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R ŝuMiL — Une fusee Aerobee a emporti dans Vespace le 28 juin 1963 un coronographe de Lyot employant un disque 
dy occultation A bord denteli exUrieur. Entre 131 et 2 0 4 km d* altitude, on a obtenu 2 3 photographies en lumiere 
blanche avec des temps de pose compris entre 1 et 5 6 secondes. La couronne a iti photographiie depuis 3,5 jusqu'b 
10 rayons solaires du centre. La forme de la distribution radiate de Vintensiti coronate est la mime que celle que 
Von determine pendant les eclipses totales ; mais Vintensiti elle-mime est deux & trois fois plus grande, ce qui semble 
indiquer qu'une quantiti de lumiire notable est diffusie dans un faible angle solide par de la matiire situie entre 
le soleil et la terre, matiire qui n'est pas illuminie pendant une ellipse to tale. U n jet coronal a iti mesure jusqu'a 
10 Rq environ, avant qu'il se fonde dans la couronne. Des passages de particules d mouvement lent dans Vespace 
sont visibles sur la plupart des photographies. 

ABSTRACT. — A Lyot coronagraph with a saw-toothed external occulter was flown in an Aerobee rocket on June 28 ,1963 . 
Twenty-three white-light photographs, with exposure times from 1 to 56. seconds were secured at altitudes from 
131 kmto204:km. Thecoronawas recorded from S. 5 to 10 solar radii from the Sun's center. The coronal brightness 
function followed distributions determined during total solar eclipses', however, the brightness level was two to three 
times greater, suggesting that a significant quantity of light originates from small-angle forward-scattering by 
material between the earth and the sun, which is not illuminated during a total eclipse. One coronal streamer was 
recorded to about ten radii, before disappearing into the corona. Trails of slow-moving particles in space are 
conspicuous in most of the photographs. 

PesioMe. — PaneTa A e r o b e e B b m e c j i a B n p o c T p a H C T B O 28 H O H H 1963 r KopoHorpa$ J I H O , n c n o j i b a y i o i i u i f t H J I H 

c o K p H T H H H H C K c 3y6naTbiM BHeuiHHM K p a e M . H a BMCOTe Mewny 131 H 204 K M 6 M J I H n o j i y q e H H 23 $ O T O -

rpaipHH B 6ejiOM C B e T e c BhinepjKKaMH 3aKjnoqeHHbiMH Me>Kjry 1 H 56 c e K y H j j a M H . K o p o H a GbiJia c < | > O T O -

rpacpnpoBaHa H a w m a H O T 3,5 H no 1 0 C O J I H C H H M X pajmycoB O T u e i n p a . B H H pannajibHoro p a c n p e n e j i e m i H 
KopoHajibHOft H H T e H C H B H O c r a T0T->Ke, H T O o n p e j i e j i f l i o T B O BpeMH n o j i H b i x cojiHe^HMx 3aTMeHHft , H O c a M a 
HHTeHCHBHOCTb O T HByx no Tpex pa3 6ojibiue, I T O no-BHflHMOMy yKa3HBaeT Ha TO, 1TO 3HaiHTeJIbH0e 
KOjmqecTBO c B e T a pacceflHo B He6ojibinoM Tej iecHOM yrjie BemecTBOM, HaxonflmHMCH uemjxy CojiHueM H 
3eMJiett, BemecTBO, K O T o p o e He o c B e m e H O B O BpeMH nojiHoro 3aTMeHHH. bMjia H3MepeHa K o p o H a j i b H a n 
C T p y n npn6jiH3HTejibHO H O 10 R Q no ee pacTBopeHHH B K o p o H e . H a 6ojibiiiHHCTBe $ O T O r p a $ H H B H H H M M 

n e p e c e q e H H H npocrpaHCTBa MenjieHHbiMH HacTHixaMH. 

I N T R O D U C T I O N 

Although the coronagraph devised by L Y O T 

(1930) makes it possible to observe the inner, 
emission line corona at any time when the sky is 
clear, little of the outer corona can be detected 
because of the presence of the bright sky. With 
polarization photometers, the K-corona can be 
recorded somewhat farther and streamers can be 
followed to about three solar radii ( R Q ) from the 
Sun's center ( W L ^ R I C K and A X T E L L , 1 9 5 7 ; D O L L -

FUS, 1963) . Until recently, however, a total solar 
eclipse has been required in order to see the outer 
corona. Even then the sky is not completely 
dark, and better results are obtained from aircraft 
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( B L A C K W E L L , 1954) or balloons ( N E Y , 1963 ; G I L -

LETT, S T E I N and N E Y , 1964) . 

In principle, it is possible to construct a corona­
graph, so free from stray light that it would reveal 
the entire corona if placed at an altitude above the 
Rayleigh sky. The first attempt ( N E W K I R K and 
E D D Y , 1962) , using an externally occulted Lyot 
coronagraph lifted to 8 0 , 0 0 0 feet with a balloon, 
failed because of excessive stray light originating 
from the edge of the occulter. A similar instru­
ment, but with an improved occulter, flown by 
the Naval Research Laboratory (NRL) in an 
Aerobee rocket on June 2 8 , 1963 , was successful in 
producing the first photographs of the outer 
corona to be made without a total eclipse (Koo-
M E N , PURCELL, S E A L and T O U S E Y , 1964) . A 

photoelectric scanning type coronagraph (COOPER 

et al., 1964) , flown in the same rocket, telemetered 
to ground a pair of pictures in radial and tangen-
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tiaJ polarizations. These instruments were cons­
tructed as part of a program in preparation for the 
flight of a coronagraph in the second orbiting solar 
observatory (OSO-B) of the National Aeronautics 
and Space Administration (NASA). As has just 
been reported by N E W K I R K , the balloon-borne coro­
nagraph of N E W K I R K and B O H L I N (1963), with an 
improved external occulting system was flown 
successfully on March 5, 1964, and recorded the 
corona from R = 1.8 to 5.25 R Q . 

T H E CORONAGRAPHS. 

The rocket-coronagraphs were basically the same 
as the Lyot coronagraph, but with an external 
occultor placed 50 cm in front of the objective 
lens, of focal length 30 cm and diameter 25 mm. 
Two instruments were mounted within a single 
case, as shown in Figure 1, each with its own occul-
ter supported by an arm attached to a spar. By 
means of a biaxial pointing control, the entire unit 
was kept pointed at the Sun to within 1 arc minute 
during the upper part of the trajectory. In one 
instrument the corona was recorded on photogra­
phic film ; in the other it was scanned and teleme­
tered, first in radial and second in tangential pola­
rization. The field covered was from 3.5 to 
I O R Q from the Sun's center. 

FIG. 2. — Diffraction of parallel light by a toothed occulter. 
The beam is inoident perpendicularly to the plane of the 
figure and the directions of the diffracted rays are shown 
in projection on the plane of the figure. 

The key to the operation of this coronagraph 
lies in the occulter. The best arrangement is a 
multiple-disc occulter, consisting of three discs 
with smooth edges placed in tandem, of sizes such 

that the second blocks the light from the edge of 
the first, and so forth. At the beginning, conside­
ration was given to the use of a multiple-disc occul­
ter but it was decided that it would be too difficult 
to stow the spar and the three discs during take off 
and then to place them in precisely the correct 
positions during flight. The optical characte­
ristics of a triple occulter have been independently 
investigated by GILLETT (1961) and by N E W K I R K 

and B O H L I N (1963 , 1964) . The latter found it 
possible in this way to reduce the stray light to 
about 10—9 B Q (mean solar brightness), in a coro­
nagraph for a balloon, as reported by N E W K I R K . 

The occulter used for the rocket coronagraph 
was the toothed disc of PTJRCELL and K O O M E N 

(1962) , whose operation is illustrated in Figure 2. 
Each tooth, ideally, consists of a pair of straight 
edges. Parallel light, incident normally to the 
plane of the figure, is diffracted at right angles to 
each edge. The result is a hollow cylindrical 
envelope, with all the flux diffracted outside ; 
no flux is sent inside, where the objective lens is 
located. For this condition to be realized, howe­
ver, the edge must be absolutely clean and free 
from irregularities, and the intersections must be 
sharp. 

The effectiveness of the toothed disc can be seen 
from Figure 3 , which shows a smooth disc and a 
disc with 2 4 0 teeth, each illuminated by parallel 
light, and photographed with a camera whose lens 
occupied the position of the coronagraph objec­
tive. Equal exposure times were given. It was 
found almost impossible to eliminate all scattered 
light, in spite of rigorous cleaning, but the edge of 
the smooth disc shines brightly by comparison. 

The coronagraph system was tested in an eva­
cuated tank, so as to remove all light scattered by 
the air. With an artificial sun in operation, the 
stray light was found to be about 1 0 % of the 
brightness of the corona, as tabulated by A L L E N 

(1955) for quiet solar conditions. 

R E S U L T S 

With the photographic coronagraph, twenty-
three exposures were obtained with exposure 
times between 1 and 5 6 seconds, using Eastman 
Kodak type 1-D emulsion. The altitude ranged 
from 131 km to 2 0 4 km. Four photographs are 
reproduced in Figure 4. Since the coronagraph 
was focussed for infinity, the shadows cast by the 
occulter and supporting arm are greatly out of 
focus. Although the coronagraph remained cons­
tantly pointed at the Sun, it rotated, slowly, 
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Fig. 1 — Rocket coronographs, ins-
stalled in biaxial pointing control and 
occupying the forward section of an 
Aerobee-150 rocket. The external occul-
ters are mounted on a spar which is 
placed in position during flight, after 
removal of the rocket nose cone. 

Fig. 3 — Photographs of a smooth-edged and 
a toothed occulter. Each was illuminated by 
paraUel light. The camera lens replaced the 
coronograph objective and was focussed on the 
occulter. Exposure times were equal. 

TOUSEY — VI — 
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Fig. 4 — Coronal photographs made on June 28, 1963 
are shown. Solar north is at the top and west at the right, 
arm which carried the occulter, gives the rotational position 

from an Aerobee-150-rocket; altitudes and exposure times 
The short mark, located at the center of the shadow of the 
of the coronograph for each exposure. 

TOUSEY — VI — 7 
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Pig. 5 _ Coronal Exposure No. 11 with all artifacts removed by retouching. A photograph of the corona 
during the July 20, 1963 eclipse (courtesy High Altitude Observatory) has been introduced at the proper scale 
and orientation. 
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around the direction to the Sun, owing to the pre­
cession of the rocket. The rotation was very little 
during these short exposures, but was considerable 
during long exposures and changed during the 
sequence. As shown in Figure 4, the pictures 
have been oriented alike in the sky, with solar 
north at the top and east at the left. The position 
of the arm, indicated by the short line, shows the 
rotation position of the coronagraph for each 
picture. 

There are a number of spurious effects in these 
photographs. The bright lune close to the edge 
of the occulter was caused by a slight mispointing, 
with the result that some scattered light reached 
the objective from the edge of the occulter. The 
pointing improved during flight, and was nearly 
perfect by Exposure 20 . The many bright spots, 
scattered over the field, rotate with the picture, 
and are attributed to dirt on a surface of the field 
lens, which was somewhat out of focus. This is 
believed to have been produced by vibration during 
launch, since it was not present during laboratory 
tests. The bright streak at the lower edge of 
Exposure 20 , however, was caused by a small 
object crossing the field of view and glowing 
brightly because of sunlight scattered at an angle 
of about 2° . Many such trails were present. They 
are attributed to slow-moving particles in the 
neighbourhood of the rocket. 

The general background, however, is ascribed 
to the white light corona. Figure 5 is another 
print of Exposure 11, with all artifacts removed 
by retouching. A photograph of the solar corona 
is introduced at the center at the same scale and 
orientation. This was obtained by F I R O R and 
colleagues (1963) during the total eclipse of July 2 0 , 
1963, twenty-two days after the rocket photo­
graphs. 

The corona shows a brighter region at the west, 
and also at the east, though in the latter position 
it was largely obscured by the arm. This is typi­
cal of the F-corona, of course. Radially, however, 
the corona seems to be uniform in brightness. 
This was exactly the way it should appear with 
this coronagraph because of vignetting produced 
by the external occulter. This gave rise to a 
radial speed function which increased outward 
rather rapidly, and in such a way that the product 
of the coronal brightness function and the occulter 
vignetting function was nearly constant from 
R / R Q = 3 . 5 to 10. 

In Figure 6 another reproduction of Exposure 11 
is shown. This was made by K O O M E N and S E A L , 

by projecting Exposure 11 back through the coro­

nagraph and re-photographing in such a way as to 
remove the vignetting function. The region inside 
R / R Q = 3 . 5 was filled in so as to show the Sun's 
disc at its proper size. The process was not exact, 
but the result was a photograph more nearly of the 
usual kind. 

Because of the rotation of the instrument around 
the direction to the Sun during most of the expo­
sures, there was little hope of detecting long, shar­
ply defined streamers of the type sometimes seen 
at totality when the Sun is quiet. One, however, 
appears to be present, and can be seen in all four 
exposures. It is located on the west and makes 
an angle of about 1 5 ° to the equator. Projected 
toward the Sun, it reaches a point a little north of 
its center. This streamer was not visible in any of 
the other exposures, either because of excessive 
rotation, or insufficient exposure time. These 
four exposures show clearly that this streak remai­
ned stationary in the sky when the instrument 
rotated, and therefore was a coronal streamer 
rather than an instrumental defect or a particle 
trail. It can be followed to R / R Q = 1 0 . Its 
position seems reasonable and might be related to 
the edge of the coronal brush, photographed during 
the July 2 0 , 1 9 6 4 eclipse. Since the intervening 
period was 2 2 days, a perfect correspondence would 
not be expected. 

Exposures 1, 11 and 2 0 were reduced to inten­
sities by application of the methods of photographic 
photometry. Averaged isophots are shown in 
Figure 7. Since Exposure 1 was made with the 

FIG. 7. — Isophots showing the brightness of the corona, as 
determined from Exposures 1,11 and 20. Brightness may 
be converted to fractions of the mean solar brightness by 
multiplying by 1.4 x 10—8. June 28, 1963, Aerobee 
NE 3.129. 
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arm 4 0 ° away from its position in Exposure 11 , 
it was possible to fill in the shadow region. Bright­
ness values, given in ft. Lamberts, can be 
converted to fractions of B Q by multiplying by 
1 . 4 X 1 0 - 9 . 

Curves of coronal brightness versus R / R Q , 
taken from the isophot plot, are shown in Figure 8 
for the equatorial and the North and South Polar 
regions. It is difficult to estimate the accuracy 
of these results, because of the presence of so 
many artifacts, and the possibility that the stray 
light was not as low during flight, as when measu­
red in the laboratory. Plotted also are data 
obtained during the July 2 0 , 1 9 6 3 solar eclipse by 
GILLETT, STEIN and N E Y (1964) by direct photo­
graphy from a balloon at 1 1 0 , 0 0 0 feet. 

G I L L E T T , S T E I N A N D N E Y • 

0 1 2 3 4 5 6 7 8 9 I O I I I 2 

R / R « 

FIG. 8. — The distribution of brightness in the corona on 
June 28, 1963, determined from the isophots of Fig. 7, and 
data obtained during the July 20, 1963, eclipse by Gillett, 
Stein and Ney (1964). 

The rocket and eclipse data are in fair agreement 
in general. From the rocket photographs it 
appeared that the brightness over the Sun's South 
Pole was greater than over the North. There is 
little reason to believe that this was correct, since 
no difference would be expected so far from the 
limb, where the corona is mainly zodiacal in origin. 
None was observed by G I L L E T T et al., but from 
R / R Q = 1 . 2 to 1 . 6 they found the region over 
the South Pole to be weaker than that over the 
North. 

The coronal brightnesses, as observed from the 
rocket, are about three times greater than those 

recorded during total solar eclipse at R / R Q = 4 ; 
this difference decreases to a factor of about two at 
R / R Q = 10. The brightness difference is thought 
to be greater than experimental error. It is attri­
buted to a contribution to the zodiacal light made 
by material rather close to the earth. There is an 
important optical difference between observations 
obtained with the rocket-coronagraph and those 
made during a total eclipse. In the former, the 
entire path through which the corona must be 
observed is illuminated by full sunlight; in the 
latter, a large part of the optical path is wholly or 
partially screened from sunlight by the Moon. 
During totality, for the range R / R Q = 5 to 10, 
the region completely screened extends some 
1 0 0 0 km away from the earth, and partial screening 
continues to 1 5 earth radii or more. 

The increased brightness observed when this 
region is not dark, suggests that there is sufficient 
meteoritic and other material within a few Earth 
radii to double the F-coronal brightness. Obser­
vations of the corona made with balloon and 
rocket-borne coronagraphs from the beginning of a 
solar eclipse, through totality and to the end should 
provide a method of determining the contribution 
to the zodiacal light from material located at dif­
ferent distances from the earth. Very careful 
calibration would be required, however, in order 
to derive accurate results. 

Coronal brightness data were also obtained with 
the photoelectric coronagraph flown on June 28 , 
1963 in the same rocket. Within the time avai­
lable two coronal scans from R / R Q = 4 to 11, 
were recorded, one in radial and another in tangen­
tial polarization. The average brightness was twice 
greater than the photographic result at R / R Q = 1 0 , 
but became equal at R / R Q = 4 - The polariza­
tion data were not in agreement with results 
obtained during totality. At the inner edge of the 
region scanned, the tangential component was 
more intense than the radial, as it should be. But 
from R / R Q = 5 to 11 there appeared to be a small 
amount of negative polarization, of the order of 
1 5 %. No explanation for this has been found. 
Since both the increased brightness over the photo­
graphic results and the negative polarization occur­
red over the outer part of the field, a common 
cause is suspected. The most likely explanation 
is that some change in the stray light characte­
ristics of the instrument took place during the 
powered portion of the flight. 

Manuscrit regu le l e r mars 1965 . 
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