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Chapter 1
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A solar coronagraph enables study of the Sun’s tenuous outer atmosphere—the
corona—by occulting the brilliant solar disk. We describe scientific objectives of
solar coronagraphy; measurement requirements that follow from those objectives;
instrument design principles to effectuate the required measurements; and some
aspects of the practical implementation of these principles in space- and ground-
based instruments.

1. Scientific Objectives

The gross internal structure of a star like the Sun is relatively well understood and
confirmed by helioseismic measurements.! The largest gap in our understanding is
the time-dependent interaction of convection with magnetic fields, which in the Sun
gives rise to a quasi-periodic dynamo, magnetic concentrations such as sunspots,
active regions, and network fields, and a large-scale magnetic field extending above
the visible-light surface (the photosphere) into the heliosphere. Equilibrium thermo-
dynamics suggests that the temperature of the solar plasma should decrease mono-
tonically from the core (~15 MK) outward, as indeed it does—until just above the
photosphere, where the average temperature increases outward in less than 10% km
from a minimum of about 4300 K to over 1 MK in the corona. It is widely agreed
that the magnetic field plays an essential role in creating the corona, but the mech-
anisms by which this is achieved remain the subject of research.?

The observed corona is highly structured and dynamic, again because of the
Sun’s magnetic field.? Characteristic structures seen repeatedly in coronal images
have acquired descriptive names, such as “loop”, “streamer”, “plume” or “jet.”*
It is difficult to measure the coronal magnetic field directly.>® However, the gas
and the magnetic field are tied together because of the high electrical conductiv-
ity of coronal plasma, and luminous coronal features indicate the direction of the
field projected onto the plane of the sky. Figure 1 shows the inner corona as seen
in broadband visible light during a total eclipse;” the plasma is made visible by
Thomson scattering of photospheric light off free electrons.® Figure 2 is a different
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Fig. 1. Negative composite image of the
white-light corona during the total solar
eclipse of 11 July 2010.7 The coronal im-
age has been enhanced with specially tailored
unsharp masking; the lunar image is super-
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Fig. 2. Composite false-color image from the
eclipse of 11 July 2010.7 Redder regions are
hotter (dominated by Fe XIV emission at
530.3 nm) than green regions (dominated by
Fe X emission at 637.4 nm).
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imposed.

view during the same eclipse afforded by visible-light forbidden emission lines of iron
that differentiate regions by temperature.” The inner corona (out to 1.5-2.5 Rg) is
often visualized in the light of one or more ultraviolet or extreme ultraviolet (EUV)
allowed emission lines, as in Fig. 3; an occulter is not needed because the radiance
from the solar disk is not much different from the radiance above the limb. EUV
emission is typically too faint to be detected at larger radii, where a “white light”
(Thomson scattering) coronagraph is still effective (Fig. 4).

Coronagraphy is an important tool for investigating all the major scientific ques-
tions concerning the solar corona, including:

PROBA2/SWAP 17.4nm 2011-MAR-11

Fig. 4. Composite image of a coronal mass ejec-
tion.1% Solar disk: AIA EUV imager on the SDO
spacecraft. Red annular image: LASCO C2 coro-
nagraph on the SOHO spacecraft. Blue image:
LASCO C3 coronagraph. The boom holding the
external C3 occulter is visible on the left.

Fig. 3. EUV image of the corona ob-
tained by the SWAP camera on the
PROBA-2 spacecraft.” The narrow
bandpass is dominated by emission
from Fe IX-XI.
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e How is the gas heated? How does it cool?

e How does mass enter? How does it leave? From what kinds of regions does the
solar wind!! emanate?

e What causes solar flares!? and coronal mass ejections?!3

e How are different types of coronal structures created and destroyed, and what
are the spatial and temporal scales most important to their evolution? How
do structures composed primarily of neutral matter persist in the million-degree
corona, sometimes for weeks?

o How does magnetic reconnection'* operate in the corona? How does turbulence
operate?

e How do mass ejections evolve as they propagate outward, creating “space
weather”'® in the heliosphere and at Earth?

2. Scope

For the purposes of this review, a coronagraph is an imager that is required to
block (occult) light from the solar photosphere because the photosphere is much
brighter than the corona in the imaging bandpass. White light coronagraphs® will
be emphasized because they are the most widely used and exemplify the key design
challenges and approaches. Heliospheric imagers are specialized wide-angle corona-
graphs designed to image the heliosphere from > 10 Ry to the Earth (215 Ry);'6
they have much in common with conventional coronagraphs but pose particular
design challenges not addressed here. We cite specific coronagraphs to illustrate
design principles but do not attempt a census of existing instruments.

A non-solar coronagraph can resemble a solar coronagraph but may also be
quite different.®? The bright source to be occulted by a “stellar” coronagraph may
often be treated as a point source, and the object or objects to be studied—e.g.,
exoplanets—may be at known locations or in preferred radial or angular zones, facts
that can be exploited by tailored apodization of the coronagraph entrance pupil.
By contrast, a solar coronagraph must occult an extended source, and the objects
of study are typically widely distributed in radius and position angle with respect
to the center of the Sun.

Stray light in an imaging system is, broadly, light that reaches the focal plane
by other than idealized ray paths such as those of geometrical optics. Under that
definition, diffraction, unwanted specular reflection, and scattering (transmissive
or reflective) are sources of stray light. Diffraction is always important in a coro-
nagraph and will be considered below. Non-diffractive stray light is usually just
as important but is less amenable to systematic treatment because the means to
suppress it are highly dependent on the particulars of the coronagraph and its en-
vironment. Reference 17 is a general treatment of stray light analysis and control.

a“White light” refers to the wavelength-independent cross section for Thomson scattering. The
coronagraph bandpass may be wide or narrow.
bSee Volume 3, Chapters 18-20.
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The focal-plane sensor, post-sensor electronics, and data processing are essential
components of a coronagraph system. We consider the sensor with respect to signal
and noise, but little else about the post-focus chain can be generalized.

We are not aware of a recent general review of solar coronagraphs. An older sur-
vey may be found in the monograph by Billings.® Reference 18 is a lucid explication
of optical design principles for an externally and internally occulted coronagraph.

3. Measurement Requirements

3.1. Signal and Backgrounds

------------------- Pure Daytime Sky
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Fig. 5. Radiance of various components of the solar corona in units of the mean radiance of the
solar disk (Bg) in the bandpass 400-600 nm.'® Also shown are the typical radiance of the sky
near the Sun at a very high-quality ground-based observing site outside eclipse and during total
eclipse.19-20

Traditional nomenclature distinguishes between the K- (Kontinuierlich) corona,
the F- (Fraunhofer) corona, and the E- (Emission) corona.?! The K- and E- com-
ponents arise from coronal plasma and correspond to the electron scattering and
atomic emission mechanisms discussed above. The F-corona, also known as zodi-
acal light, corresponds to scattering of photospheric light off interplanetary dust

SolarCoronagraph’v5'submit'dnb’dmr
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concentrated near the ecliptic plane.?? For a solar coronagraph, the F-corona is
background rather than signal.

Because the K-corona has the same spectral distribution as the photosphere®, its
signal can be expressed relative to the mean radiance of the solar disk (Bg) without
specifying the band pass. This is approximately true of the F-corona in the visible
region of the spectrum although not in the thermal infrared, where zodiacal dust
is a source of emission. Figure 5 shows radiances in the bandpass 400-600 nm for
the K-corona (at the solar equator or in a coronal hole) and the F-corona (in the
ecliptic plane or at the ecliptic pole).?? Because the complex structures evident in
Figs. 1-4 change over hours and days as well as systematically through the course of
a solar activity cycle, the curves in Fig. 5 should be regarded more as approximate
boundaries than as radiances typical of a particular solar latitude. Also shown in
Fig. 5 is a curve representing the typical radiance of a coronal mass ejection.!® The
radiance of CMEs varies widely; the curve mainly serves to emphasize that, for
transient features, the signal to be measured is often only a small fraction of the
local quasi-steady K-coronal radiance, which is in turn dominated by background
light for R 2 2.5 Rg.

In the visible region, the E-corona is observed through narrow filters, each cen-
tered on a wavelength dominated by a single emission line (Fig. 2); otherwise the
signal is overwhelmed by the broad-band K+F corona. In the EUV, the continuum
background is much weaker, but a bandpass filter (typically a multilayer coating on
a mirror) is still necessary to restrict the signal to a few dominant emission lines
(Fig. 3); otherwise it is difficult to relate the signal to the temperature structure of
the gas.

3.2. Polarization
3.2.1. Sources of Polarization

Linear polarization is an important physical diagnostic and instrument design tool
throughout the corona. Both circular and linear polarization can be used to infer the
strength and direction of the magnetic field in the inner corona (R < 2 Rg), but the
measurements are challenging and require a large-aperture (> 1 m) telescope.?4 26
Although direct photospheric light averaged over the solar disk is essentially unpo-
larized, the K-corona exhibits a high degree of linear polarization. As summarized
by Ref. 8,

If the Sun were a point source of light and the corona a small aggregate of scattering
material lying at the vertex of a right angle between the Sun and the observer, the
scattered radiation would be 100% polarized, with its electric vector normal to the
plane containing the incident and the scattered rays.

Because the Sun is an extended source, and the angle between incident and scattered

“Scattering off fast-moving coronal electrons does, however, broaden and decrease the contrast of
photospheric spectral features.
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rays is not exactly 90°, accurate calculation of polarization is more complicated.®2”
However, the scattered radiation is still highly polarized, and the 90° (“plane of the
sky”) approximation is adequate out to ~ 70 R .%7

For a ground-based K-coronagraph, the main source of background linear polar-
ization is sunlight scattered from the atmosphere, either directly or after reflection
from the Earth; Ref. 28 discusses the accuracy to which this background can re-
moved by calibration. For a space-based K-coronagraph, the only significant source
of background linear polarization is the F-corona. Both the radiance and the po-
larization of the zodiacal light are functions of ecliptic latitude and longitude and
are relatively poorly known for solar elongation angles less than about 10°.22 Ref-
erence 29 infers that the polarization is negligible inside 5 Ry and reaches 0.8% at
16 R but cautions that better measurements are strongly needed. Nonetheless, the
K-corona is more highly polarized, so polarization-sensitive measurements increase
the signal-to-noise ratio of a coronagraph. The offsetting penalty is an increase in
the complexity and duration of the measurement.

3.2.2. Polarimetry

Incoherent, partially polarized light may be characterized in a time average by
four so-called Stokes parameters, {I,Q,U, V'}, representing, respectively, the total
intensity (radiance or irradiance) within some bandpass, the intensities of two in-
dependent states of linear polarization, and the intensity of circular polarization.3°
At least three measurements must be taken to determine I, QQ, and U; V is gener-
ally not measured unless the instrument determines the strength of the magnetic
field in the low corona using the Zeeman effect. In space-based coronagraphs, two
common arrangements are three successive measurements through polarizers with
axes at 0°, 60°, and 120°, or three measurements through polarizers with axes at
0°, 45°, and 90° (a fourth measurement at 135° may be included for redundancy).
In a ground-based coronagraph, the polarized noise induced by atmospheric seeing
can be overcome by using fast electro-optical variable retarders and a polarizing
beamsplitter (analyzer) to produce a rapidly modulated irradiance signal at the
detector(s) that can be used to recover the Stokes parameters.3!:32

All optical systems introduce instrumental polarization that must be calibrated
and removed. The goal is to derive a so-called instrument Mueller matrix, M,
that connects the Stokes vector of light entering the instrument, Sj,, with the
Stokes vector of light at the focal plane, Sy, through the linear transformation
Sout = M Sin.?° References 28 and 33 describe representative calibration procedures
for, respectively, a ground-based and two space-based polarimetric coronagraphs.

4. Design Principles

The French astronomer Bernard Lyot invented the coronagraph in the 1930s and
used it to obtain coronal images without a solar eclipse for the first time.?* His most
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notable innovation was the introduction of an aperture (the Lyot stop) to block
light diffracted around the entrance aperture, but the success of his instruments
required unusual care in many respects, including a high-altitude observing site,
immaculately clear and dust-free lenses, and systematic blocking of stray light.
Lyot’s approach holds an enduring lesson for contemporary coronagraph designers:
despite decades of instrument heritage and powerful computational tools, it is still
easy to build a coronagraph that does not work.

4.1. The Basic Coronagraph

As a coronagraph is sometimes described as creating an artificial eclipse, one’s first
thought might be to emulate the moon—to “put a thumb over the Sun.” This
fails because an external occulter by itself does not adequately control diffracted
light unless it is quite distant from the entrance aperture (Section 4.2). Lyot’s
great insight was to realize that light diffracting around a system aperture could
be suppressed by re-imaging it and blocking its bright rim with another aperture.
The same principle applies to occulters. Figure 6 serves to illustrate a circularly
symmetric coronagraph design with both external and internal occulting. Lyot’s
coronagraphs used only internal occulting. Evans®® added an external occulter to
the basic Lyot design.

From left to right in Fig. 6, a front aperture blocks stray light from outside
the desired field of view. The external occulter (D1, shown as three closely-spaced
obstacles) ensures that the full entrance aperture (A1) is shaded from photospheric
light. At the image plane of the objective lens (O1), a field stop aperture defines the
field of view. If there is no external occulter, it is also necessary to place an occulter
(or Lyot mask) at or near the image plane of the objective lens to keep light and heat
from the image of the solar disk from reaching further into the system; however,
this occulter does not suppress diffraction.?” Next is an internal occulter (D2) at
an image of the external occulter, slightly larger than that image in order to block
its bright rim of diffracted light. A second lens reimages the entrance aperture onto
the Lyot stop (A3), an aperture slightly smaller than the image, again blocking its
bright rim. A final lens (O3) creates the image of the occulted Sun on the final focal
plane (F). A small reflecting spot is often placed in the center of this lens in order
to block an out-of-focus solar image created by multiple reflections in the objective
lens.34:38

Many variations are possible on the basic design illustrated in Fig. 6. An objec-
tive lens is usually a high-purity singlet or doublet in order to minimize small-angle
scattering, but following lenses may be more complicated. A filter or polarizer may
be placed in locations other than the one shown. One or more of the lenses may be
replaced by a mirror; if the objective is a mirror, the instrument is called a reflecting
coronagraph.

The external/internal occulter pair and the Lyot stop each has the potential
to reduce stray light by about six orders of magnitude, with the result that the



April 2, 2020 15:16 ws-rv961x669 Book Title SolarCoronagraph’v5'submit'dnb’dmr page 8

8 D. Rabin
|A0
Al Field
| Stop | b2 03 F
oIt ===
| =k
l O1 02 A3
F/P
| a0
Al Field

Fig. 6. Schematic layout of the LASCO C3 coronagraph on the SOHO satellite.3¢ The top
diagram illustrates image formation; the bottom diagram shows how stray light is blocked from
reaching the image plane. Sunlight enters from the left. Components shown: front aperture AO,
external occulter D1, entrance aperture Al, objective lens O1, internal occulter D2, field lens O2,
Lyot stop A3, relay lens with Lyot spot O3, filter/polarizer wheels and shutter F/P, and focal
plane F.

most sensitive solar coronagraphs suppress stray light to the order of 107!2 of the
radiance of the solar disk.?® There is currently strong interest in a coronagraph that
can be accommodated on a small satellite, particularly for the purpose of monitoring
space weather. It has been shown theoretically and experimentally that, by careful
placement of the internal occulter and field lens, diffractive light can be suppressed
by about 9 orders of magnitude even when the Lyot stage is eliminated; however, this
level of suppression is achieved only over a limited radius range, 3 < Ry < 12,4041

4.2. FExternal Occulters

An external occulter (EO) influences the performance of a coronagraph in three
main ways.

(1) The EO must shade the entire entrance aperture (EA) from direct sunlight. This
requires that the radius of the occulting disk satisfy roc > a + dtanfy, where a
is the radius of the EA, d is the separation between the EO and the EA, and 6
is the angular radius of the Sun.

(2) The EO partially shades (vignettes) the EA from coronal light for angular radii

that satisfy roc —a < dtan@ < roc + a. Vignetting reduces the coronal flux
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reaching the EA and reduces the angular resolution of the system.
(3) Light diffracts around and scatters from the EO.

4.2.1. Vignetting

The designer must choose 7,¢, d, and a to be consistent with scientific requirements,
including angular resolution, temporal resolution, and the range of solar radii to be
observed, as well as practical limitations on the size of the system imposed by
manufacturability and cost. Suppose that a has been chosen. Simple geometry*?
yields the vignetted fraction as a function of d/a and the inner (smallest unoc-
culted) field angle, 0,,in; this fraction is approximately linear, decreasing from 1 at
Omin = (roc —a)/d to 0 at Ogee = (roc +a)/d. Vignetting is a design tool as well as a
constraint because it partially counteracts the steep radiance gradient of the corona
(Fig. 3.1) and thereby reduces the dynamic range of the signal that must be accom-
modated by the focal plane array. Reference 42 shows that the angular resolution
afforded by the vignetted EA, normalized to the resolution of the full EA, is well
approximated by (1 — v)*l/ 2 where v is the vignetted fraction. Figure 7 illustrates
the effects of vignetting on normalized flux and angular resolution. Achieving good
angular resolution close to the solar limb requires a relatively distant external oc-
culter. Such an occulter may be located at the end of a boom or, in space, on a
separate spacecraft from the craft carrying the rest of the optics and the detector

system.43
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Fig. 7. Left: Fraction of the area of the entrance aperture vignetted by the external occulter for
various values of d/a, where a is the radius of the entrance aperture and d is the separation between
the external occulter and the entrance aperture. Right: The effect of vignetting on resolution,
normalized to the resolution of the unobscured entrance aperture, for the same values of d/a.

4.2.2. Diffraction

Diffraction around the EO is unavoidable, hence the need for an internal occul-
ter (I0) to accomplish for the EO what the Lyot stop does for the EA. Because
diffracted light that reaches the EA influences all later optical stages, it is impor-
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tant to know how the diffractive illumination of the EA varies with distance to
the EO and the amount that it over-occults. Fresnel diffraction theory is applicable
because the EA is in the near field of the EO. Although few Fresnel diffraction prob-
lems can be solved analytically,** simple cases provide useful guidance. Consider a
square EO normally illuminated by a point source. The complex field distribution
at the EA can be expressed in terms of Fresnel integrals,*® and, at the center of
the EA, is a function only of the Fresnel number of the EO as seen from the EA,
F =r2_/A\d. For practical solar coronagraphs, F 2> 100, which leads to the simple
approximation that the irradiance at the center of the EA is 4/(w2F). With the
substitution ro. = foc(a + dtanfg), where fo. > 1 is the over-occulting factor, the
maximum of central irradiance occurs at an occulter distance of a/( foc tan ) with
value \/(focm?atan ). Note that the maximum irradiance is proportional to a=!
and the EO distance at which this occurs is proportional to a. Figure 8 compares
the behavior of the simple relationship 4/(7%F) with accurate calculations that in-
tegrate over the solar disk for two values of the EA radius.? The simple relationship
captures the maximum irradiance but not the shape of the curves. Significantly,
the effectiveness of the external occulter does not vary dramatically over the range
of occulter distances applicable to a single spacecraft (0.5-20 m): less than a factor
of 10 for a 5-mm (radius) entrance aperture and less than a factor of 2 for a 50-mm
entrance aperture.

In practical implementation, the effectiveness of the EO can be increased signif-
icantly by using more than a simple opaque disk as the occulter. Examples include
a serrated single disk;*¢ two or more disks arranged along the optical axis so that
each disk both shadows the next disk from direct sunlight and blocks some of the

k3840 3 threaded barrel or truncated

cone that approximates a many-disk system with a continuous structure;3®47 or

light that diffracts around the previous dis

an unthreaded (rough or smooth) structure that could potentially have a free-form
shape. Until recently, the design of external occulters was guided mainly by ex-
perience and experiment. Reference 48 discusses the history, theoretical analysis,
and performance testing of compound external occulters and includes examples of
numerically optimized configurations.

4.3. End-to-End Diffractive Analysis

The schematic description of a coronagraph in Sec. 4.1 does not quantify at least
two important aspects of diffractive performance (in addition to the characteristics
of the external occulter, discussed above): the radius of the internal occulter (> 1
in units of the radius of the external occulter image) and the radius of the Lyot stop
(<1 in units of the entrance pupil image). End-to-end diffractive analysis can be
accomplished using Fourier optics.>”#® Figure 9 illustrates the combined effects of
the EO and the Lyot stop on residual diffracted sunlight for the ASPIICS orbiting

d1n solar diffraction computations, integrating over the solar disk is more laborious than a point-
source calculation but necessary for accurate results.
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Fig. 8. Irradiance integrated over an entrance aperture of radius 5-mm (left) or 50-mm (right),in

units of the unocculted value, as a function of external occulter distance. Dashed curve: 4/(72F).
Dots (top to bottom): over-occulting factor 1.0, 1.03, 1.05, 1.1. Wavelength: 500 nm.

coronagraph currently in development

18,49

5. Some Practical Considerations

5.1. Non-diffractive Stray Light

As indicated in Sec. 2, it is difficult to generalize about controlling non-diffractive
stray light because of the range of potential sources external and internal to the
coronagraph. The primary external source is always the solar disk. In space, sec-
ondary external sources may include earthshine or spacecraft structures such as

Fig. 9.

Radius of the Lyot stop (mm)
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Contour map of residual diffracted sunlight expected at 1.3 R for the proposed ASPIICS

space coronagraph.'® The vertical scale spans 0.88-1.0 in units of the radius of the entrance pupil
image; the horizontal scale spans 1.005-1.04 in units of the radius of the external occulter image.
The intensity scale is normalized to the mean intensity of the solar disk.
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solar panels. On the ground, the sky (solar light scattered by gases and particulates
in the atmosphere) is always a limiting external source, even at the best observing
sites. Internal sources within the instrument field of view include scattering from in-
clusions and bubbles within lenses and scattering from particulates and microscopic
irregularities on optical surfaces. Other internal sources include diffuse or specular
reflection from structural components of the instrument. Scattering from dust and
optical imperfections is particularly troublesome because it cannot be eliminated
from the optical path to focus, hence the need for scrupulous contamination control
throughout the fabrication and testing of coronagraphs. Figure 10 illustrates the
significant effect a single dust particle can have on the stray light performance of a

' 0.1 mm

(A) (B) (C)

coronagraph.

Fig. 10. The effect of a single 12 pm dust particle on stray light in the METIS coronagraph for
the Solar Orbiter mission.’? (A) The contaminated external occulter as seen off-axis from the
position of the objective mirror of the coronagraph. (B) Micrograph of the edge of the occulter
showing the offending particle with an arrow indicating its effect in (A). (C) Same as (A) with a
clean occulter.

Coronagraphs always include annular baffles along the optical path (Fig. 11).
If there is no external occulter, the internal occulter may be cone-shaped to send
direct light from the solar disk into a surrounding light trap.®’ In an externally
occulted system, there is typically a heat rejection mirror,36-5! which is a potential
source of stray light.

The quantitative analysis of stray light is carried out with specialized software
that allows for both sequential (geometrical optics) and non-sequential propagation.
There are a number of commercial programs (e.g., ASAP®, FRED™ LightTools®,
OpticStudio®, TracePro®) as well as at least one open-source program.®?> The user
defines sources and detectors of radiation within an optomechanical environment
that includes both imaging and non-imaging components. The software launches a
large number of rays and follows them as they refract, reflect, scatter, and terminate
according to user-specified properties. As a coronagraph requires very low stray light
levels in the focal plane, a full analysis typically requires a substantial effort; the
process of inserting and modifying baffles, traps and coatings is iterative even for an
experienced analyst. The scattering properties of a surface are characterized by a
bidirectional scatter distribution function (BSDF).?® Discussion of BSDFs relevant
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Fig. 11. Cutaway illustration of the optomechanical layout of the COR2 externally occulted space
coronagraph.5!

to coronagraphs may be found in Refs. 54, 55, and 56.

5.2. Signal-to-Noise Ratio

The signal from the solar K-corona was discussed in Sec. 3.1. The main equations

57 and

necessary to estimate signal-to-noise ratio (SNR) are the camera equation
the so-called CCD equation,®® also applicable to CMOS sensors. The camera equa-
tion relates the radiance R (photon s™!

(photon s~! m~2) in the focal plane:

I = mtR[(2f #min) "2 — (2f #max) 2]

where ¢ is the throughput of the optical system (including the quantum efficiency
of the detector) and f#min and f#max denote the minimum and maximum angular
subtense, expressed as an f-number, of a system that may have a central obstruction
such as an external occulter. The CCD equation gives the SNR as

m~2sr~!) of the source to the irradiance I

Nsignal
V/Naignal + Dpix (1 + (Dpix/Nbg ) ) (Npg + Np + N% + G2072)
where Nignal is the total number of signal photons detected during a single exposure
from a region comprising npix pixels, npg is the number of pixels used to determine

SNR =

the background (e.g., the F-corona, or the atmosphere for a ground-based coron-
agraph), Ny, is the photon count from the background, Np is the detector dark
current in electrons, Ng is the detector read noise in electrons, G is the detector
gain in electrons per data number, and oy accounts for digitization noise (typically
o5 =~ 0.29). Because of structure and time-variability in the background, the SNR
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derived from this equation must be treated as a design tool rather than a firm
predictor of system performance.

5.3. Performance Testing

The performance testing of solar coronagraph components can often be accom-
plished in a conventional laboratory of sufficient and consistent cleanliness; the
degraded stray-light performance illustrated in Fig. 10 was the intentional result
of only 3 days of exposure in a ISO7/8 (Class 10,000/100,000) environment after 3
months in an ISO5 (Class 100) cleanroom.?° For spaceborne far or extreme ultravi-
olet coronagraphs, attention must also be paid to molecular contaminants that can
polymerize when exposed on orbit to solar UV radiation and severely degrade the
FUV/EUV sensitivity of the instrument.59

End-to-end testing of the full system requires a specialized facility.59%3 A simu-
lated solar source must be provided, of the correct angular extent and bright enough
that stray light as weak as 107810712 of the source radiance can be recorded by
the detector. Stray light levels, photometric calibration, and image quality are best
done in vacuum to eliminate scattering by airborne dust and degradation of the im-
age by atmospheric turbulence. End-to-end testing poses a particular challenge for
space-based formation-flying coronagraphs, such as the ASPIICS instrument under
development for the ESA PROBA-3 mission, in which the occulter spacecraft is
150 m in front of the detector spacecraft.4® References 64-65 discuss the theoretical
basis for and practical realization of scaled model instruments that can be tested
in existing facilities and yet quantitatively capture the diffractive behavior of the
full-scale system. The absolute radiometric calibration of a coronagraph can be es-
tablished on the ground and tracked on orbit using celestial sources such as planets

and stars.%6
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