1i1) Image intensification utilizing various types

of electron multiplication,

(1) DIRECT PHOTOGRAPHY

The first auroral photographs were taken by

Brendel in 1892, Photographs attempted prior to this date
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failed due to insufficiently sensitive plates and lenses,
Brendel used an f/3,5 lens (see calculations at end of this
section) and sensitive orthochromatic plates and succeeded
in photographing a bright band with an exposure of seven
seconds,

In 1909, Carl Stormer began experimenting with
photographic techniques and built a camera using an £/2.0
lens and sensitive photographic plates, with which he was
able to photograph bright auroral forms with exposure times
of one-half second. He was able to photograph all auroral
forms except flaming and pulsating aurora, These two forms
are generally of Brightness I or 11, Stormer applied these
techniques to height finding of the aurora by triangulation,

In 1913 Stormer attempted moving photographs of
the aurora using a camera incorporating an £/3.5 lens, With
this equipment he was able to detect bright aurora with an
exposure of 4 seconds,

Gartlein (1947) developed the All Sky Camera,

g
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The camera consists of a normal motion-picture camera mounted
above a convex spherical mirror.

This camera is generally used for indicating the
presence of aurora only where space and time resolution are
not too important, The picture produced by this camera is
extremely distorted, so elevation angles are often indicated
by small lights attached to the framework supporting the film
camera (see Chapter 4 for examples of A,S.C. photographs),

Several All Sky Cameras huve been built similar to
the camera described above but with optical elements to re-
duce distortion (Struve, 1951, and Lebedinski, 1955).

The All Sky Camera is generally used for patrol
work on auroral occurrence. The camera takes a photograph of
the sky every minute throughout the night with an exposure
time of about 20 seconds, This exposure is found to be
adequate to record all auroral intensities.

To improve the time response of the camera,
Montalbetti (1957) incorporated an £/0.71 lens in the film

camera, and so was able to take moving photographs of
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pulsating and flaming aurora at one frame per second (expo-
sure of about 0.6 seconds). These were of intensity II %o
I17 on the auroral intensity index (private communication),
It 1s essential for an auroral detector to have a
wide field of view because of the large angular extent of
visible aurora, The detector mugt also incorporate few optical
elements in order tomaintain maximum optical efficiency. The
most convenient way of satisfyingthese two requirements is
to use a convex mirror as used in the All Sky Camera, At no
point in a wide angle lens or A.S,C, system is all the light
parallel, and so a narrow bandwidth interference filter can-
not be incorporated in either of these systems with maximum
efficiency, In an A,S.C,, for example, the filter could be
placed between the mirror and film camera, and in this posi-
tion would intercept light converging at an angle of about
20 degrees, Increasing the distance between mirror and
camera would decrease the angle. This would necessitate a

longer focal length lens in the film camera. To maintain the
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speoed of the optical system, a larger aperture lens would
be necessary, which vould require a correspondingly lurger
interference filter, It is necessary that the bandvidtih of
the intcrference filter is sufficiently vide that auroral
light from ull regions of tre sky passes unimpeded,desyite
the different angles at which the light is incident upon
the filter,For the usual A.S,C, a filter with a bandwidth
of about 200% would be raquired, /ith photographic tech-
niques it is impousible to combine maxiunuwa censitivity

and a Jide angular fic.d of vies vith good baclkground light
rejection, unless a very large diameter interforence filter
is available

Scusitivity of Photogw ohic Tatericls

The senuitivity of photosranhic uwterials will
nov v2 considered Jrow the point of view of taliing hiigh
speed Loving -hobo_wais of $ao aurora, fhe 2k osure tiume
required S0 produce a photograph of a Brightness I aurora
4111 be calculutead,

At norwnl light levels (i.e., duylight,) a given
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exposure--product of exposure time and light intensity--
produces a given film density after development, This
reciprocity law breaks down at extremely low and extremely
high light levels. At these two extremes, a larger exposure
than suggested by the reciprocity law is required to produce
a given film density.

Graphs are provided by film manufacturers showing
the exposure required for a given light intensity to produce
a detectable film density.
An aurora emitting N photons/cm2 (col) sec
produces a surface illumination, i, of
i= %% photona/cm2 sterad sec,
Por a detector with an area of A cm® and angular field of ‘
view £ steradians,

The number of photons/sec incident on the detector

_ NAQ
i' = T photons/sec,
For a film of area a cm2, the number of photona/cm2

sec incident on the film (assuming all photons incident on
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detector are transferred to the film) is

n = %% photona/cm2 sec,

The '"speed" of a lens is given as an 'f' number or
ratio. f ratio = F/d
where F is the focal length of the lens, and
d its diameter,
2

Area of lens A = E%—

and angular field of view Q = ;az .

'

ma
N ' 2
or n= 1_6? photons/cn“ sec,

On converting this to an illumination ‘I' on the ‘
film, taking 1 photon/sec = 2.2 x 1016 1umens for green

0
light (5577 A)

1 - N(2,54 x 12122.2 x 10716
162

14
= Ni1,20 x 10 lumens/sq. f£t. or f£t, candles,
b 4

For Brightness I aurora N = 109, and assuning £ =1
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this gives I = 1,25 x 1072 ft. candles
or 1.25 x 10~4 meter candles,

Using the reciprocity curves for the most sensi-
tive films available, eg., Kodak Record X (ASA 1600) an ex-
posure time of about 50 seconds would be required to produce
an image on the film, corresponding to a film density of
0.3 above the basic fog level of the film--this is equuiva-
lent to a signal to noise ratio of one., Since such a film
density is not required for this minimum intensity aurora,
an exposure time of about 20 seconds is found to be adequate.

Using the very fastest lenses available (f ratio
of 0.5) and pre-exposing and postexposing the film, this
exposure time of 50 sec could be reduced by a factor of
about 10,

Pilm sensitivity is basically limited by the fact
that with present emulsions an average of about 10 photons
per grain are required to make the grain developable, and,

in addition, all these photons must be absorbed by the grain
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within a short period of time (failure to comply to this
latter condition results in low light level reciprocity
failure), If the size of the silver halide grain could be
increased without loss of sensitivity, then, for a particular
light intensity, more photons would be incident on each
grain, With some emulsions it seems likely that the grain
size could be increased without too great a loss of grain
sensitivity (G, C. Farnell and J, B, Chanter, 1961).
Unfortunately, film manufacturers are reluctant to sacrifice
picture resolution for the sake of sensitivity.

Mlm is very well adapted for high resolution
pictures, and when considerable picture detail is required
it is superior to any other picture imaging device . However,
present emulsions are not sufficiently sensitive to take
fast moving photographs of low intensity aurora, and unless
resolution can be sacrificed for sensitivity, it seems un-
likely that an emulsion will be developed suitable for this

application,
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(14) SCANNING DEVICES

Various scanning techniques lend themselves to
the production of high speed pictures at low light levels,
These involve dissecting the picture into a large number of
parts or elements and gystematically sampling the light from
each element by means of a detector. This sequential sampl-
ing or scanning can be effected either mechanically or
electronically.

The scanner can either sample the original picture

(object plane scanning) or an image of the picture (image ‘
plane scanning). The latter method is generally simpler

but first requires a good quality image of the plcture, which

i1s difficult to obtain if a large angular field of view is

required.

Mechanical scanning can be achieved by Flying

Spot Scanning (PFig. 1(a)). In this method the detector is
directed systematically to each element of the dissected

picture. The detector thus receives 1light from each part
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of the picture for only a small fraction of the total time
required to scan the whole picture. This 1is basically very
inefficient$ however, this inefficiency can be reduced at
least in part by using a large detector. The system is
simple electronically requiring only one detector, An
important feature of the object-plane flying spot scanner is
that it lends itself readily to the incorporation of a narrow
band interference filter, as the light incident on the de-
tector comes from a very small area of the object and so

only converges at a very small angle, _Electronic scanning

(Mosaic scanning, Fig. 1(b)) provides much greater sensi-

tivity than Flying Spot Scanning. The detector consists of

a two-dimensional array of light sensors. Each sensor looks
continuously at one small part of the object and the light
from the particular part of the object accumulates in the
gsensor. The signal on each 8ensor, produced by the accumu-
lated light, is sampled when the sensors are electronically

scanned,
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(a) Mechanical Scanning Devices

Many methods are available for obtaining a flying
spot scan (Holten and Wolfe, 1959, and McPee, 1959), The
Nipkow Disc system, which was one of the first techniqgues
used in television, uses image plane scanning (Fig, 2). A
lens system forms an image on the disc. The holes in the
Nipkow disc spiral in towards the center of the disc., As
the disc rotates each consecutive hole scans over a differ-
ent part of the image. The light passing through the holes ‘
falls onto the detector.

A Nipkow disc scanner was constructed by the author,
Because of the extremely large angular £ield of view required,
the angular resolution obtainable with the simple disc des-
cribed above was inadequate, This problem was overcome by de-
signing the scanner so that one rotation of the disc scanned
only one-quarter of the inuuge, anl Four rotations of the disc
scanned over the whole image, thus increasing the resolution by
a factor of four. The light which passed through the holes

fell onto a photomultiplier.
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The current produced by the photomultiplier was used to
intensity modulate the beam of an oscillosnope made to
scan the scope screen in synchronism with the rotation of
the scanning disc,

The idea was rejected mainly because of the pre-
cision required in making the Nipkow disc and the optical
difficulties in meking the system operate with a narrow
interference filter while still retaining a large light

collecting area and angular field of view,

Object plane flying spot scanning

The simplest way of producing this scan ie by
monitoring, by means of a fixed detector, the light re-
flected off a plane mirror which is rotating about two per-
pendicular exes gimultaneously. The relative angular velo-
city about each axis determines the scan pattern.

Fig. 3 shows a scanner of this type built by

Dr. C. D. Anger. A cube, with top, pbottom and opposite two
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sides aluminised, rotates about a vertical axis and also
about a horizontal axis (the horizontal axis rotates with
the mirror assembly about the vertical axis). If the angu-
lar velocity about the vertical axis is much greater than
that about the horizontal axis the scan pattern is a spiral,
centered about the zenith, If the angular velocity of the
cube about the horizontal axis is much greater than that
about the vertical axis the scan pattern will be radial
(similar to a radar scan),

The scanner constructed was of the former type
using a spiral scan pattern. Light from a small area of

the sky is reflected off one mirror face onto the detector.

As the mirror rotates about a vertical axis, the detector
sees the periphery of a circle in the sky centered about

the zenith., As the mirror rotates glowly about a horizontal
axis the circle changes its elevation, and so in one com-
plete scan the detector is directed systematically over the

entire sky.
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Another method using a single mirror is used in
aircraft reconnaisance, The rotating mirror provides the
N-S (say) scan lige, whilst the motion of the aircraft pro-
vides the E-W scan of a rectangular scan pattern, A scanner
of this type has been constructed by Dr. C. D, Anger to be
flown in a rocket. In the rocket scanner the fast rotating
mirror provides the vertical scan in line with the rocket's
axis and motion, and the slow rotation of the rocket the
horizontal scan, This produces a 'barrel' scan pattern,

The scanner described in this thesis employs a
rectilinear scan, effected by two separate moving mirrors.
The characteristics of this system are described in the next
chapter,

This particular system was chosen as it appeared
to be the simplest method of achieving a wide field of view,
reasonable space resolution, fast scan rate, simple reproduc-
tion of the scan pattern and simple synchronisation between

scanner and reproduced picture., Also the system has a large
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1ight accepting area and is reasonably versatile to differ-
ent scanning rates and changes in angular resolution. The

sensitivity of this type of scanner will now be calculated.

Sensitivity of Mechanical Scanner

An aurora emitting N photons cm'2(oolumn) sec™t

would produce a surface illumination of

i%'photons em™2 steradian™t sec™T,

This illumination will produce n photoelectrons
per second from the scanner photomultiplier photocathode,

= NAn € E photoelectrons sec™*

where n
2
where A is the light -receiving area of scanner (25 cm€)
g is the solid angle subtended by each picture ele-
2
ment ( G%ﬁ%) sterads ) for 1.2° angular resolution)
E is the optical efficiency of the scanner (10%), and

€ is the quantum-efficiency of the photocathode (5%).

For a Brightness I aurora K = 109
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9 2
ns= ETft——zi (lg.%) x 0.1 x 0,05 photoelectrons/sec

= 4.4 x 103 photoelectrons sec™ L,

For an EMI 95145 photomultiplier the dark current = 10710
amp. This corresponds to abouit 10 photoelectrons sec—l.

Thus the signal produced by a Brightness I aurora
is about 4 x 102 greater than the dark current noise
signal,

From this analysis a Brightness I aurora over the
whole sky produces 4 X 103 spots per seconds, for a pic-
ture containing 104 picture elements, Thus if a patch of
Brightness I aurora occupies an area of the sky, the corre-
sponding area of the oscllloscope screen will contain a
gsingle spot in 40% of the relevant picture elements for an
exposure time of one second, or 4% of the picture elements
for an exposure of 1/10 second, Each picture element has

been designed to accept about 50 spots, thus increasing the
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dynamic range of the system, A Brightness II aurora, pro-
ducing 4 x 104 spots per second, will appear as 4 spots per
picture element per second, and a Brightness III aurora as
40 spots per picture element per second,

As can be seen from this analysis, the limitation
of the scanner at short exposure times and low auroral inten-
sities is the low picture resolution, due to the inade-
quate number of photoelectrons produced in each scan at
auroral intensities, The signal, however, is substantially
higher than the noise level, and the signal to noise ratio
remains constant with decrease or increase of the picture
scan time, An increase of sensitivity can be obtained by
intergrating the light received over many scans,

The above analysis assumes amplification of the
signal by pulse amplifiers, with a 0.1 microsecond time re-
sponse and sufficiently high gain to amplify a single photo-
electron pulse from the photomultiplier to produce a record-

able spot on the oscilloscope screen. The photographs shown
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in this thesis were obtained using direct coupled amplifiers,
Low intensity aurora produced a few individual spots, corre-
sponding to the larger photomultiplier pulses (see Pig, 14).
Bright aurora produced continuous brightening of the screen,
because of the relatively long time constant of the amplifier,
The d.c. amplifier has since been changed to a high gain
pulse amplifier, The system is more sensitive than before
but still not as sensitive as calculated above, due mainly
to the amplifier gain, which is insufficient to produce a
recordable spot from =11 single photoclectron pulseco,

For a single scan, brightness tones are indicated

by varying densities of spots in different areas of the screen,

The sensitivity of the instrument is adjusted such that
bright aurora just produces a continuous brightening of the
screen,

If, however, a large number of consecutive, single,
fast scans are photographed on one film frame the scanner

sensitivity can be increased, without reduction of the
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detectable brightness range., The brightest aurora will

now no longer flood the oscilloscope.screen on each scan,
but over the period of time accumulate more light on the
film than the dim aurora, Brightness tones will now be
given by variations in the film density, although faint
aurora may still appear as individual spots of light depend-

ing on the scanner sensitivity and the total film exposure

time,

(b) Electronic Scanning Devices

These devices work on the principle described at
tﬁe beginning of this section. A lens system is used to
fogus an image of the aurora onto the detectors and so the
problems regarding the use of a narrow band interference
filtgr are similar to those discussed in Section (1) of
thié chapter,

There are two basic types of electronic scanning

devices:
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(1) The Vidicon -- most sensitive versions respond to a
minimum photocathode illumination of 10~ ft. candles,
and

(2) The Image Orthicbn -~ gensitive to a minimum photo-
cathode 1llumination of 1077 f£%. candles,

The Vidicon is not sensitive enough to detect
Brightness I aurora (equivalent to a photocathode illumina-
tion of 10~° £t. candles) although experimental versions, using
secondary electron conduction amplification and capable of
integrating over long times, are gensitive to 10'4 £s.

candles (Goetze and Boerio, 1964).

Sensitivity of the Image Orthicon

3:on»manufacturere specifications a photocathode
11lumination of 10~° f£t. candles, corresponding to a
Brightness I aurora, could be reproduced with a resolution
of about 300 lines per target inch at 30 pictures per

second, The angular resolution for a photocathode of
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l%-inch X l% inch useful area, would be
where £ is the angular field of view of the system in steradians,
The maximum sensitivity of the image orthicon can
be improved by reducing the resolution or increasing the time
between consecutive picture scans and so allowing the light
to accumulate on the detectors for a longer time,
The lowest light level detectable is set by the
shot noise level of the tube, equivalent to about 10™2 amps,
This restricts the lowest detectable light level to about
10”7 f£t. candles, a factor of about 102 lower than Brightness
1 aurora. At these light levels the picture resolution must

be reduced to about 140 lines per picture. This corresponds

t0 a resolution of about 1.3° X 1.3° for a field of view of
2n steradians, which is still adequate to distinguish most
forms of aurora.

The image produced by these devices is on a remote
cathode ray tube viewing system. The signal from the detector

can be amplified sufficiently 8o that the final image 1is
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bright enough to be photographed for permanent record.

i1ii) Electronic Imaze Intensifiers

In these devices a lens produces an image of the
aurora on a photosensitive cathode, Electrons given off by
the light incident on the cathode are multiplied over several
stages by transmission secondary emission or phoephor/photo-
cathode electron amplification, The clectrons then fall
onto a phosphorescent screen, where the image is reproduced
several orders of mugnitude brighter, This image can be
photographed directly.

As a lens is used to produce an image of the aurora,
the problems involved in using a narrow band interference
filter, for the rejection of background light, are again

similar to those discussed in Section (i) of this chapter.

Sensitivity of Image Intensifier

A Brightness I aurora produces & photocathode

illumination of 10'5 ft. candles,
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The light gain of an image intensifier is gener-
ally about 2 x 10°, Thus, a photocathode illumination of
10-5 ft. candles results in an image on the phosphor of
brightness 2 lumens/sq. f£t.

If an £/1 lens is used to focus this image onto
£film, the resulting film illumination will be about 0.1 £ft.
candles, This light level can be recorded by a high speed
film with an exposure time of about 1/50 second.

The space resolution of an image intensifier is
usually about 200 line pairs per millimeter, i,e. resolution
is sufficient to distinguish two lines separated by l/éOO mm
on the photocathode} however, the best lens available will "
only resolve 100 linc pairs. For a photocathode vith 2 sen-
sitive area of 2" x 2",.the angular resolution = /(5 x 103)°
steradians, where £ is the angular field of view of the
system in steradians,

The dark noise of the image intensifier (spur-
jous emission of photoelectrons from the photocathode) is

not significant, except at photocathode illvminations of
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about 10~° £%, candles,

At about 10'8 f4, candles, however, the ﬁicture
resolution for short exposure times has greatly deteriorated

due to insufficient photons falling on the photocathode,

Intensifier Orthicon and Vidicon Combinations

Either of the two electrunic scanning devices con-
gidered in Section (ii)b can be combined with the image

intensifier., The result of such a combination is a system

with the sensitivity of the intensifier and a remote picture display

screen, The latter is an almost egssential requirement for

places in the auroral zone due to climatic conditions.

Comparison of the Sensitivities and Practical

Applicabilitx of the Various Technigues Considered

In this section the sensitivity of the various
techniques considered will be compared with that of the
scanner described in this thesis, The usefulness of the de-

viceswill be considered for the particular application of

|
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auroral photography, and the advantages and disadvantages

of the devices will be discussed.
Table Showing a Comparison of the Devices Considered.

Detector Total Angular Angular Exposure*

Field of View Resolution Time for BI

(Sterads) (Sterads) Aurora (secs)
Scanner 4.4 4 x 10:; 1

8 x 10 1/10

Film ag 2n 3 x 107} 20

b) 1/4 1x 10 20
Image ag 2n 20 x 10:3 1/30
Orthicon b) 1/4 10 x 10 1/30
Image 2ag 2n 3x 10:% 1/30
Intensi- (b) 1/4 1 x 10 1/30
fier

* The exposure time gquoted is that required to produce a
permanent picture on film,
(a) Using the detector in conjunction with an All Sky
coaaeri nilrgor,
(b) Using narrow angle lens,
The simplest system of those considered is
direct filming of the aurora. Unfortunately this system is

not sufficiently sensitive to produce fast moving photographs

of dim aurora.
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The image intensifier used with an All Sky Camera
mirror was considered to be the best system of those
discussed. It is the most sensitive of the systems and pro-
vides a final picture at auroral light levels of similar qua-
1ity to that obtained by film alone, The image intensifier appears
surerior to ths image orthicon in simplicity, dynamic range of
intensities for a particular sensitivity setting and cost,

The image orthicon has many drawbacks--coirxnlexity,
criticality of settings and cost, Unlike the previous twvo
systems considered, the imuge orthicon reguires a display
system on which the picture is reproduced for photographing.
This increases the complexity of the system, although remote

viewing is often essential,

The mechanical scanner 1is pasically the least
efficient of the devices considered. For a total exposure
time of 1 second the eguivalent exposure time per picture
element is 10~% seconds. This figure could be increased by

increasing the number of detectors used but this would
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greatly increase the complexity of the device,

Although the resolution of the scanner is much
worse than that of the other systems considered, it is suf-
ficient for showing the gross features of mos? types of
aurora. However, it is not good enough to show such detail
as fine ray structure in auroral forms.

The sensitivity of the scanner can be improved,
without deterioration of the picture quality, by increasing
the light receiving area. This is 1imited only by mechanical
problems and in theory a mechanical scanner could be made
as sensitive as an electronic scanner. One serious ineffi-
ciency of the present device results from the poor reflecti-
vity of the mirrors.

If the problem is not one of detecting the low
auroral intensities, but of re jecting background light, e.&.
photographing twilight aurora, only the flying spot scanner
can provide the desired wlde angular field of view and give

adequate rejection of pbackground light. In fact the flying



gpot scunner can provide the muximui possible rejection

of background light that can be obtained with un interfer-
ence filter, and in this re¢spect it is superior to the other
devices considered,

The iwuge orthicon systen hug been wied for auror.l
shotography and found to be capable of producing high resolu-
tion photographs of Brightness I aurora at 24 Lrawnes per
second (Davis :«nd Hicks, 1964 and 1965)., 4 cowplete dis-
cussion of the use of this device for auroral photography is

given by Spalding and Anderson (1963).




LIGHT V1GHT

FItF
LIGHT AUAZILIALY B Lorudl i 1
SHIELDING for horizontal linec trigger.

LIEGIT ol e
for norizontal ltire ‘ricpers

ol

710 Ls PHOTOGRAPH OF NECHANICAL SCANNER




I R T Mo ANTCAL TR



Jouueog oyg JO jJuomeBusrxy T1eot13do :6 "3BT

_ - JatrdigTnmwosoud

z

(TR) JOIITR SUBTJ ~—s;

] —= J29TTJd 90UdI8JILGUT

— oangzady dojs PTATL

threads
@ - JUSMUBTTY JOIITH

|

(ZH) JIOXITH
TBuO3BX9H

(¢W) JIOXIT
3ABOUOYD



MECHANICAL SCANNING PHOTOMETER
In this chapter, the optical design, the mechanical
design, the engineering problems involved in the construction
of the scanner, and also the electronics involved in the re-
production of a picture from the scanner information will be
described. Minally, the laboratory tests performed on the
scanner will be discussed.

A photograph of the scanner is shown in Fig. 4.

(1) Optical Design

Light from an area in the sky A (Fig. 5) is re-
flected from the plain mirror 1, onto one face of the hexa-
gonal mirror 2, and onto the concave mirror 2, Mirror 3
focusses the light onto a field stop aperture, then %o the
photocathode of a photorultiplier,

First, consider mirror 2 held stationary as mirror

1 oscillates backwards and forwards about an axis perpendicular
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to the plane of the page. The 1light that falls onto the
photomultiplier now originates from a line in the sky, which
is in the plane of the paper.

If mirror 1 is now held stationary while mirror 2
rotates about its near-vertical axis, the 1light that enters
the photomultiplier comes from & line in the sky, perpendi-
cular to the plane of the paper.

Thus, if mirror 1 oscillates slowly and mirror 2
rotates rapidly, the system scans out & rectangular area of
the sky, mirror 1 providing the vertical sweep and mirror 2
the horizontal sweep. Mirror 1 oscillates through 60 de-
grees and, by sultable positiocning of mirror 2, the gystem
scans over an area of the sky equivalent to an angular field
of 120 x 120 degrees.

The aperture placed on top of the photocathode
defines the ungular resolution of the scanner, This is
given by the ratio of the aperture diameter to focal length

0
of the concave mirror, and is set a¥ 1.2° (aperture diameter



-— End of
A Mirror 1 Fruxe

!

C(1T+ D (®
e

Can. Follower
Guides

——nrely

: !

p—=Cauw Follower ———0o

. g
—_ /
e i" roove in
\ = - o

———— e—— ————

Section through ) J
A-2A A

Pig., 6: Cau System for Mirror No. 1 Drive.



- 42 -
is 1,02 cm, and focal length of mirror 3 is 50 cm). Auroral
light passing through the field stop converges at an angle
of about 5 degrees which is sufficient to stay within the
bandpass of an interference filter placed on top of the
photocathode,

Mirror 2 forms the entrance pupil stop., Mirrors 1
and 3 are made sufficiently large so that this is the case for

light incident from all directions within the scanner field of view,

(11) Mechanical Design |

Mirror 1 consiste of a plane mirror 5" x 20"
which oscillates with constant angular velocity about its
long center axis., This motion is accomplished by means of a
cardioid-shaped, push-pull cam (Fig. 6). The oscillatory
motion is transferred from the cam to the nirror by means
of a cam-follower, One end of the can-follover is attached
t0 a slot in the mirror frame, the other end follows the cam

through a solid, stelite pin, which 1s rigidly attached to the
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cam-follower, and runs in the cam, Because of the nearly
jnstantaneous reversals in the mirror's angular velocity,
the push-pull can (rather than a push cam with a spring
return), and the solid stelite pin (rather than steel pin and
a brass roller) were found to be essential.

Mirror 2 consists of a hexagonal aluminum prism
with front coated mirrors, each 2" x 2", glued to its six
sides. The resulting mirror withstands the vibrations and
forces produced by rotating the mirror at speeds up to
10,000 rpm.

Mirror 3 is a 3" diameter, 21" focal length, con-

cave telescope mirror,

(111) Electronics and Reproduction of the Picture

The picture of the sky displayed on an oscillo-
scope screen, is built up of about 100 horizontal lines,
each corresponding to & norizontal line in the sky and each

line in the sky differing in elevation angle by about 1,2
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degrees (equal to the designed angular resolutionm).

The horizontal sweep is provided by the oscillo-
scope horizontal sweep, synchronised to the scanner by means
of the vernier sweep speed adjustment on the scope. The
sweep is triggered by a pulse provided by the scanner., A
small light-source produces a narrow beam of 1light, which is
reflected off mirror 2 into an auxiliary photomultiplier
fube, at the beginning of each horizontal scan, A Dblue
filter is placed in front of the 1ight source to prevent
scattered light passing through the green interference filter
and eppearing in the final picture. ‘

TPhe slow vertical sweep signal 18 generated by the
scanner as a voltage, always proportional %o the orientation
of mirror 1. No completely satisfactory method has as yet
been found to generate this voltage. A linear carbon or
wire-wound potentiometer used as & potential divider is
found to be electrically noisy due to changes in contact

resistance, They also deteriorate rapidly.
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An R.C, circuit, which charges as the mirror rocks
in one direction and discharges as the mirror rocks in the
opposite direction, gives u clean, straight-sectioned tri-
angulur trace,but the state of churge is not at all tiues
proportional to the position of the mirror and so does not
immediately adjust to changes in the mirror's angular
velocity.

An optical method appeared to be an improvement over
the above methods. A blade attached to the mirror shaft
varied the amount of light incident on a detector as the mirror
moved to and fro. A photoresistor used us thoe ¢atector was
found to be adequate at low scanning rates, 1 or 2 scans per ‘
second, but due to the time response of th: cell (about 10 nd;,
it was inadequate at fast scan rates. Phis tiue lag caused
images to be displuced vertically on the oscilloscope screen
on consecutive scans, This effect could be overcome by photo-

graphing individual pictures or every other picture,

A phototube, with microsecond response, was used
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in place of the photoresistor. This was found to be
wnsuitable., The tube had an extremely high input impedance
and so picked up electrical noise given off by the electric
motors,

It is hoped that a special application potentio-
meter will solve this problem., The potentiometer has low
contact resistance noise level and an extremely long life.

The detector used to detect the suroral light is
an ENI 95145 photomultiplier., This tube is particularly
suited for this purpose due to its high gain and very low
dark current (see Chapter 2).

The electronics was originally designed so that
the photomultiplier current varied the intensity of the beam
on the oscilloscope screen. This was achieved by amplifying
the photomultiplier signal in a D.C. amplifier and using the
output of the amplifier %o intensity modulate the oscillo-

scope bean,

Becouse of the difficully in producing stable high
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gain D,C, amplifiers and also since the signal for faint
aurora was in the form of isolated photoeslectron pulses, the
electronics has subscequently been chunged to cxtbrecly Lot
pulse circuitry, with an electronic time constant of about
0.1 pS. Unfortunately, the awplifier gain was gtill insuf-

ficient for single photoelectron pulses to produce a spot

of recordable intensity on the oscilloscope (see Chap. 2(ii)a).

Vith this system a bright aurora will produce a
large number of single pulses all of equal brightness on the
oscilloscope screen and a falnt aurora, which produces only
single or double photoelectron pulses, should now produce a
recordable image.

Fig. 7 shows a schematic diagral of the scanner

with the various signals and po./er requirencnts indicated,

(iv) Operation

The picture displayed on the oscilloscope screen,

and a clock alongside, are photographed using & 16 mu Bolex
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movie camera, The camera shutter is held open whilset the
picture is built up on the screen, The film can be advanced
elther at the end of each consecutive scan or at the end of
each cycle (thus recording up and down scans), This operation
is triggered by microswitches depressed by mirror 1 at each
extreme of its motion,which corresponds to the completion of a
scun, The film camera is operuted by an external solenoid,
The whole system is self-synchronised, Any changes
in the speed of mirror 1 do not necessitate ad justments,
except possibly for incorrect exposure in the filming processj
however, even here there is a certain amount of latitude.
Small variations (about 10%) in the rotation speed of mirror
2 causes the picture to expand or compress horizontally.
This necessitates no ndjustments unless the mirror gpeed in-
creases by such an extent that the time ,between the horizon-
tal line trigger pulses from the scanner, is less than the
time required for the oscilloscope to sweep out a horizontal

line. In this case every other trigger pulse will trigger
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the oscilloscope and the number of lines per picture will

be reduced by a factor of two,

gvz Laboratory Testing

The mirrors were aligned in the following manner:
Lights were permanently built into the scanner on either
side of the field stop aperture. Mirror 3 was adjusted so
that the lights could be seen via mirrors 1; 2, and 3 from all
possible positions within the scanner field of view,

Scattered light problems have been overcome by
suitable screening and by enclosing mirror 3 and the photo-
multiplier in a blackened light-tight tube containing several
apertures and baffles, It was found that extraneous light
from a region outside that scanned was entering the photo-
multiplier by multiple reflections from the two mirrors
(Pig. 8). This has been eliminated by fixing a blackened
screen in such a position as to completely cut out the light

from the offending region.
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Side screens were placed at both ends of mirror 1
to prevent light entering the photomultiplier housing, from
a 8single reflection off mirror 2,

The reflectivity of the scanner mirrors was found
by taking the ratio of the photomultiplier output when view-
ing a standard source first through all three mirrors, then
directly,

The Low Brightneses Source (L.B,S.) consisted of a
light bulb, operating under controlled conditions, gituated
behind two sheets of opal glass to produce a uniformly illu-
minated surface. The brightness of the surface could be
varied by placing neutral density filters in front of the
light source. The source was calibrated by Defence Research
Northern Laboratory at Fort Churchill, to read in Kilo
Rayleighs per Angstrom bandwidth of the detector at a par-
ticular wavelength,

The source was placed in front of the scanner,

sufficiently close that it presented a solid angle much
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larger than that viewed by the scanner, cnd the mirrors
adjusted to obtain the maximum output from the photomulti-
plier as measured on a D.C, voltmeter, Part of the illuri-
nated screen on the source was then masked off to leave an
area of 2" x 2" equivalent to the area of mirror 2, The
source was then placed between mirror 2 and mirror 2 point-
ing towards mirror 3 and the photomultiplier output again
noted,

The ratio of the former to the latter of these two
readings gives the reflectivity of mirror 1 and mirror 2 and
was found to be 25%. That is, the average reflectivity of
each mirror was 50%., The reflectivitics of the mirror faces
of mirror 2 were found to differ from one another by 207 due

to variations in the aluminising.

The scanner was found to give & different signal
strength for the source, when placed 1in different positions
within the field of view of the scanner. This waus attributed

to the change in receiving area of mirror 2 due to light
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falling onto it obliquely.

The angulur resolution was checked by measuring
the width of the spot produced on the display systen, by a
point source at a lurge distance frow the scunner, The hori-
zontal resolution was found to be 1,3 degrees,

The sensitivity of the scanner was measured in the
laboratory, and found to be numerically similar to that cal-
culated for the particular operating conditions, This was
done by finding the fastest scanning speed at which the scan-
ner gave a continuous image of the calibrated L.B.S, This
operating condition correspondedto a known number of photo-
electrons per picture element, which could be related to the

brightness of the L,B.S.

(vi) Interpretation of Scanner Photographs

The scanner was designed to have a field of view
of 120° by 120°. At high scanning rates the ficld was re-
duced to 90° in the horizontal scan due to o time lag in the

oscilloscope betwcei the end of one line and the reset for
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the beginning of the next line, This lag amounted to about
one-third of the total horizontal scun time, A typical
gcanner photograph is shown in Fig, 9. The dark ragion on
the top edge of the photographs, just right of center, was
produced by the screening introduced to prevent scattered
light from entering the system. The small dark region on
the lower cdge of the photograph is caused by the housing
for mirror 2 and serves to define the direction the scanner
is pointing in the photograph.

I+t ig useful to consider the scanner display cor-
responding to a grid of parallel lines of constant latitude
and longitude situated at an altitude of 100 km, (The lines
have been consildered 60 ¥m apart.)

To an observer on the surface of the earth, the
lines of longitude would appear parallel overhecad and converge
in the north und south, These llines would also appear to
crowd together in the east and west., The lines of latitude

would uppear similar,
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The scanner, if it were pointing south, would dis-
play the grid approximately as shown in Fig. 10, The lines
of longitude would appear parallel overhead and converge in
the north and south., These lines .Jould also appear to crowd
together in the east and west, The lines of latitude would
appear parallel but slightly curved (the latter due to the
fact that mirror 2 does not rotate about a vertical axis),
These lines would appear to crowd together in the south,
Thus, the scanner display is very similar to that seen by the
Oobserver,

An All Sky Camera would display the grid as shown
in Pig, 11. The designed scanner field and the actual scan-

ner field of view are shown,

-
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CHAPTER 4

RESULTS OBTAINED WITH THE SCANNING

AURORAL PHOTOMETER

The scanner was first used in Fort Churchill,
Manitoba, to take moving photographs of visible aurora,
After initial problems of unreliabilit; 4 due to extremely
cold conditions, 1ad been overcome, the scanner ran continu-
ously at about 3 scans per second for 3 nights,

As well as the scanner photographs of the aurora,
a verbal,tape-recorded description of the aurora was made
during the major events, mainly to facilitate recognition
of the various auroral features in the scanner photographs,
All Sky Camera (A.S.C.) photographs were also available for
comparison,

During the night of April 2lst to 22nd, the scan-
ner was in operation at the same time as a balloon experi-
ment involving auroral x-ray detecting equipment, For de-

tails of this apparatus see Appendix,



Flg. 12: Photograph of Twilight Aurora
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The A,S,.C, film 1ndicated seven occasions during the night
of April 21st to 22nd, on which visible aurora was present,
On the first two of these occasions the scanner was not
operating, and in one other event the aurora occurred in the
region of the sky not covered by the scanner., The renaining
four auroral events were detected by the scanmer,

The scanner also detected visible aurora during
twilight (Pig. 12). This could not be seen with the naked
eye or on the A,5.C, film, but could just be seen by looking
through a narrow band interference filter after the eyes
had become adapted to the dark. The scanner photograph
suggests the auroral intensity was srobably between I and II,

X-rays were observed on all four occasions on
which the scanner detected visible aurora.

During the major auroral display of the evening
(the event analysed in this chapter), the scanner ran at
about 50 scans per minute, corresponding to an exposure of

1.2 seconds per picture, During this display the oscillo-




-5 -

scope camera, recording the auroral pictures produced by the
scanner, was operated by hand due to a malfunction in the
alectronic circuit which operated the camera, Shortly
after the event, the malfunction was rectified and the scan-
ner ran unaided for the rest of the night. Unfortunately,
no other large auroral displays occurred,

Port Churchill is situated at a latitude of 58°45"
and longitude 94°, just north of the auroral zone, which is
between 65° and 70° geomngnetic latitude or 57° geographical
latitude at 94° 1ongitude.

In all the scanner photographs the scanner was
directed south 25° +50 eagt, so that the balloon appeared
in the center of the picture during the period of interest,

The position of the balloon, from radar data, was
given as S 24° £, elevation 330. The aurora at the 100 km
height above the balloon is at an elevation of 66° on
the photographs, i.€., halfway up the photographs, and situ-

ated directly above the dark region on the 1over edge of the
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photographs,

All times in the following analysis are Central

Standard Time (GSI.).

(1) Examples of Auroral Photographs Obtained With the

Auroral Scanner

Fig. 13 shows a block of one minute of scanner
data., Below each photograph is the time in GST, and a tape
recorded description of the aurora made by an experienced -
observer. The two ASC, photographs, corresponding to the be-
ginning and the end of this sequence are shown, The scanner
incorporated a 5577 K (14 X nalf-width) interference filter.
The photographs show a bright band stretching from west to
‘east on the southern horizon, In the first photograph a
split is observed in the west end of the band,

At 0051:10 the split has widened, and by 0051:15
the upper part has developed into another band which can be

seen separated from the main lower band.




This new band moves rapidly across the sky and by
0051:30 has cocmpletely disappeared into the south (estimated
velocity, 7 km/sec). At 0051:25 the west end of the band
has again brightened and split and by 0051:40 another bright
band of aurora can be seen moving from the west to the south
at an estimated speed of about 7 km/sec. At 0051:50 the
band from the west can be seen drifting rapidly towards the
band in the south, In the lusit photograph at 0052:00 most
of the auroral activity has disappeared,

The ohotographs have an exposure of about 1.3
seconds each, Next-to-the-last photograph has an exposure
of about 3 or 4 seconds,

It is obvious thut the verbal description of the
aurora does not fit the scanner shotographs to0 well, Assum-
ing that the timing is correct in both cases, the most likely
reason for this is that the observer was not looking at the
game area of the sky as the scunner, Also, due to the ex-

tremely rapid moveuments of the aurora, it was impossible for
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the observer to describe all the activity. It is apparent
from these pictures, that it is very difficult to provide
an adequate verbal description of an active aurora even
with the aid of a tape recorder, During periods of less
active aurora, the recorded description fits the gross fea-
tures of the aurora seen in the nhotographs quite well.,

Most of the photographs in Fig, 13 are examples
of very bright aurora, which caused saturation of the oscil-
loscope phosphor. Brighter aurora than this would not appear
brighter on the screen.

Fig. 14(a) shows an example of faint aurora--a
band that occurred at 0222:00 on the night of April 2lst to
22nd. This band of intensity I was jpvisible to the nuked
eye due to a bright moon.

Fig. 14(b) shows the same pband photojraphed with
a longer exposure time (about 3 geconds compared %0 1/2
gsecond for PFig. 14(a)). This was obtained by holding the

oscilloscope camera shutter open for several scans,
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The band at 0222:00 shows a number of spots of
light accunulating in the region of the band., The odd spots
on the remainder of the screen are coused by the larger

photomultiplier dark current pulses, and possibly airglow,

(11) Qualitative Correlafion Between Visible Aurora and X-ruys

The auroral activity between 0048:00 and 0100:00
GST. (night of April 21st and 22nd, 1964 ) can be divided into
two parts: 0050:00 to 0052:20, and 0052:30 %o 0056:00, The
scanner photographs show bright aurora between these times
separated by a distinct yuiet period, The x-ray count rate
also shows two distinct periods of activity., The Fort ‘
Churchill mignetometer and riometes records give insufficient
time resolution to permit the use of this data in the analysis.
A detailed correlation between the visible aurora
and auroral x-rays has been attempted, the gignificance of

which is substantially reduced for several reasons.

1, The resolving time of the x-ray data was
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jnadequate to enable using all the scanner ohotographs, As
described in the Appendix, the x-ray data, for x-ray ener-
gles between about 15 and 100 KeV, was processed in a pulse-
height analyser and displayed every gsecond on an oscilloscope
in the form of a histogram, The histograms vere photographed.,
After eight seconds accunulation the analyser channels were
reset to zero. Unfortunately, due to gseveral faults and the
low count rates, only the eight-second total counts .ere con-
sidered sufficiently reliable. The following analyses are
gualitative and thus, up to a point, independent of these
faults. The counts shown on the graph (Figs, 15, 16 and 17)
correspond to four geconds on either side of the time shown,
2. The exact timing of the scanner photographs
was unobtainable from the data. The second dial on the
clock, photographed alongside the auroral pictures, could
not be read, Thus, the pictures could only be timed accur-
ately at the instant the minute dial changed, These times

are accurate to t1 gecond and intermediate times, obtained
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by interpolation, have a possible error t5 seconds,

3., The field of view of the scanner was inadequate,
Alfhough the balloon was almost in the center of the scanner
photographs, on three occasions it appears as though the
x-rays can only be agssociated with aurora outside the scan-
ner's field of view. The region of the sky overhead, blanked
out by screening(see Chapter 3) and the right-hand edge of
the photographs, represents a horizontal distance of about
60 km from the 100 km altitude point above the balloon
(balloon zenith). It has been found that x-rays originating
from distances of up to 100 km can produce detectable in-
creases in a balloon detector (N. R, Parsons, private
communication).

The following analysis was carried out by noting
changes in the x-ray count rate .nd then the changes in the
visible aurora for the corresponding time.

Figs. 15, 16 and 17 show the x-ray count rate per

second, averaged over an eight-second period, for the times
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0049:30 to 0052:30 CST Pig. 15

0052:30 to 0054:00 CST Pig. 16

0054:00 to 0057:00 CST Pig, 17.
Only the x-ray energy channels 2, 3, 4, 5 and 7 arc shoin,
The ecounts in channel 6 overfilled the analyser channel for
most of this period as more than 250 x-rays of this parti-
cular energy were detected during the eight-second accumula-
tion interval,

For each variation of the x-ray count rate a scries
of scanner photographs are shown, Times are indicated along-
side the photographs,

At obout 0049:00 a bright band could be seen in
the southj at 0050:00 the band split into two and continued
to brighten. Unfortunately, for most of this period the
scanner film was fogged. Also, the timing of the photographs
could only be determined to within *10 geconds, as only one
reforence time was obtainable., However, it is obvious that

$he auroral intensity steadily increused. This corresponded

to the increase in the x-rays during this period.
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No sudden increase can be seen in the aurora at
0049:40, corresponding to the sudden increase in the x~-rays
at this time,

The most interesting and significont feature of
the breakup period between 0048:00 and 0052:30 was the
appearance of three distinct auroral events, designated (a),

(b) and (c) in Fig. 5.

Event (a): At 0050:00 the band on the southern horizon split
into two horizontal bands. At 0050:40 the upper part of the
band developed a fold, which moved from the west to the
south, at 1.4 (¥50/) km/sec, to about 40 km from the balloon
zenith, (This was described as S form and Type B red by an
observer, )

(*Type B red' aurora is the name given to the bright
mwauve-red lower border seen during a very active auroral
breakup. It occurs at a wuech lower iltitude than normil arcs
and bands and arises frow molecular nitrogen and ionised

molecular oxygen ewissions. The electrons producing this type
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of aurora are more energetic than those producing the higher
altitude aurora, and so are more capable of producing x-rays

at balloon altitudes).

This intensification in the optical aurora, corre-
sponded to a maximum in all x-ray channels at 0050:45, The
low energy channels 2, 3, 4 and 5 showed increases of more
than six times the probable error. Channel 7 increased by
only three times the error. The increases are given relative
to the counting rate at 0050:12, the time corresponding to
the beginning of this event.

The four photographs show the double band, from
which the fold developed, and the progression of the fold

from west to south,

Event (b): A second disturbaunce started at 0050:56 us a band
iy the west (band showed Type B red colour--visual report).
The band moved rapldly, at about 7 ku,/sec, across the sky to
the south, drifting towards the band in the south and disap-

pearing at 0051:22, Fig, 12 shoxs the entire sejuence of
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pictures for thic event., The main features of the event
are shown in Fig. 15(bj.

Maximo in the x-ray counting rates occurred at
0051:15, the increase starting at 0051:00 for channels 2,
3 and 4 and 0051:08 for channels 5 and 7. The increases
amounted to more than three times the probable error for all
channels except 4. Channel 4 showed no increase,

It is noted that the low energy chonnels 2, 3 and
4 show a minimum at 0051:00 and channels 5 and 7 at 0051:08,
This suggests that cvent (a) was connected with a higher
energy x-ray flux than event (bj., Between 0051:00 and
0051:08 the build-up of low cnergy X-rays due to event (b)
was greater than the decrease of x-rays of this energy fol-
lowing event (a)., Thus, the low energy x-ray count rate
increased, it high energles the rute of increase of x-rays
due to (b) was less than the decrease f0llowing (a), and so
these x-rays decreased., In channel 4 the counts stayed

constant; the increase due to (b) was egual toO the decreusec
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of x-rays from (a). This is borne out by energy spectrum

curves (see next part of this chapter),

svent Sc}: Jpile event (b) was still in progress, a third
event, (c), began, The third event was very similar %o
event (b). It first appeared as é band in the west at
0051:27. At 0051:35 the band brightened appreciably within
2 or 3 seconds then moved from the west to the southeast, at
7 (¥50%) xm/sec, passing over the balloon at 0051:50. 3By
6052:00 the band hud drifted far into the gouth, The minl-
mum between events (b) and (c) occurred a¥ the same time for
channels 2, 3, 5 und 7. The x-ray maxiua occurred at 0051:48,
Channels 2 and 3 increased by about four times the error,
Channel 4 showed no chunge, Channels 5 and 7 increased by
an amount approximately eyual to the probable error in both
cases, The whole seguence gf photographs corresponding to
this event is shown in Fig., 13. The main features are shown

in Mg. 15(c).
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Event (d): The bund described in event (c) could be seen
moving southeast until 0052:30, by which time it was esti-
mated to be in excess of 200 km from the balloon zenith,

From 0052:00 to 0052:30 the x-ray count rate steadily de-
creased, coinciding with the gouthward drift of this band,

At 0052:30 all the x-ray channels showed count rates of little

more than the estimated background due to cosmic ray x-rays.

Event (e): A bright band appeared in the casd 100 km from
the balloon zenith between times 0052:26 and 0052:40, Only
channel 2 showed an increase abt this timej the other chan-
nels decreased steadily. The increase amounted to about 20%
(or L% times the probable counting rate error). This event
is shown in Pig. 15(e). The band appeared to drift from the
eastern region of the sky to overhead, then drift back into

the east,

The band appears as & double structure in the photo-
graphs, This gtructure is apparent in several photographs.

It could be attributed to an instrqmental fault, but as
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other bands in the same photographs appear single, it is

more likely that the structure is genuine,

Event (f): Between 0052:44 and 0052:53 a diffuse patch
appeared 40 km north of the balloon zcnith (Fig., 16(f)).
This patch showed a maximum intensity at about 0052:50,
Channels 4 snd 7 showed an increase in the x-ray counting
rate about this time} the other channels remained constant,
The increase in channel 4 amounted to about 6% (this in-
crease is about equal to the probable error), Channel 7
increased by about 30% (twice the probable error), Only the
latter of these count rate increases can be considered
significant. This patch apparently vas aggociated with a
high energy flux of x-rays.

The vhite lines across the photographs for event
(f) are caused by the oscilloscoie norizontal line retrace.
If intense luminosity was present at the eastern edge of the
scan, the oscilloscope retrace wus bright (no retrace blank-

ing pulse was available).
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Event (g): The peculiar double band seen in event (e) re-
appeared between 0052:53 and 0053:00 about 40 km northeast
of the balloon zenith., The band, Mg. 16(g), extendecd west-
ward and then swirled southward very rapidly. The estimated
speed of the front end of this band is 10 (¥50%) km/sec. No

x-ray increases corresponding to these times were observed.

Event (hj: From CO52:44 to 0053:11, moderately bright
aurora was present in the east, Flg. 16(n). This was the end
of a band stretching from east to west in the northern sky.
Between 0052:44 and 0053:05 the band increased steadily in
intensity and moved slowly overhcad, to about 60 km north of
the balloon zenith, From 0053:05 %o 0053:11 the band dimi-
nished rapidly.

The appearance of this band is assoclated with an
increase of x-rays in ch.nnel 2, which occurrsd between
0052:50 and 0053:06, and the sudden decreusc again at 0053:13.
The increass in channsl 2 amounted to aboub 20% (an increase

of twice the probable error), None of the other X-ruy
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channels showed an increase of counting rate at this time,

This band was apparently agsociated with a very low energy

flux of x-rays.

Event (i): The bright band of aurora, in the lower center
of the second and third photographs shown for event (h)
above, is the result of the activity in event (g) and 18
estimated to be about 70 km gouth of the balloon zenith,

Between 0053:13 and 0053:20 this band decreased
in intensity but woved north to about 20 km from the balloon
zenith, Pig. 16(1). After 0053:20 the aurora decreased
steadily in intensity vntil 0053:42, atb which time Just an
arc was visible on the southern norizon and faint aurora
overhead,

An increase in all Xx-Tray energy channels corre=
spond to the movement of the aurora towards the balloon, The
increases amounted to about twice the probable error in all
channels,

After 0053:20 the x-rays remained approximately
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constant then dropped sharply vetween 0053:45 and 0053:50,
These changes do not fit the observzd auroral changes,
However, active aurora was'present overhead at Fort
Churchill at this time (visual report). This was outside
the scanner field of view and about 100 km from the point
above the balloon,

The sconner was not in operation between the times

0053:45 and 0054:10,

EIEEE_Lll: At 0054:10 the scanner resumed operation, At
this time a bright patch of aurora, Pig. 17(3), was present
due west,and a bright pond (Type B red) was present at
a position about 30 km south of thc balloon zenith, 1t
appecrs that this activity was responsible for the increase
in x-rey flux observed in all channels after 0053:50.

Tne band in the south died out by 0054:18 corre-
lating with a drop in x-ray chunnels 2, 45 2 and 7 about this

time, Only the decrease in channel 2 was greater than the

probable error in the count rate, Note thut this represents
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the third appearance of a thin double band in this general

region,

Zvent (k): At 0054:15 the x-ray counting rate suddenly in-
creased in all channels oy about twice the probable error,
This cannot be corrclated with any aurora in the scamner
field of viewgybutyaccording to the A.S.C, data,a bright band
(Type B as reported by observer) stretched across the northern
sky.

At 0054:30 the eastern end of the band, mentioned ‘

above, appeared in the scanner field of view, Pig. 17(k),
moving steadily towards the balloon and brightening. During
this interval the x-ray intensity remained high but showed

no further increase.,

Event (1): From 0055:00 to 0055:40 the auroral band des-

ceribed above (still Type B red--visual report) continued to
brighten and wove further southend west, directly over the
balloon, reaching a maximum at 0055:20. During this time,

the x-ray counting rate showed only a stocdy decrease.
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Frow 0055:20 to 0055:40 the band rapidly died away leaving
faint diffuse aurora over most of the scanner's field, This
is shown in Fig. 17(1,.

Between 0055:40 and 0056:20, active and bright
aurora could be seen in the zenith and o quiet band to the
south of the bulloon., No significant variations were noted
in the x-ray count rate for this period; howevcr, the auwroral

activity was low compared to the events discussed,

Event (m): At 0056:26 the band brightened, Fig, 17(m), at
about 50 km to the south of the balloon, A% 0056:30 it
dimmed; 0056:37, brightened againj and at 0056:47, dimmed
and slowly disappeared.

‘Preso variations in auroral intcnsity can be
associated with similar variations in the x-ray counting
rates in all the five channels shown, The tiwes o1 the
auroral fluctuutions are not jdentical to the times of the
corresponding changes in the x-ray data, but arc within the

estimated 5-second error. The variations are less than the
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statistical error in all channels$ however, all five
channels increcuse and decrease ot thie sane time, except
that channels 4 and 5 do not show the iirst peak, (The
probability of three channels varying together by as much
as the probable error in ecch channel, due to statistical

fluctuations alone, is less than 10%,)

SWA LY

Out of the thirteen single events considered, it was
possible on nine occasions to obtain correlations between the
visible aurora seen in the scanner oshotographs and x-rays
detected by the balloon instrument. The first three cvents
show definite corrclations, the renaining six are not quite as
obvious but do show similar time—coincident vuorictions of x-ray
counting rate and auroral intensity. Much nore duta world have
t0 be analysed before any dafinite conclusions could be drawn,

In several cuses the X-Ioy graph of counting
rate against time suggests that consecutive xX-ray

events overlap. The slow increase and decrease
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of counting rate con be associated with the auroru moving
toward or away from the balloon, or changing in intensity.
X-rays have becn found associated with uost types
of aurorul foruws, the lorgest x-ray flvzes beiﬁg associated
with the brightest und most active forms,which usually exhibited
Tyre P rcd color,
If event (i) is considered reliable, it appears
that proximity of the aurora cuuses more cffect on the count-
ing rate thuan intensity chmn.cs. In this event the wurora
decrcased in intensity and moved closer %o the balloon,
resulting in an increasc in x-ray count rcte, l
Event (g) is unusual in several respects, It
appeared as a very rapidly moving band. The speed of this
form was much greater than that of others, however, the band
was only of intensity I or II and swirled south at about
60 ¥m from the balloon, This 1ov intensity and relatively

large distance could account for the failure to detect

associated x-rays.
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Events (k) and (1) appeared as relatively fast moving forms,
The band, showing Type B red, moved from the east to the
southwest, directly over the balloon at about 1 kn/sec,
(This is slow compared to the other events considered bdbut
fast compared to the usual speed of bands according to
Chamberlain (1961). The band could definitely be assoclated
with x-rays, as the counting rate rewained high during this
event, The drop off of x-rays, as the band wppearcd to
brighten, cunnot be explidined, Other aurora, outside the
esnner field, may have caused the initial maximum in the

serys  wnd the dvo off of counting rate.

(111) Analysis of L-roy .nergy Spectrum

Fig, 18 is o tyrical x-ruy spechivi, uncorrected
for background, corresponding %o the 1atter peat of the cvent

discussed. At theuc covnting rates, which arc little higher

£hon the x-ray counle »oy boekoround, o torrostrisl nolsc
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signal is apparent in channel 2. The spectrum should fall
off rapidly at low energies, due %o atmospheric absorption
of the x-rays.

The spectra obtained were in the form of histo-
grams} however, the following analysis will be clearer if
continuous smooth curvee are drawn through the points as
shcwn,

For the following spectra the counts were not cor-
rected for background, as it was not known with sufficient
accuracy. However, the analysis is independent of any back~-
;round correction, assuming it did not change during the
event, This assumption appears valid, as the spectra before
and after the events are similar,

The approximate energy ranges of the x-ray chan-
hels are given in the Appendix. Because of the large errors
and the numerous other faults with the data it was considered

pointless to atteupt to extrapolate the X-ray flux back %0

zero atmosphere to obtain the ipitial x-ray spectrum.
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Fig., 19 shows the only four exauwples of the z-ray
spectrum where the covnt rate wes sulficicntly high thet the
terrestrial noisc signal could be considercd insignificant
and the spectral changes significant. The errors shown are
standard deviations plus a conservative data reading error

of 1 count/sec in all channels,

Graph 1 sho.s the x-ray spectrum prior to events (a), (b)

and (c) (see preceding analysis).

Graph 2 represents the x-ray spectrum during event (a),
Channel 2 has increased by 2043 channels 2 and 4 by 25%4

and channels 5 and 7 by 20% and 5%, respectively.

Graph 3 represcents the spectrul during event (b)., Channels

-

2 and 2 have incre:nsed by about 70% und 80%, respectively,
whilst channels 4, 5 and 7 have incircaced py only 17, 12%

and 0%, respectively, All increases &arc token relative to
graph 1.

Graph 4 represents the spectrun during event (c)., Channels
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channels 4, 5 and 7 only increused by 0%, 0% and 10%,

respectively., Increases again are taken relative to

graph 1,

Between events (b) and (c) the spectrun dropped

the lovier energles and was jdentical to graph 1 shown.

variations of less than 10% cun be ignored du

Tabulating the above

e to errors.

ot

Any

Event Distance Intensity Color Channel No,
From Balloon 2 5 1
(¥m) (% increase)
(a) 60 IT* or III | Type B(red)| 30 25 25 20 O
() 40 111 Type B(rca)l7¢ €0 C C U
(e) 0 I1 or III | Type B(redj 22 27 0 0 O

Discussion of Srectral Data

The obscrv:d changes in the x-ruy 8P
agsociated with 2 changce in

and cannot be ex,laincd by the variation

between aurora and b

alloon,

in the distance

ectra umust be

the >rimary clectron spectrun

q
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The aurora during events (b) and (c) came closer
to the balloon than during event (a) and, as expected, rela-
tively more low energy x-rays were detected. The auroral
luminosity and the number of high energy X-rays were essen-
tially the same for events (b) and (c). As the aurora in
event (b) did not come as close to the balloon as in event
(¢), a much sharper low energy cut-off would be expected
for (b), This, however, was not the case and so the noted
spectral change must have resulted from a spectral change of
the primary electrons,

It is very likely that the maximum of the spectrum ‘
occurs at a lower energy for events (b) and (c) than for
event (a). This is not obvious from the graphs shown be-
cause of the lack of energy resolution, If the estimated
background spéctrum (the lowest counts in each channel for
the 8-minute period considered) is subtracted from the Xx-ray
counts, the maximum point of the spectra changes from channel

4 to channel 3 for events (b) and (c) only.
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CHAPT ER

CONCLUSION

The following conclusions were drawn from the
analysis of the scanner phosographs 0l visible aurora and
the x-ray data, from balloon borne equipment, obtained on the
nizht of April 21st to 22nd, 1964,
1, X-rays showed o detalled association with
visible aurora for nine of th. thirteen ovents which occurred
during an 8-minute display of visible aurora, On threc occa=
sions the observed auroral changzes were quite disferent from
the noted x-ray chun:es and on one occasion active visible ‘

aurora ~vas observed with no x-rays detected,

2. On four other occagions during the same night,
X-rays were detected time coincident with the observation of
faint, inactive visible aurora.

3, In general, more active and bright aurora were asso-

ciated with the largest x-ray fluxes. Proximity of the aurora

ghowed . definite relationshic to increwsls in the x-ray flut,
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4, During the most active perilods, the observed
spectral changes are contrary to what would be expected if
due entirely to variations of the atuospheric depth between
the aurora and x-ray detector, The changes must, therefore,
be associated with a change in the primary electron gpectrunm,

It must be cmphasized that the data unalysed, par-
ticularly the scannar photographs, are extremely flexible,
(A correlation, between aurora and x-rays, wuas obtained even
with incorrect timing of the scanner shotographs., This was
not as detailed as the correlation obtained with the correct
timinf:). C;n;;\;.iucr‘ﬂy, . any more events would have to be
analysed before any definite conclusions could be drawn,

This analysis shows the usefulness of fast auroral
photographs, cow..ared to the necessarily lon. tiLe oxnhosures
required by £ilic and the uncertainties associated with ver-
bal reports. The verbal reports used in this znulysis were

found to be inadeyuate to jdentify specific auroral forms

during the breakup but were useiul for jdentifying the color
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of the form, in particular the presence of Type B rod
aurora,

A recent modification to the .cuuwer i She 1n-
clusion of o filter chunger, The filterss can be changed
from o narrow band 5577 X filter to a wide band filter for
the N2 first positive bands responsible for the Type B red
color,

The auroral photographs were founua to bo adegquate
for the analysis in this thesis but would be inadequate for
the investigation of very fast motions, very diu forms, or
rayed structures where au cngulur resolution of better than
1° is required.

The scanner described provides much better sensi-
tivity than film (a factor of about 30) and a w~ide fi214 of
view, producing a picture very similar to that vhich vould
be seen by an observer looking at the same region of the sky.

Another significant advantage of this type of in-

strupent is tlhat 1% perumits tho dircet usc of 4 nulirod band
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interference filter, The syusteuw provides sufficiently good
rejection of background light that investigation of dim
aurora durinzs twilight is possible,

The mechanical and electronic parts were relatively
simple in design and construction, but the former was not as
reliable as desired, particularly at the lower tenperatures
encountered in Fort Churchiii. However, a number of mechani-
cal and electrical improvements have since been made which
should result in substantial improvements in performunce and
reliability. The plane mirror, ~hich oscillated with lincar
angular velocity, has since been changed so as to oscillate
with simple harmonic wotion, This will provide a longer “
dwell time at the extreme of the mirror motion, which is
desirable for operation of the oscilloscope camera, This will
introduce slight bri-htness but not spi.ce distortion of the
final;picture.

Sensitivity at very low light levels has been

improved by the use of very high gain pulsa amplifiers in
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Pig. 20: Improved Spiral Scanner
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the detector circuit in place of d.c, amplifiers (Chapter 2,
Section (ii)a).

Prom the foregoing analysis many of the deficien-
cies 0f the present scanner have come to light, in particular
its low Opticql efficieney due to the lurge number of mirrors
which are necessary with this particular system, Another
deficiency is the inadequate fileld of view,

The following design, shown in Fg, 20, is sug-
gested as an improveuent over the equipment described, A
6" or 12" diameter concave mirror oscillates slowly about a
horizontal axis and spins very rapidly about a vertical
axis, This will produce a spiral scan similar to that of the
device described in Chanter 2, Section (ii)a,

Such a system would provide a larger light receiv-
ing area und fower optical components than the present scan-
ner giving greater sensitivity. It also provides an all-sky

field of view, However, with this system, spuce resolution
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would have to be sacrificed to obtain fast photographs,

purely from mechanical limitations,
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APPENDIX
X~-Ray Detector

The x-ray detector consinted of a NaI(Tl) scin-
tillator optically coupled to a photomultiplier (Harshaw,
Integral Line Type 4S4 ),

The current pulse from the photomultiplier, pro-
duced by an x-ray undergoing photoelectric absorption 1in
the scintillator, is amplified and used to generate a rec-
tengular pulse of constant length (about 25 pS)., The amp-
litude of the pulse is proportional to the initial x-ray
energy. The balloon transmitter is frequency riodulated
by the rectangular pulse, The received pulse is fed
into a ten-channel pulse height analyser. The output
of each channel drives & ratcmeter which deposite a fixed
charge onto a capacitor, Phe capacitor charge corre-
gponds to the number of pulses counted in the particular
energy channel,. The charge on each capucitor ig sumpled

each second, and the charge und corresponding channel are
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displayed on an oscilloscope. The resulting histogram
shows the x-ray energy against the number of counts at each
energy. after a period of time, depending on the X-ray
count rate, the analyser channels are reset. The histograms
and a clock are photographed.

With such a systew an inflight calibration is
essential. In this equipment, calibration is effected by
getting the range of pulse heights (x-ray energles) over
which the system operated. The histogran, produced by the
pulse height analyser, should thus cut off sharply at some
known upper and lower x-ray energy levels, Unfortunately,
the lower level could not be defined due to local terrestrial
noise and the upper level could not be defined, as no pulses
were of sufficient energy to £i1l the channel just below the
upper cutoff, Thus, the x-ruy energy levels shown in the

histogram could only be estimated.

To rectify this problem in future balloon flights,

the balloon packages will contain a small radiouctive




Pig. 21: .xawple of A-ray Data






- 9] -

source which emits x-rays of known energy. Peaks corre-
sponding to these energies should be obvious on top of
the background x-ray spectrum at low counting rates,

Fig. 21 shows the series of histograms obtained
from the x-ray detector.

Each vertical column of lines corresponds to a
different x-ray energy channel. The height of a particular
line corresponds to the total accumulated number of counts
in that channel, The lowest line in each channel corresponds
to the number of counts in that channel after one second.

The next lines show the accumulated counts after two seconds
and so on up to eight seconds, After eight seconds the chan-
nels are reset to zero counts.

The number of counts in each channel could be read
off the photograph, using a calibrated scale (with an esti-
mated reading error of about 10 counts). Channels 1 to 5
could count to a maximum of 1000 counts in the eight seconds,

and channels 6 to 10 only 250 counts for the same vertical
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deflection., (The number of counts in channels 1 %o 5 were
expected to be much greater than the counts in channels

6 to 10,)

The energy range per channel was estimated to be ~--

Channels 1 and 2 Roise Bstimuted

15 to 30 KeV orrox
30 o 45 =50%
45 to 60

60 to 75

75 to 90

90 to 105

105 to 120

10 120 to 135

O 0= o\ W

Channels 9 and 10 showed no counts, This could be

because these channels corresponded to energies above the

upper level discrimination in the balloon instruments, but
414t is more probable that a negligible number of x-rays at

these energies were present,
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