
AD-752  228 

?\°;„\-.%<ÄKs*os,",rt:sr..or.viT?" 
A-2) 
GLOW 

Edward S.   Fishburne.   et al 

^, „ „   t^r-nanare CofDoration Grumman Aerospace ^utpw 

Prepared for: 

Alr Force Cambridg_e Research Laboratories 

dva need Research Projects Agency 

30 September  1972 

I 

DISTRIBUTED BY: 

National Technical Information Service 
ü. S. DEPARTMENT OF COMMERCE 
5285 Port Royal Road, Springfield Va. 22151 



BEST 
AVAILABLE COPY 



AFCiL- 7»- OM 

o 

0A0, A-2, MEASUREMENTS 
OF THE ULTRAVIOLET AIRGLOW 

by 

Edward S. Fishbume  Charles R. Waters 
Donald L. Moyer     Bamett S. Green 

Grumman /jsrospace Corporation 
Bethpa^e, New Yotk 11714 

Contract No. F19628-71-C-0129 
Project No. 8692 

FINAL REPORT 
March 1971 - September 1972 

30 September 1972 

Contract Monitor: Arthur K. Holmes 
Optical Physics Laboratory 

Reproduced by 

NATIONAL TECHNICAL 
INFORMATION SERVICE 

U S Depcifimonl of Commerce 

D DC 

^< DEC 8 t9T2 

JlkisiLairis 
c 

Approved for Public Release; Distribution Unlimited 

Sponsored by 
DEFENSE ADVANCED RESEARCH PROJECTS AGENCY 

ARPA Order No. 1366 

WM Monitored by 
AIR FORCE CAMBRIDGE RESEARCH LABORATORIES 

AIR FORCE SYSTEMS COMMAND 
UNITED STATES AIR FORCE 

BEDFORD, MASSACHUSETTS 01730 
wm Details of illustrations in 

this document may be oetler 
«tu/Uorl nn mir.rofiche 



ARPA Ordar No.: 

Program Code No.: 

Name of Contractor: 

Effective Date of Contract: 

Contract No.: 

Principal Investigator 
arid Phone No.: 

AFCRL Project Scientist 
and Phone No.: 

Contract Expiration Date; 

1E50 

Grumman Aerospace Corporation 

1 February 19/i 

F1962&-71-C-0129 

Dr. Edward S. Fishbume 
(516) 575-2229 

Arthur K. Holmes 
(616) 861-2952 

30 April 1972 

Qualified requesters may obtain additional 
copies from the Defense Documentation Center. 
All others should apply to the National 
Technical Information Service. 



DOCUMENT 
(Serunty ctisuftcatton of title, body of abstract and 

I.   ORiOINATIMG ACTIVITY (Corporatt author) 

Grumman Aerospace Corporation 
Bethpage, New York 11714 

IT CONTROlV D 
indexing mnolui 

DATA • R&D 
ion mus( 6«- entered when the overall report is classified) 

111.    REPORT SECURITY CLASSIFICATION 

Unclassified 
th.    CROUP 

1. REPORT TITLE 

OAO, A-2, MEASUREMENTS OF THE ULTRAVIOLET AIRGLOW 

«    DESCRIPTIVE NOTES (Type of refiort and inclusive dates) -, Q7I _ca«<-0Tt,V.OT-    1 Q79 ^^T^i'     10-70 
Scientific     Final   March 1971-September iv/z   25 Sept. 1972 

S.   AllTHOR(S) (First none, middle initial, last none) 

Edward S.  Fishbume 
Donald L.  Moyer 

Charles  R.  Waters 
Bamett S.  Green 

üfiS" September 1972 
• O.    CONTRACT OR GRANT NO. 

F19628-71-C-0129 
h.    PROJECT, TASK. WORK UNIT NOS. 

8629    n/a      n/a 
C.     DOC ELEMENT 

62301D 
d,     DOD SUBELEMENT 

n/a        

TO.   TOTAL  NO. OF PACES Dyt 
7t   NO. OF REFS 

9a.   ORIGINATOR'S REPORT NUMBERTS^ 

9b.  OTHER BEPORT HOtS)  Any other numbers that may be 
assigned this report/ 

AFCRL-72-0318 

10.    01STRIBUTION STATEMENT 

Approved for Public Release; distribution unlimited. 

II.   SUPPLEMENTARY NOTES 

Details of illustrations in 
this document may be belter 

studied on microfiche 

12.   SPONSORING MILITARY ACTIVITY 

Air Force Cambridge Research 
Laboratory (OP) 

L.G. Hanscom Field    nn,oft 
Bedford, Massachusetts 01730 

13. ABSTRAC1 T The term airglow is commonly used to describe nonthermal 
emissions not correlated with magnetic disturbances in the upper at- 
mosphere. The study of this radiation provides information on the na- 
ture of the upper atmosphere, as well as clues to the physical pro- 
cesses occurring at very high altitudes. The spectral region below 
3000 A is one of the most informative wavelength intervals, but the 
opacity of the atmosphere in this part of the spectrum prevents ade- 
quate measurement of ultraviolet emissions except by rockets and 
satellites. To obtain more information, we undertook an investiga- 
tion to measure the dark and sunlit earth using the Wisconsin Experi- 
ment Package (WEP) photometers of the Orbiting Astronomical Observa- 
tory A-2. The first series of measurements were concerned with the 
magnitude of the emitted radiation. Based on findings indicated by 
these measurements, we began concentrating on measurements of the 
earth limb. We used the 2980, 2460, 2380, 1920, 1500, 1380, and 1250A 
filters of the WEP stellar photometers. Our experimental results tend 
support the theory that dayglow in the 1300-1800A region is due pri- 
marily to photoelectron excitation of mclecular nitrogen. The measure- 
surements obtained on the earth's limb represent the most complete 
coverage known to the authors. 
DD, "757- 

NOV   «S Unclassified 
Security Classification 



Unclasstfled 
Security Claasification 

«4. 
K    V WOHOS 

Atrglow 
Earth Limb 
Nonthermal enissions 
Ultraviolet 
Atmosphere 
Radiation 

I 

ifi. 

ROLE 

LINK B 

HOLE ROLE    I      WT 

JTnr1flfl.s1fted 
Security Clnssification 

, m- 



ArcRi~7*~03tr 

OAO, A-2, MEASUREMENTS 
OF THE ULTRAVIOLET AIRGLOW 

by 

Edward S. Fishburne  Charles R. Waters 
Don-Id L. Moyer     Barnett S. Green 

Grumman Aerospace Corporation 
Bethpage, New York 11714 

Contract No. F19628-71-C-0129 
Project No. 8692 

FINAL REPORT 
March 1971 - September 1972 

30 September 1972 

Contract Monitor:  Arthur K. Holmes 
Optical Physics Laboratory 

Approved for Public Release; Distribution Unlimited 

Sponsored by 
DEFENSE ADVANCED RESEARCH PROJECTS AGENCY 

ARPA Order No. 1366 

Monitored by 
AIR FORCE CAMBRIDGE RESEARCH LABORATORIES 

AIR FORCE SYSTEMS COMMAND 
UNITED STATES AIR FORCE 

BEDFORD, MASSACHUSETTS 01730 



' 

The term airglow is commonly used to describe nonthermal 
emissions not correlated with magnetic disturbances in the upper 
atmosphere. The study of this radiation provides information on 
the nature of the upper atmosphere, as well as clues to the physi- 
cal processes occurring at very high altitudes. The spectral ra- 
gion below 3000A  is one of the most informative wavelength inter- 
vals, but the opacity of the atmosphere in this part of the spectrum 
prevents adequate measurement of ultraviolet emissions except by 
rocket and satellite.  Until recently, most measurements were 
restricted to rocket flights at high altitudes, although a limited 
amount of information was obtained by several satellites in the 
0G0 series, in particular, 0G0-4 (Refs. 1-5). 

To obtain more information about the earth's ultraviolet air- 
glow, we undertook an investigation to measure the dark and sunlit 
earth using the Wisconsin Experiment Package (WEP) photometers of 
the Orbiting Astronomical Observatory A-2. The first series of 
measurements were concerned with the magnitude of the emitted 
radiation. Based on findings indicated by these measurements, we 
began concentrating on measurements of the earth limb.  The small 
field of view of the WEP package has a fine spatial resolution, 
providing a detailed picture of the ultraviolet radiation ir the 
earth's limb.  Our measurements used the 2980, 2460, 2380, 1920, 
1500, 1380, and 1250Ä  filters of the WEP stellar photometers. 

The measurements obtained on the earth's limb represent the 
most complete coverage known to the authors.  In addition, measure- 
ments in selected spectral regions provide the first information 
available on these regions and confirm observations by previous 
investigators.  Finally, our experimental results tend to substan- 
tiate the theory that the dayglow in the 1300-1800A region is 
primarily due to photoelectron excitation of molecular nitrogen. 
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INTRODUCTTQW 

Airglow and auroras have been subjects of considerable re- 
search during the past century.    The most comprehensive analysis 
jLn    t*8iVen by C1131"1^13^  (Ref.  6), which contains more  than 
1600 references,  compiled through 1959,   to the literature.    Most 
o£  these references concern ground observations of the visible 
ni^l   •   T   ?Ue to.atmosPheric absorption,  however,  measurements of 
ri!w *iÜ    en^ons of the upper atmosphere have been limited to 
rocket and satellite observations.    Tables 1-3 summarize  the im- 
portant ultraviolet experiments flown since 1963. 

'»nnnÄTh! ^lu  1?portanJ: features of the earth's airglow below 
««2 M, 

are.th! L^ain alPha emissions of atomic hydrogen at    12161 
and the emissions from the    1302,   1305,    and    1306A     triplet of 
atomic oxygen.     The Lyman alpha emission is produced by the reso- 

ZT.liSCa^ering 0u  the
1
Sun,s Ly^11 alpha line,   the strongest 

emission line  in the solar spectrum.    Most of the early rocket 
measurements   (Ref.   7)  concentrated on this particular feature      A 
long  term study of the Lyman alpha corona was made by the Naval 
Research Laboratory Experiment,  using 0G0-4     (Ref.  4).    From these 
measurements,  Meier    developed a detailed description and theory 

tL    ^sfiT11!3 P \8e0"u0r0na-    The at0mic oxySen lines'   including the    1356A     line    have been studied thoroughly in the past few 
years   (Refs.  8-10).     It appears  that these emissions of atomic 
oxygen are produced by photoelectron excitation.    This mechanism 

aat8Ol5S0P!ai4893t? 'Li" mtr^ einiSSi0nS ^ "^ ni~ 

13S8 anH^nnf'.2^*8 f0^ that the dominant radiation between 
u3^      T u1S  that due  t0 the Ly^n-Birge-Hopfield,   the Birge- 
Hopfield,  and the Vergard-Kaplin bands of molecular nitrogen. 
Theoretical investigations by Earth and by Green  (Ref.  9)   indicate 
that the emissions from these bards appear to be produced also by 
photoelectron encitation.    The other major feature of the ultra- 

ln0llLttlg    fS*  the garma, bandS 0f nitric 0xide  that are observed in resonance fluorescence   (Ref.   11). 

Measurements of the earth's dayglow  (befween    1700    and    3000A) 
agree very well with calculations based on Rayleigh scattering * 
including absorption by oeone and absorption by molecular oxygen 

whl^Ve ^lCate? ^ Fi8'   1 OUr cal^lat:ion of the earth dayglow* 
t>^i  J    S*511^ fr0m firSt 0rder Sleigh scattering for f 
a^Ii 1      rfher un the re8ion between    1000   and   2000Ä      The actual magnitude of the earth's dayglow will depend on the values 
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chosen for the absorption cross section of molecular oxygen.     In 
addition,   it is necessary that a molecular oxygen altitude profile 
be used in the calculation.    For the calculation presented in 
Fig.   1, we used the ultraviolet flux from die sun as determined by 
rp"f ^f?"  (5ef:  12)'  ?e absorPtion coefficients from Ditchburn 
(Ref.   13),  and the standard atmosphere for the molecular oxygen 
distribution.    The selection of other values for the solar flux 
and the absorption coefficients or the choice of a different molecu- 
lar oxygen distribution will  tend to shift the curve s Ugh a y 
higher or slightly lower but not by a considerable amount. 

K. A ^ nJ«ht?l0W bel0W    3000^    consists mainly of the Herzberg 
A0 rrieC^^y8elthat OC?ur8 primarilybetween    2500    and 3500Ä     (Refs    14,15)      The    2972Ä     line of atomic oxygen is also 
^STe±    Bf°w    2000^    the only major radiation is that due  to 
oxIge^Vfs^Jr  (RefS-   2^7) ^ the    ™l    -iplet of atomic 

the Jr^.!eHrChi0f ^ 1
J
lt;ra,ture *<* previous measurements of 

d^n-S 1    f-yfl0W and ni8htßlow^ ^ have been unable  to find any 
decailed spatial measurements of the earth's limb in the ultra- 
violet region below    3000Ä.     Some mention has been Lde of an 

^eTrted   'ouanti^^^6^' bUt n0 ^^™ «e^eSenS were reported.    Quantitative measurements are presented in this report. 



Tvn?   rWKTTTMn ASTRONOMICAL OBSERVATORY A~2 

The NASA-Goddard/Grunmian Orbiting Astronomical Observatory A-2 
was  launched  7 December  1968,   its mission  to make detailed ultra- 
violet measurements of stars,  galaxies,  and other heavenly bodies. 
A set of six-gimbal  star trackers and a system of gyros enable  the 
0A0 to be  pointed with an accuracy of 1 minute of arc and  to hold 
a pointing     '15    arc seconds once  it has been stabilized.     The A-2 
is equipped with  the  bnithsonian Astrophysical Observatory   (SAO) 
package knd  the Wisconsin Experiment Package   (WEP).    The SAO pack- 
age  is designed  to makr  large  field sky maps  in  the ultraviolet, 
and the WEP obtains precise photometric measurements of individual 

celestial objects. 

The Wisconsin Experiment Package  consists of seven instruments 
designed to make ultraviolet measurements of selected celestial 
oblects      The package  includes  four 8-inch telescopes  incorporating 
phctoelectric photometers,   two  scanning objective grating spectrome- 
ters, and a 16-inch photometer that unfortunately failed after two 
months of operation. 

Each 8-inch  telescope has a  five-position filter wheel  that 
contains  three different interference  filters,   dark slide,  an., 
calibration source.     Each is an off-axis paraloioid   with a focal 
length of    81 cm    and an effective  collecting area of    325 cm^. 
The  two  field stops available at  the  focal plane have angle  diame- 
ters of    2    and    10 arc    minutes.     Stellar photometers   L and 2 
operate at above    1700Jl,    while stellar photometers 3 and 4 cover 
the  spectral region between    1200    and    2700A.     The response  curves 
for  the given  filter combinations utilized in the ultraviolet 
measurements reported in  this  investigation are  shown in Fig.   2. 
Photometer 1, which contains  the    2980A     filter,  employ EM    6256B 
photomultipliers.     Photome tet^V which contains  the    2460    and 
1920Ä     filters,  utilizes an EMR 541F photomultiplier, while Pho- 
tometer 4, which has  the    1250,   1380,    and    1500A     filters,  employs 
an EMR 54IG photomultiplier. 

The photomultiplier signal  is processed by a pulse counter 
and a    d.c.     amplifier,  providing a digital and analog output, 
both of which are  stored after each exposure.     Exposure  times of 
1/8,   1,   8,   or 64-second duration are. available by command. 

Several modes of operation are available  to the experimenter, 
the  choice  depending on the  type of investigation being conducted. 
The mode used for most of  the airglow measurements was one  in 
which the data  sampling was controlled by  the  scanning spectrometers 

8 
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T?bl« 4 

EQUIVALENT RADIANCE 

2 (w/cm -sterni-count) 

Filter 
1/8 Sec 
Exposure 

1/2 Sec 
Exposure 

1 Sec 
Exposure 

8 Sec 
Exposure 

64 Sec 
Exposure 

1250* 1.25 x 10'7 3.14 x lü'8 1.57 x 10'8 1.96 x 10"9 2.5 xlO"10 

138CX 6.04 x 10"8 1.5    x 10'3 7.55 x 10'9 9.40 x lO-10 1.2 x lO"10 

1500* 2.89 x 10"8 7.24 x 10'9 3.63 x 10'9 4.5   x lO"10 5.82 x 10"11 

1920* 7.73 x 10"10 1.94 x 10"10 9.71 x lO-11 1.22 x 10"11 1.56 x lO-12 

2380* 4,03 x 10'10 1.02 x 10"10 5.07 x lO-11 6.32 x 10"12 7.94 x 10'13 

2460* 2.96 x 10"10 7.42 x lO-11 3.70 x 10"11 4.63 x 10"12 5.79 x lO-13 

2980* 
-11 

7.4    x 10 1.87 x 10"U 9.46 x 10"12 1.16 x lO-12 1.45 x 10"13 

PECRAPATIOW FACTOR fOR rHPTOMSTM ^ 

^actual "       measured ) 

Filter""" 
Time D 1 61-165 

970 
D 268 
1970 

D 83 
1971 

D 148 
1971 

D 215 
1971 

D 225 
1971 

1250 i .58 2.51 8.32 9.12 10.0 10.0 

1380 \ .15 1.45 4.37 5.25 5.75 5.75 

1500 \ .10 1.20 1.58 
1  

1.74 2.09 2.09 

-f£~ 



One spectrometer was commanded to perform two consecutive 94-step 
scans. An 8-second exposure perr'od exists between the completion 
of one step and the initiation of the next step. After the expo- 
sure, the data from all instruments are sampled. The actual time 
to perform a step is approximately 1 second. The exposure times 
of the photometers can be selected to be 1/8, 1, or 8 seconds and 
are  initiated at the beginning of an 8-second spectrometer exposure, 

Another mode  of operation was employed for the detailed mea- 
surements of  the earth's  limb.     In this mode,   the exposure  time 
for all  instruments was  set at 64 seconds.     However,  each instru- 
ment was sampled at 0.524 second intervals.    A total of about 2^ 
minutes of data can be  stored in the  spacecraft's data processing 
system using  this mode.     When the 0A0 is  in real  time contact with 
a ground station,   this mode can provide up  to 10 minutes of con- 
tinuous data. 

To obtain measurements of  the earth's nightglow, we  found it 
necessary to employ the 64-SPcond exposure mode.     This particular 
mode   is  the most sensitive,   since  the  signals are  integrated over 
the entire 64-second period.     It cannot be used during daylight 
hours  since  the photometers would saturate. 

The  calibration factors  for  the various  filters and modes of 
operation are given in Table 4.     These  factors were obtained from 
calibration tests made prior  to launch.     Other  tests have been 
conducted in space  to validate the factors. 

To appreciate  the data and  the manner in which they were ob- 
tained,   it  is necessary  that the reader fully understand the rela- 
tion between the 0A0 line of sight  (LOS)  and the relative position 
of  the earth.     All observations were made by inertially fixing  the 
OAO LOS in  terms of right ascension and declination.     This means 
that the OAO points at a particular spot on the celestial sphere. 
The OAO is  inertially stabilized such  that it will  continue point- 
ing at  that spot until commanded to another position.     Thus, we 
cannot command  the OAO to  look at a particular point on the sur- 
face of the earth and to follow that point since  this was not the 
original  intent of the OAO.     Once  the OAO is pointed at a particu- 
lar spot on  the  celestial  sphere, we can obtain measurements of 
the earth's dayglow,  nightglow,  and limb by exposing during the 
time  the desired portion of  the earth moves  through  the  field of 
view of  the OAO.     The position of the OAO relative  to  the earth 
during a  typical measurement sequence  is  depicted in Fig.   3.    The 
three positions  of the OAO shown in the  illustration correspond 

10 
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to the position at the beginning, middle,  and end of a half-hour 
measurement sequence.    Note in the illustration that the measure- 
ments were initially made of the dark earth,   then the sunUt 
IZ l^ ? ear?'  and flnally ^e sunlit limb.    Also note  that 
the  total amount of sunlit atmosphere in the field of view in- 
creases as the earth moves through the field of view.    Figure 4 
indicates the ground track of the 0A0 field of view during the 
^rZ^8.-^0-    '1'he Viewin8 sit^ion is  typical of those 
^nner in ii^h fn" I** 0f observations *** characterizes the manner in which all measurements were made. 
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DATA REDUrTTON 

Wisconsin Experiment Package measurements of the earth airglow 
were made at several different times during 1970-1971.  The bulk 
of the measurements were made over a four-day period (June 10 
through June 13, 1970) on 27 different orbits. This set of ob- 
servations was obtained by programming the GAG to view a star. 
Alpha-Leo, and to expose during the time this star was occulted 
by the earth.  Each measurement period was approximately 30 minutes 
long and consisted of a series of 188 exposures of either 1/8 1 
or 8 seconds duration. The experiment was operated in the mode in 
which the scanning spectrometer controlled the sampling period 
Figure 4 indicates the ground track of orbit 7903 during the mea- 
surement period. 

The variation of the received radiation as the viewing area 
scans across the earth is indicated in Figs. 5-7. The received 
radiation is given in terms of the original digital counts or 
voltage as transmitted from the GAG. Figures 5 and 6 represent 
data obtained during orbit 7903. Figure 5 indicates the radiation 
received by the 1250A photometer and Fig. 6 represents that re- 
ceived by the 1920A photometer. An interesting feature is ap- 
parent on examining these two curves:  radiation in the 1250Ä 
regions appears to reach a maximum value after the field of view 
has left the surface of the earth. This maximum occurs at a tan- 
gent altitude of about 175 kilometers. Gn the other hand, the 
1920A photometer indicates that as the field of view moves off 
the earth's surface, the radiation begins to decrease rapidly 
Figure 7 depicts the radiation received by the 1500Ä photometer 
during a later orbit. This radiation also peaks at a tangent 
altitude of about 175 kilometers. 

The presence of the peak in the radiation indicates that the 
source of radiation in the 1200-1600Ä region is different from 
that in the 1900A region.  The explanation and theoretical models 
for these two sources of radiation are given later. Also discussed 
in a later section is the method of reducing the data to some com- 
mon basis such that comparisons to other experimental results can 
be made. 

A considerable amount of data was obtained on the earth day- 
glow, nightglow, sunlit limb, and nighttime limb.  Samples of the 
data are presented later in reduced form. At this point it is 
important that the reader understand the geometry and the method 
of converting the raw data into a measure of the earth's radiance 
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Consider a typical viewing situation such as showa in Fig. 8. 
The total received radiation is the sum of the contributions from 
each portion of the atmosphere along the ILie of sight vector,  s, 
that is 

IT(s) 

I (s=-) 
r 

Ir(8-0) 

dlr(s)- (l) 

where    s = 0    is  the point of intersection with the earth's sur- 
face and the upper limit is at    s » <«    if the detector is outside 
the atmosphere.    The increment    dlr(s)     is  the radiation received 
from emissions originating at a distance,     s,     from a layer of 
atmosphere of thickness,    ds.    Assuming that the source of radia- 
tion fills  the field of view, we have 

A0dlr(s)  - Ae(s)B(s)I(s)T(s)ds (2) 

Ao   = collecting area of the optics (cm2) 

Ae(s) - the area of atmosphere at a distance (s), 
that contributes to the received radiation 
(cm2) 

B(s) ■ the solid angle subtended by the detector 
at a distance s (steradians) 

T(s) - the transmission of the. atmosphere from s 
to the detector 

I(s) = atmospheric radiance at s  (w/cm3-ster) 

Now, by definition 

Ae(s)B(s) = Aoa (3) 

where 

a - field of view of the detector  (steradians) 

19 



Sun Line 

Sun Line 

Fig. 8 Typical Viewing Geometry 
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Hence the radiation received by the detector from a source at a 
distance s,  is 

dlr(s) = aI(s)T(s)ds (4) 

Integrating along the line of sight,   the  total received radiation 
is 

IT = a 

a I 

I(s)T(s)ds (5) 

s-0 

B (6) 

Iß is the equivalent radiance of the earth in w/cm -ster. 
It is dependent on the angle between the LOS and the local zenith 
and also the position of the sun. The earth's radiance normally 
is defined by the situation when both the LOS and the sun line lie 
along the local spacecraft zenith. A method for obtaining this 
particular value of the radiance from the measured intensities is 
discussed in the next section, together with some results of this 
reduction. 

The equivalent radiance can be calculated from the measured 
irradiance values and gives a good indication of the magnitude of 
the true radiance.  Therefore, all measurements have been reduced 
to their equivalent radiance. The viewing geometry and equivalent 
radiance for each data sample have been placed on computer cards 
and tape.  Each line of the printout from the cards and tape con- 
tains 

1)  the run number 

T)    a day or night designation (D or N)  to indicate 
the condition of the area on the earth viewed at 
the time of the sample 

3) the GMT time of the measurement in days, hours, 
minutes, and seconds 

4) the tangent altitude (TAN.ALT) given in kilometers 
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5) the  solar-zenith angle   (SUN.ANG), which is  the 
angle between the sun line and the local vertical 
through the earth at either  the intersection point 
of the LOS with the earth's surface or the  tangent 
altitude point 

6) the  line-of-sight/zenith angle   (OBS ANG), which  is 
the angle between the line of sight and the local 
vertical at the point indicated in    5) 

7) the Rayleigh    scattering angle   (SCAT ANG), which 
is  the angle between the LOS vector and  the  sun 
line 

8) the  longitude   (LON)   and latitude   (LAT)  of either 
the  intersection point of  the LOS with the earth's 
surface or the  tangent altitude point 

9) the equivalent radiance values  from the    1250, 
1380,   1920,  2380,   2460,    and    2980A     filter pho- 
tometers of the WEP. 

The  data  samples are given at 3-minute  intervals when the 
dark earth  is being observed,   at  1-minute  intervals  for sunlit ob- 
servations,  and every 10  seconds  for measurements of the earth 
limb when  the viewing does not intersect the earth's  surface.     The 
reduced data  for all meaningful observations are given in Table  5. 
This  table represents a computer printout of  the data  stored on 
magnetic  tape. 
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DATA ANALYSIS 

A major problem in comparing various airglow measurements is 
that of reducing the results to some common basis by eliminating 
the angular dependence of the measurements. The angles on which 
these measurements depend are the solar zenith angle, 0,    and the 
line of sight zenith angle,  V. The common basis usually chosen 
for comparison is the case in which both of these angles are zero. 
It was shown in Eq. (5) that the total received radiation is given 

by 

I«, " a T 
I(s)T(s)ds (5) 

s=J 

According to Beer's law, the atmospheric transmission, T(s),  can 

be expressed as 

T(s)  - exp - y CTJLCS) (7) 

where 

N^s) 

absorption cross section of the i 
atmospheric constituent 

total number of particles per unit area 
of the ith constituent between the 
point s and the detector 

By definition. 

00 

N^s) n^tOdt 

t=s 

(8) 

.th where    ni(t)     is  the number density of  the     i constituent along 
the  line of sight vector. 
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Since most atmospheric quantities are expressed as functions 
of altitude along the local vertical, we make the tranr. format ion 

ds = dy sec cp (9) 

where    qy    is  the angle between the line of sight and the  local 
vertical at an altitude of    y    kilometers.     The  total received 
radiation  is given by 

,*' 

IT.a I(y)exp -I'I 
< y-( ) i        J 

n  (t)sec  q) dt 

t=y 

sec 9 dy (IG) 

From Fig.   8 it can be  seen that 

sec  (P 

-i 

1 - 
\R    + y/ e       ' 

•   2m sin  9 (H) 

When the line of sight does not intersect the earth, the 
s = 0 location is taken to be the tangent altitude point. This 
point indicates where the line of sight vector makes its closest 
approach to the earth.  In this case, the total received radiation 
can be expressed as 

00 

[• ]T(y,oo)dy + .if [•][T,(yh,y) + T/(yh,cx))jdy    (12) 

where 

[•]    - al(y) sec 9 

y.     = tangent altitude 

T'(ath)  - transmission of solar energy from point 
a to point b 

and T (A,b) has the same definition except that cpt is always 
greater than 90 degrees. 
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tn the expreasiona given above,  Uy)  ls the volume ainUalou 
rate of the atmosphere at the height y.  This volume emission 
rate can be produced by several phenomena.  For the analysis of 
our data, however, we believe that only two sources of radiation 
are important — Rayleigh scattering and photoelectron excitation. 

/D c F?r a ^ayleigh scattering atmosphere, the theory is well known 
(Ref. 6) and we have 

I(y'Ä) = 167 ks(1 + cos2^P(y)H(A)T(y,0y) (13) 

where 

ks     - Rayleigh scattering coefficient (cm-1) 

I* - Rayleigh scattering angle 

6y s angle between the sun line and the local 
vertical at the altitude y 

p(y)   = total atmospheric number density at an 
altitude h(cm'3) 

H(A)   = solar irradiance at the top of the atmo- 
sphere at the wavelength A(w/cm2) 

T(y,öy) = transmission of the solar energy from the 
top of the atmosphere to the altitude y 

The term H(A)T(y, ) is the amount of solar energy of wave- 
length A that reaches an altitude y along the slant path 

described by öy.  The other term, ^ ks(l + cos
2^)p(y), 

describes how much of this transmitted energy is electromagneti- 
cally scattered along the line of sight vector. 

When the radiation is the result of photoelectron excitation 
the volume emission rate is theoretically given by (Refs. 9,10)  ' 
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where 

the electronic state from which the 
transition to the ground state pro- 
duces radiation of wavelength    A 

'kj 
branching ratio or probability of a 
transition from the state j  to the 
state k 

f.     = the fraction of depopulations of the 
state j  that produces radiation 

r,fl(y, ') ■ the rate of population of the j"1 

state of the I"* species 

The rate of population of the j state is proportional to 
the amount of energy lost during a collision with a photoelectron 
of energy Ep, and, therefore, is also proportional to the number 

of such photoelectrons produced by solar ionization. Thu3, we 
have 

rj« 
Q    x E. j 

P        J^ 

E   >E. 
P       J 

(15) 

where 

Qp(y^) 

^ 

production rate of photoelectrons with 
energy    Ep 

t'Vi 
energy deposited in  the    j state 
through a collision with an electron 
of energy    Ep 

The production rate of photoelectrons can be given as 

Qp(y'Ll> mll ai^Vni(y)H(Vexp 

i B 

-Y a L    m 
m 

00 

n,(t)sec   )  dt m t (16) 
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where 

a. p m  cross section for the i   ionization 
1   state of the ith species 

n^ = particle density of the &        species 

Obviously this relationship is complicated and many of the 
variables, such as the absorption and collision cross sections, 
are not known precisely. A complete investigation at this level 
is beyond the scope of this study. From the limb measurements, 
we have found that the emission rate follows an altitude profile 
with a peak near 175 kilometers. Therefore, I(y) can be ap- 
proximated by a general distribution function of the form 

2 (y-yp)
/h 

i(y) - S (1+Ve TT* (17) F
 ,        (y-yj/ 
(a.e^V^ 

The parameters a, h, yp and Ip must be adjusted so that the 
predicted irradiance matches th measured values. 

The practical application of the theories given above can 
only be accomplished with the assistance of high speed electronic 
computers. For this reason, several computer programs were de- 
vised in 1970 to allow us adequate flexibility in the data analysis. 
In these computer programs, we only consider atmospheric absorption 
by ozone and molecular oxygen. Table 6 gives the parameters for 
the various distributions (concentrations versus altitude, etc.) 
used in the programs. These distributions represent a 600"K 
model atmosphere that matched the density measurements obtained by 
Hayes and Robles (Ref. 16) using the WEP. The values of the ab- 
sorption coefficients and the solar flux used in the programs were 
obtained from published data (Refs. 12,13,16). All wavelength de- 
pendent parameters are averaged over 50^  intervals. The spectral 
shapes of the WEP are also incorporated into the program. 

Using the WEP filter curves, the expected outputs of the pho- 
tometers are calculated by averaging over the effective half 
bandwidths of the filters. Thus, if Sij(^)  is the filter shape 
of the jth filter on photometer i, then 
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DISTRIBUTION PARAMETERS 

General Distribution Function 

x(y) = (1 
.a.e^V^ 

Distributions 

LBH Radiation 

a = 1.0 

y - 175 km 

h - 25 km 

02 Density 

y < 163 km a -   .3594 

h = - 5.9 km 

y > 163 km a - -  .9999469 

y =  0 

h = - 31 

O3 Density 

a =  0 

y =  23.5 km 
P 

h = - 4.63 y < 23.5 km 

+ 4.63 y > 23.5 km 

Total Atmosphere 

y < 150 km a =  5.0 

h = - 7.057 

y > 150 km 

,.. ..„. 

a = - .99992 

yp-   0 
h = - 62.04 
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.w 

ij B 
ij 

A»0 

S^Wl^d* (18) 

B 
ij 

50A x ^ Si.(Ak + 1000^)1  (A,   + 1000Ä) (19) 

where 

B13 the effective half bandwidth of the    j 
filter of photometer    i 

50Ä    intervals 

th 

The inputs to this particular program are the tangent altitude 
and the three angles (P0  (line of sight zenith angle), 0o  (sun 

zenith angle), and f    (scattering angle) all measured at the earth's 
surface or at the tangent altitude point. These quantities are pro- 
vided by another Grumman program that gives a complete analysis of 
the 0A0 viewing geometry during the observation periods.  The output 
of the program is the expected irradiance at 50A intervals pro- 
duced by both Rayleigh scattering and photoelectron excitation. 
Also given are the irradiance values expected to be obtained from 
the WEP filter photometers. 

For each measurement sequence, a series of theoretical irradi- 
ance values was calculated.  Parameters in the. program were then 
varied until the theoretically predicted sequence matched the mea- 
sured values.  The irradiance was then calculated using these 
parameters for the case when both the viewing and the solar zenith 
angles were zero. This zero-zero case is used to compare the re- 
sults of other experimenters. 

The variation of the received radiation as the viewing area 
scans across the earth during a typical measurement sequence is 
shown in Figs. 5-7.  In each of these sequences, the 0A0 field of 
view initially moves across the dark earth onto the sunlit earth 
and then through the sunlit limb and onto the star.  The radiation 
increases rather sharply as the viewing moves across the sunlit 
earth.  This is the result of the particular viewing geometry 
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associated with all these observations. During this portion of 
the scan, the solar zenith angle,  e, was decreasing and the line 
of sight zenith angle,  cp, was increasing as shown in Fig. 9. 
The first effect means that less solar radiation is absorbed by 
higher altitude constituents. The second effect results in mea- 
surements of greater amounts of sunlit atmosphere as the viewing 
moves across the earth. Measurements during this same sequence of 
the dayglow in the 1920Ä region are shown in Fig. 6. Notice 
that these measurements do not show the sharp maximum in received 
radiation. 

These measurements have been reduced to the case when both 
the sun and the line of sight lie along the local zenith (6  « 0% 
<P * 0°). This provides a common basis from which the WEP measure- 
ments can be compared to theoretical predictions and results of 
other experiments. The radiances for this case, averaged over five 
orbits, are plotted in Fig. 10 for each filter. Also shown are 
the radiance values predicted by the Rayleigh scattering calcula- 
tion. Note that only the values in the vacuum ultraviolet are 
shown since the dayglow saturated all WEP photometers using fil- 
ters above 2000Ä. Figure 10 shows that the only measurements 
that agree with the Rayleigh scattering prediction are those in 
the 1920A spectral baxd. These measurements also agree with the 
results of Barth and Mückey (Ref. 1) and Elliott et al. (Ref. 17). 

The spectral region covered by the 1500A photometer is of 
particular interest. The measurements in this region agree with 
the data from the NRL experiment on 0G0-4 and clearly indicate that 
the very low estimate of the earth's radiance predicted by Rayleigh 
scattering does not exist. The high level of radiation in the 
1500Ä region is believed to be the result of electronic excitation 
of molecular nitrogen by high energy photoelectrons (> 7 eV) . 
These photoelectrons are produced from the ionization of high al- 
titude atmospheric constituents by the extreme ultraviolet solar 
radiation. The principal emissions are from the Lyman-Birge- 

Hopfield (aV - x' 2g), Birge Hopfield (b'i^ - x' 2+) and 

Vegard-Kaplan- (A3 2+ - K' S+) bands of molecular nitrogen. These 

transitions produce radiation in the 1350 to 1800Ä spectral 
region. This mechanism was first considered theoretically by 
Barth and Green (Ref. 9) and later by Dalgarno et al. (Ref. 10). 
Prinz and Meier (Ref. 11) of NRL have used some of the more re- 
cent measurements of ionization cross sections, photoelectron col- 
lision cross sections, and quenching coefficients in determining 
the expected emissions from this mechanism. Their calculation 
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predicts that the coluimar emission rate from this system should 
be    6.5 kR    or    3.3 x 10'8 w/cm2-ster-^    between    1350    and    1800^. 
They also Indicate that a peak In the emission rate should exist 
near    180 kilometers. 

■■; 

Detailed measurements of the sunlit limb with the 1500^  fil- 
ter and using the half second sampling mode of the WEP, are shown 
In Fig. 11. These measurements show a sharp peak In the received 
radiation near a tangent altitude of 175 kilometers.  Because of 
the small field of view of the WEP photometers. It Is reasonable 
to assume that the volume emission rate also has a maximum near 
175 kilometers. The gaps In measurements, as shown In Fig. 11, 
are due to the delay In the Issuance of new exposure commands.  It 
should be noted that part of the radiation measured by the 1500* 
filter Is due to the emission from the 1304Ä triplet of atomic 
oxygen. Assuming that the strength of this line Is approximately 
4 x 10"9 w/cm2-ster as measured by Barth and Schaffner (Ref. 2), 
then this represents only 4 percent of the measured energy. Be- 
cause of the near zero transmission of the 1500A  filter at 1200^, 
the Lyman alpha emission of atomic hydrogen also does not contribute 
to radiation measured by this filter. Therefore, the only radiation 
of significance Is that produced by the LBH bands of N2. The vari- 
ation of the 1500^ radiation with tangent altitude is shown in 
Figs. 12-14.  It also should be noted that the radiance value given 
in Fig. 10 for the 1500A measurements is an approximate value 
since the model chosen for the nitrogen emissions did not Include 
the effects of the solar angle. 

The measurements with the 1920A filter, as mentioned, agree 
very well with values predicted by the Rayleigh scattering model. 
Results of the measurements of the sunlit limb using this filter 
are shown in Fig. 15.  It can be seen that no large peak in the 
received radiation occurs as a function of tangent altitude in 
this wavelength region, * 

The radiation measured by the 1250Ä filter is almost en- 
tirely due to the Lyman alpha emissions of atomic hydrogen at 
1216A.  part of the radiation can be attributed to the 1304 and 
1356A  lines of atomic 01 and also to the 1358^  LBH band of 
N2- Although no detailed measurements, using half second sampling, 
of the sunlit limb were nude at 1250Ä, a good picture of the 
limb was obtained with the Mode C measurements. As shown in 
Fig. 16, the 1250A radiation also shows a peak in the received 
radiation near 175 kilometers.  It should be noted that radiation 
in this spectral region is very dependent on solar activity, ex- 
plaining the spread in measured values. 
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The vacuum ultraviolet nlghtglow 13 barely a measurable fea- 
ture. The measurements, using the 1250Ä filter, show the radi- 
ance to be Independent of altitude with a magnitude of about 
10" 8 w/cm2 ster-M-, which Is slightly above the noise level of the 
photometer. The source of this radiation was postulated by Meier 
(Ref. 4) to be scattered Lyman alpha emission from the sunlit por- 
tions of the upper atmosphere. The output from the 1500A  filter 
was at the noise level of the photometer for all nlghtglow measure- 
ments. This noise level is equivalent to an irradiance of 
4.8 x lO"14 w/cm2-M..  In the 1920A region, the nlghtglow was 
measurable. The limb measurements showed a distinct altitude pro- 
file to the emission, as is shown in Fig. 17, with a peak in the 
received radiation occurring at a tangent altitude of about 
70 kilometers. A similar spike in the nlghtglow was measured by 
Stecher (Ref. 15) at 1800Ä. At present, the source of this radia- 
tion has not been identified. The prominent features of the ultra- 
violet nlghtglow occurred In the spectral region measured by the 
2380 and 2980A filters. The emissions measured by the 2980A 
filter show a sharp peak occurring near 110 kilometers (Fig. 18). 
This maximum was also observed by Stecher (Ref. 15) and later by 
Hennes (Ref. 14).  Their rocket spectrometers show the peak occur- 
ring near 97 kilometers. The spectrum obtained by both experi- 
ments indicate that the source of the radiation are the Herzberg 
bands of molecular oxygen. This band system produces emissions 
between 2500 and 3500^. The most prominent feature of the 
spectrum is the large maximum near 3000^ produced by the Herzberg 
(7,4) and (5,3) bands at 2976 and 2945A and by the 2972A 
line of atomic oxygen. Figure 19 shows the altitude profile of 
the received radiation from the 2380A filter and Fig. 20 shows 
the radiation measured by the 2460^ filter. These measurements 
also show a peak near 110 kilometers and, therefore, are probably 
measuring some of the lower wavelength bands of the Herzberg sys- 
tem. 
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SUMMARY AND CONCLUSIONS 

All earth background measurements made with the 0A0 A-2's 
Wisconsin Experiment Package have been analyzed in terms of viewing 
geometry, and have been converted to equivalent earth's radiance. 
This information has been summarized and placed on a computer tape, 
the printout of v/hich is given in Table 5. 

Samples of the measurements were analyzed every three minutes 
when observing tie dark earth, every minute for sunlit observa- 
tions, and every 10 seconds for measurements of the earth's 1imb. 
The GMT time of the measurements, the tangent altitude, the Solar, 
viewing, and scattering angles, the 0A0 and viewing intersection 
longitude and latitude, as well as the reduced radiance for seven 
of the filter combinations, are given for each point analyzed. 

An analysis of the reduced data has provided the following 
conclusions: 

1) The dayglow in the 1920A spectral region is 
produced by the Rayleigh scattering of solar 
radiation. No significant radiation is pro- 
duced above 100 kilometers. 

2) In the 1300-1700A region, the measurements 
support the theory that the radiation is pro- 
duced by photoelectron excitation of nitrogen 
(N2). This radiation has a peak in the emission 
rate near 175 kilometers. 

3) The nightglow below 1700A  is quite low, less 
than 1.5 x 10"8 w/cm2-ster-|i.  There is some 
radiation produced by an unknown source, present 
in the 1920Ä region. This radiation has a 
peak intensity near 70 kilometers. 

4) The prominent feature of the UV nightglow is 
the radiation between 2500 and 3000Ä that 
is thought to be the emissions from the Herzberg 
bands of molecular oxygen. This radiation shows 
a very sharp peak near 110 kilometers. 

To complete the interpretation of these data, all measurements 
should be reduced into volume emission rates, and a detailed model 
of the radiation mechanisms should be developed. The reduction of 
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the nightglow measurements should be  the simplest of these  tasks 
This involves  Inverting the limb measurements in a manner simUar 
to  that used by Robles and Hayes   (Ref.   16).    Reduction of the 
dayglow measurements is more complicated since the volume emission 
rates are dependent on the sun's position.    The inversi^ If8*™ 
^rlt^'  not strai?h,:forward-    A ^tailed model for the raiiation 
mechanism,   such as given by Eq.   (13)   for photoelectron excitation 

nLir.reqV-rKd f0r a COmplete analysis of the measurements      Al^o 
needed are  limb measurements at    1250,   1380,    and    2380A     to com- 
plete the spectral picture of the ultraviolet earth background 

'7 he ve^r'to^:8^1"11^  f^10 be **** *' ^^ SZ dur- ing  the year  to obtain seasonal variations  in atmospheric emissions 
Most observations made  thus  far with  the 0A0 have been Jn ^he     ' 
northern hemisphere.    Therefore,  additional measurements are re- 

Sre ofX nv"0" ^0rti0nS 0f the earth to obtain a ^ Pic- ture of the UV emissions.     It appears that the best experiment for 
such measurements would be an imaging system with a large field of 
view and the comparable resolution of the WEP. Ihis would provide 

background' lnf0rination about local -d global variations o^the6 
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