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Fig. 1. ‘I'he solur corong s depicted in an original drawing

by the late Mr. Wesley, Sceretary of the Royal Astronomical
Society. The drawing was made fromn the negative of & pho-
tograph made by Mrs., Annie 8. Maunder, who photographed the
22 Junuary 1808 eclipse at l‘nllu Hyderabad on a Sandail triple-
conted plate.  The eonneetion between the outer  coronal
streamers, which extended to an unusual distance in 1808, and
aetive rogions on the surfnee of the sun as well ag magnetic
storms on the earth remaing a ehallenging myatery of solar
physics.

is limited only by seattering within the instrument.

The balloon-borne instrument can, in practice, be
placed above only ahout 99¢7 of the atmosphere, and
it is necessary to examine the charaeter of the skylight
at  high altitudes more  closely.  Measurement  at
altitudes of up to 25000 m at wavelengths from 0.4
u to 0.8 u show a sky radiance of the order of 10-* that
of the mean solar disk."  Comparison of the corona
and the sky at 25,000 m, as in Fig. 2, suggests that at
A = 1.2 u the corona should be visible to approximately
four solar radii. To deteet the corona at the desired
six solar radii the sky background must be reduced by a
factor of three by currying out the observations at an
altitude of 33,000 m.

Before deseribing the techniques by which the seat-
tered light in the coronagraph can be reduced to o
tadinnee of the order of 102 that of the disk of the sun,
a value that is only slightly above the sky eneountered
during u solar eclipse,”* we shall review the seattering
produced in the traditional Lyot coronagraph.

Sources of Scattering in the Lyot Coronagraph

In his patient analysis of the scattering by a simple
ohjective lens Lyot distinguished five sources of stray
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light which ean all be seen clearly in a lens illuminated
by a synthetic sun (IYig. 3).  As in the coronagraph the
“solar image’ is occulted by a disk, and the lens is
viewed in the stray light which passes the disk. The
sources of scattered light are:

1. Diffraction at the aperture of the objective lens.
If unobstructed, this diffraction ring produces a radi-
ance in the field of the coronagraph of approximately 2
X 10 ~* of the mean solar radiance B 5.

2. A spurious solar image produc(\d bv mulnpl("

reflections in the objective lens. This image is about
/6 of the focal length away from the objective and
introduces stray light of radiance

B =6 X 10 (f/D)Bo,

where f is the focal length of .the objective and D its
diameter. In Fig. 3 the centml brlght spot is slightly
out of focus.

* 3. Macroscopic mhomogeneltles in thc glass. " Small
bubbles and inclusions produce many of the l'undom]v
distributed starlike spots in Iig. 3.
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Fig. 2. A comparison of the radiunce of the sky at 25000
meters and of the solar continuum eorong at several wavelengths.
The rndiances from 044 4 to 0.8 u were mensured!? while the
vulues at longer wavelengths were inforred from the sgize dis-
tribution of the particles determined by means of the angular
distribution of seattered light at visible wavelengths.  Coronanl
radiances are plotted as a funetion of the distance from the
center of the solar disk in units of the solar rading K.
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Table I.  Comparison of Scattering by Sample Coronagraph Lenses
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fleetion spot by placing a smali oeeulter on the center
of the second objective lens he was able to reduce the
stray light in the coronagiaph to about 5 X 10 % He
coneluded that most of the residual llumination is due
to the seattering by the inevitable bubbles and in-
clusions and by the hody-seatter of the glass.  Sinee
the technology of glassmaking has advaneed consider-
ably in the intervening 30 years, it appears fruitful to
scek an optical medium that can be fashioned into a
coronagraph lens with considerably less seattering,

Scattering in Various Optical Media

It must be remembered that forward seattering by
the imperfections of the objective lens is of great im-
portance in the coronagraph.  ‘Thus, senttering by
large bubbles and by irregularitics of microscopic (0.5
u 1o 100 g) dimensions completely dominates that from
any irregulatitiox of atomic (1A o 10 X) seade.  This
faet is emphasized by the observation that objeetive-
lens seattering is many orders of magnitude higher than
one wounld expeet from the random density fluctnations
inherent in the glass.'”

With this information in mind we can place some
very general requirements on the medium for o coro-
nagraph lens in approximately the following order of
importanee:
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I, Absence of striations, bubbles, and inelusions.
2. Ability to take a fine polish and 1o resist seratehes
during eleaning thardness).

3. Absence ol fluoreseence in the spectral region of
interest. B ¢

4o Resistanee to etehing by water, the common
sodvents, and various air-borne pollutant= likely to be
encountered during use.

A, Absenee of hirefringence.

These requirements suggest the use of several of the
colorless, cubie ervstals sueh as eristobalite, spinel.
and dimmond, which are hard enough (o resist serateh-
ing.  Unfurtunately, large optical quality samples of
these minerals are rare, NSuch fhiorite
(Cal'y), burimn fluoride, and lithinm flueride, which ean
he obtained as large synthetie erestals of optieal quality,
are sa soft that they are, in our esperienee, nearly im-
possible 16 polizh 1o coronagraph quality. }

We have tested several samplex of madern glasses by
using cuch one ax the ohjeetive c20 em dinmeter; 20
em foeul lengthl of o ~small, laboratory coronagraph.
Radiation from the entire coropagraph field of diamoeter
of approximately cight soloe radii wax recorded by a
photomultiplier, which was ealibrated by o series of
apad glasses of known sarface radianee placed bhefore the
ohjective,

minerals ax

Compirison between independent measore-




ments indicates that the scattering from o partienlar
sumple i= aecurate to abont 10°,

The results of these measurements appear in Table 1
in which the various lens =umples are listed in order of
their exeellenee. Xinee the varieties of gl
chosen Tor absenee of hubbles, it is not surprising that
only a few of the samples show 2 large amount of
seattering.  However, all the samples had some body-
seattering in the form of a “granalar stracture.”  “The
lact that those lenses with the weakest granulation also
seattered the least amount of lght indicates that this
structure eontributes signifieantly to the seattering by
the lens. Under high magnifieation  the  granular
strueture in the ghisses and the fused siliea ean he
recognized as a regime of minute bubblex which scem
to be merely the lower size vange of the speetrum of
bubble sizes,  The less frequent but larger bubbles
can, of course, he recognized ax individuals,  Granula-
tion in the Auorite sample, however, was of an entirely
difierent character and appeared as a cellular stroeture
dixtributed throughout the volume of the erystal.

Lixamination of Table T also shows that faint
seratehes and strine ean add approximately | 2 X 10 ¢
per serateh to the seattering.  One coneludes that care-
Tully selceted blanks of the common crown glasses BNC'-2
or BR-F aswcll as the best grades of fused quarts make the
best coronagraph ohjeelives o far as seallering is con-
cerncd. Although the LI-1 lens seatiers signifieantly
mare than the best samples, it does not scem to deserve
the had reputation for high seattering usually associated
with flint gliss and could doubtless be used as 2 vom-
panent ih an achromatic coronagraph lens suitable for
ground-based observation,

Although these optieal media ave transparent in the
visible vegion, several of them absorh rather strongly
at short wavelengths.  Unfortunately, energy absorboed
al short wavelengths may reappear in the form of
(luoreseence and conribute a signifieant amount to the
stray light in the coronagraph field.  "This ix illustrated
hy the case of diamond  apparently an otherwise suit-
able medinme for coronngraph lensex which when
irrndinted by light of wavelength shorter than 2600 A
fluoresees in the blue or in the green.'®  Several of the
lens sumples tested for seattering also exhibit fluo-
reseenee in the visible (Fable 1) The glasses contain-
ing semewhat loosely bound ions of boron, barinm, and
lead, within the S0, network of the gliss have strong
absorption in the 2000 to 3000 A region and show the
strongest {luoreseence. ™ Cthough we have made no
comparison on an absolute intensity basis, the fluo-
reseence ol 13802 gliss suggests that thix otherwise
exerllent lens medium <hould not e used in a coro-
noagraph operated  vompletely above the atmosphere
where the ambient, ultraviolel Hux i extremely ligh.
In Taet, even fused quartz flnoresees der exposure 1o
sutfiviently short wavelength radiation. The design o

== were

a xatellite-borne coronagraph should be made with the
possible hazard of fluoreseence in mind. .\ coronagraph
at balloon altitudes is protected from radiation short of
3000 A by the averlying ozone absorption, and the
seleetion of a lens free from fluoreseence is correspond-
ingly enxier.

Reflecting Coronagraphs

One  concludes from  the preceding seetion that
minute bubbles within even the best glasses prevent the
construction of coronagraph lenses of elose to theoretical
performance so far as light scattering is concerned.  In
the refleetion coronagraph the pinholes, minute hills,
and granular structure that appear in metals deposited
on glasx seatter more tadiation than the imperfections
within the glass of the ordinary system.™  Until new
techniyues of depositing completely nniform coatings
of metal on glass or of produeing polishable metals of
high quality are developed to a suflicient. standard of
excellence, the uneoated mirror offers a useful alter-
native.  The mirror caronagraph with uncoated pri-
mary siface takes advantage of the excellent poiish
which ean be given to such medin as glass or quartz as
well as the fortunate eivenmstance that the bhubbles in
the medium seatter principally in the forward direetion.
Our tests of the seattering from a sample of fused quartz
show that the advantage of low baekseatter more than
compensates for the disadvantage of the small re-
fleetivity of the primary surface,  The seattered light
in such o coronagraph should be at least an order of
magnifude smaller than in the objective lens coronu-
graph.  We are presently investigating the practieality
of such a reflecting svstem,

Dixposal of the unwanted radiation passing through
the primary surface can, of course, he @ problem.  The
uxe of an opaque gliss or an antihalation coating on the
hack surfuee is likely to heat the mirror excossively and
canse distortion of its figure.  However, very simple
schemes, sueh ax shown in Fig, §, allow most of the
radiation to pass through the mirror to & light trap
while only 17, of the incoming flux muost be absorbed

-

o

© Qff-Ans
Parabole

Anti-halation
Ceating

FFig. 1. The mirror for o refleetion eoronagraph in which steay
reflections are greatly redueed.
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lens is shown in Fig. 6. Such a deviee is rather im-
practical since the occulting disk also blocks most of
the rorona. A more <ubtle artifice is 1o apodize the
oceulting disk.

The technique of apedization? > ean be used 1o

maodify the diffeaction pattern about the Gaussian inige

point of a4 lens by a suitable variation of the transmis<ion -

across the lens, “The same technigue, uider the name

of “antenna tapering,” s heen used by radio enginiers

to suppress the side lobes of the patterns of radio inter-
ferometers.  “The aperture stop at the second objective

of the Lyot coronagraph produces, in o very veal sense,.

an apodization of the objeetive lens in which resohition’
is saeriliced for a dramatie deerease in the diffraction
far from the Gaussian image point.  An analogoes
problem is that of the apodization of the ocevlting disk
exeept that the conditions of Fresnel rather than Fraun-
hofer difiraction apply.  Here one desires to reduee the
light diffrneted by the external ocenlting disk into the
aperture of the objeetive Jens by o suitable “tapering”
of the disk ontside the limb of the sun.

A point source lluminating a disk produces a bright
spot in the center of the shadow.  This bright spot ix
seen in Fig, 7. 1 & means ean be found to eliminate
the eentral =pot hehind the oceulting disk, the major
souree ol stray light in the externally oceulted corona-
graph ean be removed.
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Fig. 6. Redoetion of the lus into an objeetive aperture
i dimmeter placed 76 eme bebind varions oeenlting (£
Here Foix the fluy olse

rved with the oeealting disk in pla
while M ix the Huyin the anebstructed beam, The reduetion
i plotted as o funetion of the diference between the dinnieter
of the veculting disk aned the dicmeter of the sun in min of ;

The sypthetie sun was o ribbon fiknnent lamp whose obj Vi

lens subtended an amele of 32 min ol are from the objecetive |

apertnre,

Fig. 7. The distribution of Tight iu the shadow on o Cirenlar
oeenlting disk illuningted by o point souree, The tamiliar,
biright. contral xpotis predicted by the Fresnel ditfeaetion theory,
The radial Jines are eauged by minute irvegnarities in the edge
of the oveenlting Jdisk.

To see that the hright, central spot can be removed in
prineiple, consider the amplitude at the point P illu-
minmted by n point sowree Ph. By Lhe rosnel iheory
the amplitade at 1"

l’,L.,,. thi n

{2 D T ALY o
el b
i
where
A= amplitude of the ineident wave at unit distanee from the

sOLree,

ra = rading of the wave front from P,

b= distanee from P qo the nearest point of the wave front,
)I- - .."l' l\.

ar == the inelingtion factor that deseribes the varintion of ain-

plitude of the seeondury wavelets with angle of dif-
fraetion y.

The usual development makes use of the faet that
& is o smoothly deereasing funetion of x and tends to
zere s x — w2000 = n)y. I a circular obstroetion
covers the first 1 Fresnel zones, the sumiation in
tyi= written

( o ') 4@
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Fi. S. The distribution of Leht in the shadow of qomultiple

ceenlting dish oo and o toothed wheel =B dlluminated by oa
point souree. The disappearanee of the bright ecentead spat s
ehvions, The muatiple ocenlting dish was enfeulated so that
the objective aperture would be completely contained o the
central dark region of the shadow.
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Following the argument, we note that the lerms
iy parentheses ave vani<hingly snadtsinee

Al

aelassical result,

Consider, now, that althovgh the fist 51 zones are
blocked, the zones from " to w are not completely elear
but obhsevred by an apadization faetor a. Corvespond-
ingto P2 we have

[N

Ww jiseven. Toretain the featnre of the ordinary
Fresnel dilfraction theory we need only require that
wy o o yand e, o 1o The vsual argument coneerning
the vanishing of the bracketed terms <till applies and

T

“
i1 -

Asimilar resubt holds forodd m /.

Thus, the idensity of D is redeecd by the fuelor a,”,
which, in principle, can he made arbitrarily stall, anf
the central baight spot (Fig, 2Y eanbe substantiodly roduecd
i dndensity, Nthough the illuminating ~ouree for a
practical coronagraph has o linite ~olid angle, the prob-
lem is exsentinlly the same with eaeh point ol the colar
disk actingas n coherent souree.

Several menns of producing the apodization have
heen suggestid, An ingeniocs scheme, duie 1o Purecl]
and Koomen. ™ makes use of an occulting disk with
sharp teeth which?estend hevond it~ normal dinmeter,
Although their esplanation of the operation of sieh o
disk  that the teeth difeaet perpendicularty to 1heir
stright siurfaces and thus do not seatter light into the
objective aperture does not emphasize the phvsies of
the ditfraetion process, their requirement that the teeth

have extremely sharp bottoms is seen 1o be s nataread
one from the mathematical development. A sceond
form of the apodized oeenlting disk i= one attached 1o a
radinlly svmmetrie filter whose transmission clanges
from nearly zevo at the edge of the eompletely opague
disk to unity at o Jarger mdies, The obviors dis-
advaniage of such a scheme  that drreailaritie. in the




tillter medinm diffraet light into the objeetis e aperture
wotld seem o prevent its use ina praetieal deviee, A
third apodizing seheme makes vse of @ secand oeenlting
Jdish behind the first partially to obsenre the ohjeetive
lens as seen by the Fresnel zones immediiaely above the
firat oeculting disk. Rinee the seeond oceulting disk is
illuminated by weak radiation ditfracted by the fiest,
it may in tarn diffeact radiation into the objective
aperture. Thes, to make the obsearation faetor a, suf-
fieiently small, we may wish 1o add a thind oceulting
disk hehind the second. Ninee the toothed wheel as an
external oeculting disk has been thorovghly disenssed
by Pureell and Koomen,® we shall proceed immediately
to the detailed description of the multiple disk.

A= ean be seen in Fig. 8, hoth the toothed wheel and
the multiple oceulting disk climinate the bright dif-
fraction spot in the center of the shadow.  “T'o make a
quantitative comparison of these various oceulting
schemes we used a ribbon filiment limp as a svothetie
unand measured the light diffracted dnto a0 small
aperture in the center ol the shadow,  The efficacy of
the ~econd oeeulting disk i= immediately apparent in
Iig. 9, which shows the reduction in the flux into the
objective aperture as o tunetion of the position of the
second ocenlting disk. The masimum reduetion oceurs
Just when the serand and smaller disk completely ob-
seires the objective lens from the edge of the st disk.
The addition of a third ocealting disk produces a further
reduetion in the ftus falling on the objective aperture.
1= ol interest to note that the use of only dixks Nos.
1and 3 of the three-disk configuration prodiees a soine-
what poorer flus reduetion than that accomplished by
all three disks. The performance of these various
oceulting schemes is summarized in Table 11, The
logieal extension of the three-disk ocenlter, an oceulting
dizk with muny components spaeed Tetween the posi-
tioms ol disks Nos. 1 and 230 performs somewhat less
well than does the threeadisk sestem. While the system
with 170 disks shouid belizve as well or botter than the
thiree-disk system. the inevitable irregalarities in the
disks undoubtedly throw spurious mdiation into the
objective aperture. Thus, by the use of o multiple
ccenlting disk ol appropriate design, we can bring about
a reduetion in the fhe into the objeetive aperture of the

Table 1l. Comparison of Occulting Disks llluminated by an
Extended Source of 32 Min of Arc Diameter

o

Ty ol dish i of are FF
=gl 1 a5 - I
Drolsle [+ o S0 o0
Tronbde wdichs 1 oandd

<l trle dish 1 s oo n
Prapsle (RN TR )]
17 ik eone 1o G100

102
8}
(33 w
al- ]
P —eemene
\
\
.
AN \
\ i
\
[ X Two Disks
fo
w073 B
8t . ‘ h
4-g_-0012i0—1 3
o \
6t \Three Disks 1
A(Disk #2 at 86cm)
j
4} ‘ B
¥
‘\H).")
d-d IO'ISTB—,
2+ © m
o4 ; \ . . \
o] 4 8 12 153 20 24

x{cm) (measured from first disk)

Fig. 9. Reduetion of iy into an ebjective apertire by twn-
and threealisk oeculting xystems platied a hunetion uof the
spacing  between the dishs, “he esperimental arrangement
wax the saine ax was tged in the n
with the first dish pl:
and the ather alishs pli

surements shiown in Fig, 6
el 76 e from the objeetive apertare
cil e toward the aperture.

coronagrapl and thus o reduetion in the stray light
in the coronagraph of approximately 2.6 X 10 L This
represents an improvement of approsimately a faetor of
153 above the performanee of the simple externally oe-
culted disk coronagrnph. Stwee this Fmplics that the
strag Uight in the complete coronagraph wodd e approri-
malely 8 X A0 Y al the mean solar dish, such a design
appears us il Tor o wide varichy of both satllite and
balloan-harne crperin nls,

We might =av a word coneerning the comparative
advantages and disadvantages of the fwo oceulting
sehemes  the multiple oceulting disk and the taothed
wheel, Pareell and Koomen bave obtained a reduetion
in the slhudow of o toothed-wheel oeculter illuminated
by o point sonree of approsimately a factor of nine over
the =imple di=k. This reduction compares favorably
with that prodnced by the multiple disk.  Our tests of
a toothed wheel with an extended souree subtending
A2 min of are prodhieed an improvement of only 2 factor
af two over the shmple disk s however, we attribute the
poor performanee of our toothed wheel to irregularitios
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Table [ll. Comparison of Balloon-Borne and Satellits Coronagraphs

[tem Balloon

Satellite

Liletime to meteorie exposure

Liletine to s-ray ol ultraviolet
aping

Estimzted obgerving period Nhe-2n

It recamting

Information vonient per fmage

foeations

o 1OF s
Photographic, recover
Mbintensity grades ove

HE o 1 see innormiad exposure
10 see during metear shower ™
Cirester than 108 sepe

Sdays - 260N HF e
Telemetry of seanmed inoge

AR S

LT D 1R bits por photagrph

Information rfe 2N 10 Bits per see assiuming o
1-miih exposure

Information eontent per flight N2 1 b
Number of images per flight LS e

“Time respiired te produee one ingge 10 see

20 Lits per see otal rate ol infor
mation processing of OX3-1+

246 N 10 hits

[N

SO S 10 e 2 hrs

in the stracture of the teeth, This ditference imme-
dintely points to a disadvantage of the taothed occalting
disk  theditlienlty in makinga toothed wheel aeeurately
cnough to realize the full capabilities of the apodized
ocenlting disk.  The relative ease of fabrieating ne-
carately machined disks of controlled diameter for a
multiple oveulting disk s, however, compensated by n
disadvantage of the multiple occeulting scheme  the
series of dizks must all be acearately aligned on the optic
axis of the system,

Comparison of Externally Occulted Coronagraphs
Carried in Balloons or Satellites

Sinee it is possible to constriet a coronagraph hiving
an instramental background only slightly different from
that encountered during total solar eelipse, it is wise 1o
compare the advantages and disadvantages of such
an instrument when carvied cither on o satellite oron a
balloon Clabile [, Sinee both deviees would be limited
by the level of internally seattered light, both ean be
expected to deteet the corona ont 1o approsimately
=ix xolar radii.

Perhiaps the most remarkable differenee between the
two systems s the dength of the observing periods.
Another important differenee exists in the iate at which
they gather images of the corona. Asscming that hoth
corotagraphs have an angular resolution of one minute
ol are, we tind that approsimately 2 X 10" image point=
exist in the Geld, 16 we e (o distinguish 50 intensity
grades at ench one of these loentions, sis bits per Joei-
tion 1.7 X 10° hits per complete inmege of the co-
rona are required. Althorgh the present satellites
=utfer from their low data handling capaeity 20 hits
poer secotd for ORO-1), hoth systems gather approsi-
mately the same number of images per fight, Clearly,
the second generation satellites, with their vastly in-
proved telemetry svstems, will be able to earry s
coronagraphowhich can produce images of the eorona
the same mte s the balloon-borne version. A1 the
present time, however, the two voronagraphs can per-
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farm two complimentary and  important Tunetions
The balloon-borne instrument, heing eapable of pro-
dueing fuirly rapid photographs Tor a relatively short
period, ean give information on the transient phenom-
ena: the satellite-borne instrument, on sceular changes,
Withont both types of information our knowledge of the
solr coronu will he severely limited.
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