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ABSTRACT

(1) It has been found that the diurnal variation of
the.6300~6364 Angstrom OI radiation 1s similar to the diurnal
variation of the eleetron density of the F Layer of the iono-
sphere, It has been suggested that this gsimilarity 1s not
ineidental, and the two phenomena are closely related to
each other. The factor of proportionallty changes with the
seasons.

(2) It has been found further that the diurnal varia-
tion of the intensity of the $577 OI radiatlion 1s similar
to the diurnal variation of the height of the F layer. It
is postulated that the 5577 radiation takes place within a
region which shares in the vertical movements of the F layer.

(3) It has been found also that the intensity of the
6300-6364 radiation changes when the height of the F region
changes.

(4) Heights ealeulated by the method of Van Rhijn for
the 6300-6364 radiation fall within the height range of the
F layer. Those calculated by this method for the 5577 radia-
tion fall at the base of the F region. The independent
identiflcation of the radiation with the F region lends
confidence to height values of the emitting regions calcu-
lated by Roach, Barbler and others.

(5) The mechanisms of excitation producing the 5577
and 6300 radiations appear to be different. There is also
1ittle evidence for production of the redlines by cascading

of electrons from the energy levels producing the green line.



(6) The instrumentation used in measuring the intensity of

the nightglow is discussed in detail.
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A POSSIBLE RELATICN BETWEEN THE NIGHT AIRGLOW
AllD THE IONOSPHERE

Introduction

As one stands out of doors on a clear moonless night
and gazes about he soon discovers that he can see large
objects quite clearly. If he pauses to think about the
matter he probably concludes that the stars are responsible
for the illumination. The light, however, is brighter
toward the horizons and the 1llumination, equal to that |
produced by a candle at fifty paces is far too bright to be
due to the stars. In fact, it has been shown that only
one~fifth of the light on a dark moonless night comes from
sources in outer space. The remainder is produced in our
own atmosphere and surrounds the dark side of the earth
with a feebly glowing cloak.

It has been known for some years that this light comes
from helghts comparable with the several layers of the iono-
sphere. It seems reasonable therefore to suspect a connec~
tion between the light of the night sky and the ionosphere.
This paper deals with an investigation of this problem. 1%t
begins with a discussion of the night sky in general, followed
by a description of the instrument used to measure night sky
illumination and a discussion of the ionosphere and techniques
of measuring ionospheric parameters. Data are then presented
that show a possible relation between the two phenomena and

certaln conclusions are drawn concerning the relation.
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As in most discussions 1n the fleld of the upper
atmosphere; many diverse discliplines must be called upon
to contribute to the solution of a single problem. For
this reason we feel 1t wise to bulld up the baeckground
material in greater detail than would ordinarily be neces-
sary. We must ask the reader familiar with the more trivial
details of the background materlal to bear with us until
he reaches the crux of the argument.

Thls work was begun while a part time employee of the
Aerophysics Branch of the Research Department of the Naval
Ordnance Test Station at China Lake, California. The work
there was directed by F. E. Roach, head of the Aerophysies
branch. The ionospheric investlgatlion was begun with the
consent of Dr. Roach and D. R. Williams, Assistant Head of
the group. They have kindly made available the data col-
lected by the group at Cactus Peak.

The work was finished by the author at the Department
| of Geological Sciences of the California Ingstitute of Tech-

nologye.
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PART I

Ihe Nature of the Night Airglow

As was mentioned in the introduetion, the light of
the night sky comes partly from outer space and partly
from the atmosphere of the earth. We are concerned with
the telluric portion of the light and will set forth a
few of its characteristics. The reader is referred to
SWINGS AND HEILEL (1951); JITRA (1947) for excellent review
papers in this field.

The telluric portion of the night sky illumination,
hereafter called airglow, night alrglow or nightglow, comses
in the main from the upper reaches of the atmnosphere.
Heights for various emission lines and bands have been esti-
mated to fall in the region from 70 to 1,000 kilometers.
The light itself is composed of a continuous spectrum upon
. which are superimposed lines and bands of elements and
compounds found in our atmosphere. Table I, taken from

MITRA (1947) and compiled therein from a great many sources

and added to by us from other sources, lists a few of the
brighter lines and bands. The relative distribution of
energy in the background continuum is shown in Figure 1,
adapted from BABCOCK AND JOHNSON (1941), and from PEARSON
AND KOOMEN (1950).

| The outstanding features of the light are noted at a
glance. The continuum rises in intensity from the violet

to the infra red. The principal line radiatione are those
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TABLE I

LINE AND 3AND SPECTRaA I THE NIGHT AIRGLOW

Wave
Length
A

5577

6300
6364
6392

5894

7000 to
9000

10,440

3084 to
3082

100 to
125

Intensity
Origin Quantal
Cme/sec. col.
0 atom 3=6 x 108
Hetastable
0 atom  1-4 x 10°
letastable
Ng atom 1-4 x 108
"D lines®
OH molecule
0
101 t
0H ilolecule
0o ?
No ?

Excitation
Potential

BaVa

4

1.8

4,5

6.14

Hemnarks

Green Auroral
line nmost prom=
inent feature
spectrum

Only 6300=-
6364 observed

Always present
(Doublet)

Meinel bonds

Meinel Bonds

Herzberg Bond
system

Vegard-Kaplan
iv=: system

* See G. Dejardin Rept. to Gasslot Comm., Roy Soc., (1946).
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of atomie oxygen at 5577 ﬁ and 6300-6364 E. The sodium D
lines also form a prominent part of the spectrum. The chief
band spectrum is that of the OH molecule. The highest exei-
'tation potential is about 6 volts.

'~ The spectrum of the night sky differs from that of the
polar aurora in that the exeitation potentials are much lower.
The nightglow does not appear to be directly related to the
aurora, but a cohnection, or lack of one has not definitely
been shown. The difference appears to he in degree of
excitation and in the widespread character of the airglow
as contrasted to the localized occursnce of the aurora polaris.
It is usually assumed by night sky spectroscoplsts that the
presence of an auroral display is announced by the appearance
of the first negative bands of NE.

Heights have been reported for a number of the emissions
in the night glow. Table II contains a list of the heights
together with the reference to the persons reporting the
helghts. The helghts llisted vary widely and it should be
remembered that the calculation of heights to something as
feeble and tenuous as the nightglow i1s very difficult and
the vélues presented herein should be taken as order of
magnitude estimates only. A discussion of the technlque of
helght calculation will appear later in the paper.

The various atomie lines have been studied in some
detail, but only the brighter lines are easily observed,
and even with the best photoelectric equipment available

today, the work is still in a rudimentary state. The 5577
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TABLE II
HEIGHTS REPORTED FOR VARIOUS COMPONENTS OF THE NIGHT AIR GLOW
Most reliasble heilghts are starred.

Radiation Source He%gh’c Investigators
ms.
5893 Na 50 Garrigue by Barbier, 1936
80 Dufay and Cheng Mao=Lin, 1947
250 Roach and Pettit, 1951
250 Barbier and Roach, 1950
310 Barbier, 1950
6560 OH 500 Elvey and Farnsworth, 1942
Infra red " 125 Elvery, 1942
" n 70% Roach, Williams and Pettit, 1950
" " 300 Hasaakl Huruhata, 1950
5597 o1 200 Garrigue, 1936
500 Elvery and Farnsworth, 1942
103 Dufay and Cheng Mao-Lin, 1947
260 Karimov, 1947
932 Abadie, A. Vassy and E. Vassy,
1000 to 400 Abadle, A. Vassy andl§?5Vassy,
1949
110 Roach and Barbier, 1950
215% Baropier, Dufay and Wil%iams,
19
250%* Roach and Pettit, 1951
6300 01 500 Elvery and Farnsworth, 1942
180 Dufay and Cheng Mao-Lin, 1947
1000-65 Abadie, A. Vassy, E. Vassy, 1945
1000-400 Abadie, A, Vassy, E. Vassy, 1949
350% St. Amand, 1952

In general
> HH577* St. Amand, 1952, Roach and
Pettit, 1951
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line reaches a maximum intensity sometime during the night,
usually within 3 hours of local midnight, while the sodium
D line shows a rather indefinite nocturnal variation, ROACH
AND PETTIT (19%51A). The 6300-6364 lines are brightest
af'ter sunset and decrease in Intensity throughout the night.
The other lines have not been studied in sufficient detail
to report on the diurnal variations here.

There appears to be a marked annual variation in the
intensity of the sodium D lines, ROACH AIID PETTIT (19513),
and a less marked annual variation in the cases of the two
atonlie oxygen lines although there haw not been enough
carefully standardized measurements taken yet to really
establish this,

Attempts have been made to correlate the variations of
the light from the night sky with all manner of terrestrial
and cosmic phenomena, but so far nothing convinecing has been

demonstrated.

The night glow is in general of uneven and patchy
distribution and shows large patches or clouds of brighter
radiation which appear to move across the sky. ROACH AND
PETTIT (1951A) contend that the patches move primarily from
east to west. This 1s to be expected in consequence of the
diurnal variation noted by a large number of observers,
which places the maiimum intensity of the 5577 radiation
within a few hours of the same local time. HURUHATA (1950)
contends that the patches move north and south as well as
east and west.

We will now move on to a deseription of the instrumen-

tation with which the work described herein was carried out.
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PART II

Instrumentation

The instrument used in this work was designed at the
Naval Ordnance Test Station at China Lake and Pasadena,
California. It is used in the work of the Aerophysics
Branch there. The Optical design work was done by V. Wallin
of lichelson Laboratory, the mechanical work by D. R, Williams
and J. C. Pemberton, the electrical and electronic portions
of the design by the present author. <The machine was later
partly redesigned to correct certain mechanical and electri-
cal difficulties. D. R. Willlams was in charge of the
developmental work.

The instrument is an outgrowth of and an improvement
on an earlier model desecribed by MARLOW AND PEIBERTON (1949).
The new instrument departs radically from the dlder version
and a great improvement was made in overall operation.

The device is entirely automatic; intensity of light
can be recorded in as many as four different wavelength
regions while the instrument surveys the entire sky every
32 minutes. There are two separate functions performed by
the machine. The first is that of measuring the intensity
of light, this is done by the telescopes, photomultiplier
tubes, amplifiers and recorders. The second 1s that of
surveying the heavens, done by a mechanical system that
orients the telescopes according to a preselected program.

All operations are performed automatically and the actual



photometer unit is operated remotely through a control panel
sltuated at some distance from the photometer itself. The
photometer 1s shown in Figure 2, and the econtrol and ampli-
{ier panel in Figure 3. The optical and electronic portions

of the apparatus will be described first.

Optiecal Design
Telescope: The telescopes opties are shown in FPigure 4,

The tubes and fittings are of brass. The field of view,

a circle nominally 5° in diameter, is determined by the

foecal length of the objective lense and the diameter of the
field lens. Figure 5 shows a schematic representation of

the arrangement and will aid in understanding the operation.
The focal length of the objective 1s so chosen that the

focal plane falls within the field lens. Now, any light

from an infinitely distant source falling upon the objective
from an angle such that it can be focused upon the field

lens will enter that field lens and light from angles greater
than that will fall upon the lens housing and be rejected.
The field lens is chosen so that it will bring to a focus
upon the cathode of a photomultiplier tube, an image of the
objective lens, or of a mask placed just before it. This
means that all light coming from within the field of view

of the apparatus will fall upon the photocathode and be
detected, but that no image of the original light source

will be formed. The edvantage of this is that the illumi-
nated area is held stationary on the photocathode and the
sensitivity over the fleld of view is supposedly held constant.
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Although a field lens is not really needed, the use
of one results 1in a marked improveznent in ease of calibra-
tion and accuracy of height determination. The images of
stars falling within the field of view are not occulted by
the grid wires in Iront of the phnotocathede, thus making
the instrument useful for photouetry of both point and ex-
tended sources and ensuring that the average sensitivity of
the apparatus 1s not dependent upon the location of bright
sources within the field of view. The photocathcde of
the 1P21 is not uniformly sensitive over its surface as
may be seen from Flgure 6 adapted from KESSLEH AHND VWOLFE
(1947). 8Since the image formed on the photocathode does

not move about the surface the average sensitivity 1s held

constant.

This 1s the intent of the design; it is impossible,
however, to design a symmetrical lens system that will
assure unifora sensitivity over the entire field of view
of the instrument because the photocathode of the 1P21 is
curved. This leads to some difficulties which will be
discussed in the sectlon on calibration. In any future
instrﬁments the 1P21 should be replaced with an "end-on"

type photomultiplier so that the cathode will be as nearly

plane as possible.

It is interesting to notice that as long as the front
lens is sufficliently large to gather light that the F ratio
of the lenses 1s not too lmportant since the response of a

phototube is to all the light falling upon it and so long as
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the size of the image does not exceed that of the cathode,
the total light coming through the system will produce the
response, rather than the brightness of any particular part

of the image.

rhotomultiplier Housing
The light sensitive tube, a 1P21 type photomultipller,

is held in a specially designed mount at the rear of the
telescope and protected by a light tight housing. The posi-
tion of the tube may be adjusted in horizontal translatlon,
rotétion and by vertlcal translation. Focussing is accomp-
lished by removal of the back of the housing and forming
the desired image on a translucent screen of the same shape
and in the same position relative to the tube base as the
photocathode. This is done with a distant point source of
light. When perfectly focussed the image of the point
source is spread uniformly over the square image of the
filter mask.

The tube is then inserted and the holder adjusted
vertically for maximum response. The details of the photo-
tube holder may be seen in Figure 7. The voltage divider
resistors are located in the cylindriecal tube at the
bottom of the tube socket, permitting the use of a three
conductor cable to bring the high voltage to the tube and
take the signal from it. Connection is made to the tube
base through a shielded, amphenol, microphone plug.

Because the sensitivity of the 1P21 and simllar photo-

multiplier tubes 1s affected by the magnetic field in
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which they operate, and reversal of the tube position in
the earths magnetic fleld can cause changes of up to 15
percent, the tubes are shielded with caps of mu metal.
This precaution reduces the magnetic effect, as it is called,
to less than one percent.

All metallic portlons of the telescope are blackened
to reduce light reflections and & baffle svstem is included
in the telescope tubes to prevent light reflected from the
sides of the tubes from entering the field lens.

Filters

The speciral range over which the instrument is sensi-
tive 1s determined by the spectral range of the photomulti-
plier used. The 1P21 has an S-4 surface, the relative res-
ponse of which is shown in Figure 8 along with the photoptic
curve and the response curve of a typilecal filter. The range
of the unfiltered 1P21 is too great and for this reason
interference filters of the Fabry-Perot type are used in
conjunction with a transmission filter. The combination
passes a very narrow bandwidth, the half sensitivity points
being about 30 Angstrom units on either side of the central
wavelength. The equivalent width is of the order of 60

Angstrom units. The function of the transmission filter
1s to cut down response in the wings of the interference
fllter and to eliminate unwanted transmission maxima of the
interference filters.

The filters are held in front of the objective by a

frame secured by a retainer ring. The filter is masked by
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the frame and the exposed portion of the optical system 1s
actually a square, two inches on a side. Heutral filters
may be placed in the holder with the interference filter,

pernitting use of the instrument in bright light.

Shutters
As originally developed, the instruument used a hinged
flap type shutter, actuated by a solenoid. The shutter was
placed just in front of the field lens. Compur type shutters
with adjustable iris diaphragms will replace these so that

the field of view of the instrument will be controllable,

- -

e .
rermitting use in extinetion me:

metry.

Electronic Design
Photomultiplier: The 1P21 photormultiplier used as a

radiation detector in this apparatus 1s deseribed in litera-
ture furnished by the Radio Corporation of America and dis=-
cussed 1n detail by a number of authors. Special reference
is made to ENGSTROM (1947), KRON (1948, 1946), DEWITT AND
SEYFERT (1950) and ZWORYKIN AND RAMBERG (1949). A short
discussion will be glven here to facilitate explanation of
the apparatus.

The photomultiplier tubes consist of a cathode, and a
serles of nine dynodes, all coated with the same photosen=-
sitive material. The dynodes aras placed at inereasingly
positive voltages with respect to the cathode, Figure 9
will aid in understanding the arrangement. Light striking
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tue photocathode ejects photoelectrons from the sensitive
suriace. These primary electrons are then directed %o the
first dynode where the electrons each eject a number of
secondary electrons. These are attracted to the second
dynode whefe the process 1s repeated. This results in
current amplifications of the order of 2,000,000 for a good
tube,

The anode {(number 10) is a wire grid through which
the electrons can pass freely to dynode 9 which partially
surrounds the anode and acts as a shield. The spacing is
such that all electrons leaving 9 are collected by the
anode. This arrangement makes the sensitivity independent
of the voltage between the anode and the ninth dynode, over
a very wide range. This brings about two important conse-
quences, the first is that the noise output and stability
can be improved by operating dynode 9 at a lower voltage
without loss of sensitivity and secondly the output current
is essentially independent of output impedance for all
reasonable values of impedance. This permits changing the
sensitivity of the photometer by changing the value of the
output impedance. In this way the voltage output of the
photomultiplier can be held within a certain range, and
the amplifier used with the tube, designed to cover this
range for all values of ineident flux within the range of
safe response of the tube,

The overall sensitivity of the photomultiplier 1s a

funetion of the overall supply voltage and for this reason
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the dynode potentials wust be very stable. Figure 10 shows

the sensitivity and dark current as functions of voltage.
Although the dark current of the 1P21 is comparatively low,

of the order of 10“7 amperes, 1t is occasionally greater

than the signal current and hence riust be made as stable as
possible. The dark current is a function of temperature and
voltage. At lower voltages the dark current is mainly

leakage about the base of the tube and through the circuit
components. Thls portion of the dark current can be minimlzed
by clean design and careful selection of insulating material
for the tube socket and leads. At higher voltages, ion
bombardment predominates. Therefore in selecting an oper-
ating voltage a conpromise must be made between achieving a
high tube gain and a useful signal to noise ratio. It has
been found that 900 volts is an optimum working value under
the temperature conditions prevailing at the Cactus Peak
Observatory, where the apparatus 1s used. Thls corresponds

to 95 volts between successive dynodes except between dynode

9 and the_anode, where a potential of 45 volts is used.

It is interesting to note that the sensitivity of the
1P21 can be controlled by controlling the voltage on any
dynode, or on all of them, or on any combination of dynodes.
This will certainly have many applications in the construc-
tion of photoelectric devieces for special purposes. It
would also furnish an excellent means for dellvering inverse
feedback to the photomultiplier itself to increase the
stability of the device.
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Yarious investigators have reported that the photo-
cathode of the 1P21 behaves as if it were optically pola-
rized. Tests performed with the apparatus described here
revealed no effects attributable to polarization. It is
possible that the apparent polarization was due to a shif+
of the image on the photocathode as the tube or the light
source vias rotated. It is also possible that light re-
flected from the sides of the apparatus may have brought
about this condition.

ENGSTROM (1947) reports that the current output is a
linear function of the 1llumination over the range from
10-3 to 10~° amperes and even to'values as low as 10“12
anperes 1f photon counting techniques are employed. The
range of operation in night sky work is much less than
this.

As mentioned before, magnetic defocussing of the
electron beam by the magnetic field of the earth is a trouble-
some feature of this type of tube, but can be corrected for
in analysis of the data or eliminated by soft iron or mu-
metal shields. Ileasurements made with a radium light source
indicate that the magnitude of the effect is different for
each tube and that the variation of sensitivity is in the
region of 5 to 15 percent, plus or minus, of the mean zenith
sensitivity, depending upon the orientation of the tube.

A recent discussion of this effeet by EGGEN (1951) is in

s as
1l ehowe the wariation

“ad
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Error due to the efisct of the earth's magnetic fleld
uoon the 1P21 used to record 577 in Peuvrusry 19%<.
Expressed as percentage of mean zenith sensitivity.
Values shown are mesns of ssven surveys.
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of sensitivity with orientation for a typiecal photometer,
DE WITT AND SEYFERT (1950) have put this phenomenm to good
use by defocussing the electron beams with & horseshoe
magnet in order to eliminate the component of dark current
arising from ion bombardment and thermioniec emission so
that they could determine the leakage current in their
apparatus. The author would like to suggest here that the
magnetic effect might be put to practieal use in the con-
struction of a sensitive, llght weight magnetometer which
would be relatively insensitive to accelerations, and per-
haps useful for orientation of guided missiles, o0il well
loggling, etc..

Photomultipliers become rapidly fatigued at light
levels high enough to give output currents in excess‘of
one milliampere. The output currents encountered in night
sky work is many times lower than this; and the change of
sensitivity from fatigue may be eliminated by operating
the tube with the voltage on for séme time before observing
with 1t.

Amplifiers

The amplifiers are an adaptation of a vacuum tube
voltmeter circuit deseribed by GRAY (1948). The construc-
tional details are shown in Figure 12, a schematic dlagram
in Figure 13.

The input resistances used to control gailn are Nobeloy

low drift metallized film resistors selected for temperature

stabllity and low.noise output. The input tube is the red
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LIST OF COMPONENTS FOR D.C. AMPLIFIER

Vacaum Tubes

v 1 5691

vy 2 2SJ7

v SN7

v g 6ACT

Resistors

R 1 Input gain control, in steps, WOM,20M, 10 etc.
R 2 50 K .

R g 1 X

R 4TE (K means thousand ohms, I means
R 5 L7K million ohms)

R 6 1 M

R 7 K0K Potentiometer

R 9 2.7t nominsl)

R 10 3,34

R 11 33k All fixed resistors are two watt
R 12 220K resistors

E 13 22y

‘R 1 u7K

R 15 17.5K (nominal)

R 16 33K

B 17 10K

E 18 18K

Condensers

¢ 1 100 micro-micro-fzrad.

g 2 0.25 micro-farad, 250 volts.

¢ 3 (.05 micro-farsd, 250 volts.
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based "ruggedized" 5691. Degenerative current feedback is
dellvered to the second half of the input tube which acts
as a differential amplifier. The second stage 1s a high
gain pentodes The output stage 1s a cathode follower and
hence has a low output impedance. This is well suited to
use with a Brown "Electronik" recorder, but when used with
an Esterline-Angus recorder results in considerable over-
damping of the galvanometer. In order to use the latter
type recorder, an additional stage was added to the amplie-
fier with an output impedance tallored to produce eritieal
damping of the zero to one milliampere movenment of the
Esterline-Angus recorder. The time constant of the ampli-
fier has been set at 1/25 second in order to decrease a
tendency to oscillate at high gains. Since the time con-
stant of the Esterline-Angus recorder is 1/2 second, the
frequency response of the amplifier is abundant for the
~use for which 1t was intended. The time constant can be
changed by changing the condensers C-l1l and C-2. Without
the time constant condensers, the circult has a flat re-
sponse from direct current to frequencies in excess of
50,000 cycles per secohd. The frequency range could be
extended if the helipot used for balancing the amplifier
were replaced by a carbon potentiometer.

The helipot, R-2, 1s adequate for balancing the pri-

" mary amplifier in most cases, bul occasionally it is necessary

to alter the gzero point of an amplifier by changing values
of R-6 and R-9.
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The overall gain of the amplifier in normal operating
circumstances is of the order of 104 but may be increased
by reducing the current fed back to the second grid of the
input tube. This feedback is normally fixed at maximum to
insure the highest possible stability. Theamplifier 1is
very stable. Operating with an input resistance of 40
megohms and with the photomultiplier disconnected, a drift
as great as 10“5 amperes in cutput current over a period of
several hours is uncommon. Even with the photomultiplier
connected, the drift is verysmall, what there is being due
to instability in the 1P21 dark current. The output current
is & linear function of input voltage over the normal oper-
ating range. The departure from linearity over this range
is less than one percent. At output currents greater than
one milliampere, the ocutput becomes a non-linear function of
input and damage to the Esterline-Angus recorders 1s pre-
#ented by limiting of the output current to several milli-

amperes.

Typical values of signal current and dark current are
in the'vicinity of 2 x 10-9 amperes.

The parts of the amplifiers are mounted in individual
cells in the control panel. Connecetions are made through
plugs at the rear. The individual amplifiers may be removed
separately without disturbing the others. All controls are
located on the front of the chassis and inelude an input
resistance tap switch by which the gain 1s controlled, a
helipot for balancing the primary amplifier and for subtracting
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the response due to dark current, the output gain control

and the balancing potentiometers for the impedance matching

stage.

Power Supply:

The power supply consists of three parts, the high
voltage supply for the photomultipllers, a low voltage for
the amplifiers and a filament supply; all are adjustable
and regulated. The details are shown in Figure 14, the
schematic diagram in Filgure 19.

The high voltage supply 1s adjustable from 600 to
1500 volts. The amplifier power supply dellvers 250 volts
positive and 90 volts negative. There is a separate 90
volt regulator tube for each amplifler.

A sola regulating transformer was used as a filament
regulating device while the unit was being developed in
Pasadena. At Cactus Peak, where there was very poor fre-

quency stability in the A.C. supply, because of the use of
a gasoline powered generator, it became necessary to use

a Nobatron regulator. Regulation of the filament supply
is necessary with the amplifiers employed.

The output of the regulated supplies are stable over
an input range of 85 to 150 volts. Changing the input
voltage by this amount does not produce a noticeable change
on the record made by the instrument even with the photo-
multipliers connected. The high voltage lncreases about

one volt an hour upon first turning it on. This can be
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LIST OF COMPONENIS FOR REGULATED POWER SUPPLY

nb————

F

c3
c4,5

SAG3 Fuse .

1 uf, 2000 v. cé 20 uf, 450 v.
100 uf, 2000 v. c7 0.1 uf, 400 v.

0.5 uf, 1000 v. c8 20 uf, 250 v.

411 resistors are two watt unless otherwise specified.

R1,2
R3
R4
RS
R6
R7
R3
R9

R10,11

Tl
T2
I3
T4
T

T6

Ll,2

1 M R12 1 M
100 K R13 12 K

560 K R1l4 12 X

5 K R15 15 K -

50 K Potentiometer R16 10 K 15 watt
47 K R17 68 K

2.2 X R18 10 K (nominal,
Adjusted to give correct ad justed to
meter deflection light V9.)
470 K R19 1 K

R20 8.7 X ea.
6.3 v, 5a.

5 v, b5a.
1500 v, 0.15 a. or less
6.3 v, 5a, 400 vet 400 ma, 5v, 5a.
6.3 v, Sola regulating transformer
110-110 volt isolation transformer

10 Henry, 150 ma
Selenium rectifier, 5P1, 150 ma.

d.p.s.t. toggle switehes, 250 v, 10 a.

SR4

6V6

65837

Ne 17, Neon glow lamp
6.S7

6sL7

5651

VR 150

VR 90






‘ 43
obviated by operating it with the voltages on for several

hours before using it for observation. The overall stabi-
1ity increases with increasing tube age, since the ampli-
fiers and photomultipliers all become more gtable with
continued use.

The power supply 1s mounted in the main instrument
rack and 1s so arranged that the filaments must be lighted
before the 250 volt supply is turned on and the 250 volts
must be turned on before the 1000 volt supply is actuated.

Mechanical Design

Photometer Units The device that orients the telescopes
is mounted out of doors in a weatherproof shelter on a rigid
pler. The telescopes are mounted upon a shaft rotated about
a horizontal axls by a Bodine motor. The shaft is supported
by two yokes mounted on a plate which is in turn rotated by
a Barber~Coleman, shaded pole, reversible motor. The posi-
tion of the telescopes both in altitude and azimuth is re-
layed to the control panel by two synchros. The exact detalls
of the switching arrangement are complicated, but no abstruse
principles are involved and so an elaborate discussion will
not be given here.

The parts are made of aluminum with the exception of

the telescope tubes, optics and electrical components. The
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unit was, except for changes in the telescope mounting
scaled up from that of the old instrument.

The signal leads are of low loss concentriec line and
are brought into the base through screw connected brass
fittings. The high voltage leads to the phototubes are
brought to & bakelite terminal block so that each tube
can be dlisconnected separately for testing purposes.

Adjustments are provided for limiting the motilon of
the Telescopes and for levelling the apparatus. A "bull's
eye" level 1s mounted on the horizontal circle. Unfortunate~
ly, there is no easy way to make small changes in the orien-
tation of the individual telescopes with respect to the

trunion, but such an adjustment 1s currently being prepared.

Control Panel

The whole instrument is remotely controlled. The control
panel, shown in Figure 16 is located in a comfortable, heated
observing house about 50 feet from the photometer proper.
0ff-on switches, chart drive switches, recorder selection
switches and all other controls for the moving system are
located on this panel. The galvanometer switch permits choice
of Brown or Esterline-Angus recorders or disconnects the
amplifiers from the recorders. The shutter switeh permits
closing the shutters while the instrument is in operation.
Two switch board type keys permit manual change of both
altitude and azimuth. Time marks may be placed on the

trel,ces by depressing a pushbutton.
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A special circult permits each amplifier to be separately
switehed from its eireuit for testing purposes. By use of
the test voltage switeh, voltage may be applied in steps
of 0.1 ?olt up to 1.0 volts to test the sensitivity and lin-
earity of the amplifiers. Any one anplifier may be tested
without dlsturbing the others., Illeans are provided for
adjustment of the test voltagze.

Programuing of the instrument is controlled by the
"program selection switch". This permits cholce of the
manner in which the heavens are scanned. The attitude of
the telescopes is indicated by two synchro receivers, driven
by the units on the photometer head. Programming: A brief
review of the manner in which the heavens may be scanned is
glven here, although 1t 1s the same as 1in the earliefjinstru~
ment. M"ionitoring" consists of manually directing the tele~
scopes to any desired altitude and azimuth and obhserving at
that position; the shutters may be opened or closed at will.
'“Sweeping" is the operation of letting the instrument remain
fixed at any desired azimuth and rotating the telescopes in
altitude from any one horizon to the opposite one. "Survey-
ing" consists of making a systematic survey of the heavens
automatically. In thils maneuver, the telescopes begin while
pointed at the north horizon, rotate through the zenith and
down to the southern horizon. At this juncture, the base
rotates 223° so that the telescopes are polnted south-south
west, whereupon the telescopes again make a horizon to

horizon scan and upon reaching the north-north east horizon
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the horizontal circle again rotates so that the axls of the
telescope is pointed north east. Thils process continues
until eight sweeps have heen completed at which time the
telescope axis 1s returned to the north horizon and the
process 1is repeated. The shutter closes each time the
horizon 1s reached so that the zero for the instrument can

be checked. ©he seguence of operation is shown in Figure 1%

Recording
Although the apparatus may be used with the Brown or

with the Esterline Angus recorder, it is ordinarily used
with the latter because of its more rapid response to vari-
ations in current. Four are used under normal operating
conditions. One master recorder has the chart drive motor
fastened to its case, along with a clockwork mechanism and
several switches for opening and closing shutters and re-
‘laying instructions to the photometer unit. The other
recorders are coupled by detents to the drive shaft of the
master recorder. It would be preferable to use independent
synchronous notors on each recorder, however, as consider-
able trouble is occasioned with the drive coupling when the
paper in one recorder jams or one l1s moved.

The switching apparatus on the master recorder determines
the sequence of operations and closes the shutter at the end
of each sweep. DBecause the switches are on the same shaft
with the paper drive the same length of paper is assured
between successive horizons and 1t is difficult for the

apparatus to get out of step with the recorders.



Fizure 17. Scanning patiern of night sky photomater.
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Time marking pens and horizon marking pens may be used
on all the recorders, although they are only mounted in the

master recorder.

Standardization Sources

A combination protective cap and standard radiation
source is supplied for each telescope. The detalls are
shown in Figure 18. The caps are made of brass and fit
over the ends of the telescopes. Non-phosphorescent radium
paint 1s painted between two pieces of glass fastened in by
a retainer ring. The radium paint has a continuous speetrum
and is very handy for checking the calibration of the appa-
ratus. The changes in intensity due to radioc-active des-
truction of the radium are negligibly small for the duration
of one persons life time. There are however small changes
with time due to deterioration of the phosphor under con-
tinual radiocactive bombardment. It would be preferable
‘therefore to construet a radlant standard using a device of
the sort deseribed by BLAU AND FEUER (1946). 1In this device,
the radioactive material and the phosphor are separated so
that only the gamma rays are active in production of the
lilght. Such a device would be extremely stable.

An important advantage of using rsdiocactive standard
sources is that the sensitivity of the apparatus from one
night to another may be checked very accurately. The stan-
‘dard sources may be sent to laboratories where they can be
accurately calibrated, a difficult field operation. The

portability of the devices and the lack of dependence upon
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temperature or other atmospheric conditions makes it pos-
sible for different workers in the field of night sky photo-
metery to ship standard lights from one to the other so that
they can obtain direct comparisons of each others work and
thus interrelate studies of the distribution of the night

glow with geographic position.

Operation

Warm up:s Several hours before sunset, the observer
turns on the filaments and all the voltages. The shutters
are left closed and the protective covers left on the instru-
ments. The warm up period is necessary to minimlze drift
during operating hours. Care 1s taken never to allow direct
sunlight to strilke the photocathode of the 1P21 tubes as this
will result in increased dark current and noilse for a period
of hours after the incident, even 1f no voltages are applied
to the tube at the time it was illuminated. The cause of
this is probably phosphorescence induced in the glass by the
bright sunlight. On the other hand an extremely noisy, un-
stable tube can sometimes be improved by exposing it to
light with the voltage on. This results in a high output
current and the ensuing fatigue may decrease the sensitivity
enough to permit the tube to be used. After sunset and just
before the end of astronomical twllight, the covers are re-
moved and the sensitivity checked by noting the readings
produced by the radium sources. The amplifier linearity
and sensitivity are checked during this period.
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Observing

Observations are made only on clear nights when the
moon is down. Actually, the period of observation could,
and should, be extended to other periods of the month when
the'moon is not in the sky.

At the end of astronomical twilight the radium sources
are removed and the night sky observing begun. Usually this
consists of conducting surveys. The instrument 1ls set on
survey and the ensuing operating is entirely automatic.

All that remains for the observer is to mark and fold the
traces, record the voltages, observe the sky at frequent
intervals to detect clouds and unusual phenomena and to
replace the paper rolls as they expire.

At the beginning of astronomical twilight the radium
caps are agaln employed, the amplifiers checked and the

apparatus shut down and covered.

Trages
Typical traces are shown in Pigure 19. The brighten-
ing near the horizons l1s due to the inclusion of more of

the radiating layers in the line of sight. Stars can be

clearly noted.

Calibratlon 1s done by notlng star readlngs; however,
when the radium sources have been well enough calibrated
they will be relied upon to furnish calibration and only
occaslonal checks will be made by means of the stars. The

process of calibration is rather involved and is explained
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in the section on calibration and in RCACH AND PETTIT (1951)
and BARBIER, DUFAY AND WILLIAMS (1951).

This Instrument has been in use since January, 1951 and
already enough information has been accumulated to require
several years to digest. Possible Improvements: There are
a number of lmprovements possible in the design of the
apparatus, some of them minor, others of such proportions
as to warrant complete revision.

l. The overall stabllity could be improved by use of
an optlcal system with a greater light gathering power. A
logical step would be to use a Fresnel lens, constructed of
plastic film, for an objective, in conjunction with a nega-
tive lens to render the light essentially parallel before
passing 1t through the filter. A larger light input would
permit a smaller field of view to be employed as well as
the use of lower amplifier sensitivities.

2+ The use of "end-on" type photomultipliers would
greatly improve the uniformity of response over the field
of view of the instrument and in addition, permit a shorter
telescope wlthout the tube housing at right angles to the
optical axis.

3. In instruments intended %o measure the height of
the emltting layers it seems desirable to restrict the fiegld
of view to an oblong or rectangular shape, so that the ver-
‘tical dimension does not exceed one degree. The earlier
instrument has such a field of view, although it was not

defined by a field lens. Such a field of view will reduce



errors in height determination due to averaging over too
great a vertical angle, resulting in estimations of height
which are too great.

4, Construction of the yoke so that the telescopes
could easily be removed and the axis aligned would improve
the accuracy of the Instrument and faclilitate repalr and
adjustment of the telesceps.

5. Use of wrought iron or mild steel in construction
of the telescope tube and photomultiplier housing would
eliminéte the need for additional magnetic shielding.

6. There are uses for which such an elaborate instru-
ment is not necessary. It would be nice to have an instru-
ment, somewhat simpler, which would observe a fixed position
in the sky at a variety of wavelengths and using a slow
chart fesed, draw a graph of the nocturnal variation of
intensity of a number of the lines and of the continuous
spectrum every few minutes throughout the night. This could
be accomplished by the use of a large number of interference
filters mounted upon a moving track or by the use of a
spectroscopic grating rotated by an electric motor so that
different portions of the spectrum fell in turn upon a slit
placed before the photomultiplier tube.

General Remarks
The apparatus seems well suited to the measurement of
night sky illumination, although it would be desirable to

have it survey the sky in a much shorter time. This
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development awaits the availability of a more rapid record-
ing system of modest cost and weight, and more sensitive
photomultiplier tubes such as the E.l.I. Types.

Certaln changes in the design of the 1P21 could be made
which would result in improved performance. These have been
suggested before by KRON (1946) and by DEWITT AND SEYFERT (1950)
but are worth repeating. That portion of the dark current
which 1s due to amplified thermlonic emission could be re=-
duced by decreasing the senslitized area of the photocathode

to a small square about 3/8 inch on a side. The leakage

currents in the tube base and around the socket could be

reduced by bringing the anode lead out the top of the glass

envalope.
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PART III
Hlghtglow Data_

The data for the nightglow, presented hereln, were
obtained from the Cactus Peak Observatory of the U.S. Naval
Ordnance Test Station at China Lake, Californlia. On the
nights for which data is presented, surveys of the heavens
were conducted in the manner described in the section of
instrumentation. However, for reasons of simplicity and
convenience, only those values read at the north celestlal
pole are used for direct comparison with the ionospheric
data.

The north celestial pole was chosen because the back-
ground l1ight there is relatively constant. The starlight
there does not change during the night and there is very
1little zodiacal light. In essence the correction for extra-
tellurie light simply becomes that of subtracting a constant.
Data was also read for the intersection of our fleld of
view with the ionosphere over Stanford University. Here
the nightglow record was rougher, much irregularity being
introduced by the passage of the milky way past the point
of observation. Zodiical light is rather strong in this
direction also.

The general trehﬁ of the data in both places is the
same 1f one disregards the short period fluctuations.
Therefore in this investigation we have confined ourself
to working'with the light from the pole, where the matter

of extra~-terrestrial light is not so likely to cause trouble.



Estimation of the background light; i.e., the @xtra-
telluric, portion was done by the two color technique de#el-
~ oped by ROACH AND BARBIER (1950), ROACH AND PETITIT (1951),
and BARBIER, DUFAY AND WILLIAMS (1951). In this process
the light of the night sky is observed at two different wave-
lengths, one contalning the emission line, the other con-
taining only relatively weak nightglow radiation. The
wavelength selected for this was 5300 Angstrom units. Here
there are no bright emission lines and only the continuous
portion of the night glow spectrum. The response at the
two wavelengths to an incremental change in extra-tellurie
light 1s estimated from deflection of star images and from
crossings of the milky way. From this a ratio can be estab-
lished between the llght at one wavelength and that at the
other. A4ll the light recorded by the control wavelength is
then subtracted from the light observed at the emission
'wavelength.

Thls method may be applied in two ways, using star
deflections, the magnitude of the star corrected for spectral
type to that of a GO star which is assumed to be the spectral
distribution of integrated starlight. TUsing the milky way
deflections, the light is uncorrected since the light of
the milky way is assumed to be representative of integrated
starlight.

The estimation of the energy involved in the radiation
is made by selecting star images of sufficent amplitude and

proper spectral class. The reading given by the star is
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corrected to the reading that & GO star of the same photo-
visual magnitude would have made at our zenith. The magni-
tude of the sun is known and from this the ratio of the
light received from the star to that received from the sun.
is khowm. .The spectral distribution of energy from the sun
is known from the work of NINNEART (1924); PETTIT (1940) and
others. Combining these and correcting for the transmission
and equivalent width of the filters used i1t is possible to
obtain the energy of the radiation in absolute units. This
is reduced to quanta/cme/sec by use of Planck's law and by
correcting for the field of view oif the instrument.

The expression used for calibration is as follows:

A
log q = log B.ZC‘. X ofTT“ 1;\ -10g R = 0.4(26.72)~0.4m-D-E

Where q is a factor for converting chart readings into
gquanta/cme/sec/column.
is the wavelength
h 1s Planck's constant
¢ 1s the veloecity of light
r 1s the radius of the field lens in the photometer
1 is the focal length of the obJective lens
T is the transmission of the filter
Iois the intensity of solar radiation at the distance
: ' of the earth from the sun, outside our atmosphere.
R 1s the chart reading produced by the star
‘'m is the magnitude of the star
D is the correction for the color of the star
E is a correction for extinction by the atmosphere.

It is necessary to assure oneself that the reading of
the star image is a true representation of the light received
from the star. Since the field of view of the instrument is
not quite uniform it is necessary to choose every star crossing
one can find and then attempt to determine an average value

of g« The best way of doing this 1s to map the field of
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view by letting a star drift across the field of view in
azimith as the instrument is rotated up and down in altitude.
This permits attaining a very accurate value for the aver-
age sensitivity over the field of view.

The cﬁief uncertainties in this method aside from the
irregularity of the field of view is that in the determina-
tion of the magnitude of the sun. This is done by reducing
the light from the sun to a level comparable with that of
the stars and then comparing the magnitudes. The error
herein results from the reducing process, any process reduc-
ing the light by a factor as large as this must involve
consliderable uncertainty, E. Pettit has told the asuthor
that he personally thinks the magnitude of the sun 1ls known
to only one decimal place and that not too accurately.

Errors of estimation of color correction and of extinction
are of lesser importance.

While this method boasts the convenience of having stars
already in the sky and therefore one does not need a standard
source, it is difficult to distinguish star images when
superposed upon the brighter emission lines. Therefore we
would like to point out the desirability of using a secon-
dary standard, composed of a radio-active light source which
has previously been calibrated by some laboratory special=-
izing in this sort of work.

The ratio of intensity of one spectral line to another
is of considerable theoretical importance and for this reason

it seems desirable to be able to determine relative intensities
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by the most accurate means possible. Thils could be done

quite easily and with great precision through the use of
a radicactive standard with a known spectral distribution
of energy.

Values of nightglow data used are presented in the
following tables. The observatlons were made largely by
D. R. Williams and F. E. Roach and the author. The records
were read by H. Pettit, F. E. Roach, D. R. Williams, D. D.
Locanthl and Elner Hondsberg-Hanssen and the author all

employed by the Aerophysics group.



TABLE III

SAHPLE CALCULATION

14/15 Dec. 1952

-8

INTENSITY IN
gquanta/cme/sec x 10

Hours R5300 R6300 R5893 R5577 16300 15893 15577

READINGS IN CHART UNITS

P.S.T.

No.

Survey Time

2.68 2.82

et W

70.33 63.44 50,09

p=

M

3.20 2.88 2,28

15360 = 1.77 % 107(R63oo - 0.667 R5300)
I5893 = 1.28 x 107(Rggg3 - 0.712 Rs3pp)

Ig5p7 = 1.07 (R5577 - 0.2 R5300)
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The Ionosphere

High above the earth where the atmospherie pressure
is very low, exists a region wherein there are many free
electrons which have been shorn from the atoms and mole-
cules of the air by the intense ultraviolet irradiation
of the sun, the lmpact of corpuscular hombardments and
collision with other atoms and molecules., Here, an elec-
tron once freed from its parent particle may remain in a
free state for a comparatively long while because collision
with another particle is an infrequent event.

There are at least four distinct ionospheric regions,
and often more. The most commenly occurring regions are the
D, Ey F1 and F2 regions, listed 1ln order of height. The
distribution of these regions 1s shown in Figure 20, which
is drawn to scale. The F layer has the greatest electron
density and exists both day and night. During the day
however, it consists of two and occasionally more layers.
The new layer, the F1 forms between the E and F2 layer and
together the two take on the form of a huge blister. The
Fl layer is present whenever the sun if very far above the
horizon and disappears before sunset. By nightfall, the Fl
layer has recombined and the F2 layer 1s then called the
F layer. Infrequently a third layer may be seen above the
others and this 1is called the F3 layer. llore rarely a
multiple stratification is obserwvable within both the Fl

and F2 layers.
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The E layer 1s present during the day whenever the sun
is above the horizon and recombines before it sets. At night,
and during some days, a new layer forms, sometimes above,
sometimes at the same height and sometimes below the E lavyer.
This layer 1s called the sporadlc E layer, because of the
irregular occurrnce. It consists largely of broken clouds
of ionlzation which float about the nocturnal sky, driven
from place to place by violent winds, frequently at the rate
of several hundred kilometers an hour. This layer is not
always present and on some nights does not form at all.

It 1s usually very thin although it at times thickens to

over 30 kllometers. There is some opinion at present that

the sporadic E features may not be lonization giving ionic
reflection in the classical sense, but regions of turbulence
in the atmosphere which give partial reflection of the explor-
ing radio wave.

Once in a while, a region is observed to form between
the regular E region and the F region. This is called the
E2 layer. It is observed mostly during the daytime and
usually only when the sun 1s high.

The D region 1s present only during ionospheric distur-~
bances and consists of a layer of dense ionization wherein
the collisional frequency is quite high. This layer recom-
bines rapidly once the ionizing agent is removed.

In general, the space between the ionized regions is
not devoid of ionization, but the layers blend into each

other with reglons of reduced lonlzation between.
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Many excellent papers and review articles are available
for the reader who wishes to famillarize himself with this
matter. The author can recommend for example, the book
TERRESTRIAL [IAGHETISM AND ATMOSPHERIC ELECTRICITY, written
by a group of experts in the field and edited by J. A. FLEMING
(1939). Chapter IX by L. V. BERKNER is especially good.,

Because there are a plethora of free electrons in the
region and because the collisional frequency is low, the
electrons can move in response to the electric field set up
by an impinging electromagnetic wave. The electrons move
in the direction of the electric field and in doing so con=-
stitute an electiric current which has the effect of producing
a conduction or convection current of the same period and
phase as the Maxwelllan displacement current in the region,
but of opposite sign. The result is that the total current
flowing in the region is diminished. This has the effect
of reducing the velocity with which electromagnetic energy
may traverse the region. When the electron density becomes
high enough the conduction current may cqual the displace-
ment cﬁrrent for a given wave frequency and the total current
becomes zero. When this occurs, the wave is propagated with
zero group velocity and the index of refraction of the medium
becomes zero for that frequency, reflection occurs and the
wave 1s sent back out of the medium.

The property of being able to reflect electromagnetic
waves permits exploration of the ionized regions'by use of

radio transmitters, pulsed like a radar unit, which send
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ernergy up to the ionized regions from which 1t 1is reflected

and a portlion then recovered by a receiver capable of messuring
the elapsed time.

The basic theory of propagatlon of electric waves in
the lonosphere was polinted out by Lkecles 1n 1310 and
elcborated by Larmor in 1924, LITRA(1948), page 143 et seq.,
outlines the theory and derives the following formula for
the index of refractlon:

n o= 1-4KN62/mu?)%
here N 1s the electron density in the region, e 1s the
charge on the electron, m 1s the mass of the electron snd
w 1s the angular frequency of the wave.

For an electromagnetic wave of frequency, f= /27 ,mes.,
impinging at normal incidence upon an ionlized region, the
index of refraction will be zero when:

N =1.24£%x 10% electrons/cm?
and reflection of the wave wlll result.

The pulse from an lonospheré apparatus consists of
a plurality of frequencies and the pulse propagates with
8 velocity nearly that known as the group velocity. The
group vélocity in 8 medium of this sort is u=ne, see
BERKNER{1939). The group velocity is usually less than the
velocity of light in an ionized medium and approaches zero
when the index of refraction 1s zero. Hereafter we shall
speak of group veloclty. The group velocity in the

ionosphere changes gradually and upon
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entering an lonlzed layer there 1ls a transition from a
region of very low electron density to one gradually in-
creasing electron density culminating in a region of maxie
mum denslty and then one of decreasing electron density.
Hence when a wave enters such an ionized medias 1t begins
to slow down and continues to do so until it reaches an
lon concentratlon great enough to reflect 1t, or it passes
through the layer. The point is that the group wvelocity
of the wave was less than the velocity of light the whole
time the wave was in the region. The time spent in the
region is dependent upon the rate of change of electron
‘density with dlstance in the media. The distance into an
ionospheriec layer, we shall call h so that dh = ¢ dt.
Now let us consider a distance dh' over which a wave would
have traveled had it not been in the ionized media for the
interval dt. Now, dh' = cdt so we may say that

h! ﬂu/ath
h' is called the virtual height, the distance %o which a
wave appears to go before reflectlon from a perfect reflec-
tor.

In practice, the lonosphere is explored by sending
pulses of radio energy upwards to be reflected from the
medium and recording the elapsed time. As can be seen
above, the elapsed time consists of two periods, one where
the wave was traveling at or near the velocity of light,

the other, the time during which it was in the medium
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traveling much more slowly. The height calculated direct-
ly from the elapsed time, assuming the wave to have been
travelling at the velocity of light all the while, is the
virtual helight discussed above; that height to which a wave
would have gone in the same time, had it not been 1In a dis-
persive medium.,

Ionosphere transmitters change frequency while in oper-
ation, recording the virtual height in that portion of the
spectrum between about 0.5 and 16 or sc megacycles,

Filgure 21 shows the appearance of a typical day time record.
This record was made at Stanford, California, 1230 P.S5.T.,
31 August, 1951. The horizontal bars are hundred kilometer
markers and the vertical bars are one megacycle frequency
markers. The dark line at the bottom is called the base
line and marks the instant of departure of the radlio pulse
from the transmitter. The trane above it on the left hand
side is the reflection from the E layer. The E layer is
fairly thin as ionospherie layers go and the wave passes
into it without great retardation until the layer is penetra-
ted.  This occurs at the point marked foE. At frequencies
above this the echoes return from the Fl layer (in this
particular record the ¥l and F2 both show remarkable small
scale stratification). The drop in the virtual height of
the F1 region as the frequency departs from that of the foE
is due to a decrease iIn retardation from the E layer. As
the frequency 15 increased, the wave penetrates farther

and farther into the Fl layer. At first the wave finds a

frequency from which it can be reflected without goling too
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far into the Fl1 layer. At higher frequencies, as the wave
approaches the height of maximum ion density (ignoring the
small scale stratification) and the rate of change of elec=-
tron density, and hence refractive index with helght becomes
smail, the wave must spend more time in the media seeking &
density from which it can be reflected. As it passes through
the maximum ion density and the rate of change of index of
refraction with distance 1s zero, tremendous retardatlons
are noted resulting in great virtual heights. Such a cir-
cumstance is marked by the cusp at the point marked foFl.
The point where the layer 1s eventually penetrated and
where the great retardations occur is called the crltical
penetration frequency, or penetration frequency or simply
eritical frequency. The electron density here has reached
a maximum for that layer. All freguenecies higher will go
through to the next layer which will in turn exhibit the
same behavior.

The retardation at the beginning of the F2 trace in
diagram 2@ is due to the long time the wave spent in the Fl
regionQ As the frequency is increased, the index of refrac-
tion of the Fl ion-denslity for the higher frequencies is
nearer to unity and at some frequency the F2 trace becoies
horizontal where the rate of change of retardation from
the F1l region becomes equal and opposite in sign to that
from the F2 region. This point defines what is recorded as

the minimum virtual height of the region.



-7

The dark vertical streaks below 2 megacycles are due to
broadcast stations. The presence of a D layer is attested to
by the cessation of echoes at about 1.8 megacycles. The
collisional frequency in the D layer is so high that it is
an ébsorbing Tather than a reilecting region. The reflection
in the E region extending beyond the foE ls a partial reflec-~
tion from the E region.

The second set of traces noted is called the extra-
ordinary component and this results from the presence of the
earths magnetic field in the lonized medium. This makes the
medium doubly refracting and gives two values of frequency
at which the index of refraction becomes zero. The equations
describing reflection from an ionized medium in a magnetic
field are very complicated and will not be delt with here,
except to say that fortunately, the conditions for reflection
of the ordinary ray is the same as that in a space free from
a magnetic field. On occasion, 3 magnetic components can
be seen.

The second sample trace, Figure 22, shows the condition
of the ionosphere just after ilonospheric sunset. This was
taken at 1830 P.S.T. 31 August, 1951 at Stanford. The adsorb-
tion from”the D region has lessened, the regular E region
has probably recombined and the sporadic E region is return-
ing all reflections below 2.5 mes. Above this frequeney,
partial reflection occurs and we see both the E and F regionse.
In the F region, the Fl has recombined and the F2 has become

thinner and uncomplicated. There 1s some evidence that the
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extraordinary component is being retarded near the gyro-
frequency. The separation of the ordinary and extraordin-
ary rays is quite clear and is seen to be about 0.7 mcs.
Since this 1s equal to half the gyrofrequency, wy = He/me,
we could i1f we wished calculate,the value of the earths
magnetic field at the height of reflectlon. HMultiple
echoes may be seen above both the E and F regions echoes.
These have made the journey from the earth to the ionosphere
and back as many as four times on this trace. The lack of
E region retardation should be noted.

The next two traces illustrate the decrease in ioni-
zation throughout the night. On both of these the F regilon
has become cloudy or patchy and instead of one single reflec-
tion from a smooth layer, echoes are arriving from a number
of distances, indlcating that the layer is no longer smooth.

The fifth trace illustrates an aberrant condition, of
considerable lmportance. The F reglon is all but obscured
by a dense sporadic E reglon. Up to seven multiples of
gporadic E reflecction may be seen. The sporadic E region
is not a sﬁooth layer at one height, but appears to be at
at least four and possibly more heights. Partial reflection
occurs at frequencies where the F region may be seen. Below
this frequency the reflection is said to be of the "blanket-
ing type" above 1t of the "boundary layer type"™., The fre-
quency at which the layer i1s first broached is called fbEs,
The maximum frequency of reflection is called fEs.
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The maximum number of electrons per cubic centimeter in
a region may be determined by reading the critical frequency
of the reglon and applying the equation for electron density:
| N = 1.24 £2 x 10%.
The height to the bottom of‘the region may be estimated by
reading the lowest point on the trace. The bottom of the
E region in the daytime and of the F region at night may
be assumed to be given by the minimum virtual heights, be-
cause in the absehce of retardation from lower layers the
minimum virtual height and the real height is the same.

APPLETON (1937) and others have shown that the distri-
bution of lonization may be represented as a parabolic
function of helight up to the level of maximum electron
density. This assumption permits certain simplified methods
to be used to determine the heights of maximum ion density
as well as the real height at frequencies less than the
penetration frequency. The most useful of these techniques
1ls that developed by BOOKER AND SEATON (1937). This con-
sists in finding the virtual helght from which a wave of
frequency |

T =0.84 1,

was returned. Here fc is the penetration frequency.

In the absence of this lower layer, this may be taken
as the real heilght of maximum electron density. In the
daytime, allowance must be made for the retardation in the

Fl region, the retardation of the E region is usually so
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low that it may be ignored. At night, the time with which
we shall be concerned, 1t 1s possible to assume that the
minimum virtual height is the real height of the bottom of
the layer. The semi-thickness of the layer, T , is esti-
mated by subtracting hm, the minimum virtual height from
hi, the height of maximum electron density.

Integration over the bottom half of the layer ylelds
n, the number of electirons per unit column up to the height

of maximum ion density.
hm
n= ﬁdh = 2/37Hy, = 8.27 12 x 10°
hm

Here, n is in electrons per square centimeter column,

is in kilometers and fc is in megaeycles per second. An
excellent discusslon of this operation is given by

RA®C LIFFE (1951) who developed a graphical means for making
the determination which is somewhat faster, although it
lacks the accuracy of the technique as applied by Booker

and Seaton.

At this stage it must be said that thls operation
vields the electron content up to the height of maximum
electron density. There may well be twice this many elec=-
trons in the region. There may also be layers above any
of the usual layers, but having a lesser ion density and
hence never observed. It is possible for a layer, for
example, to exist above the F layer, with an lon density
less than that of the F layer and yet which might have a
total electron content equal to or greater than that of the

F layer.
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Since the parameters of height, ion-density and total
ion content are used later in the discussion it might be
well to discuss here the error in these gquantities which
might be expected in the course of normal observation.

The heights are récorded with a readable accuracy of
5 kilometers. The minimum virtual height however, can not
always be read with this accuracy, because of the presence
of sporadic E ionization or because of interference by
local broadcast stations. This always results in deter-
minations which are too high by perhaps as much as 20 kilo-
meters, if the lowest frequency at which the F region can
be seen 1s so high that retardation in the F layer prevents
observation of the trace at the point where it becomes
sensibly horizontal. The height of maximum ion density
is dependent upon the assumption that the layer is para-
bolic and the validity of the operation is subject to depar-
tures from this distribution. The assumption, however, is
a good one and this is probably the smallest source of error
in height determinations. The frequency at which the helght
of maximum ion density is read 1s dependent upon the pre-
cision with which the penetration frequency is read and
errors in this determination will result in errors in this
heighte ZErrors from this source wlll not often exceed ten
kilometers.

The error in estimation of ion density can be estimated
from the accuracy with which the ionospheric traces . can be

read. This is easlly done to 0.05 mes unless there is serlous



02w

scatteriﬁg, splitting or forking of the echo. During these
times, the errors of frequency determination may be as high
as. 0.5 mes. These are exceptional ecircumstances. It is
possibie to estimate the magnitude of an error in calcula-
tion of ion density from the ionospherie records using the
law of propagation of errors.

dN = 1.24 (2)f x 10% af
or, to use the notation of numerical caleculus

N=2,5 fAf x 10% electrons/cm3
Thus during a night we may expect errors as large as 0.48 x 104
electrons per cubie centimeter. This amounts to 2.5 percent
of the ion density.

Calculation of the total electron econtent of the region
is of course subject to much larger errors amounting at
times to as much as 25 percent of the total electron content.
Just how many electrons are above the height of maximunm
electron density is a mystery.

There is a possible systematiec error of considerable
magnitude involved in the determination of electron density
which is dependent upon the theory. This involves the so=
called Lorentz polarizatlion correction term. The theorists
have never satlsfactorily cleared this point up and it is
possible that all values of electron density should be 1%
times those given here. The matter is rather involved and
the reader 1s referred to a general discussion of the pro-

blem to MITRA (1947).
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The ionosphere data used in this investigation was
scaled ffom the records»of the lonospheric station at
Stanford University, Stanford, California, 37° 26' N,

1220 11'W. The data are taken there by a group headed
by R. A, Helliwell. The data are collected for the National
Bureau of Standards.

The apparatus makes a complete run over a frequency
range of 1 to 30 megacycles per second in the course of
2 minutes. A complete run 1is made every 15 minutes. The
data are good, except for the region between 1 and 2.5 mes
where local broadcast station interference makes 1%
difficult to read minimum virtual heights. Part of the
data was scaled during a visit to Stanford in August, 1952,
the remainder during a visit in March, 1953.

A tabulation of lonosphere data follows.
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Correlation of the Nightglow with the Ionosphere

Many people have attempted to show that the light of
the night sky originated in, or was associated with one

or another of the lonospheric layers. Previous attempts

at relating the intensity of the alrglow to the various
lonospheric parameters have not met with much success and
this attempt may also fall into that category when more is
known of this fascinating subject. MITRA (1947) has striven
to establish the ¥ region as the source of the night sky
luminosity. MARTYN AND PULLEY (1936) have pointed out
morphological resemblences between seasonal variations of
the intensity of the 5577 radiations and those of the maxi-
mum electron content of the F region:at noon on the preceed-
ing day. MARTYN (1952) contends that the nocturnal varia-
tions of the 5577 radiation resembles that of the height

of the F region in moderate latitudes and suggests that
variations of colllsional frequency with changes in height
of the lonized region may be the cause of changes in inten-
sity. This matter will be discussed in detail later.
BRADBURY AND SUMERLIN (1940) attempted to correlate noctur-
nal E ionization to the light of the night sky and concluded
that no clear correlation could be found. MOORE (1951)

on the other hand showed that radio reception conditions

on short waves was correlated with aurora, indlcating that

some form of ionization was associated with the polar aurora.

FEPPNER ET AL. (1952) has demonstrated that the polar aurora
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is clearly related to sporadic E ionization.

As we have seen in Part I, the nightglow consists of
a variety of emissions having a variely of sources, and
being it appears, at a variety of heights in the atmosphere.
It seems unreasonable, therefore, to attempt to assign all
the nightglow or even éll of one radiation to one height
or layer.

Similarily, there 1s a plethora of geophysical and
cosmical data which one may try to correlate with anything
he pleases. It is possible to narrow the field somewhat
by attempting to choose parameters which are not arbitrary
and which appear to offer some promise, being by nature
related to = - light producing processes. The negative
results by many early workers are, 1 suspect, due to a
failure to isolate and investigate one facet of the pheno-
mena at a time. BRADBURY AND SUMERLIN'S experiment proved
nothing, although they worked hard and earnestly; had they
been able to isolate one or more spectral lines and had
they béen sure that they were actually recording the presence
of sporadic E instead of boundary laver reflections, they
could have perhaps shown aApositive correlation between
- sporadic E and the 5577 illumination, since it has been many
times reported that outbursts of aurora and sporadic E occur
together, ,

This investigation proceeded one spectral line at a
time, each line intensity being compared in turn with one

ionospheric parameter at a time. Early lnvestigations were

carried out with the 5577 radiation and the suggestion of
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Dr. Martyn was checked. No other clear correlation with the
green line was noted. In April, 1952, an improved filter
combination and an increased photometer sensitivity pernitted
‘accurate recording of the red ‘Qﬂ 6300-6364 doublet. It
appeared from a casual inspection that the intensity of the
lines was related to the number of electrons in the F region.

In order to make a specific check on this point
ionosphere data from Stanfordwere compared with the night-
glow data from Cactus Peak. Although the point of observa-
tion of the night glow and of the lonosphere were a large
distance apart, see Figure 26, the F region is comparatively
smooth, changing slowly with distance. It was thought
therefore that, although some uncertainty would certainly
be introduced by the distance, in the absence of observations
at the zenith at an ionosphere station, that a preliminary
trial might be made using the Stanford data.

Figures 27, 28 and 29 show the nocturnal variation of
both the intensity of the red lines and the maximum number
of electrons per cublic centimeter in the F region. The
curves for the two phenomena are morphologically similar,
| those for the summer months resembling each other in detail.
The curve for the winter months is however different. Here
the variations in the ion density are not very great. 1If
the values of brightness for the spring months are plotted
against the ion density a straight line ensues. Figure 30

shows such a plot. However, if the values for the early
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summer months are similarly plotted, the slope of the
regression line is steepened. The slope for such a plot
for the winter months 1s very steep, and whereas the curves
formerly went through the origin, it ne longer appears to
do s0.

- Flgure 31 shows a plot of the slope of these lines as
a function of time of year. It is interesting to note that
an orderly progresslon takes place between the months. It
is regretable that data for September, October and the early
months of spring were not readily available at the time of
writing. Also plotted on Figure 31 is the mean value of
red line intensity for each month for the nights observed
and the mean value of 1lon density for the nights in each
month on which the airglow was recorded. The two annual
variations are certainly not similar.

During the spring and summer months the integrated ion
density of the F region and the intensity of the red lines
have & linear relation. This 1s not surprising, since the
semithickness of the F reglon does not change greatly
through the course of the night, when the average of several
nights is taken. The measurement of the semithickness is
subject to rather large errors and it is not as easy to tell
much about the relation as one would like. Figure 32 shows
the relation between the integrated ion content and the
brightness of the red lines for the months of lfay, June and
July lunped together.

When the intensity of the red lines is plotted as a
function of the mean height of the emitting region for whole
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nights it appears that the intensity 1s a function of height.
In the summer times the light is brighter when the region
is higher, in the winter the opposite appears to be true.
It does not seem that a conclusion here is justifiable at
the precsent stage of the investigation.

The brightness of the red lines may be expressed at a
function of at least two variabless

Igz00 = £QU0 g(H?) 3(?)

The resemblence of the two kinds of curves may be coinci-
dental. If both the parameters have smooth nocturnal
variations, the function regulting from plotting one against
the other will also be smooth, and if the annual variations
are different, the situation could be exactly as we have
found here. This possibility is a good one, and is the
weak point of our argument that the nightglow 1s related
to the lonosphere. Thls weakness is freely admitted since
the object of scientific investigation is to uncover rela-
tions exlsting in nature, and not to sell ldeas to others.

We feel however, that the relation 1s & real one and
that the similarity of the curves is not ineldental. It
may be possible to explain the phenomena with an argument
which will be developed as we go along.

Let us turn now to the green line. The 5577 radiation
has a markedly different nocturnal variation. As IIARTYN
Has pointed out is similar to the diurnal variation in
height of the F region in moderate latitudes. In Filgures

33 and 34 the intensity of the green lines is plotted as a
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functlion of height of the F reglon for the nights of May,
June and July and for the nights of December, January and
February. In both cases some sort of relation appears to
_exist between the two phencomena.

Let us now examine the nature of the atomic transi-
tions with which we are dealing. The red and green lines
come from the excited oxygen atom in 1ts lowest energy
levels. For many years, from 1895 to 1923 the greeﬂline
was recognized and referred to as the auroral line. The
origin of this line was uniknown until it was shown that
it resulted from a forbidden transition in the oxygen
atom. Similarily the red lines were for a long time re-
ferred to as the nebular lines and they in turn were of
an unknown origin. They have been produced in the labor-
atory, using a discharge tube into which a very small
partial pressure of oxygen was introduced, along with
some of the noble gases.

The two radiations proceed from so=-called forbidden
transitions, taking place from metastable states. The
atom when excited to these states must remain in them for
a comparatively long time before they can radiate. At
ordinary temperatures and pressures radlatlon 1s precluded
because the atom is removed from that state by collisional
de~excitation before enough time has elapsed to permit
radiation. The energy level diagram of the oxygen atom is

shown in Figure 35, adapted from SWINGS (1951). For our
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purposes we can 1n general ignore the higher energy levels,
because lines resulting from transitions from these states
are missing from the light of the night sky. The lines
resulting_from transitions from the next highest energy
-levels are in the vacuum ultra-violet region of the spec~
trum‘and could not be detected easily and it may be for
this reason that they are not found. However, permltted
lines in the visible spectrum resulting from transitions
from states directly above these would be easily detected.
For this reason, it is felt that the permitted lines of
oxygen are missing from the night glow spectrum because
the states giving rise to the permitted lines are not ex-~
cited by the process giving rise to the nightglow.

An atom raised to the S state must remain in that
state for about one~half second before it can drop to the
D state. In doing so it radiates the greenline 5577. Once
in the D state it has the cholce of dropping to the next
lower state and this i1t will do if not removed by collisional
de-excitatlion within a minute and a half. If permitted to
drop to the ground state, the atom will radiate on one of
three wavelengths. The wavelengths are 6300, 6364 and 6390
Angstrom units. The first two have been observed, the last
not. This is in accord with the theory since the theoreti-
cal ratio of the intensity of these lines is 1:1/3:0, the
third transition being multiply forbidden.

For every 5577 quanta produced; there should be some

6300 light produced. If however, the colllsional frequency
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in the region where the 5577 is radiated is high, the in-
tensity of the 6300 radiation may drop to a very low value.
For thig reason 1t is thought that the red line must be
‘produced higher in the atmosphere than the green line.

This 1s in accord with the experlience of auroral workers
who find that the ratio of the red to green lines increases
with inereasing height along auroral rays, HARANG (1951).
The theoretical value of the ratio between 6300 and 5579

is 2/3 1n the absence of collislonal de-excltation. How-
ever, as In the case of the polar aurora, the intensity

of the 6300 radiation in the nightglow frequently exceeds
that of the 5577 radlation., Actually the ratic of the
intensity of the red and green lines varies from night to
night. The ratio appears lower in the summer and higher

in the winter. 1In the summer, following recombination of
the F region, the ratio of the red to green lines comes

to about 1/3, as seen in Figure 36. The values during the
winter are completely different. This phase of the investi-
gation has not been pursued farther, because it is thought
that a more accurate calibration is required before a criti-
cal comparlison can be made. However, these facts, coupled
with the different form of diurnal variation and the obser-
vation that the 6300 is actually higher in the atmosphere,
made by a method to be described subsequently, coupled with
the inference that some mechanism is placing the oxygen
atoms in the D state independent of, and/or in addition to
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contributions from the 5§ state leads us to suspect that the
modes of origin are different. A conclusion reached also
by others, SWINGS (1951).

The height to the emitting regions is an important
éonsideration, because 1f the light is produced in the ¥
region of the ionosphere, for the 6300 emission at any rate,
the height as measured by the various techniques should also
lie in F region. This is not clearly the case, but the
departures from the height of the F region may be explained
on the basis of the different workers not taking into
account all the varilables involved in the calculation of
the height to the emitting layers.

There are two methods in common use to determine the
height to emlssions in the upper atmosphere. One is the
method of Van Rhijn, the other the trigonometric methods
emploved by the Norwegian and other investigators in measure-
ments of the height of the aurora polaris. A third technique
due to the present author has been tried by the workers at
China Lake with indifferent success. The Van Rhijn technique
will be dealt with first. The method was suggested origin-
ally by Van RHIJN (1921). The assumptlon is made that the
brightness of the sky will be proportional to the number of
radiating particles in the line of sight. The length of
the line of sight through a thin emitting region in the
upper atmosphere may be calculated from Figure 37.

Here 1f the radlus of the earth by R, the height to the
thin layer h, the angle with the zenith Z, the ratic of the
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distance through the layer at zenith distance Z to that at
the zenith may be calculated by the law of signs and a
simple transformations

I1,/15= T,/T5 = cos a = (1- (1/(1 h/R))2sin?)¥
This expression would be true if the layers were thin and
1f there were no lower atomsphere. Light from space and
from different components of the night glow admitted by
the fllter used, introduce great difficulties. Barbier has
striven to account for the effect of the lower atmosphere.
His expression for calculation of heights is aé follows:

I/1g = Iy (1-(1/(1 h/R))sinz)~F -T1My7(1-e-T2m)

Here e is the base of the natural logarithms, m is the air-
mass at the zenith distance in question and Tq is an extinc-
tlon coefficient for Rayleigh scattering with a correction
added for absorption by ozone and/or water wvapor. Tp is a
coefficient for Rayleigh scattering, J is an estimate of
the amount of 1light to be scattered, usually taken as a
spherical shell siltuated outside the gtmosphere with an in-
tensity equal to 10/2. The first exponential term corrects
for the attenuation of light coming through the atmosphere,
‘the second term corrects for light scattered back into the
field of view of the photometer by air molecules lying in
the field of view.

This method neglects the effects of secondary scatter-
"Ing and the effects of reflection from the ground. In a
Tecent publication, BARBIER (1952) has attempted to allow

for these also, but time has not permitted a study of his
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latest work.

Apart from these objections; the emitting layers may
not be thin enough to permit the amplification that T,/T,=cosa.
Then too, if great zenlth distances are used, the situation
is worsened by the effect of atmospheric refraction wherein
the iower edge of the field of view takes in more volume of
the emitting region than the upper edge, because the re-
fraction increases rapidly with zenith distance.

A more realistic approach would he to estimate the
volume of emitting region intercepted by the field of view
of the photometer. Thils leads to some unpleasant numerical
integrations especially if the photometer field is non uniform
in sensitivity. It would be desirable ta construet photo=-
meters for height measurement purposes with a rectangular
or oval field of view with the long demension horizontal.

HURUHATA (1950) has attempted to allow for this in hie
reductions, but the scatterling and extinctlon corrections
he made are so poor that his method 1s not toc useful.

Using values of the above equation calculated by
H. Pettit and selecting a combination of values of extine-
tion coefficients and background light, the combination of
values which gave the least scatter in the height as deduced
at a number of zenith distances was for the red lines
325 kms ¥ 100 kms for then night of 22/23 May, 1952. Al-
though in fairness, I should point out that ROACH has recente
ly been finding heights in the 200-250km for the red line.
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The values of height for the 5577 line usually comes out in
the range 200 km 4 50 km. A sample of the results obtained
when calculating heights by this technique 1s seen in F is
where in the scatter in height is much less than usual.

A unique method (due largely to the present author) of
deternining the height of the 5577 radiation by triangula-
tion was tried out by the Aerophysies group in the fall of
1950. Observations were made at Cactus Peak and at Mt.
Palomar. The photometers, the larlow-Pemberton version,
were set up to sweep the sky in a common plane. Inter-
sections of the line of sight of the one instrument with
the other were selected, and correlation coefficients cal-
culated for the variation in intensity at one station with
respect to that at the other for each intersection. The
many intersections were each plotted then, using height as
the independent variable and the correlation coefficient as
the dependent variable., The resulting curve showed a pro-
nounced peak at about 110 kilometers and a general region
of response extending up to 300 or more km.

This method while not used generally deserves a further
trial because it makes no assumptions regarding extinction
and scattering coefficients, subtraction of extra terrestrial
light or even calibration of the instruments. There is
however a drawback, if the variations of intensity with time
are not confined to small areas the resulting pleture is

extremely generalized. The layer, or portion of a layer
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which changes most in brightness will be that which gives

the peak on the curve.

lany suggestions have been made as to the origin of
the light and the mode of excitation of the atoms. There
are at present two general schools of thought. Those who
feel that the light must be produced in the main from a
chemiluminescent.reaction and those who would ascribe the
excitation to a more dynamic processes; such as winds,
corpuscular bombardment, electrie currents, etc..

BATES (1946),the leader of the chemiluminescent group,
has suggested that dissocliative electroniec recombination of
oxygen nmight account for the behavior of the red lines. &
principal constituent of this reaction is molecular oxygen,
however, and this 1s usually presumed to be absent at ele-
vations much greater than 100 kms. If the light of the red
lines is produced in the F region, it seems that this pro-
cess must be execluded on this ground. The recent suggestion
by Barbler, not yet in print, that the Herzberg bands of the
oxygen molecule seem to come from a height of 200 or more
kilometers would seem to indicate that our ideas concerning
the distribution of atomic and molecular oxygen may be in
‘error and that possibly, at nlght there is abundant molecular
oxygen present in the atmosphere at heights in excess of 200
kilometers. Hence it may be possible that the red lines are
produced by the process .= suggested by Bates.,

Radiatlon by electronic recombination with oxvgen atonm

ions might be supposed, but the concentrations of the
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constituents are generally supposed to be too low., If this
vere the.case, the light should be proportional to the num-
ber of atoms recombininé in unit time and if one is to use
the usual expression dN/dt = aN2, where a 1s presumably a
‘constant the light should be proportional to the square of
thé number of electrons, rather than to the number. More-
over, the recombination process would result in the exci-
tation of the permitted lines of the oxygen atom and these
are not observed.

In any case, if the light is produced in the F region
it does not seem possible to ascribe it to a chemiluminescent
reaction, unless our present knowledge of distribution of
material in the upper atmosphere is grossly in error, a fact
well within the pale of possibility.

We are faced with the dilemma in the case of the meta-
stable lines with the long lived states that if the concen-
trations of molecules and atoms is great enough to permit
the reaction, the collisional frequency is so high that
collisional de-excltation becomes important. Here of course
we are hampered by having noc very clear idea of what the
concentration of materials in the upper atmosphere is, or
of the guantitative effect of collisional frequency upon in-
tensity of the lines.

"One must then turn té other types of explanations for
. the lines. The corpuscular bombardment theory, wherein
corpuscular radlation from the sun produces the illumination

has been proposed from time to time. It seems unattractive
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in explanation of the red and green lines in the night
glow because it would not be easy for particles with a low
enough velocity to arrive at the level of the F reglon in
‘these latitudes, if the particles were electrons and pro-
tons as is generally supposed. Atoms or molecules of the
heavier elements such as calclum and scdium could of course
do this and the presence . of sodium in the night glow may
be due in part to thls process. The smooth variations of
the red lines with time is not of the same sort however,
as the dramatic pulsations of the polar aurora; a phenomenon
usually assigned, at least in 1ts initlal stages to corpus-
cular bombardment from the sun.

If the light were due to recombination of electrons
with ionized atoms, as discussed heretofore, it 1s interest-
ing to note that there are enough electrons to last during
the period of rapid decline, 1f one electron were used per
quantum, The replenishment normally assumed to take place
during the night to keep the F region in a state of quasi-
equilibrium could furnish enough electrons to permit the
light to be generated by recombination for the rest of the
night. This replenishment 1s ordinarily assumed to take
place by corpuscular bombardment, or by the falling back
into the atmosphere of particles ejected to a great distance
during the day.

The Haris-Hulbert theory of the aurora polaris is now
thought to be inadequate to explain the polar aurora, be-

cause the ejected particles would not have the energy to
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reach the latitudes of the auroral zone. These particles
are presumed to be ejected during the day by kinetic col-
lision, to be ionized in sunlit space and then to fall
back into the atmosphere after many hours. Recently Roach
had invoked this mechanism to explain the nightglow although
no calculations have been carried out to test the theory
quantitatively. Ve do not quite see how the m=8 lines could
be explained by this theory, except the portion discussed
above, where replenishment of the F reglon was considered.
One 1s tempted to look to the presence of the ions
which permit the F region to conduct electricity for an
explanation of the light. Perhaps the currents which dis-
turb the earths magnetic field flow in part through the re-
gion, and perhaps they are greater here when there are more
ions. The conductivity of the F region is not very high
however, there being only the order of 107 electrons per
cublc centimeter and the presumed collisonal frequency
of the order of 102 to 10~ per second per cubic centimeter.
Perhaps small changes in the earths magnetic field
tend to separate the positive and negative lons and produce
an electric potential in this manner, the resultant return
of the electrons to the region of the positive charges giving
enough current to excite the atoms. In any case a very mine-
ute current would produce a considerable voitage gradient.
Lately DR. OLIVER WULF (1945) has proposed, although

he has not as yet elaborated it, a new theory. In this
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scheme, zonal winds in the upper atmosphere; produced by

the diurnal meridional heating, drive charges through the
carths magnetic field, broducing voltages as they do so.

The presence of wind systems in the upper atmosphere is
‘receiving a great deal of attention at present and it appears
that there is abundant thermodynamically induced motlion of

the alr molecules to produce the effects described by Dr. Wulf.
His theory may go a long way to explanation of the airglow.

At any rate it does not seem possible that the red lines
can be explained by a chemiluminescent reaction of the usual
sort and this is an important point. Should later work
confirm the identification of the F region with the red
nightglow (6300) this will give additional confidence in the
heights determined by the Van Rhijn technique.

Returning for a moment to a consideration of the change
of intensity with height of the emitting region we should
like to point out that in the F region where we think the
6300 light originates, the helght changes by several tens
of kilometers during the course of the night. Perhaps the
extension downward of the line in Figure3might be inter-
preted as indicating the minimum height at which the red
lines could be expected to be produced in measurable quan-
tity. The same can not be said of the green lines because
it is hard to tell where in the ionosphere they originate.

. However, it 1s interesting to note that if they are extended

both the lines would meet at the zero brightness line at
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about 115 kms, near, coincidentally the height of the
bottom of the aurora. Perhaps the effect is due to a
decrease in density by dilatation of the emitting region
when the F region rises. It must be remembered that we
have no justification for assuming that the funetion of
brightness versus height is a stréight line, or that the
evidence is physically valid. However, Dr. Martyn's sug-
gestion also find favor in the observation by KARANDIKAR
(1934) made at Poona; India that the nocturnal variation
of 5577 shows a nightly minimum rather than a maximum
because it appears that the height of maximum ion-density
of the F reglon also passes through a minimum during the
night there,

If the electrons in the F region produce the light,
and the production is proportional to the ion density; the
region emitting the light at A 6300 must rise and fall
with the F region. If not the changes in brightness would
be very irregular, because at any one height within the
region, the density of electrons changes greatly from a
change in height of a few kilometers, if the region has
the generally assumed paraboliec distribution. Calculations
based on this assumption, using the mean values of the six
nights in May, June and July, and the following formula to
represent the distribution:

1
Np = Ny (1= Q%:Q)a

show that the ion density at the 300 kilometer level can
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change by a factor of 30 in 3 hours as the result of a
change in height from 300 to 359 kilometers, at the center
of the region.

If one assumes that the intensity of the red lines is
proportional to the electron content, he must explain the
seasonal variation in the coefficient of proportionallty.
This is not easy to do, but one factor comes immediately to
mind, the temperature of the F region. In the summer, higher
temperatures would increase the collisional frequency and
make production of the red lines scantier. A greater num=-
ber of electrons would be needed to produce a given amount of
light. In the winter however, the light production being
less influenced by collisional frequency, what electrons
there were present would be more than adequate and the bright-
ness variations would then be dependent on what ever other
factors enter into the production of the light. Although
this is an ad hoc hypothesis it 1s not unlikely that fhe
ionospheric temperatures are much lower in winter and the
theory merits consideration.

There is another facet of the problem which we should
consider. ELVEY (1946), CABANNES AND GARRIQUE (1936) and
STORIMER AND VEGARD (Harang 1951) have noted that the pre-
sence of sunlight greatly enhances the brightness of the
red lines. The last' investigators noted this phenomenon
in the aurora polaris. This has been called the twilight
enhancement and has been the subject of mueh conjecture.

The number of redline transitions seems so great that
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ELVEY AND FARNSVORTH (1942) were tempted to say that the
observations indicate a much slower decrease in the number

of oxygen atoms wlth height than previous theoretlcal con-
siderations had indicated. SWINGS (1951) took them to task
von_the basis of fallure to consider collisional de-excitation
and its decrease with height as a mechanism for enhancing

the red lines. We should 1like to suggest that perhaps the
effect noted by Elvey and the others was due in part to the
large number of ions present during that period as well as

to the decrease in de-excitatlion. It does not seem that

we are investigating the twilight enhancement in thils paper
because during all the hours of observation, the sunlight

was striking the atmosphere well about 400 kilometers. The
phenomenon remarked upon by Elvey occurredl during astronomical
twilight. It might be possible to obtain information about
collisional de~excitation by comparing the actual light
observed during astronomical twilight with that expected upon
the basis of density distribution, and possibly also ioniza-
tion.
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PART VI
Discussion

It seems that in treating matiers of correlation of
the lonosphere and ailrglow that the best results might be
obtained when the two observations were made in the same
place., If this were done a smaller amouni of the emlitlng
region would be included in the field of view of the instru-
ment and the sampling point would be nearer to that made by
the ionosphere apparatus. It seems desirable to install an
ionosphere apparatus at Cactus Peak for a year or two in
order to finish the comparison.. which is only just begun in
this work.

Correlation of the E region with the nightglow is not
possible from such a distance as Cactus to Stanford because
the E region at night is a cloudy affalr with patches of
ionization only a few tens or hundred of kilometers across.
The low zenith distance at which they must be observed to
see the lonosphere over the lonosphere statlon precludes
any conclusions about a correlation. Then too, 1f the E
region does emif light, the values of correlation with the
F region might be altered by the presence of a radiating
cloud in the line of sight without it being apparent on the
ionosphere data.

Scattered light at great zenith distances generalizes
-patterns and changes in the night glow. Near the horizon

most of the light is scattered from the rest of the sky.

... NN
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only scattered light 1s seen. The effect of this scattered
light is to obscure whatever pattern is in the sky and give
Instead an average valué for the light from the whole sky,
both in the visible and invisible hemisphere. Thus readings
made near the horizon should not change rapidly with time,
because the iIntegrating effect of all changes from all parts
of the sky will almost tend to render it constant. It might
be remarked here that the so-called "snap-shot" lsophotes of
the night sky and the isophotal maps published to show excie
tation patterns will sometimes show closed figures within
a thousand kilometers of the observing station because of
the generalization by scattering at low zenith distances.
Hence, any triangulation based on comparison of patches noted
at two stations will be confused by this effect.

It would be very useful if the lonospheric stations
would regularly report the height of maximum ion density
as calculated by the method of Booker and Seaton. In addi-
tion to being very useful they are frequently obtainable
when the minimum virtual heights are not, and are often more
accurate. We should like also to recommend that the stations
report the blanketing frequency of sporadic E whenever that
1s readable. This parameter has more meaning in terms of
ion density than the boundary layer reflections which are
ordinarily reported and whlch are no indlcation of anything
exceplt transmitter power and receiver sensitivity. It is

possible that thls type of refleection lead Bradbury and
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Sumerlin to suspect that there was more sporadic E present
than,thefe actually was.

MC NISH AND GAUTIER (1949) and subsequently others,have
shown that for the tropies, the phase of the moon has a
significant effect upon the ion density of the F region.
Although thig effect 1eg not pronounced late at night; it
does hold over to the period of decline in the evening whille
the layer is recombining. This leads us to suspect that an
effeet of the phase of the moon might be found in the night
glow 6300 radiation. It seems desirable to observe the
night glow for a period of several months, whenever the moon
is not in the sky. It might even be possible to do so
during periods when the moon was up, if the two color tech-
nigque were used with filters of very narrow bandwidth. Such
observations could be confined to the zenith or to the north
celestial pole. 4n extension of the twilight enhancement
might appear in the moon 1it sky.
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PART VII
Conclusion

In concluding one is inclined to skip lightly over
statements which had perhaps best be forgotten and to forget
to properly qualify all the statements he thinks are worth
repeating. Let us hope that the reader will forgive such
1apées as occur in thls respect. The following conslusions
are to be regarded as tentative although they are stated
as facts to prevent the obscuration of important points by
unnecessary qualification. |

1. The 6300-6364 night glow is related to the ioni-
zation of the F region of the ionosphere.

2. The intensity 1s direectly proportional to the maxi-
mum electron density of the F region.

3. The constant of proportionality 1s a funetion of
time of year, the ratio of light intensity to electron den-
sity being greatest in the winter and least in the summer.

4, The 5577 night glow changes brightness with changes
in height of the F region, as predicted by Martyn.

5. It seems that the heights in the vicinity of 200 kms
as measured by the Van Rhijn technique for the [0I] radiations
are probably more correct than those based upon chemical
theory which fall in the 100 km region, although some light
.may well be produced at this level.

6. Unless our ideas of atmospheric density and compo-
sition are in grave error, the light can hardly be produced

by the usual sort of chemiluminescent reaction.
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7. 4lthough the evidence for cascading from the 8 to
the_P to.the D state of the metastable oxygen atom is not
cbnclusive, one way or the other, it is possible that an
alternative explanation of the nocturnal variation could
be made this way.

8. We may expect the green lines Lo be produced lower
in the atriosphere than the red lines.

9. The processes producing the two radiations are dif-

Terent.
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