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The design and optimization of the external occulter geometry is one of the most discussed topics among
solar coronagraph designers. To improve the performance of future coronagraphs and to stretch their
inner fields of view toward the solar limb, the new concept of coronagraphs in formation flight has been
introduced in the scientific debate. Solar coronagraphs in formation flight require several mechanical
and technological constraints to be met, mainly due to the large dimension of the occulter and to the
spacecraft’s reciprocal alignment. The occulter edge requires special attention to minimize diffraction
while being compatible with the handling and integrating of large delicate space components. Moreover,
it is practically impossible to set up a full-scale model for laboratory tests. This article describes the
design and laboratory tests on a demonstrator for a coronagraph to be operated in formation flight.
The demonstrator is based on the principle of the linear edge, thus the presented results cannot be
directly extrapolated to the case of the flying circular occulter. Nevertheless, we are able to confirm
the results of other authors investigating on smaller coronagraphs and provide further information
on the geometry and tolerances of the optimization system. The described work is one of the results
of the ESA STARTIGER program on formation flying coronagraphs [“The STARTIGER’s demonstrators:
toward a new generation of formation flying solar coronagraphs,” in 2010 International Conference on

Space Optics (ICSO) (2010), paper 39].
OCIS codes:  050.1940, 120.5820, 290.2648.

1. Introduction

The observation of the inner corona (below 1.3 solar
radii, being the solar radius, Ry equal to 7 x 108 m)
is the major challenge the next generation of
white-light coronagraphs is going to face. Indeed, the
contrast between the inner corona and the solar
photosphere (i.e., the visible-light solar disk) is typi-
cally ranging between 10~% and 10~8, making coronal
observation very difficult. The visible-light corona is
an optically thin medium, thus it is observable only
out of the solar disk limb by occulting the bright disk
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source with a suitable stop. On the basis of the
occultation concept, we can distinguish between in-
ternally and externally occulted coronagraphs. In in-
ternally occulted coronagraphs, the occulter is placed
on the focal plane of the primary objective, which is
hit by the direct solar disk light. These coronagraphs
are particularly suited for the observation of the so-
lar corona between 1.1 and 2 R,. The observation be-
low 1.1Rg down to the minimum distance achievable
from the solar disk limb is prevented by the over-
whelming level of stray light, which grows higher
and higher by observing closer to the limb. Classical
externally occulted coronagraphs are limited, too, in
observing the inner corona because of the stray-light
level behind the occulter and the very low resolution



due to the presence of the occulter in front of the
pupil (vignetting effect). By increasing the distance
between the occulter and the pupil, both effects are
reduced. The optimal conditions for the observation
of the inner corona occur during total solar eclipses;
in fact, the large distance between the telescope (on
Earth) and the occulter (the Moon) guarantees a very
low stray-light level and a minimum vignetting ac-
tion of the occulter over the pupil. However, eclipses
are too rare (only one or two per year) and too short in
time (only a few minutes) to allow intensive coronal
observations. A way of getting closer to total solar
eclipse conditions (thus to observe the inner corona
even below 1.1Rg at high resolution) is to enlarge
as much as possible the distance between the occul-
ter and the rest of the telescope. The ideal answer to
such a highly demanding request is to design, build,
and operate two spacecraft (S/C) flying in formation,
thus forming a giant solar coronagraph. New chal-
lenges are generated by the novelty of the formation
flying (FF) concept: by increasing the distance be-
tween the S/C, bigger occulters are needed, thus
causing difficulties in managing such large optical
elements in space. The most critical issue in the de-
sign of a white-light solar coronagraph is the reduc-
tion of the stray light due to the diffraction and
scattering of the solar disk light by the optics. The
main source of stray light is the occulting system that
must be optimized in order to maximize its efficiency.
As experimentally proven by Newkirk and Eddy [1]
during a balloon flight, not-optimized occulters fail in
fulfilling their goal, since the light diffracted by the
occulter edge and scattered by the telescope optics
constitutes a contribution of the same order of mag-
nitude of the coronal light. It has been demonstrated
by all successive missions (see Section 2 for an his-
toric list of the most successful ones) that an occulter
edge shape optimization may lower the level of
diffracted light by 2 or 3 orders of magnitude. By
combining the FF concept to a suitable optimization
of the occulter shape, we satisfy all the requirements
in order to maximize the stray-light reduction. In
this paper we describe our work on the optimization
of large external occulters for future FF corona-
graphs, both from logic-theoretical and experimental
points of view. Space-borne coronagraph history is
characterized by a long debate on the best optimizing
shape for the occulter edge, as described in Section 2.
The novelty of the FF coronagraph concept (i.e., the
coronagraph with the most Moon-like occulter ever
conceived, in terms of both occulter—pupil distance
and size) does not allow us to completely rely on
literature for a choice on the occulter optimization,
since all space-borne coronagraphs that are ac-
counted for are within 2m of length, and all dimen-
sions are scaled more or less accordingly. Therefore,
we performed a dedicated study. Although FF solar
coronagraphs are a relatively new argument, they
have already been discussed by the scientific commu-
nity, and some missions have been proposed. On this
basis, we adopted a practical approach, by focusing

on a particular mission in order to make our consid-
erations directly applicable to a concrete instrument.
As a baseline for our investigation, we considered
the observational requirements of the PROBA-3/
ASPIICS FF coronagraph [2]. Association de Satel-
lites Pour I'lmagerie et I'Interférométrie de la Cour-
onne Solaire (ASPIICS) is a visible-light, externally
occulted coronagraph conceived to perform both high
spatial resolution imaging and two-dimensional
spectrophotometry of the inner corona. It will be
implemented on the PROBA-3 mission [European
Space Agency (ESA)], which aims at validating de-
velopments in space. ASPIICS is distributed on the
two PROBA-3 S/C, separated by 150 m. The entrance
aperture of the telescope is protected from direct
solar disk light by an occulting disk of 1.5m in
diameter. This geometry guarantees an inner field
of view of 1.015 R, (i.e., ~14 arcsec overoccultation
of the solar disk). The optical design of ASPIICS is
adapted from the general principles of a classical ex-
ternally occulted Lyot coronagraph [3]. Section 2 is
dedicated to the comparison among pros and cons
of the optimization systems that can be found in lit-
erature, by considering their performances in stray-
light reduction and the issues connected with their
possible implementation in the FF mission under
study. Sections 3 and 4 are dedicated to the measure-
ments we performed at the Laboratoire d’Astro-
physique de Marseille (LAM) to determine occulter
optimization performance and manufacturing toler-
ances. The work described in this paper has been
performed in 2010 in the framework of the ESA
STARTIGER program supporting the development
of future FF solar coronagraphs. The scientific
and technical goals of our STARTIGER project are
detailed in [4].

2. Literature Heritage and FF Coronagraph
Requirements

One of the pioneering papers that faced the occulter
optimization issue was by Newkirk and Bohlin [5];
they called the optimization “apodization,” while ad-
mitting that the phrasing is not entirely appropriate
for this kind of optical issue. From their paper: “Dif-
fraction from the external occulting disk is the main
source of this stray light. The light diffracted into
the objective may be reduced by removing the occult-
ing disk to a great distance, as is the moon at total
eclipse, or by ‘apodizing’ or ‘softening’ the edge of
the disk. (Although ‘apodization’ commonly refers
to the alteration of the Fraunhofer diffraction pat-
tern of an objective lens by means of a radially
graded filter, it is here used to describe the modifica-
tion of the Fresnel diffraction by an opaque disk.) The
serrated occulting disk developed by our colleagues
at the Naval Research Laboratory is one form of
apodization.”

Since then, many papers have described opti-
mization systems and analyzed them both from the-
oretical and experimental points of view. The three
most discussed and used systems are toothed disks,
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triple disks (in general multiple disks), and a multi-
threaded or polished frustum of a right cone (or
barrel).

There are five milestone papers on the analysis of
the optimization techniques; in chronological order,
the main authors are Newkirk [6], Fort [7], Lenskii
[8], Koutchmy [9], and Bout [10]. The only system
theoretically fully analyzed is the toothed disk [8],
while the triple disk and the multithread solution
are only qualitatively explained and experimentally
tested. In particular, Koutchmy and Bout reported
experimental and theoretical (where possible) com-
parisons among the different optimization systems.

A. Toothed Disk

This method was first proposed by Purcell and
Koomen in 1962 [11], and consists of a single disk
with a serrated edge. The case has been theoretically
analyzed by Lenskii [8], and experimentally tested
by Fort et al. [7] and Koutchmy [9]. A series of very
tiny and sharp teeth was designed to spread dif-
fracted light along the edge of the shadow of the disk
itself, in order to escape the pupil. It is the only solu-
tion that allows limiting the optimization shape to
the plane of the occulter itself, but it is not easily
achievable. The main challenge is to manufacture
very sharp teeth, which have to be kept very clean.
Every single particle that settles on the teeth or in
the thin hollow between two successive teeth can
scatter light and become a dominant stray-light
source; anyway, scattering due to dust settling be-
tween two successive teeth can be limited by coupling
two disks dephased by half a tooth. Dust is not a ma-
jor challenge for multiple disks (Subsection 2.B) and
optimizing shapes (Subsection 2.C), because they are
designed to block light scattered by dust directly
exposed to the solar disk. The toothed disk solution
has been adopted by several space-borne corona-
graphic missions:

e 1963, a NRL team, led by Tousey, obtained the
first image of the extended corona with a rocket
flight [12];

e 1968-1970, Dollfus flew a coronagraph on a
balloon [13];

e 1993-1998, the SPARTAN 201 mission flew an
externally occulted coronagraph/spectrometer with a
toothed linear occulter to obtain the first UV obser-
vation of the extended solar corona [14]; and

e  1995-present, SOHO-Ultraviolet Coronagraph
Spectrometer uses the same design concept as the
SPARTAN 201 instrument [15,16].

B. Multiple Disks

This system was first proposed and tested by
Newkirk and Bohlin in 1963 [6]. A second disk, in the
shadow of the first, with respect to the solar disk,
blocks the radiation diffracted by the first disk edge
and limits the scattering from eventual dust on the
first disk; a third disk, in the shadow of the second
one, blocks the diffraction produced by the second disk
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edge, and so on. Actually, all flown coronagraphs
using this solution mounted a three-disk system.
Figure 1 describes the concept for a multiple-disk sys-
tem, by designing just two disks; [ is the disk interdis-
tance and z the distance between the external occulter
and the entrance pupil of the coronagraph. To add
more disks between the two drawn in Fig. 1, it is en-
ough to apply the very same principle. If ro_; < rrov
(and the same inequality holds also for successive
disks, ifany), then the multiple-disk system has a bar-
rel profile, while, if r,_; = rpoy, then the profile is
conic. The conic occulter described in Subsection 2.C
is designed following this principle. Lenskii [8] per-
formed a theoretical analysis of the stray-light level
behind a two-disk system, and extended the result
to infer an estimate of the stray-light level behind a
three-disk system, but without a proper theoretical
analysis. This system has been employed by

e 1965, the balloon-borne Coronascope II of
Newkirk and Bohlin [5];

e 1971-1974, the white-light coronagraph in
0SO-7 [17];

e 1995-—present, LASCO-C3 aboard SOHO [18],
that is producing visible-light images of the extended
solar corona up to 30 Rg,

e 2006—present, Cor2 coronagraph and Helio-
spheric Imager (which uses straight-edge multiple
occulters) of the STEREO/SECCHI mission [19]; and

e 2009, HERSCHEL/SCORE [20,21] and
HERSCHEL/HeCor [22] coronagraphs, the first
two coronagraphs that observed the extended corona
in the Hell 30.4 nm line.

Laboratory tests for the GOES-R coronagraph oc-
culter, conducted for a multiple-disk system, demon-
strated that, for compact coronagraphs, the barrel
profile is preferable to the cone one [23].

C. Cone or Barrel

The multithreaded cone or barrel is the logical exten-
sion of the three-disk system; it is basically an im-
provement of the number of disks, each one in the
shadow of the previous, and each one blocking the
light diffracted by the previous disk edge. The idea
was proposed by Newkirk and Bohlin, but they did
not consider this solution very reliable, because of
the “inevitable irregularities in the disk” that “throw

Fig. 1. Concept for the first two disks of a multiple-disk
system. The principle is easily repeatable for any other disk
that may be inserted between those two. In our case, z = 150 m,
reov = 1.015 Ro.



spurious radiation into the objective aperture”
[6]. This result was overturned by Koutchmy
and Belmahdi in experimental tests in 1987 [24].
LASCO-C2 aboard SOHO [18] is using this solution
with excellent results. By increasing the number of
disks to infinity, we get a polished cone or barrel,
which has been compared with the multithread
solution only by Bout et al. [10]: their result, while
confirming Koutchmy and Belmahdi’s conclusion,
emphasized a substantial equivalence between mul-
tithreaded and polished surfaces in stray-light re-
duction performance, thus suggesting the adoption
of polished surfaces, these being easier to manufac-
ture and handle than multithreaded ones.

D. Trade-Off Solutions for the ASPIICS Case

Since the main objective of the coronagraph is to
fulfill an observation of the solar corona as close as
possible to the limb, a priori we tend to exclude op-
timization systems that increase the inner field of
view (FOV). The toothed disk is an example. In fact,
while for a multiple-disk system (see Fig. 1) the op-
timization geometry does not affect the FOV, the
teeth of a serrated edge do increase the inner FOV.
The toothed disk must be thought of as the baseline
sharp disk of 1.5 m diameter plus the thickness of the
teeth. By using formula (12) from Lenskii’s paper [8],
we estimated the diffracted flux on axis behind a
toothed disk, normalized to the diffracted flux behind
the nominal simple disk for our reference FF corona-
graph. Figure 2 shows the result as a function of
the number of teeth, for three different tooth peak-
to-valley heights (d in Fig. 2). Even in the case of d =
5mm (which fixes the inner FOV at 1.022 R), to ob-
tain a decrease in diffracted light comparable to the 2
or 3 orders of magnitude that are typical for other

kinds of optimization, we should manufacture more
than 1x10° teeth along the disk circumference.
Such a high number corresponds to a peak-to-peak
distance of 24 ym, which is really challenging to ma-
chine. Other requirements that have to be matched
are the handling and manufacturing for such a huge
occulter. Alignment issues must be taken into
account, and even pointing stability must be consid-
ered. These constraints suggest avoiding long occult-
ing systems, such as the multiple disks, but also a
cone would have to be short, i.e., ~10-15 cm at most.
We are thus forced to discard a multiple-disk system.

To support this choice, we performed a simple
simulation, comparing together the performance of
different instruments with a two-disk occulter, as a
function of the distance between the disks. Figure 3
(top) shows the result. The y axis of the plot repre-
sents the ratio I,/1,, where I, is the normalized dif-
fracted flux on axis on the entrance pupil plane
behind a two-disk system, and I; is the same quan-
tity for a single disk. Both values are calculated with
the whole solar disk as a source and are given by
formulas (8) and (6), respectively, from the Lenskii
paper [8].

Three instruments are compared: STEREO-
SECCHI/Cor2, HERSCHEL/SCORE, and the 150 m
baseline distance FF coronagraph. The x axis is dif-
ferent for each instrument, since they have different
dimensions.

It is evident from Fig. 3 (top) that the stray-light
reduction due to a two-disk system is improved by
increasing the distance between the disks. On the
other hand, moving the second disk far from the first
one implies an approach to the entrance aperture
plane and, thus, a reduction in the instrument col-
lecting area. In the limit of a second disk on the plane
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of the entrance aperture, we would get a removal
of the stray light, as well as of the coronal signal.
A trade-off must be found.

A comparison between the diffraction level and a
predefined threshold may not be an appropriate
method, since the instruments have different FOVs:
in general, at fixed geometry, the observation at high-
er minimum FOV induces a lower level of stray light
behind the disks, as confirmed by Fig. 3 (top). This
is due to a fainter source (obtained by observing
farther from the solar disk limb) diffracted by the

occulter edge.
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A reasonable way of judging the effectiveness of a
second disk is to compute the derivative of the ratio
I,/1,, which is shown in Fig. 3 (bottom).

Neither the Cor2 nor the SCORE disk interdis-
tance was chosen by using these simulations; never-
theless, this plot is evidence to support the goodness
of those choices. The interdistance of two disks is
25 cm for SCORE and 5 cm for Cor2. Both disk inter-
distances correspond to derivative values in the
range (-3 x 104 + 107*), which can be seen as the
range where the ratio slope starts smoothing, i.e.,
the effectiveness of a second disk starts to be less



advantageous. Moving disks farther beyond that in-
terdistance would not bring the same improvement
in stray-light reduction as for shorter interdistances.
If we imagine applying the same principle to the cor-
onagraph in FF, we would need an impracticable se-
paration between the two disks of at least 12.5m.

As a rule of thumb, the conic occulter should also
keep the same dimensions as the multiple-disk sys-
tem, since they share the same design principle (see
Fig. 1). But a conic occulter has never been simu-
lated, so the previous statement cannot be con-
firmed. Moreover, if we consider a conic surface (or
barrel) and not a multithread with a conic profile
(or barrel), the material, the machining, and the sur-
face finish can all affect the performance: laboratory
tests are needed to assess these unexplored aspects.

Since polished or electro-eroded cones (or barrels)
are more easily machined and less expensive than
multithreaded ones while offering comparable per-
formance [10], we decided to concentrate on the
former ones, leaving to future analyses a comprehen-
sive evaluation.

Figure 4 shows that, if we draw a barrel following
the same principle that we use for a multiple-disk
system (see Fig. 1), then, over a length of 15 cm, we
get R, — Ry ~ 4 ym, which means that the cone or bar-
rel has the same shape within the manufacturing
tolerances. However, it is possible to investigate com-
pact barrels with different design principles (see
Subsection 4.D).

3. Laboratory Setup

A test setup has been assembled at the LAM, inside
a Class 100 clean room, using the solar simulator
implemented for the tests of the LASCO-C2 corona-
graph [10]. Since it is practically impossible to realize
a full-scale model of the 150 m baseline FF corona-
graph, we designed a setup that is able to measure
the stray light behind a section of the whole occulter.
The section of such a large occulter (1.5 m diameter)
can be well approximated by a small straight-
edge piece.

We therefore measured the diffraction pattern be-
hind a linear occulter and not behind a disk; thus, it
is not possible to directly extrapolate our present re-
sults to the actual coronagraph. Nevertheless, it is
possible to perform a relative analysis, by comparing
stray-light reduction performance of linear occulters.

Cone Barrel

1.004R ¢

1.015Re 1.015Re

Rp

15 cm 15 cm
Fig. 4. Cone geometry compared to barrel: if we follow the same
principle in designing the two optimizations (see Figure 1), given
the flight geometry, differences are negligible (R, — Ry ~ 4 um).

Occulter Pupil

\ ‘ Flight configuration: 150 m ‘

Occulter

Lab configuration: 80 cm

(%_8 ;nr_n_ P
.|4.3 mm

Fig. 5. Comparison between flight (up) and laboratory (down)
configurations. The critical edge is defined by the ray coming from
the solar limb.

The light diffracted from a knife edge, being
easily computable even for an extended source (see
Subsection 4.A), is the reference for all the sets of
measurements.

It is reasonable to measure the stray-light pattern
behind the occulter in the same solid angle defined
by the space real-model geometry. Figure 5 shows
a comparison between laboratory and flight geome-
tries. The stray light we are interested in is the por-
tion of all the light scattered by the occulter edge that
is collected by the telescope entrance pupil. So we
measured the stray-light pattern in the solid angle
Q subtended by the pupil as seen by the occulter edge
(Fig. 5, top). This created some challenging issues in
the laboratory configuration, since we had to mea-
sure the stray-light pattern very near to the solar
disk critical edge (Fig. 5, bottom), which is defined
by the ray coming from the solar limb, grazing the
occulter edge.

A sketch of the measurement setup is represented
in Fig. 6. A complete overview of the setup concept
is shown in Fig. 6(a): the source is a collimator that
simulates the angular dimension of the real solar
disk. Light from the source enters the Class 100
clean room through an aperture. In the clean room,
the stray-light measurement setup is assembled.

Clean room

Sun simulator

solar Light trap
simulator
exit aperture

e
. Colllmated beam_ __ -
¢ >

N

r from AB |' == l\‘ #
Linear i
with

Detector
2m 10m Occulterv Linear pin-hole
(Sun simulator Occulter

tunnel)

80 cm

(a) (b)

Fig. 6. Not to scale sketch of the measurement setup. (a) Over-
view of the complete setup, divided into two separated rooms, com-
municating only by the exit aperture of the source. (b) Particular of
the optics setup for stray-light measurement behind the occulter.
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SIDE VIEW source exit aperture TOP VIEW
Light 4
Detector _{raP
-

@ )

Fig. 7. (a) Overview of the whole optical setup. (b) Particular of
the optical setup showing the occulter assembly, as seen from the
top of the optical bench: the tilt of the tilting platform is empha-
sized by an arched white arrow.

The detector is a photodiode mounted on a transla-
tion stage. In front of the photodiode is mounted a
baffle, accommodating a 0.45mm pinhole, to allow
a high spatial resolution sampling. A light trap is
placed very near to the detector to prevent direct “so-
lar” disk light from illuminating the room. Stray-
light measurements are performed behind the linear
occulter along a direction perpendicular to the oc-
culter edge. All measurements are relative to the
source unobstructed flux (i.e., without the occulter
mounted). A complete overview of the optical setup
is shown in Fig. 7(a).

To achieve the conic angle of the optimized linear
occulter, we used a metal plate mounted on a preci-
sion steel tilting platform. This also allowed us to de-
fine the tolerance we can afford in manufacturing the
conic optimization shape, by repeating the stray-
light measurement behind the occulter for several
conic angles (i.e., several tilting platform tilts, as
described in Subsection 4.C.4). Figure 7(b) shows
the tilting platform together with the whole linear
occulter assembly, as seen from the top of the optical
bench.

4. Measurements

A. Knife Edge: Theory

The diffraction pattern behind a linear occulter is
relatively easy to compute, even considering an ex-
tended source like the solar disk.

Using the Huygens—Fresnel theory [25], the nor-
malized diffracted light intensity pattern behind a
perfect and infinite knife edge for a point source at
infinity is given by

I(x,2) = %{ E 4 C(a)r + E+S(a)]2}, (1)

where / is the wavelength, x is the coordinate on the
image plane along the direction perpendicular to the

occulter edge, a =x+/2/(AL), with L distance be-
tween the occulter and the image plane, i is the ima-
ginary unit, and C(«), S(a) are the Fresnel integrals.
By integrating Eq. (1) over the solar disk, after some
brief analytical calculations, we get

Ro+x

Iste ) = g [ Blagidss{ (3 Cla) )

(Lstan)’) "

is the coordinate along the solar
2/(AL)(x - xs), and B(xg) =

\/R% — (xs —x)?. Figure 8 compares the diffraction

where xg

disk radius, ag=

given by Egs. (1) and (2) at a fixed wavelength of
500 nm. The 0 of the x axis corresponds to the point
where the line defined by the center of the Sun and
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Normalized diffraction
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104 = Umbra/Penumbra
boundary :
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Fig. 8. Theoretical diffraction at a fixed wavelength (500 nm) behind a knife edge in case of point source at infinity (dashed curve) and

extended source (solid curve).
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the center of the occulter edge intersects the image
plane. It can be interesting to note that we can easily
recognize the penumbra and umbra (i.e., diffraction)
zones in the curves. The inflection point on the des-
cent defines the border between umbra and penum-
bra; in fact, in correspondence of that point, the light
abruptly changes its decreasing slope.

Actually, for rigor’s sake, we must consider that
the photodiode integrates the signal on its wave-
length range of responsivity, so, to get a proper simu-
lated signal, we shall average over the wavelength,
including the wavelength dependence of each optical
element that the radiation goes through. We call
T(1) = R(1) - W(4) -T'(2) the total efficiency of the op-
tical system as a function of the wavelength. R(1) is
the responsivity of the photodiode, I'(1) is the spec-
tral distribution emitted by the halogen lamp that
is the source of the solar simulator, and W(4) is the
transmittance of the two Wratten 80 A filters used to
change the color temperature of the radiation; we
consider the transmission of the collimator as a con-
stant over the wavelength. With these assumptions,
Eq. (2) becomes

e
[ #Slaslas.ad)| | TOBGs)dxsdl (3

In the simulation we included the nominal curves
for the spectral distribution of the lamp, the
transmittance of the Wratten 80A filters, and the
responsivity of the photodiode. Taking into account

2

the uncertainty provided by the manufacturers, we
computed a tolerance of +20% on simulated data.
Figure 9 shows the simulation as a range that takes
into account the uncertainty.

B. Knife Edge: Measurement

With the setup described in Section 3, we performed
a measurement to check the agreement of the mea-
sured diffraction pattern behind the knife edge and
the signal foreseen by Eq. (3). Figure 9 shows a very
good agreement between theory and measurements,
thus confirming the reliability of the experimental
setup. In particular, we may notice that, in the pe-
numbra range, the simulation path is perfectly sym-
metrical with respect to data values, while, in the
diffraction range, the simulation slightly underesti-
mates the measures. This effect can be interpreted
as a contribution given by some stray-light sources
still present in the measurement environment: since
data still fit the uncertainty-weighted simulation
range, we assume this stray-light contribution to be
negligible. The measurement of diffracted light be-
hind a knife edge is a major step in our analysis,
since it validates the experimental setup and allow
us to use the nominal values of the simulation as a
reference for all the successive tests.

C. Cone

With the setup described in Section 3, various conic
configurations have been applied to the linear occul-
ter. Even though we dealt with a tilted metal plate,
we interpret it as a portion of a much bigger flight
occulter; thus, in the following, we will always refer
to it as a cone. To understand how longitudinal
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Fig. 9. Measurements of diffracted light behind a knife-edge occulter (black curve) compared to the simulation (gray pattern: the un-
certainties provided by the manufacturers are included). A mean behavior of the simulation will be shown as a reference in all successive

plots.
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dimension, materials, surface polishing, scratches,
and assembly errors affect the stray-light reduction
performance of the optimized occulter, we performed
several indicative tests, for each of which a different
occulter was designed and manufactured.

Al: aluminum, 10cm long, surface roughness
o = 0.4 ym, which is compared with all the other cone
models.

A2: aluminum, 15cm long, ¢ = 0.4 ym, to investi-
gate how length affects performance.

11: Invar, 10 cm long, 6 = 0.4 um, to compare differ-
ent materials’ performance.

A3: aluminum, 10cm long, ¢ = 0.4 um, separated
in two equal parts, ASG and A3D, to test if there
are differences in stray-light reduction performance
between an occulter manufactured as one piece and
an assembled one.

A4: aluminum, 10cm long, ¢ = 6.4um, to check
whether a different surface finishing affects occulter
performance.

Ab: a spare of Al, surface scratched at a depth of
20 um, to check at which level scratches start to affect
occulter performance.

A6: a spare of Al, surface scratched at a depth of
200 ym, with the same objective as A5.

Laboratory tests reveal that there is no difference
in stray-light reduction among Al, I1, and A4. It is
not necessary to show such measurements, since the
curves are overlapped within the errors. This sug-
gests that neither cone material nor its mechanical
surface finishing affect stray-light reduction perfor-
mance (see also Subsection 4.C.3). In any case, Fig. 10
reveals that the conic optimization does indeed
improve stray-light performances with respect to
the simple knife edge.

1. Length

From Fig. 10 we may also conclude that an increase in
the occulter longitudinal length (i.e., along the optical
axis) improves the performance, as is evident from
the comparison between Al and A2. This was some-
how expected, as the ideal conic optimization for the
occulting disk should be much longer than 15cm,
according to the design principle exposed in
Subsection 2.B and to the comment in Subsection 2.D.

2. Bad Assembly

If the flight occulter will be made of smaller compo-
nents, assembly errors may occur. To infer how much
assembly errors may affect the optimization perfor-
mance, tests were made by bad assembly of A3G
and A3D on purpose. We define “radial” assembly
error as a misalignment along the ideal radius of
the flight occulter, i.e., perpendicular to the conic
surface. We define “longitudinal” assembly error as
a misalignment perpendicular to the previous one,
i.e., parallel to the conic surface. We applied a long-
itudinal misalignment of 1.5 mm and a radial misa-
lignment of 0.5mm. Figure 11 shows that if the
assembly error is radial, we completely jeopardize
the optimization effect, while if it is longitudinal,
we have no significant impact on the stray-light
reduction performance.

3. Scratches

Figure 12 describes how scratches influence the per-
formance of the optimized occulter. Scratches were
realized by means of a drill, with a depth of 20 um
on A5 and 200 ym on A6. This result allows us to
establish that scratches at least 20 yum deep do not
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Fig. 10. Comparison among Al, A2, and the knife-edge reference (see Fig. 9 caption).
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errors are practically ineffective.

affect stray-light reduction performance of the
optimized occulter surface.

4. Cone Angle

Figure 13 shows how the cone angle influences
stray-light reduction performance. Strangely en-
ough, it seems that we can manufacture a cone with
an angle increase within 2 arcmin from the nominal
34.05 arcmin (defined according to the nominal FOV
of the instrument and to the principle of Fig. 1).

To simulate different cone angles with our linear

In the case of an assembled cone, radial assembly errors deeply affect optimization performance, while longitudinal assembly

optimizing plate, we performed several measures
by changing the angle defined by the tilting plat-
form on which the linear occulter was mounted
[see Fig. 7(b)]. We obtained a deviation from the nom-
inal behavior (case of Al in Fig. 10), only beyond
36 arcmin. This result may sound queer since a pure
geometric discussion would lead to the conclusion
that, by changing the cone angle from the nominal
value, we would completely compromise the drawing
principle, and thus the performance that it may
provide. It may be an interesting result also for types
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Fig. 12. Comparison among two types of Als with scratched surfaces and Al (with no scratches).
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of coronagraphs other than FF ones, for example,
standard coronagraphs that are designed to observe
the solar corona at different distances from the Sun,
such as those aboard Solar Probe [26] or Solar
Orbiter [27]. A unique geometry could guarantee
good stray-light reduction performance at different
distances from the Sun (i.e., at different instrumen-
tal FOV).

D. Toroidal Occulters

In Subsection 2.D, we noticed that, due to the geome-
try of FF coronagraphs, when designing a barrel with
the principle of Fig. 1, we cannot deviate appreciably
from a cone. In any case, we can change arbitrarily

Fig. 14. Clockwise, from the top left: 3D CAD model showing the
1 cm radius occulter mounted in the setup; sketch showing a sec-
tion of the toroidal occulter, in order to define the curvature radius
R; picture of the three manufactured toroidal occulters.
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the barrel designing principle, and compare its per-
formance with the conic occulter. We designed three
different linear occulters with a cylinderlike geome-
try, that, if extended on the FF external occulter
profile, gives rise to toroidal shapes. These occulters
differ in the radius of curvature. To investigate the
widest possible field of geometries, we chose to adopt
lcm, 10cm, and 1m as radii. Figure 14 shows the
three manufactured occulters, together with a three-
dimensional (3D) CAD model of the 1cm occulter
mounted in the setup and a sketch showing the
curvature radius definition. All the three toroidal oc-
culters were made of aluminum by electro-erosion.
Figure 15 shows the performance of the three toroi-
dal occulters compared with Al. The 1 cm toroidal oc-
culter is the worst of the three, and performances
increase by flattening the surface. The 100 cm radius
occulter, which is in fact almost flat, has a behavior
comparable with the conic occulter. On the other
hand, sensitivity to occulter tilt is negligible for the
1 cm toroid, and is the same as A1l for the 100 cm one.

5. Conclusions

In the framework of the ESA STARTIGER program
for coronagraphs in FF, a trade-off study was per-
formed for the optimization of the 1.5m diameter
external occulter of a 150 m baseline distance FF cor-
onagraph (such as ASPIICS). The analysis was both
qualitative (based upon theoretical and laboratory
descriptions in literature) and quantitative. In fact,
several sets of measurements were performed at
the LAM (France), with a setup mounted in a Class
100 clean room and using a solar simulator source.
Since it is impossible to replicate in the laboratory
the flight configuration, the measurements were
performed on linear occulters, thought of as small
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portions of the big circular occulter. Therefore, it is
not possible to directly extrapolate our present re-
sults to the actual coronagraph, even though the ob-
tained results provide important information on the
best type of optimization and on the manufacturing
tolerances. An improvement of the described work is
currently ongoing, to confirm that scaled models of
the big occulter give the same information as the lin-
ear occulters. The results of the current project will
be the subject of a forthcoming publication.

All our results are relative to the unobstructed
flux and to the knife-edge stray-light reduction
performance.

Figure 16 effectively summarizes the main result
we obtained, by representing the ratios of each opti-
mized solution performance and the knife-edge refer-
ence. Within the limitations due to the use of linear
occulters in place of actual disks, our analysis con-
firms that an optimization improves the stray-light
reduction performance of a knife edge. If we think
of the straight edge as a portion of a large circular
occulter, we may infer that an optimized shape
improves the simple disk performance, even in the
case of a huge occulter and for very compact shapes
along the optical axis.

Optimization/knife—edge stray light ratio

\T ICZC//.US

1.2 1.4

1.6 1.8 2.0

Fig. 16.

Heliocentric height (solar radii)

Ratios among optimized solutions’ performance and knife-edge reference.
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A conic shape is the best solution, and performance
improves by increasing the length of the cone axis.
The optimization is not deeply affected by the choice
of the material and the surface finishing: even
scratches (up to 20 um of depth) do not change the
optimized occulter performance. Our analysis shows
also that such a system is relatively insensitive to tilt
(within 2 arcmin) and scratches (at least 20 yum deep)
on the conic surface. We tested also some toroidal
apodizations, which are less efficient than the conic
ones.

This work was supported by European Space
Agency (ESA) funding in the framework of the
STARTIGER program dedicated to formation flight
missions. Invaluable contributions were given by
Guglielmo Rossi on technical drawings, Jose Garcia
on mechanical machining, and Giuseppe Massone on
both.
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