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In order to achieve a clear observation of the ultra-low brightness solar corona and provide
a physical basis for forecasting space weather that seriously affects the human living
environment, the stray-light suppression level becomes the key factor affecting the
development of the coronagraph. In this study, a stray-light suppression method is
adopted for Solar Corona Imager (SCI) which is a dual-waveband internally occulted
reflecting coronagraph simultaneously and independently observing the inner corona in the
HI Lyman-alpha (121.6 + 10 nm) line and white-light (700.0 + 40 nm) wavebands with a
field-of-view (FOV) from 1.1 to 2.5 R, (R, stands for the mean solar radius). The scattered
stray-light from the primary mirror, including the surface errors, cosmetic defects, and
particulate contamination, is analyzed and suppressed, and the corresponding scattering
models are established for simulation based on the laboratory testing. The stray-light
measurement results for SCI in the laboratory show that the stray-light level can be
suppressed to the order of 1078 B, at 2.5 R, (B, is the mean brightness of the solar disk) in
the white-light (WL) band, which is consistent with the stray-light level obtained by
simulation and verifies the modeling and simulation.

Keywords: solar corona imager, internally occulted reflecting coronagraph, stray-light, surface quality, scattering

1 INTRODUCTION

The corona is the outermost layer of the Sun’s atmosphere, extending from the edge of the solar
chromosphere to several solar radii, which is composed of thin plasma. The ejection of the plasmas
has a great impact on the space environment around the Earth. Research on coronal mass ejections (CMEs)
is of great significance for exploring the response of different layers of the solar atmosphere to solar eruptions
and for providing observation data for space weather forecasting and the safety of the space environment.

In the past decades, a number of solar coronagraphs have been developed, and a lot of high-
quality imaging and spectroscopic data have been provided. The representative ones are OSO-7 in
1971, Skylab-HAO in 1973, SOHO LASCO-C1 in 1995, STEREO SECCHI-CORI in 2006, Solar
Orbiter-Metis in 2020, and ADITYA-L1 VELC planned for launch in 2022 [1-6]. Advanced Space-
based Solar Observatory (ASO-S) is a mission proposed for the 25th solar maximum by the Chinese
solar physics community, which is scheduled to be launched in 2022 for imaging the inner corona
from 1.1 to 2.5 R, in the Lyman-alpha (121.6 + 10nm) line and white-light (700.0 + 40 nm)
wavebands, which will not only advance our understanding of the underlying physics of solar
eruptions but also help to improve forecast capability of space weather [7].
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FIGURE 2 | Brightness of the corona compared to the solar disk in
Lyman-alpha and white-light wavebands.

In this study, we describe the optical layout of the SCI
instrument in Section 2, present the stray-light analysis and
suppression in Section 3, present the stray-light measurement
in Section 4, and summarize the study in Section 5.

2 DESCRIPTION OF SCI

The SCI employs an internally occulted design, which avoids the
problems of low spatial resolution and large volume of the
externally occulted coronagraph [8]. Due to the imaging

observation of the inner corona in both Lyman-alpha and
white-light wavebands, the two working wavebands are far
away that the transmission optical system cannot achieve
imaging of the two wavebands simultaneously. Therefore, an
off-axis three-mirror reflective structure is applied that can
effectively suppress the stray-light of the system. Figure 1
shows the detailed optical layout of the SCI [9].

The sunlight illuminates the off-axis parabolic primary mirror
(M1) through the entrance aperture (Al). M1 images the solar
disk and the corona on a convex secondary mirror (M2), which
has a cone-shaped hole to ensure the solar disk light passes
through and enters the light trap behind M2. Then, the coronal
light remains and is reflected from M2 to an off-axis third mirror
(M3). A Lyot stop (A2) is placed in the conjugate plane of Al
imaged by M1, M2, and M3 to block the light diffracted from the
edge of Al. A beam splitter (M4) composed of a multilayer film is
used to separate the Lyman-alpha corona and the white-light
corona to CMOS 1 and CMOS 2 [10].

3 STRAY-LIGHT SUPPRESSION OF SCI

The brightness of the corona is extremely weak compared to that
of the solar disk, as shown in Figure 2 [11]. In order to observe
the corona from 1.1 to 2.5 R, the stray-light suppression level
must be as low as 10~* to 107° B, in Lyman-alpha wavebands and
107° to 107® B, in white-light wavebands. Therefore, stray-light
suppression becomes the most important issue for SCI. Three
main stray-light sources need to be suppressed, including the
direct stray-light from the solar disk, the diffracted stray-light
from the edge of Al that is illuminated by the Sun, and the
scattered stray-light from MI1. For an internally occulted
reflecting coronagraph, the scattered stray-light from the
primary mirror determines the stray-light suppression level
[12-15]. Owing to the extremely high requirements for stray-
light suppression in the white-light wavebands, detailed analysis
of the scattered stray-light in the white-light wavebands is
required.
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FIGURE 3 | Ray-tracing diagram of direct stray-light from the solar disk.

Acktar Absorbent Panels

Collimating mirror——>

. —> Plane mirror

Light from solar disk

11. 2mm

FIGURE 4 | Simulation results of diffracted stray-light at 700.0 nm. (A) Diffracted stray-light image at the Lyot stop A2 position. (B) Relative intensity distribution
curve of diffracted stray-light from a radius of 10.5-11.2 mm. (C) Partial enlarged view of a diffracted stray-light image.
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3.1 Direct Stray-Light From the Solar Disk

Because of no external occulter in front of M1 to block the solar
disk light, the light will directly enter SCI and become the first
source of stray-light. In order to eliminate the direct light from
the solar disk, M2 is designed with a cone-shaped hole at the
center as the internal occulter, which is located at the focal
position of MI, to ensure that the solar disk light passes

through and enters the light trap behind it. The taper of the
cone-shaped hole is greater than the divergence angle of the light
after M2 converges so that the direct light from the solar disk will
not be scattered inside the cone-shaped hole. In order to reduce
the concentration of solar energy in the light trap, a spherical
collimating mirror is designed behind M2, and then the solar disk
light is reflected to the plane mirror and finally absorbed by
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FIGURE 5 | Scattered stray-light simulation results from surface errors of M1 at 700 nm. (A) BSDF curve as a function of the scattering angle for M1 due to a surface
roughness of 0.3 nm at 700 nm. (B) Stray-light distribution at the focal plane (CMOS2).
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FIGURE 6 | Scattered stray-light simulation results from surface errors of M1 at 121.6 nm. (A) BSDF curve as a function of the scattering angle for M1 due to a
surface roughness of 0.3 nm at 121.6 nm. (B) Stray-light distribution at the focal plane (CMOS1).

Acktar Absorbent Panels. The solar disk light will not return to
the coronal imaging path to become stray-light. The ray-tracing
process is shown in Figure 3. The design of the cone-shaped hole
inside M2 and light trap ensures the elimination of direct stray-
light from the solar disk.

3.2 Diffracted Stray-Light From the Edge of
the Entrance Pupil A1

Since the entrance pupil Al is directly exposed to strong
sunlight, strong diffracted stray-light will be generated that

need to be suppressed when the sunlight hits the edge of Al.
The Lyot stop A2 is designed at the conjugate position of Al
imaged by M1, M2, and M3, to block the diffracted stray-light.
The diffracted stray-light is displayed in Figure 4. By
establishing a coherent light source with a wavelength of
700.0 nm at the position of Al, the distribution of the
diffracted stray-light is simulated at its conjugate position,
as shown in Figure 4A. The diffracted image of Al is
distributed in the range of its conjugate surface from 21.0
to 22.4 mm (shown in Figures 4B,C). The design of the Lyot
stop A2 with the diameter of 21.0 mm can effectively prevent
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FIGURE 7 | Composite surface PSD function of M1 determined from different metrology instruments.

FIGURE 8 | Sub-field testing results from cosmetic defects using a dark-field microscope.

the diffracted stray-light from reaching the focal plane. The 3.3 Scattered Stray-Light From the Primary
diffracted stray-light effect of 121.6 nm is similar to that of Mirror M1

700.0 nm, and the same size of A2 can block the diffracted  Foran internally occulted reflecting coronagraph such as SCI,
stray-light of 121.6 nm, which is not repeated here. the solar disk light will directly illuminate the surface of the
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primary mirror M1, and strongly scattered stray-light is
generated, which contributes the majority of the stray-light.
It has been demonstrated that the stray-light level of the
LASCO Cl1  coronagraph—an internally  occulted
coronagraph similar to SCI—is determined by the surface
quality of the primary mirror [16]. Therefore, in order to
achieve the high stray-light suppression level for SCI, excellent
surface quality of the primary mirror is also required. The
scattered stray-light resulting from the surface quality of the
primary mirror needs to be analyzed and suppressed with
emphasis, including the contribution of surface errors,
cosmetic defects, and particulate contamination to the
stray-light for SCI.

3.3.1 Scattered Stray-Light From Surface Errors of M1
In order to accurately evaluate the influence of the surface errors
on the scattering, it is necessary to measure the surface errors in
all relevant spatial frequencies. The power spectral density (PSD)
of surface errors as a function of the spatial frequencies is
accepted as an all-inclusive way to characterize optical
surfaces, which can quantitatively describe the distribution of
super-polished surface topography in spatial frequency ranges,
and provides abundant data for the analysis of surface errors. The
PSD [17] curve over the entire spatial frequency ranges can be
obtained by Fourier transform of the surface profile errors as
follows:

2

PSD(f) = % Jo z (x) exp (—j2nfx)dx| . (1)

Here, L is the sampling length that can represent its geometric
characteristics. It is the diameter of the mirror if sampling using
an interferometer, and it is the field-of-view corresponding to
different objective magnifications if sampling using a white-light

« »

optical profiler. z (x) is the surface profile error function, and “x

Stray-Light Suppression of SCI

is the 1D coordinates of the sample along the surface. f is the
spatial frequency. Equation (1) can be used to evaluate whether
the surface errors of M1 meet the stray-light requirement for SCL.
It is of great guidance to the surface polishing improvement.

According to the Harvey-Shack scattering theory, surface
errors in different spatial frequency ranges have different
effects on imaging quality [18-20]. Low-spatial frequency
surface errors produce conventional aberrations, which affect
the convergence of the Sun at the position of M2 and result in the
stray-light of the inner FOV for SCI; mid-spatial frequency
surface errors produce small-angle scattering, which affects the
stray-light level of the inner FOV for SCIL; and high-spatial
frequency surface errors produce large-angle scattering, which
affects the stray-light level of the outer FOV for SCI. Therefore, it
is necessary to specify and measure the surface errors of M1 over
the entire spatial frequency ranges to ensure that M1 meets the
requirement, thereby suppressing the stray-light over the full
FOV for SCL

To specify the contribution of surface errors of M1 to the
stray-light level, the Harvey-Shack ABg bidirectional scattering
distribution function (BSDF) model is applied to characterize the
surface errors of M1. This model is suitable for the scattering
mainly caused by roughness, and the RMS roughness is much less
than the wavelength. The BSDF function of an optical surface

with an RMS roughness of “0” [21, 22] is expressed in Eq. (2):

BSDF = 711 2

" B+ (sin9)f @

Here, A = m2- An?c? 2 B= (A/an)z, and g is the
logarithmic slope of the tail of BSDF. It is a dimensionless
constant and is usually taken as 2, An is the change in the
refractive index (An = 2 for mirrors), and X is the wavelength. [ is
the auto-correlation length related to the scattering properties.
When the RMS roughness of M1 is 0.3 nm and the wavelength is

A
001 4
o
Z
= 0.0001 4
S’
=
a
= _
m
1E-06 4
1€-08
0.01 0.1 1 10 100
Scattering angle(deg)
at the focal plane.

Y, mm 0

FIGURE 9 | Scattered stray-light simulation results from scratches of M1 at 700 nm. (A) BSDF curve as a function of the scattering angle. (B) Stray-light distribution
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FIGURE 11 | Scattered stray-light simulation results from particulate contamination with CL100 at 700.0 nm. (A) BSDF curve as a function of the scattering angle.

700.0 nm, then A = 1.15 x 10™° andB = 1.24 x 10~ the BSDF
resulting from surface errors of M1 is shown in Figure 5A. A
simulated solar disk source with a divergence angle of 32’ is
established in non-sequential ray-tracing software to illuminate
the SCI, and the stray-light distribution at the focal plane is
simulated as shown in Figure 5B. Under this condition, the
irradiance of the stray-light and the solar disk source at the focal
plane can be obtained, and the ratio of the two represents the
stray-light suppression level. Simulation results show that the
stray-light suppression level can be as low as 10~” B, at 1.1 R, and
107® B, at 2.5 R,

When the wavelength is 121.6 nm, then A = 3.82 x 10> andB
=3.75 x 10”%; the BSDF resulting from the surface errors of M1 is
shown in Figure 6A, and the stray-light distribution at the focal
plane is shown in Figure 6B. The stray-light suppression level can
be as low as 107> By, at 1.1 Ry and 10° B, at 2.5 R..

After specifying surface errors of M1, different metrology
instruments (laser interferometer for low-spatial frequency and
white-light optical profiler for mid-spatial and high-spatial
frequencies) are required to measure them. The spatial
frequency range of different metrology instruments for
measuring surface errors is determined by the sampling length
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FIGURE 12 | BSDF curves as a function of the scattering angle for SCI
M1 at 700.0 nm.

TABLE 1 | Summary of scattered stray-light level contributions at 700.0 nm.

Scattered stray-light source 11R, 25R,

Roughness 3.5 %1077 44 x 1078
Scratches 22 x 1078 32 x107°
Digs 1.0 x 107'° 15x 107"
Cleanliness level 100 6.0 x 107° 75 %1071

Solar radiation simulator

—= [Jj<; Collimator |- ——-—-—-1 SCI

/
Lamp Diffuser Aperture Cooled CMOS

FIGURE 13 | Schematic diagram of the stray-light measurement device.

L and the resolution of CMOS [23]. The minimum spatial
frequency that can be measured is 1/L, where L is the FOV
corresponding to different objective magnifications for the white-
light optical profiler or the measurable aperture diameter for the
laser interferometer. The maximum spatial frequency that can be
measured is 1/(2d), which is the Nyquist cut-off frequency, where
d is the sampling interval corresponding to the pixel size of
CMOS [24, 25].

Since surface scatter phenomenon is a diffraction process,
according to the grating equation (26), components with a
spatial frequency greater than 1/A will produce a small amount
of optical scattering for SCI, which can be ignored. Therefore,
the upper limit of the spatial frequency of the PSD curve is 1/,
and the lower limit of the frequency is 1/D, where D is the
aperture diameter of M1. According to the metrology data for
different measuring instruments [27] in their specified spatial

Stray-Light Suppression of SCI

frequencies, the PSD [28] curve over the entire spatial
frequencies is shown in Figure 7, which is obtained by Eq.
1. While measuring the surface errors, random errors such as
mechanical vibration and electronic noise are removed by
multiple phase averaging, and the system error is removed
by subtracting the surface errors of the standard sample. The
metrology data after removing random errors and system
errors are under the PSD limit line of the polishing
requirement; otherwise, another polishing and testing cycle
is necessary.

3.3.2 Scattered Stray-Light From Cosmetic Defects
of M1

Scratches and digs on the optical surface are cosmetic defects,
which will generate unnecessary light scattering and contribute to
stray-light for SCI. In order to quantify the stray-light level from
cosmetic defects, a dark-field microscope is used to measure the
number and size of scratches and digs on M1. The sub-field
testing results are shown in Figure 8, in which mark 1 is a scratch,
marks 2-5 are digs, and 6-9 are dust.

According to the Gary L. Peterson’s cosmetic defects scattering
theory, stray-light due to scratches or digs includes geometric
refraction inside the scratches or digs and diffraction of light that
passes around scratches or digs can be quantitatively analyzed
by BSDF.

BSDF from scratches [29] is given by the expression:

wl sin? 9\
1+ 7 1+ 12 .

Here, N, = 15, I = (#)%ﬁ, N, is the density of the
scratches (number of scratcﬁes per unit area), D is the
diameter of the optical element, w and [ are their typical
width and length from microscopy, respectively, 6 is the
scattering angle with respect to the surface normal of the
optical component, and [ is the roll-off angle of the BSDF
curve. We note that the factor [ in the numerator of Eq. (3) will
cancel with the factor of [ in N, so the width has a dominant
effect on the BSDF from scratches. According to the statistical
testing results of scratches for M1 over the full FOV, the typical
width w is less than 0.002 mm.

The Harvey-Shack scattering model based on the scalar
diffraction theory can predict the scattering distribution of a
super-polished optical surface, which is given by the

expression:
sin0\°\’
BSDF = by 1+|——| |- (4)

Here, b, is the intercept of the BSDF at the specular angle, 0 is the
scattering angle, and L is the shoulder of the BSDF curve and equals
the sine of the shoulder angle. According to the calculation result of
BSDF from scratches, a fitting Harvey-Shack scattering model is
established with by = 3 x 107, L = 2 x 107, and s = -2. The fitting
BSDF curve is shown in Figure 9A, and the simulated stray-light
distribution resulting from scratches is shown in Figure 9B.

BSDF; = N—

©)

wl
i
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0 1 2 3

BSDF from digs is given by the expression:
n’d? sin’6 KZ]
A Gl
d

n

Here, N; = 1/571D’ I; = (%)]/3&, N, is the density of the digs
(number of digs per unit area), d is the diameter of the dig from
microscopy, 0 is the scattering angle, I, is the roll-off angle, and D
is the diameter of the optical element. Combined with the
statistical testing result of digs for M1 over the full FOV, the
diameter of the dig d is less than 0.01 mm. According to the
calculation result of BSDF from digs, a fitting Harvey-Shack
scattering model is established with by =1 x 107>, L = 2 x 1072,
and s = -2. The fitting BSDF curve is shown in Figure 104, and
the simulated stray-light distribution resulting from digs at
700.0 nm is shown in Figure 10B.

1
BSDF, = ZNdd2 (5)

3.3.3 Scattered Stray-Light From Particulate
Contamination of M1

The surface BSDF scattering resulting from particulate
contamination is a function of the particle density function

AD) [30]. According to the Mie scattering theory, BSDF can be
estimated when the MIL-STD-1264B Cleanliness Level (CL) is
used to describe f(D). Spyak and Wolfe’s work shows that
particulate contamination scattering is also shift invariant, and
the Harvey-Shack model can be used to predict particle
scattering in accordance with Spyak and Wolfe’s BSDF
curve. For particulate contamination scattering [31], the
parameter b, in Eq. (4) can be taken by the total integrated
scattering (TIS) [32] corresponding to the cleanliness level of
M1 as follows:

(TIS)L* (s + 2)
(s+2)

bo = (s+2)
27:[ (1+12)F - (123

. (6)

According to the statistical testing results of dust for M1 over
the full FOV, the cleanliness level for M1 is better than class 100,
and the fitting parameters are inserted into the Harvey-Shack
scattering model with L =2 x 1072, TIS= 1.3 x 107>, by =2 x 10>,
and s = —2.2. The BSDF curve for cleanliness level 100 at 700.0 nm
is shown in Figure 11A, and the simulated stray-light distribution
resulting from particulate contamination is shown in Figure 11B.
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According to the aforementioned BSDF Egs. 2-5, combined
with the testing results of the white-light optical profiler and the
dark-field microscope for M1, the BSDF scattering curves
resulting from roughness (red line), scratches (violet line), digs
(green line), and particulate contamination with cleanliness level
100 (blue line) at 700.0 nm are shown in Figure 12. Their
contributions to the stray-light level for SCI are shown in
Table 1. After using the aforementioned testing results for
stray-light simulation, the overall stray-light level for SCI can
be suppressed to 107° B, at 700.0 nm.

4 STRAY-LIGHT MEASUREMENT FOR SCI

After analyzing the various factors that affect the stray-light
suppression level of SCI, it is necessary to measure it in our
laboratory. The stray-light measurement device includes a solar
radiation simulator and a cooled CMOS camera as shown in
Figure 13. A xenon lamp illuminates a diffuser and aperture
mounted at the focal plane of the collimator to form a beam of
simulated solar disk light [33]. The diameter of the aperture can
be determined by D = f - tan , where fis the focal length of the
collimator and  is the divergence angle of the simulated solar
disk light and equals to 32'.

While measuring stray-light, the optical axis of the solar radiation
simulator is aligned with SCI, the solar disk light passes through M2
and enters the light trap of SCI, and the cooled CMOS camera only
receives the stray-light image, as shown in Figure 14A. Then, the SCI
is rotated and an attenuator is added so that the solar disk light
illuminates the imaging area of M2, and the solar disk is imaged on
the camera, as shown in Figure 14B. The full well of the camera is
51400 e, the readout noise is 1.5 e, the frame rate is set to 0.02, and
16-bit images are obtained. The stray-light suppression level of SCI is
represented by the brightness ratio of the stray-light to the solar disk
a$ Byray/Boun- The measurement should be carried out in an ultra-
clean laboratory to reduce the impact of ambient stray-light caused
by the scattering of particles in the air. In addition, the solar
simulator should be installed inside a black shading box and far
enough from SCI to ensure that stray-light from the solar simulator
cannot enter SCI.

The measurement results show that the stray-light can be
suppressed to the order of 107®B, at 700.0 nm, which is
consistent with the simulation results combined with the
testing surface roughness, cosmetic defects, and particulate
contamination of the primary mirror.
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