lower than in our own mecasurements (it should be emphasized that our values
were controlled by different methods). Also the numerous measurements at
Mainz show no deerease with very good visibility. According to measurements
by Loente and Forrzik and the theoretical investigations by Junee (8), the de-
crease of ¢,y with visibility- ranges below 2 km in Mainz is only found with rela-
tive humidities greater than 97 per cent; in Fig.5 such cases are not considered.
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Fig. 5 - ANGSTROM exponents of visibility according to some cuthors (*).
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Eig. 6 - The relative frequency of the ANGSTROM exponents &y and oy for winter and
summer in different years.

The results for ¢y, and 7, for three years are summarized in Fig. 6 by a fre-
queney distribution. The annual variation seems to be more significant for o,y
than for ¢g,. No influence of the sky-licht scattering types or the meteorological
situation could be found.
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in Fig. 7, the mean ratio of both values is 1.

How can we explain these results? According to the relation % = v — 2, the
nuclei distribution (at least in the range of optical cfliciency) would hayve an an-
nual variation. The mean power law should be r=%* in winter and in summer
r=23 to r=%, This occurs especially necar the earth’s surface, but also in the
ground layer and perhaps in the whole atmosphere. Until now neither the
measurements of JUNGE nor the analyses of scattered sky-light give a basis for
this conclusion. On the contrary, the author has the suspicion that z =v—2
is not exactly valid. This may be caused by an annual variation of the absorption
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Fig. 7 - The relation ship between w5 and gy, measured ai the same time.

of light by the aerosol; but this assumption is improbable, becausc the absorption
very probably is small and not essential. It may be noticed that it is also difli-
cult to explain the reason of the anomal extinction of haze in the near UV, which
has been measured sometimes by GoETZ (%), DUNKELMAN (8) and now at Mainz (9).
By the optical theory, the anomal haze extinction requires that a sharp maxi-
mum of the nuclei distribution exists near 0.2y radius. It is not known, that
this is possible with normal turbidity circumstances.

The previous discussion of the results shows that still many problems in the
optics of the atmospheric aerosol are to be clarified.  Simultaneous measurements
of the nuclei distribution and the optical effects are highly desirable.
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DAY SKY BRIGHTNESS TO 220 KM
By O_cb'ro E. Brre

United States Naval Research Laboratory,
Washington 25, D.C.

(Received March 15, 1955)
ABSTRACT

The brightness of the daytime sky has been measured using
rocket-borne stereocameras. An upper limit of 0.0075 candle/ft®
was found for the brightness at altitudes ranging from 80 to 220 km.
This limit is consistent with the brightness being due entirely to
Rayleigh scattering. No evidence of high altitude clouds was found.

A

INTRODUCTION

During the past few years, experiments have been conducted for the purpose
of determining the brightness of the daytime sky at high altitudes. The principal
point in question was whether the emission by the upper atmosphere could be
explained as chiefly Rayleigh scattering by air molecules, or whether there were,
in addition, strong emissions due to resounance radiation, and perhaps scattering
by extremely high altitude particles and noctilucent clouds.

This paper presents the technigues and results of a recent rocket-borne photo-
graphic investigation of the daytime sky in the altitude range of 80 to 220 km.
These results showed that the daytime sky at high altitudes did not have brightness
in excess of that expected from Rayleigh scattering alone, and also that sunlight
scattered from gas and material emanating from the rocket may have contributed
to the high value reported by Miley [see 1 of “References” at end of paper].

As corroboration of statements made in this paper, series of pictures are pre-
sented in the appendix showing the sensitivity and wvalidity of the stereoscopic
system and the effects of scattered sunlight.

PAST MEASUREMENTS

Photometric measurements made by Teele [2] from the stratosphere bailoon-
flight of 1935 (Baxplorer II) indicate a linear relationship between atmospheric
pressure and sky brightness to 72,000 feet. This linear relationship is just that
expected on the basis of the sky brightness being due to Rayleigh scattering alone
and is reproduced in Figure 1. The lower portion of the curve, of course, is an
extrapolation. An altitude scale based on the Rocket Panel standard atmosphere
[3] has been added for convenience in computing sky brightness for altitudes corre-
sponding to those of rockets.

In a series of investigations using high altitude rockets as the transport labora-
tory, H. A. Miley, et al. [1], recently reported new and high values of the day sky
brichtness at high altitudes. They used photomultipliers and found a brightness
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of nearly a constant three per cent of the sea-level value for altitudes of from 40
to 130 km. Their measurement is included in Figure 1. The sky brightness predicted
from Rayleigh scattering alone at these respective levels can be seen from Figure 1
to range from 0.3 per cent to 107* per cent of sea-level brightness.

Included in Miley’s report are interesting photographs of overhead clouds of
some sort taken on one flight at 70 km with & 16-mm camera operating at 6.67
frames per second. The exposure was 1/400 second at F/4.5 on Eastman Lina-
graphic film. These he interpreted to be true clouds of the noctilucent type and
were thought to be associated with the high recorded sky brightness.

PURPOSE AND EXPERIMENTAL PROCEDURE
A simple photographic experiment was designed to investigate sky brightness
at high altitudes. The four objectives of the experiment were as follows:

(1) To record, photographically, the brightness of the sky at known points
in the sky during flight

(2) To take stereophotographs of any high-altitude cloud formations in
order to determine their proximity to the rocket



DAY SKY BRIGHTNESS T0 220 KM 273

(3) To determine, by comparison of photographs talken through red and
blue filters, whether the clouds were of large particles and scattered neutrally,
or whether they were of very small particles and scattered like the sky itself
(4) To determine whether the light from the clouds and sky was polarized
or not, sinee, if not, the explanation of the,clouds would lie in scattering
by large particles or a true airglow emission, rather than Rayleigh scattering
by air molecules and small particles
Figure 2 shows the unit assembled and ready for flight. It comprises two
modified and armored 16-mm GSAP gun cameras, mechanically interconnected
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Fre. 2—Day sky stereoscopic unit

and synchronized, and mounted in stereoposition, one foot apart, with axes parallel.
The one-inch F/1.5 lenses shot pictures through revolving disks, each having
cight filters (Fig. 3) rotating at about 2 rpm. The camera mechanism was modified
to transport 4.8 frames per second, or about 150 frames per revolution of the
filter disk. The effective exposure was 1/20 second at F/1.5 on Eastman Super
XX film. In each case, the film was developed in a high-speed developer, which
doubled the ASA rating. The filters were Wratten Nos. 23A and 47, selected for
their transmittance characteristics in red and blue, respectively. The Polaroid
sereen was of optical quality and oriented as shown in Figure 3.

The cameras were mounted in the forward instrument section in a position
perpendicular to the rocket axis. Since the rocket was deliberately programmed to
to roll after peak with its axis parallel to the earth’s surface, the cameras alternately
photographed the earth and the sky. The angular position of the photographed
area with respect to the earth or the sky was determined by reference to data from
an aspect camera.

The camera-film-filter combination was calibrated by exposures to the sky at
ground-level on a very clear day. Film densities ranging from 0 o 2.0 were obtained
by attenuating the sky brightness with two crossed Polaroid filters, and photo-
metering each brightness.
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RESULTS

Since there were no true clouds observed during this flight, the remainder of
this paper will be concerned with only the first of the four experimental objectives
listed, namely: To record photographically the brightness of the sky at known points
in the sky during flight.

In view of the many obstacles to rocket-borne sky-brightness measurements
and the complex nature of scattered sunlight, the author is of the opinion that
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any value assigned to sky brightness at any particular angular distance from the
sun can only represent an upper limit. In this investigation, the minimum measir-
able brightness was determined by the sensitivity of the film. Sky brightness
values assigned from. this experiment are based on exposures made through the
no filter-no Polaroid sections of the filter disk (see sketch, Fig. 3). IExposures made
during ascent while the rocket axis was vertical were excluded from this study,
since they contained obvious evidence of considerable reflection from the earth
into the optical system. Only those frames were selected which were exposed as the
camera aimed toward the sky and away from the sun while the rocket was rolling
in a horizontal position. A total of 13 exposures were made in each camera while
thus oriented. These occurred during the rocket descent from 220 to 80 km.
Densitometer readings on these 13 frames showed no density above normal back-
ground density. In other words, the sensitivity of the film was not sufficient to
record the brightness at this altitude range, and it can only be said that the sky
brightness in this range was below a certain value.

Referring then to the calibration film, for a ground-level sky brightness of 380
candles/ft?, the least exposure which produced a readable density above normal
background density was 1/200 second at F/16 with a sky attenuation of 40 (vefer
to paragraph on calibration). This is equivalent to an exposure of 1/8,000 second
at F/16. .

A study of the above exposures—1/20 second at F/1.5 for the day sky unit and
1/8,000 second at F/16 for the calibration film— gives a ratio of 1:51,000 between
the day sky brightness in the region from 80 to 220 km to that at sea-level. Or in
terms of percentage, the day sky brightness from 80 to 220 km is less than 0.002
per cent of sea-level brightness. In absolute values, this represents a maximum
brightness of 0.0075 candle/ft’.

DISCUSSION OF RESULTS

Tt can be seen from Figure 1 that the measured upper limit for the day sky
brightness is consistent with an extrapolation of the results of Teele. It can be
seen that the present results are in marked disagreement with those of Miley. A
possible explanation for this diserepancy is that Miley’s high recorded brightness
and clouds were caused by sunlicht scattered from clouds of gas and particles
blowing out of the rocket. This explanation is supported by the fact that the
recorded brightnesses were the same at all three wavelength bands—a normal
distribution if the clouds were of relatively large particles such as might be ejected
from the rocket. Further support for this explanation is given by the “cloud”
pictures included in the appendix.

An article entitled “Theoretical considerations regarding the dayglow,” by
Bates and Dalgarno [4], has recently appeared, which would also secem to refute
the day sky values reported by Miley, et al. Bates and Dalgarno survey Various
possible sources of high altitude illumination and conelude that ‘“‘the tenuous air
at altitudes greater than 135 km cannot extract enough energy from the incoming
solar radiation to supply a source having a photon intensity of some [0 Cmisecok
(as inferred by Miley). Their theoretical approach substantiates, in effect, the day
sky-brightness values reported i this paper.
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SUMMARY

. The density of the stercocamera films indicated an upper limit of 0.0075
candle/ft* for the brightness of the daytime sky at altitudes ranging from 80 to
920 Lkm. This value is based on 26.exposures made while the cameras were aimed
away from the sun and the earth, and is consistent with values based on Rayleigh
scattering alone. There were no true clouds in space recorded by the stereoscopic
unit.
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PHOTOGRAPHIC EXHIBIT

Whenever 2 movie-film exposed in a.rocket-borne camera is viewed frame by
frame, a number of exposures occur which exhibit strange images and effects.
Normally, there is no choice but to assign their origin to one of several common
phenomena involving either film-processing technique or extraneous optical
effects. In a calibrated stereoscopic system as was flown in this rocket, however,
it is relatively simple to distinguish positively between images due to real objects
in the camera field of view and images due to processing errors or extraneous
optical effects—the latter image types being betrayed by either (1) their presence
in one film only, (2) their unrelated geometry and dimension, or (3) their unrelated
traversal across the field of view in the two films.

Shown below are. stereopictures selected as a sample exhibit of objects and
effects encountered in this rocket flight.

(®)

Trc. 4—A set of stereoexposures of the moon
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Figure 4—A4 set of stereocxposures of the moon. These are included to validate/”

the accuracy of the investigation as to image quality or mproductionj'a‘ﬁamfd the
position of the object with respect to the rocket. The rocket to object distance is
given by a comparison of the image within the frame on both stereofilms and
reference to a calibration chart. Here, of course, the distance is essentially infinity.
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Fre. 5—Images resembling clouds or sunlit aurorae

Figure 5—Images resembling clouds or sunlight auroras, but actually optical
scatter as the camera field of view approached the direction of the sun. These are not
true stereopictures, since the upper and lower exposures were not taken at the
same time by the two cameras, but are separated by one frame or about one-fifth
second. The matching exposures from the upper and lower stereocameras that do
correspond in time show an over-all, readable density, but no clouds or such
effects. These are included in support of a previous suggestion in this paper that
the clouds recorded by Miley’s single camera may have been produced by a similar
effect, or more likely by scattered sunlicht in the gaseous envelope of the rocket.
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THE INTENSITY DISTRIBUTION IN THE ULTRAVIOLET SCLAR SPECTRUM (%)

By C. R. Derwiner, D, L. Garrerr, J. D. Purcers and R, Tousky,
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Ritsunst. — La distribution énergétique du spectre ultraviolet solaire est donnée en valewr absolue de 2600 A& 850 A
(pour des indervalles de 50 A). L'intensité des raies les plus intenses du spectre entre 1900 A ot 835 A est dgalement
donnde, La courbe spectrale représentant Uémission solaire part dw niveaw @' émission dw corps moir & 5000 0L
pour 2085 A, tombe rapidement & $900 ©K powr 1800 A et & 4750 0K environ pour 1500 A. Le continwum de Lyman

pewt fire asstmilé & Démission d'wn corps notr ¢ 6600 04

ARBSTRACT. — Spectral intensities of the ultraviolet solar specirum are given tn ahsolufe wnits from 2600 A to 850 A
including continwwm and lines in 50 A intervals. The intensity produced by the strongest solar emission lines
between 1900 A and 835 A are also given.  The solar curve falls slowly from a 5000 0K black body level at 2085 A,
{0 4900 9K at 1800 A and to about 4750 °K at 1500 A.  The Lyman continuum follows @ 6600 I black body curve,

Pesione. — BHEPTETHUECKOC DACHPEASIENHE YILTPAPHONETOBOL0 COMMETHOTO CIERTPa Aar0 B a0c0iorioi
BeIuIIe o1 2600 A 1o 850 A (A1 IPOMEIYTIOB B 50 A). TlAeTCA TaX/Ke MHTEHCHBIOCTE CAMBIX GHI-
LELIX JHHiil cHerTpa Mempy 1900 A u 835 A. Cnexrparpnas KpuBag MPCACTABILIONMAA COTHEUIIHN
IBIVYEHIIC OEPET HAUAI0 I YPOBHE M3IYUCIHSA YEPHOT0 Texa npl 50000 K s 2085 A, GrIcTpo mazact
10 4900° K jug 1800 A m mo 47500 K st 1500 A, Konrmiryyy Jluyama MOEeT GLITh IPIPABICI K 3.1y -

YEHIIO YEPHOTO Texa mpi 6600° K.

IxTrRODUCTION

From the point of view of Aeronomy, the
most important aspect of the speetrum of the
sun is the distribution of intensity with wave-
Iength. Spectral intensities outside the earth’s
atmosphere must be known in absolute units
before satisfactory theories of the photochemical
processes taking place in the atmosphere of the
earth can be developed. Experimentally, the
measurement of absolute intensities in the extreme
ultraviolet is more difficult and far less precise
than the determination of wavelengths. There
are difficulties of several kinds. First, there is
the technical problem of calibration. Both the
relative spectral speed of the spectrograph and
film and the absolute speed in terms of incident
energy must be determined. This is made diffi-
cult by the lack of any radiation standards in the
extreme ultraviolet part of the spectrum. The
second problem concerns the transparency of
the atmosphere between the spectrograph and
the sun. Ideally, the spectrograph should be
flown to an altitude such that there is no absor-

(') Comumunication preésentée an Collogne d*Acérononic
{Copenhague, juillet 1960), tenu sous los auspices du Comitd
do la Haute Atmosphére de I'Asseciation Internafionale de
(réomagnétinme et d’Aéronomie,

bing gas within the optical path. So far, expe-
riments have been flown in Aerobee-High Rockets
and the peak altitude attained has been about
235 km. Even at this altitude, absorption by
N, is strong at certain wavelengths. Gas desorp-
tion from the rocket and within the instrument
presents another problem. Finally, there is the
variability of the sun itself. The emission from
the sun is neither constant in time, nor uniform
over its surface. In the wvisible portion of the
spectrum variations in time are very small, but

in the X-ray end of the spectrum, the changes

are tremendous. Throughout the extreme ultra-
violet there have been too few measurements to
establish the magnitude of the time wvariations in
solar output. Although the variations of emis-
sion over the solar disc are important in the astro-
physics of the solar atmosphere, it is mainly the
radiation from the entire sun which is of interest
in acronomy.

The photographic experiments have not usually
led to a direct determination of the integrated
emission from the disc, because the spectrum is
photographed from certain specific places on the
sun. To derive the integrated emission precisely
is difficult, because the emission varies greatly
over the sun in the extreme ultraviolet, and the
variation depends upon the particular emission
under consideration, For example, from the dise
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photographs of the sun obtained in the wave-
Jength of Lyman-¢ [13], it is known that Lyman-«
is emitted from plage regions with five or more
times greater intensity than from the quiet por-
tions of the sun. Spectra obtained in 1960 [4],
show that this is true to a greater or lesser extent
for all emissions in the extreme ultraviolet. There
is evidence that the variation between plage and
quiet regions may be increased for radiations
originating higher in the solar atmosphere than
Lyman-g, for example, for the lines of O VI at
10319, KgB7,67 A

In spite of these various difficulties, fairly
satisfactory data are mow available to about
350 A with reasonably high resolution. Trom
1300 to about 60 A, data have been obtained
by HiNGEREGGER [6] with a photoelectric scan-
ning monochromator. These results are of lower
resolution; than the photographic spectra, but
have the advantage of applying to the radiation
from the entire disc.

THE NEAR ULTRAVIOLET

The spectral ‘intensity distribution in the solar
spectrum  is known with high resolution and
reasonably good ‘accuracy from the visible to
about 2000 A. For many years, however, there
was considerable disagreement over the wave-
length range 3000 to 4000 A. The measurements
of Duxkrramax and Scoryik [5] from Mount
TLemmon, Arizona were undertaken to resolve
this confusion. They apply to the entire solar
dise. In our opinion, they are the best data
available at the present time.

The absolute energy scale for the Mount Lem-
mon data was set by Jouxsox [7]. In a paper
dealing with a revision of the solar constant,
Jonwsox reconsidered the Smithsonian Institution
results of many years, taking into account the ne-
wly published explanation of the absolute scale [1],
making & new correction for the infrared absorp-
tion by the atmosphere, and revising the ultra-
violet correction with the aid of the relative
curve of Duxxrrmax and ScorNik [5] and the
rocket results. This value of solar constant,
9.00 == 0.04 cal cm—2 min—',We believe to be the
hest available. It is against this value that the
ahsolute scale of the curve of DUNKELMAN and
SconNIk [5] was adjusted.

The rocket spectrum has been published by
Wison ot al [17] for the wavelength range
2900 to 2635 A, and by Marirsox et al [9] from
9635 to 2085 A. Curves are given on an absolute

cnergy scale, at a resolution of the order of 1/2 A.
The absolute energy scale over this entire region
was set by adjusting the long wavelength end of
the distribution to agree with the Mount Lemmon
curve over the range 3000 to 3300 A where the
rocket data and the ground observations overlap.

Numerical data for the intensities from the
visible to 2200 A were published by JomuxsoN [7]
who averaged the available data over a wave-
length interval of 100 A in order to obtain values
at low resolution, which are more convenient for
aeronomical caleulations. These data are nearly
the same as our most recent result to 2400 A,
bub at shorter wavelengths they are low by a factor
reaching 2 at 2200 A. The change at the short
wavelength end is caused by new measurements of
the intensity distribution in the radiation from the
carbon arc used to calibrate the rocket spectro-
graphs [8]. In addition, other small changes have
been introduced from a rocket spectrum obtained
on February 21, 1954, with a low resolution spec-
trograph especially designed for photometric
purposes, which accepted the light from the entire
disc. The most recent results are presented in
Table L.

THE BEXTREME ULTRAVIOLET

The vegion of the spectrum from 2000 to 500 A
has been studied by means of normal incidence
orating spectrographs with photographic recor-
ding of the spectrum. The instrument used is
shown in Figure 1. Basically it consists of a
40 em radius, 600 lines per mm diffraction grating,
used in the first order close to normal incidence.
Previous to 1960, light was gathered by means of
2 concave mirror and an image of the sun was
projected on the slit. On April 19, 1960 we flew

a spectrograph in which & diffraction grafings—-=""

arranged as in Figure 1, was used in place of the
mirror. - This grating was similar to the grating
inside the spectrofraph, but was oriented so that
the spectrum was dispersed along the glit. As a
result of this pre-dispersion, the stray light from
the intense visible and near ultraviolet portions of
the solar spectrum was rejected from the spectro-
graph. With the double-dispersing spectrograph
the spectrum has been photographed to 499 A
and its intensity distribution has been determined
from 1550 A to 850 A. From 2000 A to 1700 A
the intensity distribution was derived from spec-
trograms obtained with the carlier spectrograph
where the pre-disperser was not employed.
Portions of two of the exposures obtained on
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April 19, 1960 with the double-dispersing spectro-
graph are reproduced in Figures 2 and 3. The
external grating was distorted mechanically so as
to compensate for the astigmatism of the second

grating, thus a stigmatic spectrum was produced.,

Therefore, points along a spectrum line correspond
to points in a slice along a diameter of the sun,
and plage regions show in the spectrum with
enhanced intensity. Since a curved slit was used,
the portions of the sun producing the spectrum
line changed slowly from wavelength to wave-
length ; for example, in Figure 2 the central plage
region disappears at wavelengths longer than
Lyman-g.

PRINCIPAL
GRATING

L N~ 7

SPECTRUM! 1 : IGHT
b N / .UNL
500 AN S
SLIT AND /7 v fine
DiSC SPECTRUM s SRED.- il
ASTIGMA
Frc. 1. — The double-dispersion, normal-incidence, grating

spectrograph flown on April 19, 1960.

In these spcctm it 1s possible for the first time
$o distinguish the true continuum of the sun and to
determine its intensity distribution from 1550 A,
the wavelength limit of this particular spectro-
graph, to 942 A. Between 942 and 920 A only
a faint trace of the continuum could be seen.
Below the Liyman limit, 912 A. the Lyman conti-
nuum was detectable to 800 A, and its intensity
was determined to 850 A.

The spectra were reduced by the usual proce-

dures of photographic photometry, with charac-
teristic curves determined in the laboratory using
sectored discs to reduce the intensity. Three
types of film produced by Kodak-Pathé were
employed : SWR-C, DC-3, and 8C-4. The speed

of the spectrograph as a function of wavelength
was determined from measurements of the effi-
ciency of the two diffraction gratings, and of the
relative spectral response of the photographic
materials.

The absolute level of the spectrum was referred
to Lyman-u«, whese intensity was measured during
flight with an NO-filled LiF-windowed ion clmm-
ber attached to the spectrograph housing. This
detector received light from the entire sun and

TABLE I

THE INTENSITY OF THE SOLAR SPRCTRUM,
(CONTINUUM AND LINES), IN 50 A INTERVALS,
AT A DISTANCE oF 1 A, UL

e (& odlel ol b eLg cm—>
kg 8 sccnp(st Aj=1 A 20 A sec—! (50 A)

2600 700 1700 5.2
2550 560 1650 5.0
2500 380 1600 S0
2450 390 1550 L7
2400 340 1500 0.95
2350 320 145 0.50
2300 360 1400 0.26
2250 350 1350 0.26
2200 310 1300 0.18
2150 240 1250 0.15
2100 145 1200 ]
2050 90 1150 0.05
2000 70 1100 0.06
1950 55 1050 0.10
1900 41 1000 0.18
1850 28 ¢ 950 O 5
1800 19 900 0.25
1750 12 550 0.11

responded to the spectrum from 1075 to 1275 A,
which is, for the most part, Lyman-«. A correc-
tion of 15 9 for the contribution of the conti-
nuum and lines other than Lyman-¢ was derived
from the final intensity curve and the spectral
response curve of the ion chamber. In the 1959
spectrum, a sufficiently short exposure was made
to obtain an easily measurable photographic image
of Lyman-«, which served as a standard reference
line. In 1960, however, because all images of
this line were over-exposed, Lyman-2 was 11sed as
a standard reference line ; it was assumed that
the ratio of Liyman-¢ to Lyman-3 was the same
in 1960 as was determined from the short exposure
in 1959,

e alg ety
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A gource of error lies in the method of adjusting
the rocket curve to apply to the light from the
entire sun. The ion chamber measures the
Lyman-¢ racdiation from the entire dise. The 1959
ratio of Lyman-8 to Lyman-¢ was determined not
for the whole sun, but for a rather quiet portion

vof the sun away from the limb. In 1960, the
spectra from 1550 to 1100 A were reduced for a
quict portion of the disc; but from 1100 A to
shorter wavelengths the intensity was not suffi-
cient to work with a quiet portion of the dise and
a plage region was used. The plage region in the
continuum at 1100 A was three times more intense
than the quiet portion of the dise. It was assumed
that the same factor of 3 applied at all wavelengths
below 1100 A, including Lyman-8, though it is
unlikely that this is exactly true. It is possible
that further study of the 1960 exposures will
throw light on the validity of this procedure.

An independent check on the method of deter-
mining the absolute intensity by reference to the
Lyman-z Son chamber measurenient, was made
by comparing the density of the Lyman-o line
image w-Lh the spectrum near 2000 A. Both
were present on one of the exposures obtained in
1959. The agreement was within 20 %, which
was considered quite satisfactory.

Within the continuum strong absorption bands
can be seen. The most conspicuous are from
1110 A to 1140 A, near 1060 A, and close to Lyman
alpha' and beta. These were identified as bands
of H,0, indoubtedly carried with the rocket. An
attempt had been made to free the spectrograph
itself from water by evacuating it in the laboratory
hefore installation in the rocket, and then filling
it with lielium, as has been done for some years.
During installation and until firing, helium was
maintained: within the %peotrograph at a positive
pressure in or der to prevent air and water vapor
entering the ‘spectrograph from outside. Hvi-
dently this procedure was not wholly successful.

It was necessary to correet the 1960 spectra for
water vapor absorption in order to obtain the
true solar spectral intensity distribution. Using
{hie published values of the absorption coefficients
of haO [15] it was found that & good fit to the
observed absorption could be obtained over the
strongest bwnds for a total water vapor content
mthm the licht path of 4.6 % 10 molecules
em—2 col—!. The entire spectrum was then cor-
yocted using this value of the total amount of
water vapor.  In certain regions absorption coeffi-
cients were obtained at greater spectral resolution
than those of Watanabe by study of plates exposed

J. D. PURCELL AND R. TOUSEY

by Price [12] and from data of Bern and
Warsy [1].

The intensity data presented at the Copenhagen
Symposium were obtained using an assumption
that the water vapor lay entirely outside the ro-
cket, and therefore applying a correction factor

of 2 to the ion chamber Lyman alpha value. f i
now seems more likely that most of the water
was within the spectrograph and that no eorrection
to the ion chamber value should be made. There-
fore the values of intensity presented in this paper
for wavelengths below 1550 A are about one- ]mlf'
as great as those given earlier and published 1
the report of the meeting [3]. The usein 1960 of
the Lyman-3/« ratio from 1959 is not affected by
H,0 attenuation, because the absorption coeffi-
cients at these two wavelengths happen to be
nearly equal.

The correction for water vapor absorption
cannot be regarded as precise until more complete
laboratory data are obtained on its absorption
spectrum. The absorption cross sections of
WaraNaBE [15] and coworkers were measured
using the molecular spectrum of hydrogen as the
Iwht source. Hence they apply to spemﬁc wave-
]enr:r.ha or groups of wavelennths which do not
necesswuly coincide with the line emissions to
which corrections must be applied. Measurements

of the absorption coefficients of water vapor are
required at higher resolving power and using a
continuous spectrum ]1ght source. The same
situation exists for N,.

THE SPECTRAL INTENSITY CURVES

The spectral intensity distribution curves ob-
tained after reduction of the 1960 spectra are
shown in TFigure 4(a-c). Intensities are given
in erg cm—2 sec A—1. If it is desired to separate
emission lines from the continuum, this is best
done by integrating under the line and subtrac-
ting the continuum contnbut]on H()wever, since

‘ t.he slit was equivalent in width to 1 A, for unblen-

ded narrow lines, such as O VI, 10‘31 9 A, the
peak value minus the continuum level gives the
intensity directly. These curves were derived
from the final 60-second exposure, obtained after
about 5 minutes of in-flight evacuation, and
covering the altitude range 206.8 to 157.2 km.
Since the half-way point in time was 185 km, the
curves apply to an altitude not less than 185 km,

and in speetral regions of strong N, absorption, =

they apply to a bomewhat greater ;L}utndo
The curves.of Figures. 4(a-c} -have been adjusted

o
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to apply to the radiation from the entire disc.
Corrections. for absorption by H,0 and N, have
not heen applied, but the correction curves are
reproduced in the Figures.
applies to 4.6 x 101 molecules cm~2 col—, the
value determined as described previously. ‘Lhe
N, curve was computed for 3 3¢ 10 molecules
em—2 col—1, a value derived from the absorption
features within the Lyman continuum. Since the
absorption is plotted as transmittance on the
same Jogarithmic scale as the spectrum, the
corrections can be made by adding curves. In
several regions, however, the absorption features
in the solar curve show more detail than is present
in the log 1! curve, which was obtained from labo-
ratory data having less resolution, for example,
H,0 at 1120-1140 A,

Pigure 5 is a solar intensity distribution curve
of low resolution, corrected for all absorption
effects, and applying to the radiation from the
entive sun. The ordinate is ergs em—2 sec—!
within a 10 A wavelength interval and at a dis-
tance of 1 A. U. from the sun. A resolution of

Lhe  H@ W curve =

10 A was chosen in order to reduce the detail to a
degree more nearly that required in most acrono-
mical calculations, and to facilitate comparison
with data obtained by Hinrerucenr [6] at about
10 A resolution. The reduction to 10 A resolu-
tion was accomplished by averaging the 1 A reso-
Tution enrves of Figures 4(a-c) over a 10 A interval.
Also shown are black body curves for 4500 °k-
7000 oK. From 2000-1700 A the curve was
obtained from March 13, 1959 flight. The range
1700-1520 A was obtained by interpolation,
because the 1959 spectra had too great a stray
light level helow 1700 A.

The solar curve falls slowly from a 5000 °K
black body level at 2085 A, to 4900 °K at 1800 A,
to about 4750 9K at 1500 A, then follows a mi-
nimum level of 4700 oK from 1450 to 1280 A.
The many strong emission lines superimposed on
the continuum are not separated at 10 A resolu-
tion, but combine to produce irregularities.
These result in raising the level of the curve of
Figure 5 above the lowest level shown in the high
resolution curves in several places. Below 1280 A
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The correction for absorption by 4.6 x 1016 molecules ecm—2 col—! of H,O in the light path
is shown. Also given in (¢) is the curve for absorption by 3 x 101® molecules crni=Eicolaeto B

The peak of Lyman-c

on (b) reaches 5.1 erg em—* sec—!, after correction for H,0 absorption.
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SOLAR SPECTRAL INTENSITY
ERGS /CM2 » SEC.~10A
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i, 5. — Tho solar intensity distribution at 10 A resolution, at 1 astronomical unit from the sun.  Tho curve is obtained

from Figure 4(¢-¢) by making the corrections for absorption by H,0 and N,, and averaging over a 10 A interval.

that the intensity is given for a spectral band of 10 A width.

the continuum increases rapidly as Lyman-g is
approached. On the short wavelength side of
Lyman-¢ the continuum falls to a temperature
level of 5200 °K, then stays constant in energy to
1040 A, but with the temperature level rising
gradually to 5500 °K. Trom 1040 to 912 A the
10 A resolution curve is mainly the Liyman series
and other lines, with the continuum contribution
taken from an upper limit over the region 940-
925 A, where it was just barely detectable. The
Lyman continuum extending shertward of 912 A,
follows a 6600 °IC black body eurve. Although
the spectra extend to 499 A, reliable values of
intensity could not be derived helow about 850 A
because of the presence of a trace of stray light
from a light leak, opened during flight.
Measurements of the intensity distribution in
the spectrum emitted by the entire sun have been
made by HiNrerecerr [6] with a photoelectric
scanning monochromator employing a diffraction
grating at grazing incidence with a resolution of

Note

the order of 10 A. The spectral range covered
was 1300 to 300 A, with one instrument, and
312 A to 60 A with a second. These data, ob-
tained in January 1960 and reported at the Sym-
posium on Aeronomy, Copenhagen [3] are consi-
derably above the curve of Figure 5. New results
obtained by HINTEREGGER in August 1960 (private
communication), are much lower than the Janu-
ary 1960 data, and are in reasonably good agree-
ment with Figure 5.

The NRL solar data are assembled in numerical
Jform in Table I. A wavelength interval of 50 A
was chosen, extending 25 A on either side of 7.
The intensities include both continuum and lines.
In Table IT are listed the intensitics of the prii-
cipal emission lines. All these values have beei
corrected for absorption effects and apply to the
radiation from the entire sun at a distance of
1R

It can be seen that Lyman-z is by far the mast
intense emission in the extreme ultraviolet. "The
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intensity within the 1 A wide interval containing
nost of the line is about 5.1 erg em—2 sec—
The Lyman-z ion chamber, which accepted the
spectrum principally between 1075 and 1275 A,
vecorded 6.0 erg om—? sec—), of which
0.9.e1g

Lyman-g, and other emission Iines.” The intensity

TABLIE IE

Invensury ar onNn AstroNomican Unzr (A. U.)
PRODUCED BY THE STRONGEST SOLAR BEMISSION LINES

A IDBENTIFIGATION eIy CI Rl 5o Che:

SiIIT (1)

1892403 0.10
ISI7 425 SEIL () 0.45
1808, 01 SiIL (1) QLS
1670.81 Al TT (2) 0.08
1657.00* @I 2) 0.16
1640.47 He I (12) 0.07
1561 .40% CI(3) 0.09
1550.77 & IVi(1) 0.06
548.18 C IV (1) (L
Si 1L (2) 0.041
526.% Si LE(2) 0.038
£02.73 SiLV (1) 0.013
1393.73 S IV (1) 0.030
1335.68 C1II (1) 0.050
133451 C II( ) 0.030
1306.02 1) 0.023
1304.86 T2 0,02
1302 .17 1(2) 0.013
1265.04 Sl II (4) 0.020
1260, 66* SiIL (4) 0.010
1242 .78% NV 0.003
1238.80 N 0.004
1215.67 H Ly-¢ Gk
1206.52 Si I (2) 0.03
T T C IIT (49 0.010
1139:89% CI (20-23) 0.003
1085, 70% IRIBE(ED) 0.006
1037.61% O VI (1) 0.025
1031.81 O VI (1) 0.020
1025.72 H Ly-B 0.060
991 .58* HEREQ ) 0.010
989, 79% N IIT (1) 0.006
977.03 ¢ IIL (1) 0.0350
949 . T4 H Ly 3 0.010
937 .80 HLyc< 0.005
ARt (GXIREH | : 0.010

The value for Lyman-o applies to the intensity
within the 1 A wide central part of the line ; the ion-
chamber reading was 6.0 erg con—* sec—%,

cm—2 see—t belonged to the wings of

REETT, J. D. PURCELL AND R. TOUSEY

The Lyman continuum follows a 66007 K black
body ; its total intensity is 0.24 erg em—>sec—.

* indicates that the line is & blend of lines of other
clements, or is an unresolved multiplet.

The multiplet numbers and wavelengths are from
Moorz [11], with the exception of Si LI (1) [14].

of Lyman-¢ is equal, very approximately, to the
integrated intensity within the entire remainder

. of the spectrum from X-rays to about 1500 A.

The higher members of the Lyman sevies total
about O 12 erg om—2 see—!, whereas the Lyman
continuam, below 912 A, contains
0.24 erg cm—2 sec—.  The emission lines, com-
mencing at 1892.0 A, although conspicuous,
contain considerably less energy than the conti-
nuum all the way to 1100 A.

The accuracy of these intensity data is difficult
to estimate. In the region 2000 A to 1400 A we
believe that the accuraecy is better than -1- 20 %,
and are fairly sure that there are no errors chatv
than a factor of .- 1.5. Below 1300 A o s
the possibility of errors as great as a factor of
L 2, and in places perhaps more. The question
of solar variability is of course still open.

1
&IJUL\.\J

ATMOSPHERIC ABSORPTION EFFECTS

Spectra at different altitudes, obtained on
April 19, 1960, show clearly absorption produced
by H,0, O, and N,. In Figure 6 there i repro-
duced the Wavelength range 1150 to 1350 A from
four exposures taken with seveml types of photo-
graphic film at mean altitudes ranging from
108 Jom to 217 km.

Bffects of water vapor absorption can be seen in
all four exposures and they are present to the same
degree, approximately in each. HEspecially noti-
ceable are the bands on the short side of and
setween the NV emission lines 1238.80, 1242.78 A,
Clearly visible also are three bands between 1190
and 1200 A, and one at 1172 A.

Changing O, absorption as a function of altitude
is apparent in Ficure 6. The band centered at
1243 A is the most intense of all those within the
extreme ultraviolet. Its effect is particularly
striking because it absorbs the NV, 1242.78 A
line but not the other member of the NV pair,
at 1238.80 A. The exponential a,’bsorption coefii-
cient of O, per om, measured by Waraxasz: [15],
is less than 10 from 1212 A to 1242.0 A, then v
suddenly to 400 at 1242.8 A, and to a maximum

jof about 1000 at 1243.0 A. This results in the
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attenuation of NV 1242.78 A to zero, 0.3, 0.9 and
not at all, very approximately, at the altitudes of
the four exposures reproduced in Figure 6, res-
pectively.  The situation is similar for Si III
1206.5 A, where the coefficient is 460 em—?. It
may be noted, however that the NV 1242.78 line
seems still to be present in the lowest exposure,
whereas the si III line is absent. Careful measu-
rement shows that the remaining line is actually
an unidentified faint line at 1241.9 &, where
the O, absorption still remains low. This com-
ponent causes the diffuse appearance of the NV line
in the highest exposure. Other regions excluded
by O, absorption at 103-109 km, can be seen at
1163 A, 1172 A, and in the region of continuous
absorption near 1350 A.

Absoiption by N, is strong, even for the expo-
sure made above the peak, 222.9 km, reproduced
in Figure 8. The absorption bands produce most
of the channelled structure within the Lyman
continuum. A strong narrow band can be seen
near the head of the Liyman series, greatly wea-
kening Lyman-., and another strong band causes
Lyman-y to be of low intensity.

An attempt to compare the abserption observed
in these spectra with the absorption ecalculated
from wvarious model atmospheres is in progress.
There are several difficulties ; first, the absorption
cross sections of N, are not known with suffi-
ciently great spectral resolution, nor are the tem-
perature and pressure conditions of the upper
atmosphere ; second, our exposures cover a wide
range of altitudes ; third, in the case of Lyman-v
and . the emission line profiles are not known.

At the present writing, the absorption within
the Lyman continuum for the exposure covering
the altitude range 206.8 to 157.2 km is reasonably
well  accounted for by @ 3k 101 moleeules
cm—2 col—! of N,. The zenith angle of the sun
was 692 and the time 7.15 AM M. 8. T. A step-
wise caleulation of the apsorption for this exposure,
based on the atmosphere of MixzNER, RIipLEY
and Coxprox [10] resulted in about twice greater
absorption than was cbserved, suggesting that the
actual atmosphere was less dense above 160 km
and cooler than the model.

The absorption of Lyman-y and t is of interest,
although not as well suited for comparison with the
atmospheric model as is the Lyman continuum.
In the 1959 spectrum, obtained at 195.8 km to
peak at 199.0 km to 198.9 km altitude, though
there was a very faint line at about 971.5 A,
Lyman-y 972.5 A was not detected. In the
1960 flight, Lyman-y was clearly present. This

was a result of the greater altitudes attained, and
partly because of the elimination of instrumental
stray light. On the exposure over the pealk,
222.9 km, Lyman-y was weaker than Lyman-3 ;
for the exposure from 206.8 to 157.2 km, whose
intensity curve is shown in Figure 4-¢, Lyman-vy
was less than 1/7 the intensity expected by inter-
polation between Liyman-£ and 3.

The attenuation of Lyman-y is caused by an
intense band of N, with head at 972.1 A (Wor-
LEY, 1943), maximum absorption near 972.5 A
and degraded toward the red. A value of absorp-
tion coefficient at Lyman-y as high as 7600 cm—*
has been measured, [16]. As a result, in Figure 4-¢
there is present only a weak line near Lyman-v.
Some of this line may be the wing of Lyman-v,
and some is probably He 11, 972.1 A, whose center
lies at the band head, but whose width also is
unknown. Since the observed line in this expo-
sure was centered at 971.7 A it may be largely
some line other than Lyman-y or He II. In the
exposure . over peak, however, reproduced in
Figure 3, Lyman-v is definitely present, and at the
proper wavelength, although weaker than Ly-
man-3. Alongside it, is a faint component at
971.7 A, which must be the line that remains at
the lower altitude. Thus the quantitative inter-
pretation of the attenuation of Lyman-y is impos-
sible at present.

The absorption of Liyman-1 is similar to that of
Lyman-y. There is a strong band of N, with
head at 920.04 A [18], degraded to the red and
only about 1 A wide. This produces the narrow
absorption line seen in Figwe 3. Lyman-i,
920.96 A, is greatly weakened by this band,
though it is beyond the region of strongest ab-
sorption, as can be seen, in Figure 4-c.

= CoNCLUSIONS

The solar intensity distribution is now fairly
well known throughout the extreme ultraviolet.
Much more work needs to be done, to increase
the accuracy of the measurements, especially
below 900 A, to determine the magnitude of
time variations in the solar spectrum, to improve
the corrections for attenuation that are required
at the peak altitudes attainable by Aerobes-High
rockets, and to be certain that the results are not
affected by water vapor and possibly other gases
released during flight.

Manuscrit regu le 14 avril 1961.
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ABSTRACT

Solar ultraviolet spectra obtained from rockets flown on December 15,.1952, February 21, 1955, and
June 4, 1956, are presented and analyzed over the wave-length range 2635-2085 A, together with an ab-
solute spectral intensity-distribution-curve. In all, 538 absorption features were observed, and 949 atomic
lines are listed as contributing to the observed spectrum. - i

I. INTRODUCTION

-~ . Analyses of solar ultraviolet spectra-obtained from rockets have been published by
Durand, Oberley, and Tousey (1949), by Hopfield and Clearman (1948), and by Clear-
man (1953) for the range 3000-2200 A; by Wilson, Tousey, Purcell, Johnson, and Moore
(1954) for 2990-2635 A; and by Kachalov, Pavlenko, and Yakovleva (1958) for 2635—
2417 A, and (1959) for 2937-2636 A. The present paper continues the analysis of Wilson

~et al. (1954), and extends it to 2085 A. At this wave length the intensity drops suddenly
to a level near the bottoms of the Fraunhofer lines, thus placing a natural limit to the
spectralkra.nge to be covered. Below 2085 A, Fraunhofer lines can still be seen, but they
are weak.

2 IS THE SPECTRA ..o ms

The spectra upon which the analysis is based were obtained from three rocket flights:

Viking 6, December 15, 1952; Aerobee-29, February 21, 1955; and Aerobee-46, June 4,

1956. The various exposures were obtained at different altitudes, but all were sufficiently

~ high to be free fromabsorption by ozoné. The major portion of the analysis was carried

out with spectra from the two earlier flights. Aerobee-46, however, gave several spectra

of considerably higher resolution. Therefore, the final list was increased somewhat, by

addition of lines from this flight, but only lines which were visible in two or more ex-

posures. ey i

- All spectrographs employed a 600 lines/mm-, 40 cm-radius, aluminized diffraction-
grating. The principal differences lay in the method of illuminating the slit.

In the Viking 9 spectrograph, a “mirror-jawed”’ slit was employed to expand the field
of view, as described by Johnson, Purcell, Tousey, and Watanabe (1952). The instru-
ment was not pointed at the sun but was mounted rigidly in the rocket nose. The
spectrograph contained two cameras, the one photographing the first-order spectrum on

_.. one side of the central image and the other the second-order spectrum on the opposite
side. The spectrum used in the present analysis was a very dense first-order exposure on

Eastman IV-O-UV film. A reproduction of this spectrum has been published by Tousey
(19534, b). The resolution was about 0.6 A. )

The designs of the spectrographs flown in Aerobee-29 and Aerobee-46 are shown in
Figure 1. The housing, in each case, contained two instruments. The entire unit was
pointed at the sun during flight by means of the biaxial pointing control of the University
of Colorado (Stacey, Stith, Nidey, and Pietenpol 1954). The lower instrument, described

by Johnson, Malitson, Purcell, and Tousey (1958), was the one which gave the spectra
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SOLAR SPECTRUM FROM 2635 TO 2085 A 747

from Aerobee-29, used in the present paper. Several good exposures were obtained, but
the resolution, because of the use of a 25 u slit, was only about 1 A.

The best spectra were obtained from the flight of Aerobee-46, by using the upper
spectrograph of Figure 1. This likewise employed a 600 lines/mm-, 40 cm-grating, but
a plane aluminized mirror was introduced to fold the light-path so as to fit the instrument
into the space available in the housing. The sun’s image was focused on the slit with a
lithium fluoride lens. A wave-length range of 3000 A to about 1100 A was covered; how-
ever, wave lengths below 1700 A were weak because of the reduced reflectance of the
two aluminum surfaces and the low transmittance of the lithium fluoride lens. Some re-
duction in the intensity of long-wave-length stray light was effected by focal isolation.
"This was accomplished by positioning the lens so that the image was in focus for 1300 A.
The dispersion of the LiFF caused the visible and near-ultraviolet to be greatly out of"
focus and consequently reduced in intensity. These wave lengths were further reduced
in intensity by blocking off the center of the lens with a mask.

ATH FOLDING
Dy ..
]

SuT COLLECTOR LENS

SUNLIGHTT}

3 / ‘/7 }
P T T T o b e el R
AND VALVE

F16. 1.—Optical diagram of the rocket spectrographs

Five excellent spectra were obtained with the Aerobee-46 spectrograph on IV-O-UV
film. The resolution was limited by the slit width to a value of about 0.6 A. One of these
spectra is reproduced in Figure 2. Vertical variation in density is not solar but was
caused by the focal-isolation slit illumination. The same spectrum is shown in Figure
3 but printed with the paper moving parallel to the lines, so as to reduce the effects of
graininess and make the fainter lines easier to see. Both are positive prints, absorption
being reproduced as dark.

All these spectra suffer, of course, from both instrumental and natural blending. The
discussion of the blending problem presented in the first paper by Wilson ef al. (1954)
applies. In brief, it was shown by comparison of the rocket spectrum, obtained with a
0.65 A equivalent slit width and the intensity-curve of the Utrecht A#las (Minnaert,
Mulders, and Houtgast 1940) averaged over a 0.65 A interval, that the observed solar
lines should not be expected to match perfectly the spectrum synthesized from a list of
probable contributors. For example, a solar absorption line may differ in wave length
by as much as 0.3 A from the strongest contributor, because of the influence of other

. nearby contributors which are not resolved by the spectrograph.

III, WAVE LENGTHS

Forty of the least-blended strong spectral lines were selected for use as wave-length
+:--standards ‘in-determining ‘the dispersion for each film. The lines used as standards are
shown in Table 1. Five lines are included that are blends of two closely spaced lines in the

-SRI E SPECEFUER i = st o msm S rms S
A linear dispersion equation, with corrections as great as +0.2 A in certain regions
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_and +0.4 A near 2100 A, was found to describe each spectrum with sufficient accuracy.

H. H. MALITSON, J. D. PURCELL, R. TOUSEY, AND C. E. MOORE

The small variations bétween spectra were attributed to erratic dimensional changes 1n
the film. Wave-length measurements are considered accurate to £0.1 A.

1V. INTENSITIES
The curve of spectral intensity reproduced in Figure 4 was determined from the
spectra of Aerobee-46. Density-curves of the films were first recorded with a micro-
densitometer. The density traces were reduced to relative intensity-curves by means of
an optical-mechanical device describe by Purcell (1954). This device contact-printed
the trace as it and a piece of sensitized paper were caused to move at different rates
past a long illuminated slit running parallel to the wave-length axis. The motions of the

TABLE 1
STANDARD LINES
i Laboratory i Laboratory
Mu;:;plet Spectrum Wave Length M"giplet Spectrum Wave Length
: @A) i (A)
I . s Fe 11 2628.291 2. vy - Fe 1 - 2388.629
8. | e, Fe 11 2621.669 Bt p o Fe II 2364 .825
10N, . W Fe 11 2613.820 e are ool Fe 11 2354 884
64 i Fe 11 2591.542 B Fe 11 2332.798
(i R Re I 2582.582 BWANHLS Fe 11 2327 .391
odl. . e Fe 11 2566.908 () Ea Ni 11 2316.034
ST e T R T S .FelII. i 2559520 103 . == Ni1 2310.952
........ Fer 2522 .848 g ol R, Fe1 2287 .248
| T Sit 2516.109 Y s Fer 2255.861
Lian it SiI 2514 315 70, rs2q0: - Fer1- 2248 858
o It Fe1 2510.833 S e Sil 2216.670
L s Fel 2501.130 K AR SiI 2207 .972
- o L -1 -~Fel - ~-2488 143 - {}-21, 2L . .5 Fel 2186.84
O AT Tel 2483 .270 ZEM. Fel 2171.,292
QR e Fel 2479775 o) R Fel 2166.769
QAR Fell 2447 .708 248, . Fel> -2138.589
R Fe 11 2413.308 ASM SiT 2124 111
D s TFe Il 2406 . 660 Aoy Bdl. Tel 2113.00
Foin e S o ddi 1 2399.237 - B e Fe I 2106.32
i ] 2y 2 e Fe 11 2395.53 Rt i Fel 2093 .660

trace and paper were controlled by cams whose shapes were determined by the char-
acteristic curves of the flight film at different wave lengths. These curves were found
from exposures made on the same batch of film with a carbon-arc source just before flight
and were developed with the rocket exposures. Although showing detail accurately, the
resulting intensity traces were subject to error over a wide wave-length range because
of the extreme dependence of the focal-isolation glit illumination device on the accuracy
with which the spectrograph was pointed at the sun during flight. A correction was made
by adjusting the trace to match i intensity the data obtained from a subsequent rocket
experiment which was designed specifically to measure the intensity distribution under
the best possible photometric conditions but without high resolution. The principal
features of the latter experiment were the use of a wide slit (8 A) and a quartz diffusing

- — -~ screen hefore the slit to insure that the system was illuminated in the same way at all

wave lengths, regardless of pointing errors. Calibration was accomplished with a carbon
arc as described in our earlier paper. The carbon-arc measurements of Packer and Lock

" (1951) and of Johnson (1956) were used to establish the relative intensity—distribution-
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curve for the solar spectrum. The relative intensity-curve was adjusted to an absolute
scale by fitting it at 3200 A to the absolute solar intensity distribution-curve as deter-
mined by Dunkelman and Scolnik (1959).

The spectral intensity-curve of Figure 4 does not agree exactly at wave lengths below
_ 2300 A with preliminary curves published by Tousey (1953) and by Johnson, Puréell,
| and Tousey (1954). This change results from the use of the new data for the carbon arc,

V. THE IDENTIFICATION TABLE

\
|
i . In Table 2 is presented a list of the observed absorption features and the probable
= contributing atomic lines. The form used is that of an expanded linear wave-length
E scale, with columns 20 A long. As in the earlier paper by Wilson ef al. (1954), the spectral
! intensity distribution-curve is presented instead of visual intensity estimates. This
E curve is a highly expanded version of Figure 4.
& The first column of Table 2 presents the measured wave lengths, taken from the
5 Aerobee-46 spectra. The remaining columns contain data from the Ultraviolel M. ultiplet
; Table of Moore (1950, 1952) concerning those atomic lines considered to contribute most
\ heavily to the observed absorption spectrum. Column 2 presents the laboratory wave
; lengths, entered in their proper positions on the scale. A dash preceding the wave length
indicates the line which is considered to be the predominant contributor to an absorption
| . feature. The third column gives the estimated laboratory intensities, assembled by
| Moore (1950, 1952) from many different references. Intensities should be used with
‘ caution in any.comparisens except within a single multiplet. In the fourth column are
| listed the multiplet numbers assigned by Moore; an asterisk in front indicates blending
\ with another line in the same spectrum, and in this case only the lower multiplet number
is given. The selection of contributors follows the procedure described by Wilson et al.
= (1054) )
Over the common range, 2635-2300 A, the spectrum described by Table 2 lists ap-
i proximately four times more lines than were present in the earlier spectra described by
! « Durand, Oberley, and Tousey (1949) and in the spectrum of Hopfield and Clearman
(1948), as revised by Clearman (1953). This is, of course, a result of the somewhat
_greater resolution and denser exposure.
; The spectrum reported by Kachalov et al. (1958), over the range 2635-2471 A, ob-
I ; tained with a 1-meter radius-, 600 lines/mm-grating, is more highly resolved than the
‘. present spectrum and shows about half again more lines. The agreement is excellent,
|

however, and many of their recorded weak lines that we have not observed visually
show as slight dips in our intensity trace. Wave lengths are not always in exact agree-
-ment for the faint lines, but this is to be expected because of the effect of low resolving
power and blends. The identifications differ mainly in details and in the selection of
principal contributors. This is largely a matter of judgment and is, of course, strongly
- influenced by the degree of resolution of the particular spectrum.

e e VI. IDENTIFICATIONS

Beryllium Z=4—As noted by Wilson et al. (1954), Be1 is represented by the six
 lines of multiplet (2) at about 2650 A, which are unresolved. The three lines of Be 1
(3) at 2494.6 A appear to be present with low intensity but are unresolved in both the
-~ “spectium of Kachalov et al. (1958) and ours. The raie ultime, 2348.612 A, is masked by
-~ Fe(3) 2348.300 A, all nine of whose components are present with great intensity. Thus
Be 1 is regarded as present.”™ T oo oo
Boron Z=5—The raie ultime, 2497.724 A, is not present, nor is 2496.773 A.

- ; Carbon Z=6—The two lines (60) and (61) of C 1 listed in this region by Moore (1950,
: 1952) are entered in Table 1 but are not considered to be significant contributors to the
observed features. Three lines of C 1x (14) near 2510 A are masked and probably have

low intensity because of the high excitation potential, 13.66 e.v.
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SOLAR SPECTRUM FROM 2635 TO 2085 A 763

Niirogen Z=7—N 1 lines are extremely weak in the sun. It is not surprising that the
faint lines of high excitation potential of N 11 occurring in this region are not present.

Sodium Z=11—The higher members of the principal series of Na1 are masked;
those in (3) by Mn 11; (4) by Fe 1; and (5) by Fe 1 and 11.

Magnesium Z=12—A number of higher series members of Mg1, (13) extended
through (26), are entered in Table 1. Many of these are masked, but a considerable

-number-offer.the most probable identifications for observed lines.

Aluminum Z=13.—The first multiplet of Al1, 2660.393 A; 2652.484 A, is present in
the spectrum reported by Wilson el al. (1954). Al1 (2) is represented here by its two
leading components, 2575.113 A and 2567.997 A. Multiplets (4) and (5) are somewhat
blended. The coincident lines of Al (7) and (8) at 2204.627 A are present. Three members
of Al1 (11) are entered in Table 2, the others are masked. No lines of Al 11 have been
found in this region. The raie ultime is at 1670.81 A and has been reported by Johnson
el al. (1958) as probably present in emission.

Stlicon Z=14—Si1 is present with great intensity. Almost all the lines occurring in

this region have been found, though many of the fainter lines are blended. The entire

multiplet (1) with raie ultime, 2516.109 A, is present and intense, as are multiplets
(2), (3), and (4). Also present are the strong line at 2435.160 A (45), another at
2124.111 A (48), and the fainter singlet combination at 2122.99 A (49). Many lines from
the 3p? 'S level are also present, but with less intensity.

Shenstone has revised and extended the analysis of Si 11. From his unpublished data,
received after preparation of Table 2, the multiplet 3p ?P°-3p? 4P should be considered;
its lines are 2334.607 A, intensity 50; 2328.50 A, not listed by Shenstone but predicted;
2344.203 A, 20; 2334.402 A, 50; 2350.179 A, 30. The first and fourth lines are present,
although blended with Ni1x (20). The second explains an unidentified line. The third
and fifth are masked by Fe1r and Fe 1, respectively. The leasing lines of Si I lie to
shorter wave lengths,

Phosphorus Z=15—P 1 (4) is present and unblended. Only one line of (8) is listed
in Table 2, 2554.93 A, the rest being masked. Three lines of (3) are faint if present, and
(9) is blended. P 11 (4) and (5) cannot be detected. The lines in (6) and (7) may coincide
with unidentified solar features but require further confirmation,

Calcium Z=20—Ca 1 lines in this region are faint and cannot be detected among
solar lines otherwise identified. The pair of lines of Ca 11 (8) appears to be present,
though the leading one is blended with Co 1 (20). Most of (9) is masked.

T'itanium Z=22—Ti is not well represented. Some lines of Ti 1 are listed by Wilson
et al. (1954), but none are unblended. This is also true of the present region; here most of
the lines are absent or masked, and only two lines, Ti1 (7) 2594.63 A and 2583.224 A,
match faint lines that are otherwise unidentified, and the leading line is masked. The
stronger lines of Ti 11 longer than 2635 A are recorded by Wilson et al. (1954). The lead-
ing lines of Ti1 (4) and (9) are present here but blended.

Vanadium Z=23—The strongest V 1 multiplets are blended in the region short of
3000 A and are mostly minor contributors. Some lines of (17) and (19) are present. The
line at 2435.518 A in (23) is not detected, but most of the other strong lines in this
group appear to be present or blended. V 11 is represented to a greater degree than V1,
in general. Here multiplets (7), (8), and (21) may contribute, but the leading line of (21),
2514.633 A, is probably masked. V 11 (123) may explain two unclassified lines in Table 2

. at 2281-A.

Chromium Z=24—Cr 1 is represented by all three lines in multiplet (1), which are

~ very strong in the laboratory. The unidentified solar lines at 2307.2 A and 2314.7 A

may be Cr 11 from multiplet (19), with the leading line 2297.17 A masked. Multiplets

"(23) and (70) are partially present.

Manganese Z=25—The strongest Mn 1 lines in this region are present. Multiplets
(2), (12), (32), (33), and (34) all have lines listed in Table 2; some lines are masked, and
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many are blended. The raie ultime of Mn 11, 2576.107 A, is present with great intensity,
and the other two components of this multiplet are also present. No other lines are
identified with certainty, but lines from (19) and (20) are entered as possibilities.
Iron Z=26—Fe is the most abundant source of lines within this region, as it is to
longer wave lengths. Both Fe 1 and Fe 11 are conspicuous. No Fe 111 has been detected.
. Cobalt Z= 27 —The strongest lines of Co 1 are present but nof conspicuous. Many are
blended or masked. The Co 11 raie ultime, 2286.165 A, is present with good intensity, as
are several other lines of this multiplet. Multiplets (7) and (8) are represented by most
of their stronger lines, and other strong lines are present.

Nickel Z=28—Lines of Ni1 and Niix are strong in this region. For example, the
strongest lines in each of multiplets (8), (9), and (10) of Ni 1 are conspicuous solar lines
except for Ni1 (8) 2337.484 A, which is in the wing of a strong line of Fe 11. A number of
other lines of lower laboratory intensity are also identified. Ni i1 is present with many
- lines. Eight of the-ninelisted components of (12) are present, including the raie ultime,
and also the strongest lines of (11). All lines of multiplet (13) are present, likewise the
strongest lines of (14), (15), and all of (20). ek

Copper Z=29—Cu 1is well represented. All the resonance lines within this region are
present except Cu 1 (4), 2165.093 A, which is in the wing of a strong Ni 11 line. Several
of the lines from the 4s2?D level are present, but many are masked. The absence of
2263.079 A (24) is surprising. No lines of Cu 11 are identified; the raie ultime, 2135.976 A,
ifipresent ISiblended Sith Pl (i) e el 35

Zine Z=30—The raie ultime of Zn 1, 2138.56 A, is blended with Fe 1. The only other
intense line of Zn 1 listed in this region, (7) 2608.558 A, is blended with Fe 1r..

Gallium Z = 31—Although Ga1 (3) 2624.82 A matches an unidentified line, this
identification is considered improbable because of the absence of other strong lines.

Germanium 7 = 32—The raie ultime of Ge 1, 2651.184 A, is present in the spectrum
of Wilson e al. (1954). The present spectrum shows Ge1 (11) 2198.73 A and possibly
one or two other lines. Ge 11 has no strong lines in this region.

Arsenic Z=33—The strongest lines in the present region are As 1 (6) 2288.12 A and
2349.84 A. The former is masked, and the latter, if present, is faint. In (5), 2381.18 A
is absent, and and 2456.53 A, if present, is probably blended with Fe 1r (320) and Ru 1
(41) and (42.) It is concluded that the identification of As is not yet definite.

Selenium Z=34—No lines of Se have yet been found in the solar spectrum. The lead-
ing lines of Se 1 lie short of 2085 A. Se 1 (20) 2547.98 has been rejected as an explanation
for a weak unidentified solar line at 2548.0 A. The lines Se1 (1) 2164.160 A and Se 1
(12) 2413.517 A, which are stronger in the laboratory, are not found.

Strontium Z=38—In Sr 11 (2), 2425.17 and 2425.62 A are present, but both lines of
(3) are masked. (

Yitrium Z=39—The strong line Y 1 (1) 2243.06 A is blended with Fe1; Y 11 (2)
2422.22 A is absent. & i

Zircowium Z=40—A few of the strongest lines of Zr 11 have been included in Table
2; they are badly blended.

Niobium Z=41—A few of the strong lines of Nb1 are present. In Nb1 (13), °
2592.190 A and, in (21), 2247.997 A may be faintly visible in the tracing.

Heavy elements—The Ullraviolet Multiplet Table, Section III, is in the course of
preparation by Moore. Multiplet numbers are taken from the unpublished manuscript.
Most of the following lines were considered, subsequent to the preparation of Table 2
and are not entered. :

Molybdeswm Z=42—Two strong lines of Mo 11, (8) 2538.444 A and (11) 2269.708 A,
are, respectively, masked and absent.

Ruthewium Z=44—Several strong lines of Ru 11, multiplets (41) through (44), occur
in this region. Ru 1t (41): 2402.72 A, 800, raie ultime; 2456.57 A, 500; 2498.58 A, 200;
24.55.53 A, 600; 2478.93 A, 500; and 2396.71 A. 600. Ru (42): 2357.92 A, 600;



SOLAR SPECTRUM FROM 2635 TO 2085A 765

2342.85 A, 300; 2381.99 A, 400; 2358.79 A, 400; 2456.44 A, 500; 2407.92 A, 300; and
2375.63 A, 400. Ru 1 (43): 2268.14 A, 400; 2281.72 A, 300, Ru 11 (44): 2263.51 A, 300,
The raie ultime is blended with Fexr (36). Multiplets (41) 2456.57 A and (42)

- 2456.44 A probably contribute to the observed line at 2456.4 A and_mask- As 1 (5)
.=.2456.53 A; (42) .2357.92 A is present, as is (43) 2281.72 A. The others are blended or

-masked.
_ Rhodium Z=45—No lines of Rh 11 can be identified with certainty.
Palladium Z = 46.—A strong line of Pd 1 (2) occurs at 2476.43 A but probably does
not contribute significantly to_the observed line at 2476.4 A, which is considered to be

~ produced mainly by Fe 1. There is no evidence of the presence of Pd 1r.

- Silver-Z=47~—An unidentified solar line at 2246.4 A agrees in position with the raie
ultime of Ag 11, 2246.43 A. Other members of this multiplet (7) are masked, and lines
having an excitation potential equal to zero lie below 1200 A. This identification needs
confirmation.

Cadmium Z=48—The strongest Cd 1 line in the present range is the raie ultime,
2288.018 A, which is masked by Fe 1. The raie ultime of Cd 1, 2144.41 A may explain
the solar line at 2144.5 A. The other member of this multiplet (1), 2265.02 A, is masked
by Fe 1.

TABLE 3
= - e Laboratory Laboratory
Z Spectrum Wave Length Z Spectrum Wave Length
(A) (A)

A e Tcu 2543 .24 A0 Cd 11 2144 .41

44 el sl ERu AN R IAG0S TS 52, i . R Te 1 2142.75

Rh 11 2334.77 i Vet R Lu 11 2615.43

Pd 11 2296.53- T4 R P W ir 2204 .49

Ag 11 2246.43 Tipae i BTy Y 2543 .97

Cd1 2288.02 TOIE 0NN, | RO AuIl 2427 .95

Tin Z=50—The strong lines of Sn 1 are badly masked.

Antimony Z=>51—Multiplet (1) of Sb1 contains three intense lines: 2068.33 A,
raie ultime; 2175.81, and 2311.47 A. The first is out of range, the second may be present,
and the third is masked in the solar spectrum. - - -

Barium Z=156—Two multiplets of Ba 11 contribute to the solar lines. In (6), 6p *P°-
7d *D, 2634.778 A is present. Lines in the next multiplet of the series are predicted at
2232.80, 2153.03, and 2235.32 A. The first and third of these lines are probably present,
and the second line is probably masked. _

~ ~Platinum Z=78 —The raie ultime of Pt 1, 2659.44 A-, is probably present in the spec-

trum of Wilson et al. (1954). This adds weight to the identification of a few Pt I lines in. -
Table 2—(2) 2234.91 A, 2144.22 A, and others, . 8

Gold Z=79—An unidentified line, 2427.5 A, is not in close agreement with the raie
ultime of Auz, (1) 2427.95.A. The second member of the maultiplet, 2675.95 A, is

_blended, if present.

Mercury Z=80—The Hg 1 2536.517 A line was considered as possible explanation
for an observed line at 2536.6 A. However, the presence of Fe 11 lines makes identifica-
tion indefinite-until greater-resolution is achieved. The raie-ultime is at 1849.50 A.

Table 3 lists the raie ultimes of the first and second spectra of elements heavier than
Nb that occur in the present region. Of these lines, those of Tc 1, Rho, Pd 1, Lu 11,
Cd1, Ter, and Au 1 cannot be detected in the present solar-spectrum, and Ru 11, W 11

- and Ir 1 are masked. Those of Ag 11 and Cd 1 agree with unidentified solar features in
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Table 2. Greater resolution is needed to settle definitely the question of these identifica-
tions. One of the most interesting future problems is the study of raie ultimes in the
~ entire range of the vacuum ultraviolet solar spectrum. ;
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Vidudl Observations of Nightglow from Manned Spacecraft

Abstract. The luminous band around the horizon noted by J. Glenn in the first U.S.
manned orbital flight is attributable to; airglow. Dip-of-the-horizon measurements on
the star v Ursae Majoris showed that the band is centered at an elevation of 91 kilome-
ters or somewhat higher. The edgq’-on brightness of the airglow layer was 6 x 107

candles per square centimeter. /

The luminosity of the ni'ghr.:{sky in
places remote from artificial illumina-
tion was discovered a long time ago
and has been studied by many research-
ers in many countries. The sources of
the light are radiations and scattered
sunlight from interplanetary space,
radiation and starlight from intersteller
space, and atomic and molecular radia-
tion from the earth’s atmosphere, gen-
erally from above the ozonosphere.
These atmospheric sources of light are
either the aurorae or the night air-
glow. The physics of these phenomena
has recently been comprehensively re-
viewed by J. W. Chamberlain (/). One
of the most intense emissions of the
nightglow is the strong oxygen green
line at a wavelength of 5577 angstroms
(A). The height of this light has been
measured, by various indirect means,
from the ground. But the most reliable
data, to date, come from direct mea-
surements made in the 1950’s from
rockets passing through the nightglow
layer at heights in the vicinity of 90
kilometers.

Glenn (2) reported from the first
U.S. manned orbital flight (MA-6),
observing with the naked eye a tan to
buff luminous band some 6° to 8°
above the horizon (2). It seemed to
him that the starlight which passed
through this layer might be reduced.
This phenomenon was incorrectly at-
tributed by O’Keefe to a reflection in
the capsule window (3).

On the second U.S. orbital flight
(MA-7) on 24 May 1962, this band
was again observed. By means of an
interference filter with a passband of
11 A (half peak transmittance), cen-
tered at 5578 A where transmittance
was 44 percent, the luminous band was
identified as attributable to the air-
glow, to which the emission at 5577
A is a major contributor. At the mo-
ment of this observation, 17"02™39*
Universal Time, the sun was just
rising on the third orbit and the hori-
zon was illuminated. It was noted that,
through the filter, the luminous band
appeared bright, while the illuminated
horizon was not seen.

Somewhat earlier in the flight, at
16"48™49°, it had been noted that the
airglow band was approximately as
bright as the horizon band, which was
then illuminated by the moon, near
last quarter. On the assumption that
the atmosphere acts like a perfectly
diffusing reflector and that the illumi-
nance produced by the moon at last
quarter is about 2 X 10 lumen/cm®,
it is found that the luminance (surface
brightness) of the airglow layer is about
6 X 107 lumen/cm® per steradian (or
6 X 10" candle/cm®). This is equiva-
lent to about 30,000 Rayleighs if the
radiation is assumed to be isotropic, a
value consistent with previously re-
ported visual measurements taken from
the ground.

At about the same time it was noted
that Phecda (y Ursae Majoris) was
about to pass through the airglow band,
as seen from the capsule. From a re-
playing of the capsule tape, approxi-
mate times for apparent positions of
Phecda have been determined as fol-
lows: Time just prior to entry into the
airglow band, 16"48™49°; time of reach-
ing approximate center of band,
16"50™8°; time of reaching apparent
lower boundary of band, 16"50™41°.

From the tabulated latitude and
longitude of the spacecraft it was pos-
sible to determine the angular zenith
distance of Phecda for each minute
of the relevant time interval. The or-
bital data were obtained from the God-
dard Space Flight Center. The angular
zenith distances shown in Table 1 were
then interpolated, and capsule heights
above the given feature were found
from the standard formulas for the dip
of the horizon.

The apparent angular elevation of
the horizon, after allowance had been
made for refraction, was approximtely
106°; it was thus only about 4° below
the middle of the nightglow layer. This
figure is supported by an observation
as follows.

At 17"03™37° the capsule happened
to be rolled at such an angle that a
reticle cross, scribed on the window,
was seen against the background of
the luminous band. The crossarm then
spanned the angular distance from the
luminous band to the horizon thus
furnishing a measure of the angular
distance. Subsequent measures show
that the crossarm is 1.54 cm long and
is at a distance of 26.2 cm from the ob-
server’s eye. At an angle of 45° it
subtends a vertical arc of approxi-
mately 2.4°. This is reconcilable with
the calculated arc of 4°, if it is assumed
that the apparent horizon is produced
by scattering and extinction of light
in the atmosphere and is considerably
above the true horizon.

The discrepancy between the mea-
sured height of 4° or less and the esti-
mated heights of 6° to 10° above the
horizon, estimated visually on both
MA-6 and MA-7, may be attributable
to the well-known illusion which makes
the apparent diameters of the sun and
moon seem largest near the horizon.
If so, it 1s clear that this illusion can
in no way be connected with the direc-
tion of gravity, as sensed by the inner
ear.

These heights are somewhat lower
than those previously reported from
rockets (4). J. W. Chamberlain has
kindly pointed out that observations
made in the manner of the astronaut
observations tend to give too low an
estimate of the average height of the
layer, for the following reason. A ray
which passes through a thick uniform
layer near the top lies within the layer
only for a short distance, correspond-

Table 1. Angular zenith distances of Phecda and corresponding times, capsule heights, and

heights of features of the airglow band.

) An_gular zenith Capsule height (km) Height
Eonlute Time distances of of
(16" +) Phecda Above Above feature
(deg) feature ground (km)
Outside layer 48m49s 100.86 118 237 119
Middle of layer 50™08¢® 101.88 141 232 91
Lower boundary
of layer 50m41s 102.22 149 230 81
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ing to the chord of a short arc. For
rays which penetrate the layer at
greater depths the chord is longer, un-
til we reach the ray which is tangent
to the bottom of the layer. Beyond this
point a piece will be cut out of the
middle of the chord. The approximate
formula for the distance which must
be traversed is the real part of the
equation:

s = (2R)! [h? — (h-h,)}]

where R is the radius of the earth, A
is the distance below the tip of the
layer and %, is the thickness of the
layer. The second term is to be taken
equal to zero until # > h,. Then the
distance s will be a maximum where
h = h,—that is, for a ray tangent to the
bottom of the layer. Hence, this discus-
sion implies that if the layer is 10 kilo-

meters thick, the astronaut will find
maximum luminance at a zenith dis-
tance which corresponds to a level 5
kilometers below the middle of the
layer. In this way it is possible to ex-
plain the difference between the height
reported here and that derived by rock-
et measurements.

The absorption in this layer which
was suggested by the observations of
Glenn in the MA-6 flight was not
found in the MA-7 flight. In the latter,
the passage of Venus through the layer
was observed; there was no noticeable
dimming. Fainter objects became more
difficedt to see, but it is our feeling
that this is a contrast effect and not
a true absorption.

Although time did not permit care-
ful scrutiny of the band around the
horizon, it was nevertheless possible

to examine sections about 30° in length
as they crossed the window. No struc-
ture, either vertical or horizontal, was
noticed.

MALcoLM ScoTT CARPENTER
Manned Spacecraft Center,
Houston, Texas

JouN AvrLoysius O’KEere III

LAWRENCE DUNKELMAN

Goddard Space Flight Center,
Greenbelt, Maryland

References

1. J. W. Chamberlain, Physics of the Aurora
and Airglow (Acadmic Press, New York,
1961).

2. J. H. Glenn, Science 136, 1093 (1962).

3. J. A. O’Keefe, ibid. 136, 1095 (1962).

4. M. Koomen, R. Scolnik, R. Tousey, J. Geo-
phys. Res. 61, 304 (1956); R. Tousey, Ann.
Geophys. 14, 186 (1958); J. P. Heppner and
L. H. Meredith, ibid. 63, 51 (1958).

15 November 1962



Jounrnar or GeorHYsicaL RESEARCH
\

v,

VorL. 69, Noi 13 Jury 1, 1964

".. Photographic Observations of the Airglow Layer

F. C. Guxprr, W. F. Huen, E. P. Nay

University of Minnesota, Minneapolis

Gorpox COOPER

Manned Spacecraft Center, Houston, Texas

Abstract. The night airglow photographs taken by Gordon Cooper during his orbital flight
of May 15 and 16, 1963, are discussed. They show an airglow layer 24 = 3 km thick and vary-
ing in height above the earth from 77 to 110 km. The measured brightness indicates a surface

brightness in a vertical column through the airglow layer 0.4 Rayleigh/A in the vicinity of i

5400 A and 0.6 Rayleigh/A at 4200 A.

The earth’s airglow layer was first observed
from above by Astronaut Jobn Glenn in his
orbital flight. Astronaut Scott Carpenter sug-
gested that the brightliéss of the airglow layer
observed in profile was approximately equal to
the brichtness of the earth illuminated by a
quarter moon. Carpenter’s observations have
been discussed by Carpenter et al. [1962]. The
astronauts recognize the airglow layer as an
outstanding terrestrial phenomenon because
they view it in profile from above. The layer
is relatively thin and the gain in surface bright-
ness in viewing it tangentially from above is
approximately a factor of 35 compared with the
surface brightness which would be observed
looking vertically through the layer from below.

In Astronaut Cooper’s flicht on May 15 and
16, 1963, plans were made to study the bright-
ness and geometry of the airglow layer. Most
of the 16th orbit of this flight was used to obtain
pictures of the earth’s horizon, including the
layer. The camera used had an angular field
of view of 37°, a speed of /1, and used 335-milli-
meter Ansco type 529 film. The photographs
were taken during the nighttime part of the
orbit that began over eastern Australia. They
were taken in triads; 10-see, 30-sec, and 2-min
exposures looking backward in the orbit with
the capsule positioned approximately in the
re-entry mode. Altogether, fifteen useful pictures
were obtained. In general, the shorter exposures
do not produce enough photographic density for
proper densitometry, and usually the longer
exposures are smeared by spacecraft motions. It
1s possible, however, to use the short-exposure
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pictures to measure the angular height and the
width of the airglow layer with some precision,
and several of the long-exposure pictures allow
three color densitometry of the airglow layer
and the quarter moonlit illuminated earth. Sev-
eral of the pictures are reproduced in black
and white in Figures 1 through 5.

Figure 1 is a two-min exposure taken early
in the satellite night as the spacecraft looked
back over the eastern coast of Australia. The
flashes in the foreground are presumed to be
individual lightning discharges from four active
regions in a storm. The successive flashes recede
into the distance as the spacecraft moves away
from the storm. Above these multiple flashes
can be seen the airglow layer very much smeared
by spaceeraft motion.

Tigure 2 is a 30-sec exposure showing the air-
glow layer as a sharp band with the horizon
delineated by lightning strokes now seen at a
great distance from the spacecraft.

Figure 3, the next exposure, although quite
underexposed, shows a very sharp airglow line
and one lightning stroke indicating the horizon.

In the subsequent pictures, the earth that is
seen is a region of the Pacific Ocean illuminated
by a quarter moon which has risen. In these
pictures it is possible to compare the brightness
of the moonlit illuminated earth and the airglow
layer and to discern a sharp horizon.

Figure 4, which is a reproduction of photo-
graph 35, shows the best 10-sec exposure of the
moonlit earth and airglow layer. In the original
transparencies the contrast of the airglow layer
is very good and the sky viewed between the
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OBSERVATIONS OF THE AIRGLOW LAYER

airglow layer and the carth is nearly as dark
as the sky above the airglow layer.
Figure 5, a 2-min exposure, shows the smear

.associated with the longer exposures. This was

the transparency densitometered to compare
the color of the airglow and the moonlit earth.

Nine pietures could be used for measurement
of height and width of the airglow layer. The
data on these exposures are given in Table 1.
These pictures covered times when the space-
craft altitude varied from 241 to 181 km above
the surface and latitudes from 27° south to 8°
north. In three of the photographs the lightning

discharges were used to determine the horizon,

and in the remainder the moonlit horizon was:*

used. The height of the airglow layer so deter-

mined varied from 111 to 77 km, and the thick-
ness of the layer measured to half intensity
points was 24 = 3 km. There appears to be a
real change in height of the airglow layer during
the experiment. It is impossible to say whethexr
this ehange in height is due to a change in geo-
graphic position, local time, or latitude, al-
though a change with latitude seems the most
plausible. It should be pointed out that meas-
urements of the height of the airglow layer by
direct penctration with rocket-borne photom-
eters have all been made at approximately the
same latitude (33°N), i.e., the latitude of White
Sands Proving Grounds [Koomen et al., 1963].

In the preceding Mercury flight, Carpenter
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observed the airglow layer through a filter pass-
ing the green line of oxygen (5577 A) and con-
cluded that a large fraction of the airglow was
of this color. Koomen et al. [1963] subsequently
published results from rocket flights which
showed that only about a quarter of the airglow
could arise from the green line. Densitometry
of photograph 30 tends to support their con-
clusions. Because of the low exposures, it is not
possible to give an accurate value for the ratio
of green to blue, but it is possible to state cate-
gorically that the color of the airglow layer is
not compatible with all 5577. Our densitometry
would, however, be compatible with the value
of 4 for the ratio of continuum to 5577 pub-
lished by Koomen et al.

To get the absolute brightness of the airglow
layer, it was necessary to use the observed
brightness of the ground and cloud illuminated
by the moon. While the pictures were taken, the
moon was very nearly at third quarter. Using
results of Rougier and Russell [Kopal, 1962]
on brightness of the moon as function of phase
and Fritz [Danjon, 1934, p. 732] on visual
albedo of earth, clouds, and sky. we find that
the observed brightness of airglow is about
3 x 10° 10th mag. visual stars/deg® near 5400 A
and 3.8 % 10° 10th mag. photographic stars/deg®
near 4200 A. This corresponds to zenith emis-
sion as seen from the ground of 04 R/A near
5400 A and 0.6 R/A near 4200 A.

TABLE 1. Pictures used for Geometrical Measurements
Nominal
Picture Exposur
No. GMT* ®t  Hi km h§ |l 09 Time
22 13h 42m 50s 3562° 241 1atl 27°S 0.66° 30 sec
23 13h 43m 10s 81126° 240 105 265°S 0.69° 10 sec
25 13h 46m 20s SL00° 232 97 236 0.88° 30 sec
27 13h 49m 30s 200 ° 220 75 18°%5 OR71° 120 sec
28 13h 50m 20s 2.40° 218 78 17°3 0.89° 30 sec
29 13h 50m 40s DA 217 il 16.5°S 0.87° 10 sec
31 13h 55m 00s 2.66° 202 81 85 0.78° 30 sec
32 13h 55m 10s 2465 202 81 8°S 0.78° 10 sec
35 14h 01m 40s BUZ0E 181 87 8°N 0.92° 10 see
Avg. 2.86° 88 0.80°

* Greenwich time.

+ @ is the angle between the earth’s limb and the airglow line.

i H is the height of the spacecraft above the earth.
§ I is the height of the center of the airglow band.
I| A is the latitude at which the airglow is observed.

€ ¢ is the angular width at half intensity of the airglow band.
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An interesting and partly unsuspeeted result
of the astronaut photographs is that more than
90 per cent of the light to which the film is
sensitive arises in a layer less than 25 km thick.
The prineipal airglow emission not at this alti-
tude, namely the 6300 A line of atomie oxygen,
does not contribute appreciably in our pictures.
The 6300 A line could not arise in any intensity
at 100 km because of the high collision fre-
queney. The lifetime of the mestastable state
for emission of 6300 A is 60 see, and it is be-
lieved that 6300 A is emitted primarily at 400
km, where the time between collisions is ap-
proximately equal to the lifetime of the state.

The active layer of the atmosphere around
90 km, where we find the airglow maximum, has
a number of interesting properties.

a. It is the region of emission of sodium D
lines.

b. It is the region of emission of the 3577 A
oxygen line.

¢c. It is the region in which the continuum
airglow arises.

d. The atmospheric temperature probably
reaches a minimum at this altitude.

e. Because of the temperature minimum, the
region below this altitude must possess high
winds, shear, and turbulence as shown by the
twilight sodium experiments of Blamont [1959].

§. Ttis probably the region where the atomic
oxygen number concentration reaches a maxi-
raum. It is possible that the atomic oxygen

 maximum is responsible for the emission of the
\light, clearly so in the case of 5577 A which
‘probably arises from three-body collisions as

Chapman [1931] suggested. The continuum
eraission may be a form of chemiluminescence
produced by atomic oXygen.

Tt was originally suggested by Link [1933]
that a.layer of dust existed at approximately
+his same altitude. Several astronauts have ob-
served that stars appeared to dim as they passed
through the airglow layer. In two of our photo-
graphs a third-magnitude star passed through
the airglow layer with no appreciable change in
appearance. We feel it highly unlilely that the
airglow layer contains a dust Jayer as well. In
addition to the observations, we can make a
physical argument that a dust layer should not
form at these altitudes. It can be shown that
the terminal velocity of particles of a few mi-

GILLETT, HUCH, NEY, AND COOPER

crons in diameter will be inversely proportional
to the pressure in this region and that the fall
veloeity will be many centimeters per second.
The dust should therefore not be affected by
meteorological vertical motions and with a con-
stant influx should distribute itself in constant
mixing ratio with the air. The reason for the
constant mixing ratio is that the number den-
sity is the flux divided by the fall velocity and
the fall velocity is inversely proportional to the
pressure.

To complement the astronaut’s experiment,
balloons carrying eameras were flown from Au-
stralia to photograph the zodiacal light and
airglow. Comparison of the brightness of the
airglow observed during Cooper’s flight and
during balloon flights, of which about thirty
are available, shows that the airglow on the
night of May 16 was less bright than the aver-
age. In future experiments of this type, we
might expect to obtain airglow brightnesses ap-
proximately twice as great as that observed
in MA-9.
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Middle Ultraviolet Day Radiance of the Atmosphere®

J. P. Henngs, W. B. FowLEr, AND L. DUNKELMAN

Goddard Space Flight Center, Greenbelt, Maryland

Abstract. The day radiance of the atmosphere has been measured, photoelectrically, at two
middle ultraviolet wavelengths by rocket-borne photometers. Filters and collimators provided
an effective field of view of 14 X 107 ster, and bandpasses of approximately 100 A at 2600 A
and 230 A at 2200 A. At a height of 146 km, nadir radiance values of about 0.5 erg/sec cm? ster
100 A were obtained at both wavelengths. There is good agreement between the radiance values
measured and those which have been calculated on the basis of single Rayleigh scattering in
the presence of ozone. From the radiance data an atmospheric diffuse reflectivity of about
8 X 10 at 2600 A has been calculated. This can be contrasted with 1957 rocket observations
of Mars and Jupiter which yielded albedos at 2700 A of 0.24 and 0.26, respectively.

Introduction. If the earth’s sunlit side is
viewed from space it exhibits a bright appear-
ance in the visible part of the spectrum. In con-
trast, the appearance of the sunlit earth in the
ultraviolet wavelength region below about 3100
A can be expected to be rather dim and rela-
tively uniform. In the visible region the upward
flux out of the atmosphere is made up of Ray-
leigh-seattered sunlight, sunlight reflected di-
rectly from clouds or from the earth’s surface,
light scattered from atmospheric dust, and a
relatively small amount of resonant and fluor-
escent scattered sunlight or day airglow. In the
middle ultraviolet region from 2100 to 3000 A,
however, because of the totally absorbing ozone
region from approximately 10 to 40 km, the day
radiance will be produced only by Rayleigh
scattering of sunlight in the thin upper atmos-
phere above the ozone region and by fluorescent
scattered sunlight or ultraviolet dayglow. The
combination of a thin atmosphere and strong
ozone absorption produces a correspondingly
low albedo. The absence of contributions from
reflections by clouds and surface features and
the strong wavelength dependence of Rayleigh
scattering will produce a relatively uniform ap-
pearance.

The spherieal albedo of a planet is the ratio
of the total flux emitted in all directions by the
planet to the total flux incident on the planet
from the sun. Both quantities are being meas-
ured over the same wavelength interval. The

1 Presented at the Second Western National
Meeting of the American Geophysical Union, De-
cember 27-29, 1962.

earth’s visual, spherical albedo has been experi-
mentally determined, by studies of earth light
on the moon, to range from 0.29 to 0.56, de-
pending on the season and on which side of the
earth is facing the moon. The average value of
these visual albedos is given as 0.39-0.40 [Dan-
jon, 1954 ; Dzhasybekova et al;; 1960]. The ma-
jor part of the earth’s visual albedo comes from
contributions by reflection from clouds. If at-
mospheric scattering is considered separately,
assuming no clouds, calculations [Kano, 1958]
show the spectral albedos due to Rayleigh scat-
tering to be: infrared region, 0.0075; visible re-
gion, 0.096; and near ultraviolet region, 0.23.
The weighted sum of these various spectral al-
bedos for a Rayleigh atmosphere is given as
0066 by Kano [1958] for the entire spectral
region A > 2900 A and has been independently
calculated by Coulson [1959] to be 0.069. The
contribution in these spectral regions from air-
glow is negligible except over narrow wave-
length intervals near the more pronounced day-
glow emission lines. The uses and difficulties of
dayglow measurements have been summarized
recently by Chamberlain [1963].

The caleulations which have been made for
scattered solar radiation in the near ultraviolet
have included multiple scatterings, ozone distri-
butions, and upward and downward fluxes
[Sekera and Dave, 1961la; Larsen, 1959].

In the middle ultraviolet region ecaleulations
have assumed single Rayleigh scattering with
ozone absorption [Ban, 1962; Hubbard, 1963;
Green, 1964] (W. C. Hrasky and T. B. McKee,
private communication, 1964). Multiple scatter-
ing or fluorescence has not been included. The
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Tig. 1. Photemeter response curves. Helative response of both photometers is shown on an
equal energy basis. The solar spectium, averaged over 10 A intervals, is alse shown [1Wilson

et al,, 1954; Malitson et al; 1060]. The 2200 A
nation of an interference filter and 4 mm NiSO4(

ghdt@iﬁ@téi‘ fesponse is provided by & eombi-

30)s crystal. The 2600 A pholometer combines

an interference filker, Corning 7-54, 4 mm NiSO:(HiO)s Cation-X,; and 2 mm Pb doped

KOl : KBr erystal [Childs, 10611,

middle ultraviolet day radiance must originate
il seattering above the ozone region. This in-
sufes a relatively small flux, since even the
high-altitide ozone distribution is strongly abs
sorbing in this speetral region. Dalgarno [1962,
1068] and Chamberlain and Sebouti [1062]
have derived equations to show the effect of
non-Rayleigh resonant and flusrescent seatter-
ing near atomic and moleeular resonance lines,
and point out that this effect could be significant
in the ultravielet where small Rayleigh-seattered
fluxes are expected.

The experiment. At 11656 EST (1655 UT) on
Atugust 8, 1062, two middle ultraviolet phiotom-
eters were included in an Aerobee rocket (NASA
460) launched from Wallops Island, Virginia.
Measurements of the ultraviolet day radiance
were taken eontinuously as the rocket climbed
to a peak altitude of 160 k. Each photometer
consisted of & mechanieal collimator, a filter,
and & photomultiplier sensitive only to ultra-
violet radiation. The eellimator prodiced an
effective field of 14 x 107 ster (about & 7-deg

gquare field). The filters were of the type de-
geribed by Childs [1961]. The phototubes were
type EMR 541F-05 photomultipliers with sap-
phire windows and eesium-tellurium cathodes
[Dunkelman et al.; 1062].

The relative spectral response of these pho-
tometers is given in Figire 1 on an equal eiiergy
bagis (amps/watt). Also included in Figure 1
is the solaf epeetrum, averaged over 10 A in-
tervals, taken from data reported by Wilson
et al. [1054] and Malitson et al. [1960]. The
effective wavelengths of the phetometers were
at 2217 and 2610 A with effective bandwidths
of 280 and 100 A, respectively.? The contribii-

2 The effective wavelength »s defined as

MEIB@R@/IHM%
where R()) is the relative spectral response of the

photometer, The effective bandwidth W, is defined
by the relation

Wik = [ RO) dh



i

DAY RADIANCE OF THE ATMOSPHERE 2837

tion from the long wavelength region beyond
2800 A has been examined and found to be
much less than the magnitudes of the radiance
measurements made.

During the flight the rocket pitched through
a wide range of zenith angles. Its motion, how-
ever, was confined by an attitude control sys-
tem to a single plane having an azimuth of 175°
passing through the zenith and the sun. The
sun was at a zenith angle of 22°. The photom-
eters, which were pointed out of the side of the
rocket, toward the nose, approximately in the
pitch plane and at an angle of 122° with the
rocket axis, swept from the nadir up to a zenith
angle of about 80° in both the north and south
sky at various times.

Results. The data are shown in Figure 2;
curve a gives the zenith angle of the photom-
eters as a function of both flight time and alti-
tude. The aspect data were obtained from solar
sensing aspeet cells, magnetometers, and the at-
titude control system error signals and pitch-

rate signals. During the flight the rocket’s atti-
tude control system malfunctioned to the extent
that, although controlled in two axes, the ve-
hicle pitched through much larger angles than
those for which the aspeet instruments had been
designed. Pitch-rate signals were integrated to
find approximate zenith angles outside the re-
gion of aspect sensor operation. These calcula-
tions could be checked by fitting with the aspect
signals as the rocket periodically moved back
through the sensor region.

The photometer data, reduced from the origi-
nal telemetry record at one-second intervals, are
shown in eurves b and c¢. Relative intensity is
plotted, with the data normalized to unity for
nadir (180°) values. The scatter in the relative
intensity values is produced by photometer noise
introduced because the signal level was near the
bottom of a three-decade logarithmic seale. The
photometer sensitivity in this exploratory meas-
urement had been set low to avoid the possi-
bility of saturation due to either unexpectedly
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Fig. 2. Rocket flight data. Curve a is the zenith angle of the photometer direction as a
function of time. Curves b and ¢ are a sampling of the reduced telemetry data plotted in terms
of the relative intensity received by the photometer. The points show scatter produced by
photometer noise and a small amount of structure as a function of zenith angle. The peaks
after 260 seconds correspond to the horizon limb brightening. The large peak at 273 seconds,
which is extraneous, is produced by sunlight reflected off the photometer entrance with the
photometers pointed above the horizon in the south. Without this sunlight effect the record
would appear as it does at 310-320 seconds with the photometers pointed above the horizon

in the north.
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Tig. 3. Ultraviolet day radiance as a function
of zenith angle. The data in Figure 2 are replotted
here as a sampling of telemetry data taken at 10-
deg intervals. The crosses indicate data taken at
altitudes less than 120 km. Circles indicate data
taken at altitudes above 120 km. Solid circles are
single points, open circles represent several data
points (2-5) occupying the same position. The
limb brightening is evident, as is the fairly sharp
drop at zenith angles less than about 90° as the
photometer points up above the atmospheric hori-
zon.

large reflectivities or unusually intense dayglow
or auroral emissions. Lines have been added to
clarify the peaks beyond 260 seconds.

In Figure 3 the data are replotted as a func-
tion of zenith angle. Data are shown only for
10-deg intervals of zenith angle. Part of the
spread in the points is due to photometer noise,
and part is due to combining data taken at the

TABLE 1. Ultraviolet Day Radiance Measurement:
with Photometers Pointed at the

HENNES, FOWLER, AND DUNKELMAN

same zenith angles but from different altitudes.

The values of day radiance measured during
this flight are notable for the lack of features
scen over a large range of zenith angles. Even
the horizon brightening is only a factor of 2
times the nadir radiance. The photometer field
of 14 X 107 ster would, of course, diminish the
effect of any increased radiance that extended
over only a relatively narrow field.

The peaks at about 272 seconds in Figure 2
represent direct sunlight reflected off the pho-
tometer entrance. The photometer was pointed
up in the southern sky at that point at a zenith
angle of about 70 deg. The magnitude of the
reflected solar signal under those conditions was
determined by laboratory measurements to be
about 107 that of direct sunlight. Note that
this seattered light signal is still larger than the
earth radiance signal. The problem of making
measurements in the presence of direct sunlight
is emphasized by this result.

The radiance values measured by the pho-
tometers are given in Table 1. The third column
gives the earth’s radiance, at the nadir, with
the sun at 22° zenith angle, assuming a uniform
and equal distribution across the wavelength
region described by the effective bandwidth. The
equivalent photon emission rate in kilorayleighs
per 100 A is also given. The day radiance val-
ues determined by these measurements have
uncertainties of about 10 to 15 per cent arising
from noise in the photometer signal and uncer-
tainties in ultraviolet radiometric standards.

The last column gives the diffuse spectral re-
flectivity of the earth’s sunlit atmosphere aver-
aged over each of the wavelength intervals. This
number is arrived at by assuming that the scat-
tered sunlight has the same spectral distribution
as the incident solar irradiance. The values of
solar irradiance, taken from the sources cited,
are shown in Figure 1. The uncertainties in the
caleulated reflectivities are greater than those
for our observed radiance values by the amount

s of the Earth Taken August 8, 1962, at 146 km,

Nadir; Solar Zenith Angle 22°

Nominal Effective

Radiance,

Emission Rate, Diffuse

Wavelength, A Bandwidth, A erg/sec cm* ster 100 A kilorayleigh/100 A Reflectivity

2600 100 0.5
0.5

2200 230

2

8 X 10 8 X1
X 102 3 X 107*
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of uncertainty in published absolute spectral
solar intensities. If we make the further assump-
tion that the entire earth is a diffuse Lambert
reflector, then the diffuse reflectivity of about
8 X 10™ at 2600 A becomes the earth’s spherical
albedo. This number can be contrasted with the
earth’s total observable spherical albedo of 0.39-
040, and with the calculated Rayleigh seattered
albedo contribution in the near ultraviolet of
0.23 as given in the introduction.

Of interest also is a comparison of the earth’s
low middle ultraviolet effective albedo with
measurements of the relatively high effective
albedos of Mars and Jupiter made in 1957 with
a photometer of about 300 A bandwidth cen-
tered at 2700 A [Boggess and Dunkelman, 1959].
They obtained values of about 024 for Mars
and 0.26 for Jupiter.

We know of one other experimental observa-
tion of the middle ultraviolet day radiance.
Friedman et al. [1963] have reported a satellite-
borne photometer measurement of the day radi-
ance with a spectral passhand of 140 A centered
at 2550 A. Their result, with the sun at a zenith
angle of 49° and the detector pointed at the
nadir with a field of 1.2 X 107 ster, showed an
atmospheric radiance of 2.0 == 0.3 ergs/sec cm®
ster 100 A.

Table 2 gives the various measured and calcu-
lated middle ultraviolet day radiance values.

2839

The calculated values tend to support our re-
sults rather well. It should be kept in mind that
the data were all taken or calculated using dif-
ferent parameters of altitude, solar zenith angle,
ozone distribution, season, etec., so that the re-
sults cannot be compared too directly. The rela-
tively large factor of 4 between the experimental
results of Friedman et al. and ourselves is pos-
sibly explained by either a large change in the
high-altitude ozone distribution between the
time of the two measurements or the difficulties
in maintaining calibration during the prepara-
tions for and launching of a satellite. The simi-
larity of the various calculations and our meas-
urements indicate that the simple approach to
ultraviolet atmospheric radiance calculations, in-
volving use of ozone distributions and single
scattering with plane atmospheres [Ban, 1962;
Hubbard, 1963; Green, 1964] or spherical at-
mospheres (Hrasky and McKee, private com-
munication, 1964), is adequate for broad-band
measurements. If higher spectral resolution were
to be considered, the agreement might be strongly
affected by resonant or fluorescent scattering.
The calculated results depend very strongly
on ozone distribution, especially in the region
around the peak of the ozone absorption curve
at 2600 A, where the very high-altitude ozone
has a dominant role. The ozone distribution at
higher altitudes is relatively unknown, however,

TABLE 2. Comparison of Measured and Calculated Nadir Ultraviolet Day Radiance Values,
Radiance in ergs/sec cm?® ster 100 A

2600 A Region

2200 A Region

Average Average Solar

Radiance Radiance Zenith

Source over Interval* Wavelengths, A over Interval* Wavelengths, A  Angle
This work f 0.5 2560-2660 0.5 2100-2330 222
Friedman et al. [1963]1 2.0 2480-2620 49°
Ban [1962]1 0.5 25502650 0°
Hubbard [1963]1 0.4§ 2550-2650 (0
Green [1964]1 0.5]| 2550-2650 0.7 2100-2330 0°

Hrasky and McKee,

private communication} 0.4 25502700 0.5 2000-2400 99

* Values estimated or rounded off from data published by the referenced authors.

T Measured values.
1 Calculated values.

§ A range of 0.05-0.8 is estimated, depending on the ozone distribution chosen. The radiance listed is
taken from Figure 14, representing a standard’ ozone curve.

|| A range of 0.15-0.6 is estimated, depending on the ozone distribution chosen. The radiance listed is
taken from Figure 6, representing an analytical fit to the same ‘standard’ ozone curve Hubbard used.
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so that appreciable uncertainties may be intro-
duced into the calculated values. At the shorter
wavelength region around 2200 A and at longer
wavelengths beyond 2800 A the ozone is much
less absorbing, and incident solar radiation will
penetrate more deeply into the atmosphere, thus
permitting more scattering and producing higher
albedos. By use of satellite-borne photometers
with narrow spectral bandpasses, well removed
from strong dayglow emission lines, and set at
various middle ultraviolet wavelengths from
2100 and 3000 A, a profile of high-altitude ozone
distribution should be obtainable. Such an idea
was proposed in 1957 by Singer and Wentworth
[1957], who considered only wavelengths at
2800 and 3000 A. Twomey [1961] carried out
further calculations in this same wavelength re-
gion. The calculations in the near ultraviolet
above 3000 A have been considered in detail by
Sekera and Dave [1961b]. The altitudes above
50 km would require, however, use of wave-
lengths below 2800 A, where analysis should be
much easier. The seasonal and latitudinal varia-
tions in upper-atmosphere ozone, so important
to atmospheric heating proeesses, would thus be
available.

Acknowledgment. We wish to express our ap-
preciation to William Russell, Jr., of this Center
who graciously provided support and the space for
thigs experiment in one of the rockets under his
supervision.
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MIDDLE ULTRAVIOLET PHOTOELECTRIC DETECTION TECHNIQUES

LAWRENCE DUNKELMAN, JOHN P. HENNES and WALTER B. FOWLER

Goddard Space Flight Center, National Aeronautics and Space Administration,
Greenbelt, Md., USA

Abstract: Astronomical and geophysical observations from rockets in the ultraviolet
region of the spectrum have been either spectral studies with dispersive optical
systems or broad-band photometric measurements at particular wavelength
regions of interest. In this paper non-dispersive optical techniques are described
for the middle ultraviolet (3000-2000 A). Band-pass (200-300 A) and cut-off
filters which may be used with conventional Cs-Sb photodetectors are described.
When near ultraviolet and longer wavelength radiation must be rejected to a
greater degree, higher work function ‘“‘solar blind” photocathodes, such as the
alkali tellurides, may be employed. These photodetectors, their calibration and
applications are discussed.

Pesiome: ACTpOHOMHMUECKHE M Ieo(pH3HUYecKHe HaOJIIOJNeHHA € MOMOMIBIO paKeT
B yILTpaA(HOIeTOBOM 0GIACTH CIEKTPA NPeICTABIAIN COO0H HIIH CIeKTPalb-
HBle HCCAeJ0BAHM IPH HMCHOIbL30BAHUN THCIIEPCHOHHBIX ONTHIECKIX CHCTEM,
uau GoTOMETPHUECKHE H3MEePeHHA IMMPOKHX I0J0C B ATHHAX BOJH, KOTOPBIE
npefcTaBaann coboil mHTepec. B manmHO# pafoTe ONHCHBAIOTCA HexecIepc-
HOHHLIE ONTHUECKHe MPUOOPH! Il CpeHero yasTpaduoiera (3000-2000 A).
OnucsBaioTes nosock (200-300 A) i mopuw nponycKanus GHILTPOE, KOTOPHIE
MOKHO HCIOAB30BATE ¢ Cs—Sb doroxaromamu. Korga Heo0X0nUMO 0CIa0UTh
H3JyueHUe B OIHBKOM YIbLTPa(HOIeTe WK Ha 00JIBUION TJIHHE BOIHDI, HCIO/Ib-
syiores Qoroxaroxsr (“solar blind”) ¢ Gonbmo# paGoToH BHXOAA, TAKME KAK
[eIOUHEE TeHIYpPUALEL OGCYIKAAOTCA STH (DOTOIETEKTOPH, HX KaIHOPOBKA
M IpHMEHEeHUe.

Optical measurements from rockets by the Goddard Space Flight Center
have emphasized regions of the ultraviolet which cannot be observed from
the ground due to absorption by the ozone layer located at about 25 km
altitude. This and other absorbing layers block geophysical and astrophysical
measurements at wavelengths shorter than 3000 A. Measurements from
rockets in the region below 3000 A have been restricted to certain spectral
bandpasses by limited development of filters and detectors. These ultraviolet
wavelengths of interest may be divided into two regions: the middle and
vacuum ultraviolet. In round numbers, the middle ultraviolet is from 3000 A
to 2000 A. This paper will primarily be concerned with techniques of non-
dispersive optics and will discuss filters, cathodes and calibration.

1174
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1. Filters

The variety of optical materials used in the visible part, of the spectrum
is not available in the middle ultraviolet. Those materials which are useful
can be put into three classes: long-wave pass filters which transmit all wave-
lengths longer than a short wavelength absorption edge; bandpass filters
which transmit moderately well over broad regions of the middle ultraviolet;
and absorption edge filters which have strong absorption over small wave-
length intervals and are useful for producing sharp transmission cut-offs.

The first category of filter is used in photodetector envelopes, windows
or trimmers to produce the short wavelength cut-off in spectral response.
Fig. 1 shows materials which are available for such use. Corning 9700 glass,
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Fig. 1. Window transmittance cut-offs in the UV region. 1-LiF (1 mm); 2-CaF.

(1 mm); 3-NaF (1 mm); 4-BaF; (1 mm); 5-sapphire (1 mm); 6-fused silica (1 mm);

7-NiSO4(H20)¢ (3 mm); 8-Corning 7910 glass (9-54); Corning 9700 glass (2 mm). The

two curves numbered 5 indicate the variation in UV transmission qualities of commercial
materials.

with a transmittance of less than 0.05 9, at 2537 A, is useful for subtractive
filter photometry such as with a low pressure mercury arc source. Corning
7910 (9-54), which is 96 9, silica, is also useful for subtractive photometry
techniques and can be compared with pure fused silica. The nickel sulfate
hexahydrate crystal * is not strictly a cut-off filter since it has an absorption
region from 3500-4500 A. However its absorption edge at 1900 A makes
it a very useful solid for separating the middle from the vacuum ultraviolet,
and it is included here for comparison.

The two curves marked 5 show different samples of commercial sapphire.
The wide variation in ultraviolet transmittance is evident and indicates the
problem which faces users of this material. The similar but smaller variations

% Supplied by Dr. W. R. McBride of the Naval Ordnance Test Station, China
Lake, California.
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in transmittance found in crystals shown in curves 1 to 4 are not found in the
fused silica and other materials of curves 6 to 9. In choosing between fused
silica (or cultured quartz) and sapphire as a phototube window, the advantages
in transmission properties must be weighed along with those of sealing
properties. For example, with fused silica a long graded seal is required while
sapphire is readily sealed to glass without a graded seal.

Some of the curves in fig. 2 show the second category of filter materials,

00l
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Fig. 2. Optical densities of typical samples of NiSOs(H:0)s crystal, KCl:KBr:Pb
crystal, cation-X and Corning filters 9-54 and 7-54.

transmission bandpass. The NiSO4(H:0)s curve mentioned above is seen here
to have two large transmission regions: one covering the middle ultraviolet;
the other in the blue-green.

The dashed curve representing the optical density of a crystal of KC1: KBr
doped with 0.05 9, Pb is an example of an absorption edge filter and is shown
more clearly in fig. 3. The very sharp absorption edges of these crystals can
be used to produce equally sharp edges of transmission filters when combined
with other materials. A useful variation in the wavelength of this edge can
be achieved by varying the amounts of KBr and KCl in the crystal.

The narrow bandwidth multilayer dielectric interference filters of the
visible and IR regions have not been generally available in the UV. In the
last five years, however, rocket measurements have been made using several
broad-band ultraviolet filters. One of these is the chemical filter described
by Dunkelman and Field in 1955 [1]. The transmission of this filter, which
was developed to replace the liquid ‘““chemical” filters described by Kasha
[2], is shown in fig. 6, curve 13, along with a variety of photosurfaces discussed
in the next section. This filter, however, is unstable in direct sunlight and its
use has been restricted to measurements of the night airglow and stellar fluxes.

In 1960 several filters were assembled at GSFC which were quite stable
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and which have been used for measurements of both solar and stellar fluxes.
These filters, described in a recent paper by Childs [3], are made up of the
solid glasses and crystals shown in figs. 1-3. A typical filter is shown in figs.
4 and 5.

0
/—\ KCI: Pb (0.077" THICK)
| =
KBr:KCI:Pb (0.20"
THICK )
<—KBr:Pb (0.084" THICK)
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ULTRAVIOLET ABSORPTION SPECTRA OF SEVERAL
LEAD DOPED ALKALI HALIDE CRYSTALS
1 | |
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Fig. 3. Absorption curves showing how the absorption edge may be shifted from
2650 to 2900 A by varying the amounts of KBr or KCI in the crystal.

Fig. 4 shows on a log scale the transmittance of a 2600 A filter made up
of lead doped KCI:KBr, a sheet of cation-X, a 3 mm crystal of nickel sulfate
hexahydrate, a Corning 7-54 filter and a Corning 9-54 filter. This filter has
an effective bandwidth of 200 A and a peak transmittance of 23 %,. Fig. 5
shows this filter normalized on a linear scale. The long wavelength and
relatively minor “leaks” in these filters can be greatly reduced if necessary
by using them with “solar blind” cathodes described below.

Broad-band interference filters for the middle ultraviolet can now be
obtained commercially for wavelengths longer than 2100 A. These are of
the Fabry-Perot MDM type (metal-dielectric-metal). They have a 15 to 20 9,
peak transmittance with a 300 A bandwidth at half peak. A somewhat
narrower bandwidth can be obtained with lower peak transmission. For
solar flux measurements selected optical materials described above have been
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added to these interference filters for further trimming. Research on improved
Fabry-Perot filters of the MDMDM type is being carried out by Turner
[4] at Bausch and Lomb and Schroeder [5] at the University of Wisconsin.
Here M represents aluminium and D a low index dielectric such as magnesium
fluoride or chiolite (2 Na F - Al Fjs).

Notable advances in multilayer interference filters have been reported
abroad. Sokolova and Krylova [6] report an excellent transmission filter
of ThOz and Si0O: at wavelengths as short as 2200 A. Sebire, Cojan, and
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Fig. 4. Transmittance vs wavelength of a 2600 A filter.
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Fig. 5. Normalized transmittance of a 2600 A filter.
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Giacome [7] report a 2592 A multilayer dielectric filter with 28 9, peak
transmission and 12 A bandpass at half peak. Multilayers are of lead fluoride
and cryolite (NagAl Fg).

2. Cathodes

Photocathodes can be divided into three spectral types. Those sensitive
to both visible and ultraviolet wavelengths, those sensitive only to ultraviolet
wavelengths below 3500 A and those sensitive only to vacuum ultraviolet
wavelengths.

Typical of the first category is the 1P28 photomultiplier which contains
a CUs-Sb cathode and a Corning 9741 glass envelope. The long wavelength
response, which extends into the red (fig. 6, curve 5), is a property of the
Cs-Sb photoemitter. The short wavelength response is limited by the glass
envelope to 1800 A. With a quartz envelope, as decribed by Dunkelman and
Lock [8]in 1950, the short wavelength response is extended to below 1600 A.
Recently the spectral range has been further extended by means of a CaFs
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Fig. 6. Quantum efficiency of various photocathodes. In certain cases responses
include optical filters to improve selectivity. Note that the wavelength scale changes
at 4000 A.
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window. Such tubes have been studied at our laboratory [9], and the response
found to be comparatively flat down to 1225 A, the window cut-off.

Spectral response with more constant quantum efficiency can be obtained
by coating the front face of a glass enveloped multiplier, such as the 1P21,
with a layer of sodium salicylate (NaC;H303). Sodium salicylate has been
shown by Watanabe [10] to have a nearly constant quantum efficiency of
fluorescence for excitation wavelengths from below 1000 A to beyond 3000 A ;
emission is in the blue-green. Curve 6 in fig. 6 shows a typical quantum
efficiency of a 1P21 coated with sodium salicylate. By utilizing a high yield
end-window photomultiplier and optimizing the coating thickness overall
quantum efficiencies of up to 5 9, have been obtained. The use of reflectors
to collect some of the forward emitted fluorescent light can increase this
figure somewhat.

For many applications there is need for cathodes responsive to middle
ultraviolet but insensitive to longer wavelengths. These cathodes, which fall
in the second category mentioned above, have been described by the term
“solar blind” because they are insensitive to sunlight at the earth’s surface.
They are, of course, responsive to sunlight above the ozone layer.

The most useful of the “solar blind”’ photosurfaces known to date are the
alkali tellurides. Cesium telluride and rubidium telluride, curves 8, 9 and 10
in fig. 6, offer high quantum efficiencies with good “solar blindness”. These
responses were first reported by Taft and Apker [11]in 1953. For the middle
ultraviolet Cs-Te and Rb-Te have shown no significant difference in response.
The long wavelength tail of curve 9 is produced by an excess of rubidium
above the stoichiometric ratio of two rubidium to one tellurium atom. By
varying the cesium or rubidium content of the cathode the manufacturer
has some control over both the shape of the response curve in the 3000 A
region and the peak quantum yield. Increased proportions of cesium generally
cause both slightly higher quantum yield at short wavelengths and increased
sensitivity at long wavelengths. With a LiF window the response of the
Cs-Te continues approximately uniformly into the vacuum ultraviolet. Tubes
utilizing Cs-Te cathodes and quartz, sapphire or LiF windows are now
commercially available and make possible a number of interesting measure-
ments that must be made in the presence of a strong long wavelength back-
ground, such as from the sun.

Even more “solar blind”’ but much less sensitive are the pure metal photo-
cathodes [12]. In fig. 6 are shown responses of cathodes of nickel, curve 2;
tantalum, curve 4; and oxidized nickel, curve 3. In each case here, and with
other metals not shown, the quantum yields are down by two or three
decades from the alkali halide photosurfaces.
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Applications using the second category of photocathodes described above
often depend on selection of phototubes for “solar blindness” as well as
quantum yield. One criterion for determining their merit is sensitivity to
wavelengths below 2900 A compared with the small but measurable response
to sunlight. One such figure of merit, arbitrarily taken, is the irradiance at
2537 A necessary to produce an anode current equal to that produced by
full sunlight with skylight excluded. We have called this the “equivalent
sunlight input.” This measurement is admittedly not precise, since the
intensity of short wavelength sunlight, to which the phototube is relatively
most sensitive, depends on the altitude of the sun, the state of clarity of
the sky and the amount of atmospheric ozone. Nevertheless, “equivalent
sunlight input” has proved useful in comparing a wide variety of photodevices.
Values for a number of cathodes are listed in table 1. Measurements were
taken with the sun above 30 degrees altitude and with cloudless sky. The
column to the right of the table lists the quantum efficiency at 2537 A.
Both the quantum efficiency and “solar blindness” should be considered,

TaBLE 1

Solar blindness of various cathodes

Equivalent Olisabur
Photo- sunlight input * o R "
cathode (watts of 2537 A i s
i b at 25637 A
radiation/em? )
Cs-Te Ll 5l X102 Semi-transparent cathode in a photo-
diode
Cs-Te 1528 (D 2.7 X 10-2 Semi-transparent cathode in a 14
stage photomultiplier
Cs-Te 8.5 x 10-6 13 x 10-2 Opagque cathode in a photodiode
Cs-Te 637 gl 058 1.4 x 10-2 Semi-transparent cathode in a 14
stage photomultiplier
Ta 8Y awl(zd 6.5 x 10-4 Opaque cathode in a photodiode
Oxidized Ni 61 L0 3.5/ % 104 Opaque cathode in a 9 stage photo-
multiplier
Ag 31 108 1.5 %105 Opaque cathode in a 9 stage photo-
multiplier
Ni I8 xall052 9l % 108 Opaque cathode in a 9 stage photo-
multiplier
Cu Gauze 2 X 10 258U Photon counter

*  Watts/em? of 2537 A radiation to give detector signal equal to signal produced
by exposing detector to full sunlight (less sky background).
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