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ABSTRACT 

Twilight Enhancement 

of 6300 A (01) Airglow 

by 

Robert Thomas Bennett, Jr. 

From consideration of the excitation mechanisms of 

6300 A (01) airglow, it is found that an observed twilight 

enhancement in the- 6300 A (01) intensity may be attributed 

to a photoelectron flux from the sunlit magnetic conjugate 

point. This is supported by the coincidence of the begin-- 

ning of the observed predawn enhancement with the conjugate 

point.sunrise. Airglow intensity measurements were obtained 

at Houston, in addition to data from international IGY and 

IQSY observatories. The predawn enhancement is found to 

have an average value of ~ 50 Rayleighs and a maximum of 

~ 100 Rayleighs. Latitudinal limits of the enhancement are 

determined to be L ~ 1.1 to L ~ 3.2. Over the solar cycle, 

the enhancement is found to decrease by 50% during periods 

of minimal solar activity. From the measured intensity 

enhancements the required photoelectron fluxes are calculated. 

Between L ~ 1.1 and L ~ 3.2, the average conjugate flux of 
8 —2 —1 

10 ev photoelectrons is found to be 2 x 10 cm sec , which 

agrees with recent theoretical calculations. The potential 

significance of this study lies in its implications for 

magnetospheric electric fields and in the coincidence in 

L value of the twilight enhancement upper limit and the 

plasmapause. 
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1. INTRODUCTION 

Photoelectrons from the sunlit ionosphere at the 

magnetic conjugate point produce a presunrise ionospheric 

heating, as indicated by incoherent backscatter measure¬ 

ments of ionospheric electron temperatures at Arecibo (L ~ 

1.4) (Carlson, 1966). At Millstone Hill (L ~ 3.2) Evans 

(1967) has observed a similar presunrise -ionospheric heating 

coincident with the conjugate point sunrise. Cole (1965) 

and Carlson (1966) proposed that incoming photoelectrons 

may produce an enhancement in the twilight airglow inten¬ 

sities, in addition to heating ionospheric electrons. 

The present study involves the determination of the 

absolute magnitude of an airglow enhancement attributable 

to photoelectrons from the magnetic conjugate point. Air- 

glow intensity measurements recorded at Houston (L ~ 1.9) 

and airglow intensity data obtained from international IGY 

and IQSY observatories are studied to verify the existence 

of such an enhancement. Latitudinal variations and limits 

of the twilight enhancement, as well as its variations 

throughout the solar cycle, are determined. 

With the intensity of the twilight enhancement and 

its excitation mechanism thus known, the required flux of 

photoelectrons is calculated. Comparisons are made with 

experimental determinations of the flux from incoherent 

backscatter measurements of electron temperatures by Carlson 

(1966) and Evans (1967) and with theoretical predictions of 

the flux by Hanson (1963) and Nisbet (1968). 
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2. EXCITATION OF 6300 A (01) AIRGLOW 

In order to estimate the effect upon local airglow 

intensities of a possible photoelectron flux from the con¬ 

jugate point, the excitation mechanisms must be considered. 

Numerous mechanisms have been proposed (Chamberlain, 1961). 

Some contribute to the night, twilight, and day airglow 

intensity, while others are restricted to- specific time 

periods. 

Emphasis will be placed upon 6300 A (01), because it 

possesses an excitation energy low enough to be sensitive 

to changes in the excitation mechanism. The relevant por¬ 

tion of the oxygen energy level diagram is shown in Figure 1. 

For each level the total angular momentum quantum num¬ 

ber, J, energy and radiative lifetime are indicated. The 

energies and wavelengths are from Chamberlain (1961), and 

the other parameters are from Allen (1963). Table 1 lists 

(for the relevant lines) the wavelength, line designation, 

type of line (electric-quadrupole or magnetic dipole) and 

transition probability, A, and P, the percentage of radiative 

transitions from a specified upper energy level to the given 

level. These transitions are forbidden by electric-dipole 

radiation but are allowed by electric-quadrupole (q) and 

magnetic dipole (m) radiation. 

X (A) Line 

Table 1. 

Type of 
Line 

_, -i. A(sec ) P(%) 

5577 VS) q 1.3 94 

6300 vs m 0.0069 76 

6364 s-s m 0.0022 24 
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2•1 Resonance Scattering 

An atmospheric atom may absorb solar radiation and 

subsequently emit a portion of the absorbed energy. When 

the absorbed and emitted photons have the same frequency, 

the process is called "resonance scattering". But, in 

general, there is a frequency change and the process is 

called "fluorescence". The contribution of resonance 

scattering to twilight and day airglow has been evaluated 

(Chamberlain, 1961; Dalgarno and Walker, 1964; Wallace and 

McElroy, 1966). 

When the shadow of the earth is at height Z^, the 

6300 A (01) emission due to resonance scattering (at the 

zenith), as derived by Chamberlain (1961) is 

4TTI = gN (Z ) 
eq s 

where g is the number of photons per second scattered by 

an illuminated atom, assuming no deactiviation. Deacti¬ 

vation is the transfer of energy from an 0(^D) atom by 

collision or reaction with atoms or electrons rather than 

by radiation. The radiative lifetime of the level is 

on the order of 110 seconds (Chamberlain, 1961). N (Z ) 
eq s 

is the number of atoms in a square centimeter column above 

the shadow. 

N (Z ) 
eq s' I 

Z 
s 

N(Q,Z)  
1 + N(X,Z) SD/ADp 

where S is the rate coefficient of deactivation by con- 
D 

stituent X, A^ is the radiative transition probability 

from J = D to J = P, N(0,Z) is the number density of oxygen 
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atoms at height Z, and N(X,Z) is the number density of 

constituent X at height Z. Laboratory data (DeMore and 

Raper, 1964) indicate that the major deactivation con¬ 

stituent is molecular nitrogen and that the adopted value 
-l‘i 3 

of rate coefficient of deactivation is S ~ 3 x 10 cm / 
D 

sec. Parameters for the calculation of the intensity of 

the emission due to this mechanism, for Z = 250 km are 
-s 

given in Table 2. 

Table 2 

Parameter 
-11 3 . 

cm /sec 

Reference 

Deactivation coefficient, S = 3 x 10 
D 

DeMore and 
Raper, 1964 

Oxygen density, N(0,250 km) = 1.18 x 109cm-3 Hinteregger, 
o 

et al., 1965 

Nitrogen density, N(N_,250 km) = Hinteregger, 
2 8-3 

2.19 x 10 cm 
et al., 1965 

Transition probability, A -- 0.0069 
-1 

sec Allen, 1963 

g-factor, g =4.5 x 10 ^9photon/sec atom Chamberlain, 
1961 

With these parameters, the contribution of resonance 

scattering to the 6300 A (01) intensity is ~ 1 Rayleigh at 

250 km, for a 40 km layer, which is the thickness of the 

6300 A (01) emission layer, as discussed in the section on 

the height of the 6300 A (01) emission. It is concluded 

that due to collisional deactivation the contribution of 

resonance scattering to the 6300 A (01) twilight airglow is 

negligible (Chamberlain, 1958). A similar conclusion was 

reached for the day airglow by Wallace and McElroy (1966). 
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A measurement of the predawn or post-twilight 6300 A (01) 

emission is not affected by resonance scattering, which 

depends upon direct solar radiation. 

2.2 Fluorescence 

Atmospheric atoms which, when illuminated by solar 

radiation, absorb shorter wavelengths than are emitted, are 

said to be excited by fluorescence. A procedure similar to 

that employed for resonance scattering may be used in esti¬ 

mating the 6300 A (01) intensity from fluorescence. However, 

a small correction is necessary in the g-factor (Dalgarno 

and Walker, 1964). The intensity of 6300 A (01) from 

fluorescence is negligible when compared to measured twilight 

and day airglow 'intensities. In addition to collisional 

deactivation, the low solar intensity at shorter wavelengths 

limits the contribution to 6300 A (01) intensity from 

fluorescence. Since this mechanism depends upon direct 

solar radiation, it is not expected to affect predawn or 

post-twilight airglow intensities. 

2 .'3 Photodissociation 

Solar radiation produces airglow emissions by photo¬ 

dissociation of molecules into excited atoms. Radiation 

at UV wavelengths, between 1350 A and 1750 A in the Schumann- 

Runge region, is strongly absorbed by molecular oxygen, 

producing 0(^D) atoms (Bates, 1948). 

3 1 
02 + hv - 0( P) + 0( D) 

The production rate of O(^D) atoms at altitude, Z, for a 

solar zenith angle, 0, is 
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1750 
Q(Z,0) = n(0_,Z) J F(\)a(X) exp[-p(\)] d\ 

1350 

where F(\) is the solar incident flux, cr(\) is the absorp¬ 

tion cross section, and p is an attenuation factor (Dalgarno 

and Walker, 1964). For the deactivation coefficient, S ~ 
-11 3 D 

3 x 10 cm /sec, the 6300 A (01) intensity from photo¬ 

dissociation is ~ 6 kR for a solar zenith angle of zero. 

From experimental measurements Noxon (1964) estimates a 3 kR 

contribution to day airglow from photodissociation of 02« 

To estimate the possible effect of photodissociation upon 

twilight measurements, Figure 2 shows the theoretically 

calculated intensity with solar depression angle. At local 

astronomical twilight, i.e., the solar depression angle, 

0s^ = +18°, there is no contribution from photodissociation 

of C>2 to the airglow intensity. 

2.4 Chemical Reactions 

Chapman (1931) proposed that chemical energy stored 

in the atmosphere could be released by a reaction of oxygen 

atoms, with a portion of the energy released as radiation. 

0 + 0 + 0- 02 + 0(
1D) 

In addition, 6300 A (01) may be produced by a cascading 

process from the Chapman mechanism, 

o + 0 + 0 - 02 + o(
1s) 

0(1S) - 0(1D) + 5577 A 

These excitation processes would occur at relatively low 

altitudes, i.e., ~ 100 km, where the deactivation of 0(^D) 
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is important. Chamberlain (1961) proposed the deactivation 

processes: 

0 (XD) + N2 - 0(
3P) + N* 

0(1D) + 02 - 0 (3P) + 0* 

Wallace and McElroy (1966) concluded that chemical reactions 

due to the importance of deactivation at low altitudes, pro¬ 

duce negligible 6300 A (01) day airglow intensity. From 

measurements of the height of 6300 A (01) night airglow 

emission, which occurs at ~ 250 km, as discussed in Section 

5.1, in disagreement with the height of the occurrence of 

chemical reactions, which is ~ 100 km, Chamberlain argued 

that chemical reactions produce a negligible contribution 

to the 6300 A (01) night airglow due to collisional de¬ 

activation. 

2.5 Dissociative Recombination 

A major source of the 6300 A (01) emission in the 

night airglow is assumed to be dissociative recombination 

(Chamberlain, 1961). Electrons recombine with the molecular 

ion O* (Dalgarno and Walker, 1964) by the following re- 
2 1 

actions, leading to 0( D) atoms: 

0+ + e - 0(3P) + O^D) 

0+ + e - 0(1D) + 0(1D) 

0+2 + e - O^D) + 0(
1S) 

The O* is provided by the ion atom interchange: 

0+ + o2 -> 0* + O. 
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The rate, p, at which 0(D) is produced by dissociative 

recombination may be expressed as 

P^D) = a^DjntO*) ne 

where a^^D) is the rate coeffecient, n^*) is the density 

of 0^, and ng is the electron density. From photometric 

observations and simultaneous electron density profiles, 

Peterson and Steiger (1966) found that dissociative re¬ 

combination is a dominant source of the 6300 A (01) night 

airglow and that the observed variations in the 6300 A (01) 

intensity are due to changes in the height, shape and 

magnitude of the electron density profile. 

The contribution of dissociative recombination to the 

6300 A'(OI) day airglow is significant but is only one of 

several contributing excitation mechanisms (Dalgarno and 

Walker, 1964; Wallace and McElroy, 1966). Figure 3 shows 

the theoretically calculated intensity with respect to time 

after sunset and indicates that 6300 A (01) airglow inten¬ 

sities from dissociative recombination decrease from day 

airglow intensities to mean night airglow intensities in 

approximately one hour. Observed 6300 A (01) twilight 

intensities, as measured by Megill (1960) and shown in 

Figure 4, indicate a slower decrease in intensity than pre¬ 

dicted from dissociative recombination. Other excitation 

mechanisms must contribute to the 6300 A (01) twilight air¬ 

glow intensity. Similarly, Dalgarno and Walker (1964) 

compared the'theoretical intensity from a combination of 

photodissociation and dissociative recombination to observa¬ 

tional measurements and concluded that additional excitation 

mechanisms must contribute to the day airglow intensity. 
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2•6 Photoelectrons 

Solar XUV radiation, extreme ultraviolet and X-rays 

with wavelengths from about 1 A to 1750 A, illuminates the 

upper atmosphere, producing photoelectrons from the ioniza¬ 

tion of atoms and molecules. Photoelectrons lose energy 

in various collision processes, one of which is electron 

impact excitation of atomic oxygen to the 0("4)) state 

(Hanson, 1963; Dalgarno, 1964). 'In addition, photoelectrons 

lose energy by suffering inelastic collisions with the 

neutral gas, an important loss mechanism at high electron 

energies and low altitudes, or by coulomb interactions with 

ambient electrons, important at high altitudes and low 

electron energies. As a result of their relative heating 

and cooling rates, the temperature of the ambient electron 

gas is increased above the temperature of the neutral gas 

and positive ions. The electrons of the ambient electron 

gas, which can be characterized by a temperature, will be 

referred to as "thermal electrons". The excitation of 

6300 A (01) by thermal electrons will be considered in the 

next section. 

Photoelectrons cannot be characterized by a temperature, 

nor can their energy distribution function be considered 

Maxwellian. With an initially higher energy, the photo¬ 

electron is distinguishable from the ambient thermal electron. 

The photoelectron production rate is the product of the 

photon flux, photoionization cross section, and neutral 

particle density. The energy of the photoelectrons produced 

by.the solar flux at wavelength, X, is 

where I is the ionization energy of the atom or molecule 
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producing the photoelectron. From the calculations of 

Hoegy, et al., (1965), Figure 5 shows the photoelectron 

production rate as a function of energy for the altitude 

range 120 to 300 km. The photoelectron flux is obtained 

from the experimental measurements of the solar XUV spectra 

by Hinteregger, et al., (1965). In addition, from a con¬ 

sideration of energy losses due to photoelectron-neutral 

particle and photoelectron-ambient electron interactions,. 

Hoegy, et al., (1965) calculated the photoelectron energy 

distribution for the altitude range 200 km to 300 km, as 

shown in Figure 6. From these results Fournier and Nagy 

(1965) have shown that photoelectron excitation significantly 

contributes to the 6300 A (01) day airglow. For a deactivat- 
-11 3 -1 ing coefficient of S ~ 10 cm sec , the calculated in- 

D * 
tensity is ~ 3 kR, which is of the same order as the 5 kR 

value measured by Zipf and Fastie (1963). However, the 

intensity can be as.high as 50 kR (Noxon, 1964). Figure 7 

shows the relative contribution of photoelectrons, photo¬ 

dissociation, and dissociative recombination to the excita¬ 

tion of 6300 A (01) day airglow. 

The photoelectron airglow excitation mechanism, which 

depends upon solar illumination for the production of photo¬ 

electrons, will contribute also to the twilight airglow, 

but not to the night airglow. 

& 

2.7 Thermal Electrons 

Dalgarno (1964) suggested that a rise in the temperature 

of the ambient electron gas should be accompanied by an 

increase in the 6300 A (01) intensity. Rocket and satellite 

measurements reveal thermal electrons with a temperature 

up to ~ 3500°K and an atmospheric temperature up to ~ 1000°K 
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for an altitude from 200 to 300 km (Spencer, et al., 1965 

and Brace, et al., 1965). Incoherent backscatter measure¬ 

ments indicate that electron temperatures during the day 

generally exceed the neutral gas temperature by ~ 1500°K in 

the F-region (Wallace and McElroy, 1966). The temperature 

differential during the day depends upon the solar XUV 

radiation, which produces photoelectrons as previously 

discussed. Wallace and McElroy (1966) calculated the con¬ 

tribution of thermal electrons to the 6300 A (01) day airglow 

to be ~ 800 R, which is minor when compared to the observed 

intensity of 5 to 50 kR (Noxon, 1964). 

Satellite observations (Brace and Spencer, 1964) show' 

that the electron temperature remains higher than the 

neutral particle temperature throughout the night. The 

electron temperature during the middle of the night is 

1000°K to 1500°K for an altitude range from 260 km to 400 km. 

The intensity of 6300 A (01) airglow due to the excitation 

from thermal electrons at a given height is 

00 

4JTI = 0.76 S._ f n n dh 
12 J 0 e 

h 
o 

where S^ is Seaton's (1956) rate coefficient (determined 

from the excitation cross section as shown in Figure 8), 

nQ is the atomic oxygen density, hQ is the minimum height 

of emission, and 0.76 is the percentage of radiative transi¬ 

tions from the level that emit 6300 A (01). Figure 9 

shows the calculated intensity of 6300 A (01) from excitation 

by thermal electrons with respect to electron temperature 

for h = 250 km, n^ = 1.61 x lO^cm and n = 2.43 x lO^cm ^, 
o 0 e 

as employed by Rees, et al., (1967). Thus, for typical 
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nocturnal electron temperatures of ~ 1200°K (Carlson, 1966; 

Evans, 1967), the 6300 A (01) intensity is ~ 1 R, in agree¬ 

ment with the calculations of Wallace and McElroy (1966). 

In this manner, the contribution of thermal electron excitation 

to the 6300 A (01) night airglow is demonstrated to be 

negligible when compared to measured intensities of ~ 10 to 

200 R. The contribution to twilight 6300 A (01) airglow is 

~ 100 R' for an electron temperature of ~ 2000°K, as shown 

in Figure 9. Typically, the twilight 6300 A (01) intensity 

is ~ 1 kR (Chamberlain, 1961), which indicates that the 

contribution of thermal excitation is minor, except in 

special cases of exceptionally high electron temperature. 

2.8 Conjugate photoelectrons 

Photoelectrons from the sunlit ionosphere at the magnetic 

conjugate point produce a presunrise ionospheric heating, as 

indicated by incoherent backscatter measurements of iono¬ 

spheric electron temperatures at Arecibo (L ~ 1.4) (Carlson, 

1966). At Millstone Hill (L ~ 3.2) Evans (1967) has observed 

a similar presunrise ionospheric heating coincident with the 

conjugate point sunrise. 

In the predawn, before the beginning of local twilight, 

when only the night airglow excitation mechanisms are locally 

active, an observed enhancement in the 6300 A (01) airglow 

intensity may be due to incoming photoelectrons from the 

sunlit magnetic conjugate point (here referred to as "con¬ 

jugate photoelectrons"). Similarly, in the post-sunset 

period, after the conclusion of local twilight, when only 

the night airglow excitation mechanisms are locally active, 

an observed enhancement in the 6300 A (01) intensity may be 
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due to conjugate photoelectrons. The condition that the 

conjugate ionosphere be sunlit while the observatory- 

measures the night airglow is satisfied during the winter 

months for observatories in the northern hemisphere, and 

during the summer months for southern hemisphere observatories. 

Cole (1965) proposed that incoming photoelectrons from 

the sunlit magnetic conjugate point heat the ambient thermal 

electrons of the local ionosphere, which, by inelastic 

collisions with atomic oxygen, increase the 6300 A (01) 

intensity. Carlson (1966) proposed that the enhancement 

in the 6300 A (01) is due to the direct production of 0(^D) 

through inelastic collisions between conjugate photoelectrons 

and atomic oxygen. 

The enhancement mechanism proposed by Cole (1965) 

apparently does not contribute significantly to the en¬ 

hancement. Figure 9 shows that the ambient thermal electron 

temperature must reach ~ 1900°K before there is a significant 

increase in the 6300 A (01) intensity (of ~ 50 R). Carlson's 

(1966) measurement of electron temperature at Arecibo (L ~ 

1.4) showsan increase in the electron temperature, apparently 

due to conjugate photoelectrons, from ~ 900°K to ~ 950°K 

at an altitude of 300 km. At 450 km the increase was to 

~ 1200°K. Measurements made by Evans (1967) at Millstone 

Hill (L ~ 3.2) indicate an electron temperature increase 

from ~ 1100°K to ~ 1300°K at an altitude of 375 km as shown 
0 

in Figure 10 in comparison with measurements made by 

Carlson. These increased temperatures are not great enough 

to produce a measureable contribution to the 6300 A (01) 

intensity enhancement. 

Therefore, Carlson's (1966) enhancement mechanism, 

in which the enhancement in 6300 A (01) is attributed to 
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direct production of 0(D) through inelastic collisions 

between conjugate photoelectrons and atomic oxygen, will 

be the mechanism assumed in the calculation of the conjugate 

photoelectron flux incident upon the atmosphere. 
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3. INSTRUMENTS AND PROCEDURES 

The majority of the airglow observations were per¬ 

formed using photometers equipped with interference filters 

designed to isolate specific airglow emissions. Filter 

characteristics such as the maximum transmission, T , the 
max 

wavelength at maximum transmission, 0 , and the effective 
max 

bandwidth, EB, are listed in Table 3 for some of the IGY 

observatories which measured 6300 A (01). 

Table 3 

Observatory T (%) 
max 0 (A) max EB (A) 

Loparskaya 21.6 6280 193 

Zvenigorod 25.7 6262 143 

Ondrejor 31.8 6358 140 

Lomnicky-Stit. 22.3 6320 86 

Lomnicky-Stit. 47.2 6415 385 

Simferopol 30.4 6325 120 

Abastumani 35.6 6325 134 

The degree of isolation of an emission depends upon 

the filter's effective bandwidth, which is equal to the 

total integrated transmission divided by the maximum trans¬ 

mission. The average of the effective bandwidths in Table 3 

is 136 A. Interference filters with smaller effective band- 

widths would have provided further reduction in the contam¬ 

ination due to starlight, zodiacal light, airglow continuum, 

and particularly OH emissions. Absolute intensities of the 

airglow continuum, including starlight, are plotted in 

Figure 11. A portion of the airglow spectrum recently 
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measured by Broadfoot and Kendall (1968) is shown in Figure 

12 to indicate the possible contamination from OH emissions. 

Table 4 lists the wavelengths of OH emissions in the vicinity 

of the 6300 A (01) emission and the ratio of OH intensity, 

I , to the 6300 A (01) intensity, I . Broadfoot and Kendall 
OH 01 
report that the 6300 A (01) intensity during these obser¬ 

vations was abnormally weak, about 10 Rayleighs. 

Wavelength of OH(A) 

Table 4 

6236 

6260 

6287 

6330 

Ratio, IQH/I 

0.73 

0.60 

0.58 

0.62 

01 

Methods have been developed to eliminate contamination 

from airglow intensity measurements of specific emissions. • 

The birefringent filter, which was used at some stations 

during the IGY and IQSY, significantly eliminates contami¬ 

nation. The photometer, as shown in Figure 13, is equipped 

with an interference filter of effective bandwidth ~ 20 A, 

which isolates the 6300 A emission line, and with a quartz 

birefringent filter, which modulates the discrete emission 

in phase with a rotating Polaroid, while the continuum is 
j 

unmodulated. Tuned detectors respond only to the modulated 

signal, eliminating the contamination from the continuum. 

In addition to such modulation, the birefringent filter 

decreases the effective bandwidth of the photometer to 

about one-half that of the interference filter, further 

eliminating contamination from OH emissions. In addition, 



-17- 

the birefringent photometer operates effectively even in 

the presence of a full moon. Generally, the photometers 

have a 5° total field of view. Birefringent photometers 

were used at Fritz Peak, Rapid City, and Sacramento Peak 

during the IGY. 

Another system widely used for eliminating contamination 

is the two-color method introduced by Barbier and Roach 

(1950). Two photometers are used simultaneously, one with 

its filter bandwidth centered on that emission wavelength 

which is of interest, the second with its filter bandwidth 

avoiding that emission wavelength. Subtraction of the 

control filter reading from the emission filter reading 

removes the contamination due to starlight, zodiacal light, 

and airglow continuum. This method eliminates the con- 

tamination from OH emissions only if the emission filter is 

sufficiently narrow, i.e., bandwidth < 20 A, to eliminate 

OH emissions or (if. the emission filter is not so narrow) 

the control filter includes OH emissions of about the same 

magnitude as those included in the emission filter. 

Barbier (1956) introduced a variation in the two-color 

method to further eliminate OH emissions, as well as other 

contamination, from the 6300 A (01) emission measurement. 

At any given time, the photometer observes the airglow with 

one of two alternating interference filters, which are 

both centered on about 6300 A but possess bandwidths of 

considerably different sizes as shown in Figure 13. Employ¬ 

ing a combination of the measurements, it is possible to 

subtract the OH emissions and contaminations from the 6300 A 

and 6364 A (01) emission measurements. 

The Houston observations were performed with a four- 

channel, tilting, interference filter photometer shown in 
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Figure 15 (Eather and Jacka, 1966). The detector for the 

6300 A (01) emission was an EMI 6094S photomultiplier and 

for the 5577 A (01) emission, an EMI 9558B photomultiplier. 

The photomultiplier tubes were cooled to increase the 

signal-to-noise ratio. Heating the filter to ~ 40°C in¬ 

creases the wavelength of maximum filter transmission ~ 4 A. 

The interference filter for 6300 A had a maximum trans¬ 

mission of 48% and a bandwidth of 2.8 A at half-transmission, 

as shown in the transmission curve, Figure 16. Tilting the 

filter over a period of 15 seconds from 0° to 10° scans the 

spectral range from 6304 A to 6280 A. The effective band¬ 

width of the filter increases, and the transmission decreases 

with increasing tilt-angle. Since the two effects tend to 

cancel, the total integrated transmission remains constant 

within 10%. The transmission curve for the 5577 A filter 

is plotted in Figure 17. The maximum transmission is 32% 

and the bandwidth at half-transmission is 2.8 A. Tilting 

the filter from 0° to 10° scans the spectral range from 

5581 A to 5577 A. The field of view of the photometer is 

expressed by a half-angle of 2.5°. 

The narrow interference filters, i.e., 2.8 A, effectively 

isolate the emission lines, eliminating contamination from 

OH emissions. The background continuum from sources such as 

starlight, zodiacal light, and airglow continuum is measured 

every 15 seconds when the interference filter reaches the 

maximum tilt-angle. In order to remove contaminations, 

.this measurement of the intensity of background emissions 

is subtracted from the maximum emission intensity of 6300 A 

(01) which occurs when the filter tilt-angle is about 0°, 

yielding finally a spectral intensity without contaminations. 
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The photometer response is recorded on a chart recorder at 

a rate of 1 mm/sec, which is more than adequate for detect¬ 

ing changes in the intensity. 
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4. CALIBRATIONS 

The photometric unit of absolute intensity used in 

measuring airglow intensities is the Rayleigh. The Rayleigh 

6 2 
is defined as the emission rate of 10 photons/cm sec 

(Hunten, Roach and Chamberlain, 1956). 

The majority of the IGY observatories calibrated their 

interference-filter photometers from a star of known apparent 

magnitude and spectral class. For this calibration, des¬ 

cribed by Roach (1957), the effective field of the photo¬ 

meter and the interference filter transmission curve are 

determined. Since most cathodes are not uniformly sensitive 

across the surface, the photometer response depends upon 

the position of the star in the field. This difficulty is 

solved by mapping the photometer response over the field 

through observation of a star for a series of field cross¬ 

ings, or by observing a uniform source of known absolute 

•intensity such as the Milky Way. From the photometer response 
t 

with and without the star or source in the field and from 

the star's intensity at those wavelengths transmitted by 

the filter (with this intensity calculated from the star's 

apparent magnitude), the absolute calibration of the inter¬ 

ference-filter photometer is determined. 

Instrumental constancy of interference-filter photo¬ 

meters was maintained through checks with radioactive, 

phospher light sources. Photometers with birefringent 

filters were calibrated by comparison with an interference- 

filter photometer. In addition, an intercalibration program 

between some observatories was performed with portable photo¬ 

meters to maintain interstation consistency estimated to 

be ± 10% (Yao, 1963). At a given station Yao estimates the 
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consistency for a given night to be ± 2% and for an extended 

period to be ± 5%. 

Generally the IQSY observatories followed procedures 

similar to those followed during the IGY, although some inter¬ 

ference-filter photometers were calibrated with a phosphor 

source which had been compared to a laboratory standard 

photometric source. With knowledge of the spectral trans¬ 

mission of the filter in the photometer and of the absolute 

intensity with wavelength of the phosphor source, the 

absolute calibration of the photometer is obtained from the 

measured phosphor source intensities. Birefringent photo¬ 

meters were calibrated by comparison with an interference- 

filter photometer. 

The Houston photometer (equipped with an interference 
14 

filter) was calibrated using a C radioactive phosphor 

light source manufactured by the U.S. Radium Corp. This 

portable phosphor light source had been previously cali¬ 

brated at the Fritz peak Observatory of ESSA. The calibration 

curve of the phosphor source, shown in Figure 18, is a plot 

of the absolute intensity with respect to wavelength. Since 

the transmissions of the interference filters, as shown in 

Figures 16 and 17, have narrow half-widths of only 2.8 A, 

the intensity of the phosphor source can be considered 

constant over this range. The effective bandwidth, EB, is 

found from the relation, 

CO 

f Td0 = T x EB J max 
o 

where T is the percentage of the filter transmission and 0 

is the wavelength. The intensity of the observed airglow 

emission, I , , is obtained from 
obs 
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R 
I , x „ obs R 

obs 

sis 
EB x I , 

sis 

where R g is the response in millivolts of the photometer 

during the airglow observation, R is the response in 

millivolts of the photometer during calibration with the 

phosphor standard light source, and I , is the intensity 
sis 

in Rayleighs/Angstrom of the standard light source obtained 

in Figure 18.for the specific wavelength. The phosphor 

light source, which is an extended source of uniform bright¬ 

ness, is placed during calibration in a position filling the 

entire field of view of the photometer. Each channel of 

the photometer was calibrated at least once during each 

night of observation.- 
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5. DATA AND DATA ANALYSIS 

Night airglow data, in the form of tabulated hourly 

values of the 6300 A (01) absolute zenith intensity, were 

obtained for the IGY, 1957 - 1959, from the Annals of the 

International Geophysical Year. A sample of the data for 

a single station is shown in Figure 19. Data were analyzed 

for the twelve IGY observatories offering the most extensive 

6300 A (01) measurements. Airglow data for the IQSY, 1964 - 

1966, as yet unpublished, were obtained from the World Data 

Center at ESSA. Figure 20 shows a sample of the data from 

one of those seven IQSY observatories offering the most 

extensive measurements and chosen for analysis. Figure 21 

is a sample of the Houston airglow data measured in 1967. 

Indicated are the intensity of 6300 A (01) and the back¬ 

ground intensity. 

The 6300 A (01) airglow enhancement, E(6300), is defined 

as the difference between the mean 6300 A (01) intensity 

measured when conjugate photoelectrons could be present to* 

increase the intensity and the mean 6300 A (01) intensity 

measured when no conjugate photoelectrons could be present, 

i.e., when there is no solar illumination at the obser¬ 

vatory's conjugate point. 

The magnetic conjugate coordinates were obtained for 

each observatory from the world map of conjugate coordinates 

(Campbell and Matsushita, 1967). The magnetic shell para¬ 

meter, L, (Mcllwain, 1961) is defined as the radial dis¬ 

tance in the equatorial plane from the earth's dipole center 

to an imaginary surface formed by the motions of charged 

particles mirroring from hemisphere to hemisphere and drift¬ 

ing around the earth. For each observatory, the value of L 
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at an altitude of 250 km was obtained from plots of constant 

L (Harrison, et al., 1963). Table 5 lists the observatories 

with their geographic coordinates, L parameter, magnetic 

conjugate coordinates, and the years for which night air- 

glow data were obtained. 

5.1 Height of the 6300 A (01) emission 

To determine when direct solar radiation begins to 

contribute to the excitation of the 6300 A (01) emission, 

the altitude of the emission must be known. Emission 

altitudes have been determined by three different methods: 

from ground observations of the variation of intensity with 

zenith angle, from rocket measurements, and from kinetic 

temperatures derived from Doppler broadening of line pro¬ 

files. Experimental determinations of the height are 

listed in Table 6. 

Among the variation-of-intensity methods of altitude 

determination, the Van Rhijn (1921) method has been employed 

most frequently. It depends upon the fact that the change 

of intensity of the airglow with zenith angle is a function 

of the height of the emission layer. The assumptions are 

that the layer is optically and linearly thin, homogeneous, 

and spherically symmetric and that there is no absorption 

in the atmosphere below the layer. As shown in Figure 22, 

the altitude, h, can be obtained from the relation 

1(9) 
1(0) , 2 

1-R„ s 
E 

in20/(RE + h)
2J2 

1 

where 1(0) is the observed intensity at the zenith angle, 

0, and 1(0) is the zenith intensity. The wide variations 
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Table 6 

Heights of the 6300 A (01) Emission Nightglow 

Method Height (km) Reference 

Van Rhijn 400 - 1000 Abadie, Vassy, and Vassy (1949) 

Van Rhijn 275 Roach and Pettit (1952) 

Van Rhijn 260 Karimov (1952) 

Van Rhijn 170 Huruhata (1953) 

Van Rhijn 116 - 143 Roach and Meinel (1955) 

Van Rhijn 280 ' Dufay and Tcheng (1955") 

Temperature 150 Cabannes and Dufay (1956) 

Temperature 200 Phillips (1956) 

Rocket >163 Heppner and Meredith (1958) 

Rocket >146 Tousey (1958) 

Barbier 275 Barbier (1959) 

Temperature 240 Wark (1960) 

Rocket 245 Gulledge, packer, and Tilford 
(1966) 
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in the results may be attributed to the fact that high 

accuracy in the ratio of intensities is necessary for 

obtaining reasonable accuracy in the height. In addition, 

the necessary radiative transfer corrections are sufficiently 

uncertain to impair the accuracy of the Van Rhijn method. 

Instrumental errors, as well as deviations from the assumed 

thin, homogeneous emission layer at uniform height, intro¬ 

duce further uncertainties into the results. 

Barbier (1960) introduced another method for determin¬ 

ing the height of the 6300 A (01) emission during twilight. 

His assumption is that the airglow intensities in two 

directions with equal zenith angles and azimuths of 90° 

(i.e., east) and 270° (i.e., west) will have similar varia- ■ 

tions, but be displaced in time. The altitude, h, as shown 

in Figure 23, is deduced from this time displacement. The 
/ 

distance between the lines of sight in the east and in the 

west is 

D = 2 Re|3 

The altitude is then given by the relation 

sin(6 - B) sin6 
R_ R,. + h 
E E 

Inaccuracies are a result of unrelated intensity variations 

and of deviations from this ideal geometry. 

The general height of the emission can be deduced from 

the kinetic temperatures, which are derived from the Doppler 

broadening of the line profiles. Temperatures of 700°K to 

1000°K for the twilight and night 6300 A (01) airglow 

emission indicate F-layer excitation (Chamberlain, 1961). 

In addition, the rotational temperature may be obtained 
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from the relative line intensities when the lines of a band 

system can be resolved. The assumption is that the Doppler 

temperature or rotational temperature is representative of 

the local gas temperature, which indicates the height from 

a knowledge of the gas temperature with altitude. But since 

the excited atoms may have acquired an excess of kinetic 

energy during excitation, the Doppler and rotational tempera¬ 

tures would be greater than the local gas temperature, lead¬ 

ing to uncertainty in the implied altitude of the emission 

layer. 

Rocket measurements of the emission altitude are made 

by flying a photometer at a selected zenith angle. The 

signal from the photometer is approximately constant until 

the rocket reaches the emission layer, at which time the 

signal decreases as the rocket passes through the emission 

layer. Advantages of the rocket method are that it is the 

cnly direct method which does not depend upon observation 

through the lower atmosphere or upon an assumed geometry, 

as do the ground observation methods. Early rocket measure¬ 

ments (Heppner and Meredith, 1958; Tousey, 1958) established 

only a lower limit for the emission layer, for the maximum 

altitude reached by the rocket did not penetrate the emission 

layer. More effective rocket measurements subsequently 

found the 6300 A (01) emission to be concentrated in a layer 

approximately 40 km thick, with a peak near 245 km (Gulledge, 

Packer, and Tilford, 1966). Considering this rocket measure¬ 

ment to be the most accurate determination, the altitude of 

the emission layer is taken as 250 km, which agrees within 5% 

with the average of the altitudes obtained from the various 

methods. 
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5.2 Sunrise and Sunset at Altitude h 

Sunrise and sunset are defined as those instants at 

which the true geocentric distance of the central point 

of the solar disk is 90°50', with an adopted value of 34' 

for the horizontal refraction, and 16' for the semidiameter 

(American Ephemeris and Nautical Almanac). Thus, the 
o 

apparent zenith distance of the sun's upper limb is 90 . 

For zenith angle photometric measurements, the observer's 

angle of solar depression, 0 ,, as shown in Figure 24, is 
sd 

found by 

COS0 , 
sd 

R 
E 

*13 
+ h (1) 

where R is the radius of the earth. With -the time of sun- 
E 

rise or sunset at ground level known, the time of sunrise 

or sunset at a given altitude is determined by 

tg(h) = tg(h = 0) ± 40sd/cosA (2) 

where A is the latitude of observation, with + used for 

sunset and - for sunrise. The factor of 4 converts 0 , 
sd 

from degrees to time expressed in minutes. The values of 

t (h = 0), including refractions, are obtained from the 
s 

American Ephemeris and Nautical Almanac in terms of local 

mean time at the Greenwich meridian. The local time, t, 

may be thus obtained 

t = t (h = 0) ± hi 
s 

where hi is the difference in longitude between the station 

and the standard meridian. The + is used for a station east 

of the standard meridian, and the - for a station west of 

the standard meridian. 
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5.3 6300 A (01) Enhancement 

For each of the IGY and IQSY observatories the hourly 

values of the 6300 A (01.) intensity were averaged for one 

to six nights in proximity. For each series of nights the 

times of the local sunrise and sunset at an altitude of 

250 km were calculated. From equation (1) for an altitude 

of 250 km, the solar depression angle, 

0 , = 16.25° 
sd 

Equation (2) then becomes 

t (h = 250) = t (h = 0) ± 65/cosA 
s s 

where A is the geographic latitude of the observatory. 

Before sunset or after sunrise at 250 km, an increase in the 

6300 A (01) intensity is due to local mechanisms such as 

photodissociation, photoelectrons produced locally, and 

thermal electrons. 

In addition, for each series of.nights, the times of 

the beginning and end of astronomical twilight at the 

observatory's magnetic conjugate point were obtained from 

the American Ephemeris and Nautical Almanac. The times 

are calculated in terms of the local time at the observatory. 

At the times of the beginning and end of astronomical twi¬ 

light, the solar depression angle, 0 , = 18°, which means 
sd 

that solar radiation illuminates the atmosphere only at an 

altitude of ~ 300 km and above, according to equation (1) 

Hanson (1963) has shown that photoelectrons produced above 

~ 300 km may escape the ionosphere and cause a flux of 

conjugate photoelectrons. Thus, before the conclusion of 

astronomical twilight at the conjugate point (referred to 

as "ECT") and after the beginning of astronomical twilight 
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at the conjugate point (referred to as "BCT"), a conjugate 

photoelectron flux and a resultant 6300 A (01) enhancement 

at the observatory are possible. 

Emphasis will be placed' upon the predawn enhancement, 

as opposed to the post-sunset enhancement. Since there is 

a greater degree of ionization after sunset than before dawn, 

it is more difficult to estimate the extent of the contribu¬ 

tion of' the conjugate photoelectron excitation mechanism, 

relative to other excitation mechanisms, in the production 

of the post-sunset enhancement. 

The greater the time period between the "BCT" and the 

local sunrise, the more reliable is the estimate of the con¬ 

jugate photoelectron contribution to predawn enhancement, due 

to reduced contamination from other excitation mechanisms. 

The time period between the "BCT" and local sunrise was as 

great as 6 hours for some observatories at certain periods 

of the year. No estimate of E(6300) was made for a time 

period of one hour or less between the "BCT" and local sunrise. 

Figure 25 shows the 6300 A (01) airglow intensity with 

respect to the time before local sunrise at 250 km for Haute 

Provence, France (L = 1.8). Two series of winter nights are 

shown in which the "BCT" precedes local sunrise by 3.5 hours. 

A predawn enhancement of 100 R is shown. A third series of 

nights near the autumnal equinox shows no predawn enhancement 

attributable to conjugate photoelectrons, which is expected 

since the "BCT" is almost coincident with the local sunrise. 

Figure 26 shows a predawn enhancement, E(6300), of about 

100 R at Zvenigorod, U.S.S.R. (L = 2.6). Also plotted is a 

series of nights in which no predawn enhancement is expected. 
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Table 7 shows the results of the enhancement calculations 

for the IGY and IQSY observatories. 

The coincidence of the beginning of the .observed predawn 

enhancement with the conjugate point sunrise, as shown in 

Figures 25 and 26, supports the theory that a conjugate photo¬ 

electron flux produces the enhancement. 

An estimate of the enhancement at Houston (L = 1.8) is 

obtained from Figure 27, in which the intensity is plotted 

for 12 December 1967, when a conjugate photoelectron flux 

was anticipated, and for 17 September 1967, when no conjugate 

photoelectron flux was anticipated. The enhancement is 

approximately 10 R at Houston. 

Estimates of enhancement were obtained for two additional 

observatories. At Canton, Massachusetts (L = 3.25), Noxon 

(private communication, 1968) estimated a small enhancement 

of not more than 10 R from conjugate photoelectron's. At 

Ann Arbor, Michigan (L = 3;1), Hays (private communication, 

1968) found no perceptible predawn enhancement. 

In order to estimate the limits of the' L values for 

which conjugate photoelectrons produce a 6300 A (01) enhance¬ 

ment, the values of E(6300) for each observatory are averaged 

over the period of observation. Figure 28 shows the average 

values of E(6300) plotted with respect to L. From Figure 28 

an upper limit of L ~ 3.2 and a lower limit of L ~ 1.1 are 

apparent. 

The average values of E(6300) for the years 1964 - 1968 

are less than those for 1957 - 1959. For two observatories, 

at L = 1.8 and L = 1.6, Figure 29 shows the variation in 

E(6300) with respect to time and relative solar activity. 

The average value of E(6300) at L = 1.8 is ~ 60 R greater 

% 
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Observatory 

Rapid City 

Zvenigorod 

Fritz peak 

Ondrejor 

Lomnicky-Stit. 

Sacramento Peak 

Table 7 

'• <V Year Month Day E (6300) 

2.9 57 10 25,26 70 
58 2 19,21,24 24 
58 10 10 - 18 29 

2.6 57 10 22,26 13 
57 11 28 - 30 44 
58 2 10,11 30 
58 . 3 12,18,19 53 
58 11 7,8,9 0 
58 11 10,11,12 123 
59 3 5,6 0 
59 10 30 97 
59 11 28,29,30 111 

2.4 57 10 25 - 29 4 
59 2 5,6,7,8 44 
59 10 24,25 35 

2.2 57 12 23 - 27 39 
58 1 21 - 26 40 
58 2 10 - 22 34 
59 2 4,5,6 106 
59 ' 2 13,14,26, 28 45 
59 10 4,5,6 29 
59 12 1 23 

2.1 57 10 26,27,28 75 
57 11 20,21,22 36 
57 12 19 - 23 12 
57 12 26,27 25 
58 1 15 - 27 79 
58 12 7,18 92 
59 1 12 31 
59 2 2,3,4,5 99 

1.85 57 * 11 18,19 12 
57 12 3-27 9 
58 11 2-28 3 
58 12 1-21 0 
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Table 7 
(continued) 

Li (R ) 
Observatory * * E' Year 

Haute Provence 1.8 57 
57 
57 
58 
58 
58 
59 
59 
59 
59 
64 
64 
64 
64 
65 
65 
65 
65 
65 
66 

Kitt Peak 1.7 64 
65 

Simferopol 1.7 57 
58 
58 
59 
59 

Abastumani 1.6 57 
58 
58 
58 
58 
59 
64 
64 
65 

Month Day E (6300) , (R) 

10 22 - .26 54 
11 18 - 24 72 
12 18,19/20,21 101 
1 16,17,18 113 

11 15,16,17 70 
12 7,8,9 106 
1 8,9,10,11 136 
2 5-9 117 

11 1/2,3 99 
12 28,30 114 
1 17 18 
2 10,11,12 48 

11 10,11,12 56 
12 5,6,7 48 
1 2,3,4,5 38 
2 1/2,3 45 

10 24,25 20 
11 22,23,24 45 
12 2.2,23 45 
1 17,18 45 

12 3,4 22 

1 2,3 29 

11 18 - 23 119 
11 4-13 29 
12 4-9 47 
10 25 - 31 42 
11 27,28 119 

11 23 . 53 
1 18,22 55 
2 18,19 56 

11 12,13 68 
12 9,10 61 
11 29,30 34 
11 2,3 8 
12 4-7 3 
1 2,3,4 31 



-35- 

Table 7 
(continued) 

L (R ) 
Observatory ' v E' Year 

Dodaira 1.3 64 

65 
65 
65 

Tamanrasset 1.1 58 

59 
59 
59 

Mount Abu 1.08 57 

58 
58 
59 
59 

o 

59 
64 
65 
65 

Poona 1.01 62 

62 
64 

Month Day E (6300) , (R) 

12 4-7 14 
1 1/2,6 25 

11 22,26 15 
12 26 1 

1 17,18 0 
1 7,8 0 

12 1,2 0 
12 30,31 0 

11 20,21,22 0 
1 17,18,19 0 

12 9 0 
1 7,8 0 

11 29,30 0 
12 26,27 14 
12 1,2,3 10 
1 3,4 26 

12 23,24 19 

1 4,5 0 
2 3,4 0 
1 17,18 0 
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during periods of maximum solar activity than during periods 

of minimum solar activity. For L = 1.6 the average value 

of E(6300) is ~ 40 R greater during periods of maximum solar 

activity. 
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6. CALCULATION OF CONJUGATE PHOTOELECTRON FLUX 

From the measured enhancement, E(6300), in the 6300 A 

(01) airglow intensity, the required conjugate photoelectron 

flux, F , may be calculated. The measured intensity enhance 
cp J - 

ment must be corrected for atmospheric extinction and scat¬ 

tering, as well as for collisional deactivation. After these 

corrections, the conjugate photoelectron flux may be deter¬ 

mined. 

6.1 Atmospheric Extinction and Scattering Corrections 

The correction for atmospheric extinction and scattering 

is necessary in order to obtain the absolute intensity of 

the emission before its passage through the atmosphere. The 

incident zenith intensity, I. , is related to the observed 
inc 

zenith intensity,' I g, according to Chamberlain (1961) by 

'obs 
= I 

-(T + Tq) 
inc 

+ I. + I* 
trans 

(3) 

where T is the optical thickness of the scattering atmos¬ 

phere excluding Tq, the coefficient of ozone absorption. 

I* is the intensity contributed by reflection of the airglow 

from the ground, and I^rang is the intensity contributed by 

Rayleigh scattering in the atmosphere. Ashburn (1954) has 

computed I and I* in terms of the incident intensity. 
trans i 

For a 6300 A (01) emission height of 250 km and an assumed 

ground albedo of 0.10, Table 8 gives the values of para¬ 

meters used in the correction calculation.. For. these 

parameters, equation (3) becomes 

I. me 
1.05 I 

obs 
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Table 8 

Parameter Value Reference 

T . 

To 

I* + I trans 

0.055 

0.028 

0.03 I. me 

Roach and Meinel, (1955) 

Roach and Meinel, (1955) 

Ashburn, (1954) 

The correction of the intensity enhancement, E(6300), 

for atmospheric extinction and scattering is given by 

E' (6300) = 1.05 E(6300) 

where E'(6300) is the intensity of the enhancement before 

its passage through the atmosphere. 

6.2 Collisional Deactivation Correction 

Since the lifetime of the 0(^D) level is 110 seconds 

(Chamberlain, 1961), collisions with neutral gas particles 

may deactivate the level before radiation occurs. The 

fraction, D, of airglow intensity allowed, considering 

deactivation, is, according to Stolarski and Green (1967). 

D 
1 

1 + 
En k 
XXX 

A 

where x indicates the deactivating species, n^ is the 

number density of the deactivating species, k , is the 

deactivating coefficient, and A is the Einstein transition 

coefficient. Table 9 indicates the parameters used to 

evaluate D, for the 6300 A (01) emission at a height of 250 

km. 
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Table 9 

parameter Adopted Value Reference 

A . 0.0091 sec Stolarski and Green, 1967 

X 1.2 in9 "3 x 10 cm . Jacchia, 1964 

no 1.6 lrt9 -3 x 10 cm Jacchia, 1964 

X 1.1 
-,o8-3 

x 10 cm Jacchia, 1964 

X 3 x 1A-11 3 -1 10 cm sec DeMore & Raper, 1964 

ko 

V
O
 • 

1—
I 

10-I3 3 -1 x 10 cm sec Hunten & McElroy, 1966 

X 1.0 
-14 3 -1 

x 10 cm sec 
p 

McGrath & McGarvey, 1967 

The calculated value of D is 

D = 0.20 

The enhancement intensity corrected for deactivation, 

E"(6300), is given in terms of the measured enhancement 

intensity E(6300) by 

E"(6300) = ^ E(6300) = 5.0 E(6300) 

Combining the corrections for atmospheric extinction and 

scattering with the correction, for deactivation, one obtains 

Etotal(6300^ = 6*05 E(6300) 

where E (6300) is the intensity enhancement produced 

by a conjugate photoelectron flux, F , assuming no reduction 
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in the intensity enhancement from deactivation or from 

atmospheric extinction and scattering. 

6.3 Method for Calculation of. Conjugate Photoelectron 

Flux 

If E, (6300), the corrected intensity enhancement, total u 

is expressed in Rayleighs, the column emission rate at the 

zenith is given by 

10 x E (6300) = BR 
total (4) 

-2 where the factor of 10 converts Rayleighs to photons cm 

sec \ B is the branching ratio, and R, employed by Green 

and Barth (1967), is the rate of production of 0("^D). The 

branching ratio, B, is equal to the ratio 

3 1 radiative transition probability of transition P^- 

S all transition probabilities from state 

For the 6300 A (01) emission, the branching ratio is 

B = 0.76 

From equation (4) R, the rate of production of 0(^D) can 

be determined for a given E' (6300). The conjugate photo 
total 

electron flux incident upon the atmosphere, F^ , is found 

from 

WR 
(5) cp T 

where W is the threshold energy of the state (for O(^D), . 

W = 1.97 ev) and T is the energy transfer function. Accord¬ 

ing to Green and Barth (1967), the energy transfer function 
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is determined from 

T y (h) 

E 
cp 

I 
W 

Wq(E) 

L(E) 
dE (6) 

where y(h) is the mixing ratio at altitude, h, E is the 
'-P 

energy of the incident conjugate photoelectron, cr(E) is 

the excitation cross section, and L(E) is the loss function, 

which is the sum of the excitatipn and ionization loss 

functions of Stolarski and Green (1967). 

The mixing ratio is determined from 

n 

7 (h) = 
0 

n. n 

where the densities are taken from Table 9 (h = 250 km) 

7(250) = 0.55 

The energy, E , °f the incident conjugate photo¬ 

electrons is determined through the following considerations. 

A loss in the energy of conjugate photoelectrons along their 

path from the conjugate point to the local atmosphere is 

produced by collisions with ambient electrons. Consider¬ 

ing this energy loss by the photoelectron with initial 

energy, Eq, along the magnetic field line from the origin 

in the conjugate atmosphere to the local 6300 A (Ol) emission 

height of 250 km, the resultant energy, E , is given accord- 
cp 

ing to Nisbet (1968), by 

E 
cp 

3.9 x 10 

cosa 

-12 

J n
e
dl)S 

(7) 

where a is the photoelectron pitch angle and n^ is the 

ambient electron number density. Equation (7) indicates 
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that photoelectrons with low energy and large pitch angles 

will suffer the greatest energy degradation. 

The excitation cross section a(E), of atomic oxygen 

is given in Figure 8, as determined by Smith, Henry, and 

Burke (1967). The loss function, L(E), takes into account 

the photoelectron energy loss from collisions with neutral 

particles in the local atmosphere. L(E), as shown in Figure 

30, is determined from the energy loss rates of Dalgarno, 

et al., (1963) for the neutral particle' densities in Table 9.. 

For E , calculated from equation (7), the energy 
cp 

transfer function, T, which represents the total energy 

deposited in the state of atomic oxygen by the incident 

conjugate photoelectron, is calculated by equation (6). 

Then the conjugate photoelectron flux may be calculated 

from equation (5). 

6.4 Calculation of Conjugate Photoelectron Flux from 

Intensity Enhancement Data 

In the evaluation of E by equation (7) a value for 

the initial conjugate photoelectron energy, Eq, is adopted 

from theoretical studies. Nisbet (1968) and Catchpoole 

(1967) determined the energy spectrum of photoelectrons 

escaping from the ionosphere. They found a maximum flux of 

~ 10 ev photoelectrons. The line integral of the electron 

density along the field line from the conjugate point, 

J n^dl, is shown in Figure 31 as a function of L (Nisbet, 
1968). From equation (7) , it is found that 10 ev conjugate 

photoelectrons with pitch angle, a ^ 67°, will not reach the 

local ionosphere, but will be lost due to collisions with 

ambient electrons along the field lines. Considering only 
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o o 
photoelectrcns with a < 67 , the mean pitch angle of 57 is 

obtained from pitch angle distributions determined theoreti¬ 

cally by Mariani (1964) and Catchpoole (1967). The pitch 

angle, a = 57°, is adopted for the calculation of E , 
o 

although any assumed pitch angle a < 67 does not alter 

the calculated conjugate photoelectron flux, F , more than 

10%. Employing these values for E , f n dl, and a, E is 
o J e cp 

found by equation (7) to be = 5.3 ev. 

Having thus determined E , the energy transfer function 

T, may be evaluated by equation (6) 

T = 1.08 j dE J L(E) 
1.97 

The integration is determined graphically from Figure 8 for 

cr(E) and from Figure 30 for L(E). T is found to be 4.2 ev. 

With T thus calculated, the conjugate photoelectron 

flux, F , by equation (5) , is . 
cp 

F 
cp 

2.6 x 10 
4.2 total 

/ "2 -1% (cm sec ) 

where E. . . is the corrected intensity enhancement. From 
total 

the enhancement, E(6300), data in Figure 28, the required 

conjugate photoelectron fluxes, F , are shown in Figure 32. 
cp 

The maximum enhancement, E(6300) = 98 R, yields a conjugate 
8 -2 -1 

photoelectron flux, F = 3.7 x 10 cm sec . The solid 
cp 

line in Figure 32 represents the average of the conjugate 

photoelectron flux with respect to L for all periods of obser 

vation. Between L ~ 1.1 and L ~ 3.2, previously determined 

limits in the 6300 A (01) intensity enhancement, the average 
8 —2 —1 

conjugate photoelectron flux, F = 2 x 10 cm sec 
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7. DISCUSSION 

Study of 6300 A (Ol) airglow data yields estimates of 

an intensity enhancement attributable to a photoelectron 

flux from the sunlit magnetic conjugate point. Latitudinal 

limits for the intensity enhancement and implied conjugate 

photoelectron flux are determined in this study. The lower 

limit of L ~ 1.1 is apparently imposed by the low maximum 

altitude (~ 675 km) of the L ~ 1.1 magnetic field lines. 

At this altitude and below, the conjugate photoelectrons 

suffer collisions so numerous that many are lost before 

reaching the local ionosphere. The upper limit of L ~ 3.2 

may be imposed by a high altitude convective plasma with 

accompanying electric fields (Axford and Hines, 1961; 

Nishida, 1966) which would largely terminate the flux of 

conjugate photoelectrons along the magnetic field lines of 

L ~ 3.2 and greater. Over the solar cycle, it is found that 

the 6300 A (01) intensity enhancement and the implied con¬ 

jugate photoelectron flux decrease by ~ 50% during periods 

of minimal solar activity. This may be attributed to a 

decrease in the solar XUV intensity (which produces the 

conjugate photoelectrons) during periods of minimal solar 

activity, as measured by Kreplin (1961). 

From 6300 A (01) airglow intensity enhancements the 

conjugate photoelectron fluxes are determined over the 

entire latitude range. It is found that between L ~ 1.1 and 

L ~ 3.2 the average conjugate photoelectron flux of 10 ev 
8 —2 —1 

photoelectrons is 2 x 10 cm sec 

From incoherent backscatter. measurements of ionospheric 

electron temperatures, Evans (1967) estimated that a conjugate 
8 —2 

photoelectron flux of ~ 5 x 10 cm sec at L ~ 3.25 was 
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responsible for the predawn heating of ionospheric electrons. 

From '6300 A (01) airglow measurements by Noxon (private 

communication, 1968) at the same location, the 6300 A (01) 

intensity enhancement indicates a maximum conjugate photo- 
7-2-1 

electron flux of ~ 2 x 10 cm sec . The difference in the 

flux estimates may be attributed to the difficulty, as 

indicated by Evans (1967), of estimating the magnitude of 

the conjugate photoelectron flux from an observed minimal 

temperature rise. 

From measurements of ionospheric electron temperatures 

at L ~ 1.4, Carlson (1966) estimated that the conjugate 

photoelectron flux "should be close to Hanson's (1963) 
9 -2 -1 theoretical estimate of ~ 1 x 10 cm sec ". However 

Hanson (1963) failed to include the role of elastic col¬ 

lisions of photoelectrons with neutral particles in calculat¬ 

ing the photoelectron flux escaping from the ionosphere. 

Including consideration of elastic collisions of photo¬ 

electrons with neutral particles, Nisbet (1968) calculated 

a photoelectron flux escaping from the ionosphere equal to 
8 -2-1 

~ 1 x 10 cm sec of photoelectrons with an average energy 

of 10 ev. This theoretically calculated conjugate photo¬ 

electron flux is in approximate agreement with the average 
8 —2 —I 

conjugate photoelectron flux of 2 x 10 cm sec for L ~ 1.1 

to L ~ 3.2 determined from the 6300 A (01) airglow intensity 

enhancements. 

The study of conjugate photoelectron fluxes may yield 

estimates of electric fields in the magnetosphere. From 

the conjugate photoelectron flux of 10 ev photoelectrons 

reaching the local ionosphere along the L ~ 3 magnetic field 

lines, it is possible to estimate that an electric field 
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parallel to the magnetic field must be less than ~ 0.6 micro¬ 

volts/meter, if such an electric field exists. For L ~ 4 

where the conjugate photoelectron flux fails to reach the 

local ionosphere, an electric field of 0.4 microvolts/meter 

or greater could reflect photoelectrons from various points 

along their magnetospheric path back to their ionospheric 

origin. At higher latitudes with L ~ 6, in the auroral 

region, where a stronger electric field has been predicted, 

Mozer and Bruston (1967) reported an electric field with a 

magnitude of 20 millivolts/meter. According to Axford and 

Hines (1961), electric fields in the magnetosphere are a 

result of magnetospheric plasma convection. 

From measurements of 6300 A (01) airglow intensity- 

enhancements, a more comprehensive study than those pre- 
o 

viously discussed, we have eliminated the discrepancies in 

estimates of the implied conjugate photoelectron fluxes. 

Employing our calculations of conjugate photoelectron fluxes, 

we predict that it will be possible to estimate the limits 

of magnetospheric electric fields which, as yet, have not 

been mapped. The significance of the coincidence in L value 

of the twilight enhancement upper limit and the plasmapause 

(Carpenter, 1963) should additionally be considered. 

<% 
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10. FIGURE LEGENDS 

Figure 1. Portion of oxygen energy level diagram. 

Figure 2. Theoretically calculated 6300 A (01) airglow 

intensity from photodissociatiori of 0The 

adopted atmospheric parameters are those used 

by Dalgarno and Walker (1964). 

Figure 3. Theoretically calculated intensity of 6300 A 

(01) airglow from dissociative recombination. 

After Chamberlain (1958). 

Figure 4. Measurement of the 6300 A (01) airglow intensity 

- 

throughout the night by Megill (1960). The 

theoretical curve predicted by Chamberlain is 

shown. 

Figure 5. Photoelectron production rate as a function of 

altitude. After Hoegy, et al., (1965). 

Figure 6. Photoelectron energy distribution from 200 to 

300 km. After Hoegy, et al., (1965). 

Figure 7. Relative contribution of photodissociation, 

dissociative recombination, and photoelectrons 

to the excitation rate of 0(^D) of the day air¬ 

glow. After Wallace and McElroy (1966). 

Figure 8. Excitation cross section of atomic oxygen 
3 1 

( P- D) induced by electron impact. After 

Smith, Henry, and Burke (1967). 

Figure 9. Intensity of 6300 A (01) from excitation by 
6 3 

thermal electrons. For n = 2.43 x 10 cm , 

9 -3 S 

n(0) = 1.61 x 10 cm at h = 250 km. 
o 

250 km. 
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Figure 10. Ionospheric electron temperatures at 375 km 

determined by backscatter measurements at 

Arecibo (Carlson, 1966) and at Millstone Hill 

(Evans, 1967). Indicated are the sunrise times 

at 250 km for the magnetic conjugate points. 

Local sunrise is also indicated for an altitude 

of 250 km. 

Figure 11. 

Figure 12. 

Figure 13. 

Figure 14. 

Figure 15. 

Figure 16. 

Airglow continuum including starlight. Accord¬ 

ing to Shefov (1959). 

Measurement of the night airglow spectrum near 

6300 A (01) by Broadfoot and Kendall (1968). 

Schematic diagram of the birefringent filter 

photometer. After Koomen, et al., (1956). 

Filter transmision curves for Barbier's (1959) 

system of measuring airglow intensity. 

Schematic diagram of tilting interference filter 

photometer. After Eather and Jacka (1966).. 

Transmission curve of the 6300 A interference 

filter. 

Figure 17. Transmission curve of the 5577 A interference 

filter. 

14 
Figure 18. Calibration curve of the C phosphor light 

source. Courtesy of Dr. R. H. Eather. 

Figure 19. Sample of the 6300 A (Ol) night airglow data 

for IGY. 

Figure 20: Sample of the 6300 A (01) night airglow data 

for the IQSY. 
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Figure 21. 

Figure 22. 

Figure 23. 

Figure 24. 

Figure 25. 

Figure 26. 

Figure 27. 

Figure 28. 

Figure 29. 

Figure 30. 

Figure 31. 

Sample of the 6300 A (01) night airglow data 

measured in Houston. 

Van Rhijn (1921) method for determining the 

.height of airglow. . 

Barbier (1960) method for determining the 

height of airglow. 

Geometry for determining the sunrise and sunset 

at altitude h. 

6300 A (01) airglow intensity at Haute Provence, 

France (L = 1.8) illustrating the enhancement 

from conjugate photoelectrons. 

6300 A (01) airglow intensity at Zvenigorad, 

U.S.S.R. (L = 2.6) illustrating the enhancement 

from conjugate photoelectrons. 

6300 A (01) airglow intensity at Houston, U.S.A. 

(L = 1.8) illustrating the enhancement from 

conjugate photoelectrons. 

Average values of the enhancement, E(6300), 

with respect to the L parameter. 

Variation in E(6300) with respect to time and 

relative solar activity for two observatories. 

Loss function, L(E), determined from energy 

loss rates of Dalgarno, et al., (1963) for 

neutral particle densities (h = 250 km) in 

Table 9. 

Line integral of the electron density along the 

magnetic field line from the conjugate to the 

local ionosphere. After Nisbet (1968). 
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Figure 32. Required conjugate photoelectron flux calculated 

from the enhancement, E(6300). Solid line 

represents the average of the conjugate photo¬ 

electron flux. 
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: 173 ANNALS OF THE INTERNATIONAL GEOPHYSICAL YEAR 

HAUTE PROVENCE    6300  T TIME ZONE 0 HOUR 

YR. MO. DA. 13 19 20 21 22 23 00 01 02 03 04 05 06 MEAN 

50 1 12 „05 60 40 62 j 
! 

50 1 13 260 175 75 25 25 40 60 94 104;' 
50 1 14 350 230 165 105 0 201 33 120 128 
58 1 15 333 185 110 60 35 20 60 ICO 205 103 
58 1 16 30-0 220 85 45 55 i 50 60 65 125 150 116 
58 1 17 370 170 180 135 50 45 45 80 130 155 173 140 i 

50 1 10 375 230 185 125 110 85 60 35 190 220 205 170 
58 1 19 235 135 130 105 93 65 65 77 
53 1 21 220 05 60 70 55 60 50 60 120 155 145 90 
58 1 23 30 50 75 70 70 120 69 
58 1 24 80 80' 65 45 33 105 160 155 ! 91 
38 1 27 25 35 115 205 175 m 
33 1 20 25 25 100 135 125 02 
50 2 7 220 160 70 1 150 
5 G 2 9 240 90 30 15 1 94 
3o 2 11 8310 4360 2230 1650 930 650 430 126611 
53 2 12 50 70 123 160 75 40 20 77 
30 2 14 263 130 135 115 60 43 30 23 45 200 107! 
58 2 13 280 200 140 95 30 35 20 25 55 115 lOOj 
53 2 16 320 170 130 95 35 25 ‘ 30 25 50 90 97| 1046 
30 2 “llT 2 Oil 00 50 35 45 40 30 69 
50 2 19 265 130 55 70 30 15 10 10 30 120 74 
53 2 20 90 10 20 25 25 60 40 35 165 52 10*7 
53 2 21 30 40 30 50 38 10-.5 
50 2 22 70 83 35 20 30 50 123 59 

To 2 23 55 40 33 2 0 40 38 3.049 
53 2 24 43 100 73 
5Q 3 3 175 135 155 
50 n 

D 9 210 125 30 142 
J3C 3 11 170 95 55 53 55 86 
3o 3 "13 120 30 73 92 
33 3 14 105 65 50 30 60 66 1050 
30 3 15 255 155 105 80 65 45 30 30 96 
53 3 10 220 90 60 105 12 01 170 100 130 124 
50 3 19 451 45 
50 3 T6 240 170 50 30 401 40 30 90 89 
00 3 21 275 150 90 55 65! 73 65 70 106 
30 3 22 103 75 35 30 35 25 40 49 
50 3 26 50 35 43 
53 3 27 75 120 70 80 
38 4 7 235 115 95 140 
30 0 180 165 65 30 110 
53 4 9 105 115 55 55 115 105 
50 4 10 35 301 70 45 
36 4 11 210 140 100 40 451 45 9G 

To' £ f2 125 To 90 
53 4 16 123 55 601 
50 4 17 105 175 140 33 95 85 1141 
38 4 10 135 65 85 65 85 75 85 
DO j4 19 155 70 45 60| 65 115 851 

UT 13 19 20 21 22 23 00 1 01 02 03 04 05 06 1 
3.09.3 

FIG. 19 
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Physical Research Laboratory 
Ahmedabad,(India). 

Longitude 72.7°E Station Mt.Abu 

Latitute 24.6°!! Radiation 6300 A 

Dec. 65~Jan.1966 

Absolute Zenith Intensities in Rayleighs 
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