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Theoretical Stray Light Analysis of Side-baffled Sky Brightness Photometer
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Abstract: A sky brightness photometer with a side-baffled structure, which adopts multibaffles to
suppress diffracted stray light layer-by-layer in the inner field of view, is proposed. In addition, specially
designed upper baffles block both scattered and diffracted stray light in the outer field of view. A
mathematical model is established to simulate the baffles, and calculated results show that the field of
view of the photometer can be designed to be 3. 5~10 solar radii by optimizing the geometric parameters
of the baffles. The stray light in the full field of view can be suppressed effectively to less than 10™° of the
mean solar brightness. Compared with the High Altitude Observatory, which has a sky brightness
monitor with a field of view of 4~8 solar radii and a stray light level of 1077 of the mean solar brightness,
the proposed photometer expands the observable field of view and improves the stray light suppression
level by over an order of magnitude.
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0 Introduction

Sky brightness photometers can detect sky-scattered light caused by sunlight interacting with particles
distributed in the Earth’s atmosphere. Such photometers are used to determine whether one location can
meet the requirements of a faint solar corona observation by measuring the sky brightness near the sun.
Moreover, long-term sky brightness observational data, particularly for precipitable water vapor and

[1-2]

aerosol content, can be used while studying the global climate In addition, photometers can provide

great reference values in site investigations of solar telescopes and astronomical instruments for night-time

). Currently, there are two major types of sky brightness photometers applied globally: the

observation
Evans Sky Photometer (ESP)™™, which has been used at many solar observatories, and the Sky
Brightness Monitor (SBM)I%, which was originally developed for the Advanced Technology Solar
Telescope (ATST) site survey. An SBM-like photometer was also fabricated at the Yunnan Observatory of

77, whose performance was enhanced by using an advanced CCD.

the Chinese Academy of Sciences
Presently, SBM photometers are placed in several solar observatories for age-long sky brightness
measurements. The photometer developed at the Yunnan Observatory has been used for sky brightness
measurements at various locations such as Dali and Jiaozi mountain"®®’,

The sky field of view (FOV) of the ESP is 1. 6~4. 4 Ry (R being the solar radius), with a structure
similar to that of an externally occulted coronagraph. The ESP can suppress the stray light to a fraction of
a millionth of the mean solar brightness, but it needs a specially polished high-quality objective lens!" .
However, this type of sky brightness photometer can only be used at a single wavelength and is not
suitable for measuring the content of aerosol and integrated water vapor in the Earth’s atmosphere. In
addition, this photometer is not suitable for age-long automatic observation owing to the need for manual
manipulation. Most importantly, the fabrication cost of the ESP is relatively high and the structure is
complicated'®. The SBM has a simplified, externally occulted structure with a sky field of view of 4~8
Re. It adopts an external occulter, wound with multilayer O-rings, to eliminate the diffraction light in the
inner field. Towards its exterior, the stray light scattered by the lens barrel wall is eliminated by baffle
rings. The stray light level of the SBM is about 107" By (Bg being the average brightness of the solar
disk), whereas the stray light at the edge of the inner and outer fields of view is comparatively high, about
107" Bg. After passing through the aperture centered at the external occulter and two ND2 attenuation
filters, the direct sunlight drops to a magnitude of 10 ' By , and then shines into the optical system. The
SBM has advantages such as high stability, automatic observation, and low cost. However, the diffraction
light in both the inner and outer fields is strong, restraining the measurement of sky brightness more
precisely at the edge of the inner and outer fields. Bright rings can be seen in both fields of the images
taken by the SBM and, therefore, the actual inner field is only 4 Ry .

This paper is focused on improving the level of stray light suppression of the photometer under low-
cost conditions. The most important stray light in the SBM is the diffracted light in both the inner and
outer fields of view. In terms of suppressing diffracted stray light, the side-baffled structure adopted by
the Heliosphere Imager (HI) on board the STEREQO (Solar Terrestrial Relations Observatory) mission can

Lot To suppress the diffracted stray light,

exhibit better performance than a center-occulted structure
two methods are adopted in our photometer. One method uses a set of front baffles of a side-baffled
structure to suppress stray light in the inner field. The other method adopts a set of upper baffles blocking
layer-by-layer the stray light in the outer field. Using these methods, a side-baffled sky brightness
photometer (SSBP) was designed to achieve a field of view of 3. 5~10 Ry with a stray light level of 107°
Bo. Compared to the SBM, whose stray light level is 1077 By in the sky field of view of 4~8 Ry, the
present photometer expands the observable field of view and improves the level of stray light suppression
by over an order of magnitude. Because the sky brightness has rotational symmetry around the sun, the

loss of circumferential field of view caused by the side-baffled structure is acceptable.

1 Overall structure design of the SSBP

The side-baffled front baffles in the STEREO-HI suppress stray light to below 107’ By (the inner
1211003—2
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FOV is 15 Ry ), which has led to the big success of the HI"'", When designing the present photometer,
we focused on the advantages of the SBM and the side baffles in the STEREO-HI, and on achieving a
further reduction of stray light in both the inner and outer fields of view. The overall design of the SSBP is
shown in Fig. 1. Sunlight and sky-scattered light comes into the lens barrel from the left side. Sky-
scattered light enters the lens barrel at an oblique angle over the top of the front baffles and is then imaged
on the image plane by the objective lens. The diffraction light in the outer field and scattered light on the
lens barrel wall are suppressed by the upper baffles while the lower baffles mainly suppress the scattered

light on the lower barrel wall. This design is similar to that of common baffles to eliminate stray
light! 214,
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Fig. 1 Schematic of the SSBP
An achromatic doublet with a focal length of 50 mm, purchased from the EdmundCorporation was
adopted as the objective lens. The clear aperture was reduced to 4 mm to achieve easier suppression of
stray light. However, this leads to a larger diameter of the Airy disk and a lower spatial resolution. As the
main purpose of the SSBP is to measure the sky brightness parameters, the low resolution (about 56", 2X
2 binned) and the larger airy disk have little impact on the SSBP performance.

2  Computation of diffraction and optimal design of front baffles

2.1 Computation of diffractionfrom front baffles
Diffractionfrom front baffles is calculated using Fresnel integrals'™ and the Fresnel-Kirchhoff

[15-16]
b

diffraction formula where the complex amplitude of diffracted light U (x, y) in the x and y

coordinates in the observing plane is respectively given by
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where 8 = (é)z (p — ) g is the y coordinate of the edge of the semrinfinite screen, A is the

wavelength, £=2n/A, z is the distance from the observation point to the diffraction screen, and & and 5 are
the coordinates in the diffraction screen plane. Eq.1 uses Fresnel integrals to compute the diffraction of a
semt-infinite screen.

Diffraction fromthe first front baffle R, shown in Fig. 2 is calculated by using Fresnel integrals
directly. Diffraction from the second front baffle R, is divided into contributions from two regions, as
shown in Fig. 2. The first region (dashed-line region in Fig. 2) is next to R, and diffraction from R, is
influenced by diffraction from R,. The second region (dotted line region in Fig. 2) is a distance away from
R, and the influence of diffraction from R, can be neglected. Therefore, the former can be calculated by
using Fresnel integrals while the latter can be calculated by using Fresnel-Kirchhoff diffraction formula.
Using this method, an infinite integral is converted into a sum of finite integrals and plus the Fresnel
diffraction contribution from a semrinfinite opaque screen.

To prove the reliability of this algorithm, we applied it to compute the diffraction brightness B from

1211003—3



the HI front baffles and compared our results with the HI experimental and theoretical data

Lol - as shown

in Fig. 3. Our calculated results (red line) are in better accord with the HI measurements than the HI

theoretical results for field of view between 0 and —1. 5°.
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Fig. 2 Algorithm of diffraction from front baffles

2.2 Optimal design of front baffles
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Fig. 3  Comparison of the brightness calculated by using our

algorithm with the HI experimental and theoretical data

In order to achieve much lower stray light than that inthe SBM, the front baffles of the SSBP were

designed by adopting multivane baffles instead of an external occulter, as shown in Fig. 1. Two schemes

were considered to determine the heights and separations of the parallel multivane: an equal-height

difference scheme and an equal-angle-difference scheme. In the former scheme, the height differences

between any two adjacent baffles are the same and this has been the scheme used in most traditional

externally occulted coronagraphs. In the latter scheme, discussed by Buffington

071 the angular differences

between any two adjacent baffles are the same. Fig. 4 shows an example of the latter using three parallel

front baffles, where a represents a fully baffled
inner field angle B is the 16-arcminute divergence
half angle of the Sun, and Aa= (a—f)/3. The
diffraction intensity with a five-knife-edge-vane
system was calculated using the two schemes, as
shown in Fig. 5. Results indicate that the intensity
obtained using the equal-angle-difference scheme is
around half of that obtained using the equal-height
difference scheme. Therefore, the equal-angle-
difference schemewas adopted.
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Fig. 5 Comparison between the diffraction intensities
obtained using the equal-height-difference and the

equal-angle-difference schemes
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Fig. 4 Equal-angle-difference design of front baffles
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Fig. 6 Comparison of diffraction intensity for 3~6 baffles

The calculated diffraction intensity for various numbers of baffles is shown in Fig. 6 under the

1211003—4



SUN Ming-zhe, et al: Theoretical Stray Light Analysis of Side-Baffled Sky Brightness Photometer

assumption that the distance between the first and last baffle (denoted by L in Fig. 1) is the same and
equal to 60 mm. The figure shows that the diffraction intensity decreases as the number of baffles increases
from 3 to 5. However, the diffraction intensity derived from six baffles is larger than that from five
baffles. Thus, we chose five vanes to design the photometer front baffles.

In addition to the height of the front baffle vanes, the distance between adjacent baffles is crucial in
reducing stray light. Since the distance between any two adjacent baffles d is the same, the diffraction
intensity within the aperture of the objective lens is expected to decrease for increasing values of d"'7. Note
that the abovementioned calculation is under the condition that the distance between the last vane and the

objective is constant, in which case the overall length of the instrument increases as d increases.

Fig. 7 displays the calculated intensity 1()75E

. . . . . . . d=5mm _ =55
distribution of diffracted light around the objective d=15mm ~ Ge3 mm
~ @43 mm —4 8 mm

lens for different distances d between any two
adjacent baffles, assuming that the distance
between the first front baffle andthe objective lens
that determines the overall length of the

instrument is fixed. The figure shows that the

diffraction intensity decreases as d increases.

However, the rate of change of the diffraction IO,m‘ | . . . . .
-20 -15 -1.0 -05 0 05 10 15 20
Position along Y axis at the objective lens/mm

intensity is less pronounced for values of d larger
than 25 mm. Since the overall length of the
Fig. 7 Diffraction intensity at the objective lens with

instrument is fixed, as the value of d increases the : . .
different distances d between any two adjacent

last front baffles become closer to the objective .
front baffles

lens , and thus these baffles become more out of

focus on the image plane. A larger out-of-focus area leads to more diffused imaging of the diffraction light,
which impacts the observation of the inner field. Therefore, based on the above calculations, the interval
distance of the front baffles was chosen to be 25 mm.

The calculated upper edge positions of the front baffles are listed in Table 1. The coordinate system,
with the center of the front surface of the lens as the origin, is shown in Fig. 1. Based on scalar diffraction
theory, the average diffraction intensity of the front baffles within the aperture of the objective lens was
determined to be 1. 3 X 10°°% Bg. This diffraction light was focused by the objective lens at around
2.53 Ry on the image plane. In order to determine the relative value between the sky brightness and
corona brightness, the SBM adopted two ND2 (nominal optical density of 2) attenuators at the center of its
external occulter so that direct sunlight would be attenuated by 10" before entering the optical system .
The same method was adopted in our photometer. The diameter of the attenuator apertures should allow
the rays from each point of the sun to illuminate the aperture of the objective lens without any blocking by
the aperture edge. Therefore, we estimated that the clear aperture of the attenuator should be larger than
12 mm, and was chosen to be 13 mm, for which the sunlight brightness is expected to be relatively uniform
on the image plane.

Table 1 Coordinates of upper edges of front baffles (Coordinate system is shown in Fig. 1)

Z/mm Y/mm
Front Baffle 1 —3860 9.77
Front Baffle 2 —835 9.63
Front Baffle 3 —810 9.47
Front Baffle 4 —785 9.28
Front Baffle 5 —760 9.07

3 Structure design of external diaphragm and upper baffles

The main function of the external diaphragm and upper baffles is torestrain the scattered stray light in
the outer field and lens barrel wall. In addition, the upper baffles can suppress the diffracted stray light
from the external diaphragm edge. In general, diffracted light from the external diaphragm is suppressed

1211003—5



by blocking at the image plane. However, we developed a new approach to suppress the diffracted light
from the external diaphragm using the upper baffles shown in Fig. 8. Point D in the figure is the lower
edge of upper baffle 3 and is required to be within the umbra of the front baffles without blocking the rays
in the outer field. In this case, there is no direct sunlight illuminating point D so the diffraction light on
the edge can be neglected. Therefore, point D should be located within the shadow area indicated in the
figure. Using the coordinate system in Fig. 1, the cross-point H was calculated to be at (0, 6. 19 mm,
—89. 87 mm) and the coordinates of point D were chosen to be (0, 5.8 mm, —81.6 mm).

External diaphragm

_.." S, /
e 16’ Objective
| G I rays (SOIar hmb I‘ays) \N — _le@ N
| IFront baffle 5 “ T

\\\E‘}L
< Z

P Aperture A,

| | Aperture
| stop

1 1 |

Fig. 8 Schematic of the size design for upper baffles

Upper baffle 3 can block the diffracted stray light from the external diaphragm and upper baffles 1 and
2. The main function of upper baffle 2 is to reduce the scattered light of direct sunlight on upper baffle 3
and the wall of the lens barrel. The function of upper baffle 1 is similar to that of upper baffle 2 and the
light suppression mechanism is shown by the extended dotted lines in Fig. 8, which intersect with point G.
Thus, the scattered light on the surfaces of upper baffles 1 and 2 will be unable to irradiate on the back
surface of front baffle 5. Hence, after scattering at least three times, light can reach the objective lens.

In order to suppress the diffraction light from upper baffles 1 and 2, their lower edge should be
positioned above the connecting line between point F and D in Fig. 8 (red line). In this case, diffraction
from the edge of upper baffles 1 and 2 is blocked by upper baffle 3. Likewise, point A is above the
connecting line between points F and D. Using the above design, the edge positions were calculated and
the resulting values are listed in Table 2. The total intensity distribution for diffraction from the external
diaphragm and upper baffles 1, 2, and 3 is shown in Fig. 9 as a function of the field of view R. The figure
shows that the brightness of the diffraction light within the FOV range of 3~10 R is below 10 * B, . As

the other two sides of the external diaphragm are above the aperture of the objective lens, the vertical

@
©

directions of their edges avoid the objective lens aperture. Thus, the edge diffraction intensity can be
neglected™®17,

Table 2 Coordinates of upper edges of front baffles (Coordinate system is shown in Fig, 1)

Z/mm Y /mm
External Diaphragm (A) —860 81
Upper Baffle 1 (B) —700 72
Upper Baffle 2 (C) —433 40
Upper Baffle 3 (D) —81.6 5.8

When deglossing paint is applied to all surfaces, the totalamount of scattered light is below 1% on
each surface i. e. , more than 99% is absorbed. According theory analysis, the brightness of light scattered
from upper baffles 1 and 2 can be reduced to below 10™* By, after scattering three times. According to the

[20-21]

scattering theory, the scattered intensity decreases with increasing scattering angle . The dip angle of
upper baffle 3 is maximized to minimize the scattered light brightness. Moreover, the majority of the front
surface of upper baffle 3 is blocked by upper baffle 2 to lower the scattered light brightness. The

brightness of the scattered light was estimated to be lower than 1 0°° By . Although the brightness of
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the scattered light is not very low, only a little of 10-¢

the energy of this scattered light is imaged in the

FOV range of 3. 5 ~ 10 Ry. Using the above 10°E

design, the brightness of the scattered light caused 10-9k

by direct sunlight can be reduced by the external <

diaphragm and upper baffles to below 107% By for 107"k

the FOV range of 3. 5~10 Rg. 0

4 Results and analysis of overall design ol
0 1 2

The SSBP was designed considering all of the

calculations above and the overall structure

. . . . Fig.9 Total diffraction intensity distribution from the external
( a cuboid with overall dimensions of 1 2 0 mm X

150 mm X1 000 mm) is shown in Fig.10. The

intensity distribution derived from the simulations for light diffraction from the front baffles and upper
baffles on the image plane is shown in Fig. 11. Within the SSBP field of view (3.5~10 R ), the stray
light brightness is lower than 10™® By, which is much better than that of the SBM and can improve the

diaphragm and upper baffles on the image plane

measuring precision and meet the sky brightness measuring requirements.

10
p
~ ‘ 10-°F
Sky light of different FOV
go ar |1gHt UK 107k
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10°F
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(b) Enlarget view of the rear section ) ) o ) o
Fig. 11 Total diffraction intensity distribution on the

Fig. 10 Overall structure diagram of the SSBP image plane

Vignetting, defocus of the last front baffle, and diffraction are the main factors that influence the
inner field of the SSBP. Based on the method used by Lin and Penn'®, the fully baffled inner field angle «
of the SSBP is 2 R, and the inner field angle 8 without vignetting is 3. 12 R.. However., 50% vignetting
is acceptable for sky brightness detection. In our case, the inner field angle is 2. 56 Ry for 50 % vignetting.
Thus, the field of view range actually influenced by vignetting is between 2 and 2. 56 R .

Theeffects of defocus and diffraction are entangled. Diffraction determines the total diffracted light
energy incident upon the objective lens whereas defocus determines the extent of diffusion of the diffracted
light at the image plane. The Zemax parameters provided by the Edmund Corporation were adopted to
calculate the defocus. The edge of front baffle 5 was imaged at around 0. 588 mm below the optical axis,
which is equivalent to a field of view of 2. 53 Ry . The root mean square (RMS) radius of the blur spot was
121 pm, corresponding to a field of view of 0. 52 Re. This means that about 68% of the diffraction energy
from the front baffle is condensed in the field of view range of 2. 01~3. 05 Ry,

Fig. 11 shows the diffraction intensity distribution at the image plane. The calculated ranges of the sky
field of view are 1.5~2.93 Ry for diffraction intensities above 107° By, and 0. 8~3.5 Ry for diffraction
intensities above 10™* By . The inner field of view could be further lowered by increasing the length of the
SSBP along the z-axis and decreasing the aberration. Under the same diffraction angle and wavelength, an

221 and can further decrease the

increased length could lead to a further decrease in diffraction intensity
defocus of the front baffle. Moreover, vignetting could also be reduced by increasing the length of the
SSBP. Fig. 11 shows that, for a field of view range of 3~3.5 Ry, the diffraction intensity decreases

rapidly from 107° Bg to below 107® By. The intensity increase for a field of view range of 8 ~10 Rg is a
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result of diffraction from the upper baffles. Therefore, the intensity is below 107° By, in the field of view
range of 3.5~10 Rg.

Fig. 12 compares the fields of view of the SBM
and SSBP, where the background corresponds to the
SBM™*! and the three highlighted gray arc regions are
the FOVs used to measure the sky brightness. The red
and yellow areas are the SSBP image regions. The red
areas is used to image the attenuated sun whereas the
yellow area is the FOV used for the SSBP to make

measurements., The brightness of stray light in the

entire area is lower than 10™% By, and the photometer is —_

sufficiently precise to measure the sky brightness in Fig. 12 Comparison between the FOVs for the SBM and the
spite of machine and assembling errors. SSBP

Finally, people who work on site surveys prefer smaller equipment. To satisfy this need, we have
calculated that with the same field of view of the SBM, the dimensions of the SSBP is expected to be
smaller than 750 mm X 70 mm X 70 mm. Furthermore, for a field of view in the range of 5~10 Rs , the
dimensions of the SSBP is expected to be 600 mm X 70 mm X 70 mm. The stray light is expected to be
lower than 10™® By for all the SSBP fields of view.

5 Conclusion

In this paper, a new type of side-baffled sky brightness photometer (SSBP) was designed to achieve
high stray-light suppression. By adopting front baffles similar to those of the STEREO-HI, the brightness
of diffracted stray light inside the inner field can be suppressed to a level lower than 10~* By for fields of
view above 3. 5 Rg. In addition, upper baffles were specially designed to eliminate the influence of
scattered light into the lens barrel derived from direct sunlight and diffraction from the edges of the upper
baffles. Using the design proposed in this article, the SSBP can achieve a stray light brightness level of
107® Bg in a sky field of view range of 3.5~10 Rg.
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