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ABSTRACT

Many ground-based and space-based telescopes are subject to solar and lunar exclusion zones, greatly constraining
their use in cislunar Space-Domain Awareness (SDA). Such constraints create “cones of shame” in which satellites
governed by adversaries can hide. The exclusion limitations for some solar telescopes are dramatically reduced
relative to conventional visible telescopes. We show that the 4-meter Daniel K. Inouye Solar Telescope (DKIST),
located on Mt. Haleakala, can potentially be used to detect and track cislunar targets.

1. CISLUNAR SDA

Historically, Space-Domain Awareness (SDA) has centered on detecting and tracking satellites and debris within the
sphere circumscribing Geosynchronous Earth Orbit (GEO). However, in recent years there have been efforts by
governments and private entities to establish a lunar presence. Some actors are proceeding without transparency,
suggesting the need for SDA over a sphere encompassing the moon (or farther). Because the range to the moon is
roughly 10 times that of the GEO orbit, the volume over which SDA is required is roughly 103 times as large as has
previously been needed (or larger). This is a challenging technical problem.

The problem of cislunar SDA is confounded by the fact that conventional earth-based and space-based telescopes are
constrained by lunar- and solar-exclusion restrictions [1,2]. One approach to this problem is to design a large
constellation of space telescopes for which some subset will not be subject to exclusion owing to the constellation
design and angular diversity. This is an expensive proposition.

Ground-based solar telescopes have dramatically reduced exclusion restrictions. Indeed, they are designed to observe
solar phenomena. We propose investigating the use of solar telescopes as a ground-based adjunct to future space-
based SDA constellations. Such telescopes have the advantage of being much easier to operate and maintain than
space-based assets. In addition, investment for solar telescopes has often already been made. In this paper, we explore
the potential use of the Daniel K. Inouye Solar Telescope (DKIST) in cislunar detection and tracking as a favorable
example of solar-telescope performance.

2. EXCLUSION IN CISLUNAR SDA

There is not a consensus in the literature regarding the nominal solar and lunar exclusion half-angle for conventional
ground-based and space-based telescopes. The practical exclusion rules for a particular telescope depend on the
design of the telescope and risk tolerance of the telescope director. For example, the Hubble telescope has a solar
avoidance half angle of roughly 50°. One reference [1] states that the solar and lunar exclusion angles for
conventional ground-based telescopes are 40° and 10°, respectively (as illustrated in Fig. 1), and the lunar
exclusion angle for space-based telescopes is 5°. A more recent reference [2] gives the values provided Table 1.
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Fig. 1. Exclusion zones for earth-based conventional telescopes are quite limiting for cislunar SDA
(figure is drawn to scale)

Table 1. Nominal half-angle exclusion for conventional telescopes

Telescope Location \ Exclusion Target Solar lunar
Ground-based 90° 10°
Space-based 50° 10°

However, from our own experience, we were recently able to collect in-focus and defocused lunar imagery using
Maxar’s WorldView 3 (WV3) earth-observing space telescope. These data were successfully used to estimate the
WV 3 fixed aberrations in situ using phase-diversity processing. This special engineering collect illustrates that there
may be opportunities to observe within standard exclusion zones with proper care.

Fig. 1 provides a to-scale illustration of the exclusion zones (volumes) for conventional ground-based telescopes. This
figure shows that the exclusion zones are enormous and greatly reduce the utility of conventional ground-based
telescopes in cislunar SDA. Some solar telescopes, in contrast to conventional astronomical telescopes, have greatly
reduced exclusion zones. This is because solar telescopes have been designed to look directly at solar phenomena
while managing the heat loads. In the case of solar telescopes that aim to observe the faint solar corona, the design
explicitly manages the internal scattering that plagues conventional designs. We propose to explore through modeling
and experiments the utility of using DKIST for SDA applications taking advantage of DKIST’s unique design and
low scattered-light properties. There have been several efforts to design cislunar SDA systems. Such designs often
involve relatively large constellations of space-based telescopes distributed to provide angular diversity to avoid
exclusion zones. Of course, the design/build/launch/maintenance of a large constellation is expensive. In some cases,
designs include ground-based conventional telescopes. To our knowledge, no study has included the use of ground-
based solar telescopes in a constellation design. DKIST has the following advantages for use in cislunar SDA: (1) has
greatly reduced exclusion zones; (2) is designed to reduce internal scattering, (3) is already designed and built
providing cost reduction; and (4) is in principle relatively free for use during the nighttime. However, optimized and
likely dedicated equipment might be needed. In addition, the cost of operating DKIST for SDA experiments, including
or primarily at night, are not covered within the solar-science mission.
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3. THE DKIST TELESCOPE

The US National Science Foundation (NSF) 4m DKIST on Haleakala, Maui, Hawai’i is the largest solar telescope in
the world. A detailed description of the design and capabilities of the DKIST observatory is provided by [3]. The main
telescope is a 4m off-axis Gregorian design. The optics are supported by the alt-az telescope mount and is protected
from the environment by a thermally controlled and well-ventilated enclosure. A number of optical elements relay the
light beam to the environmentally controlled coudé lab where the suite of imaging and spectro-polarimeter instruments
is located. The instruments are installed on a rotating platform, which serves as an image de-rotator. The tip-tilt mirror
and the deformable mirror of the conventional high order AO system are integrated into the transfer optics. The AO-
corrected light beam feeds the four instruments that are designed to perform diffraction-limited observations at visible-
and infrared wavelengths. Some of the instruments could potentially be used to perform imaging and spectro-
polarimetric observations of objects in cislunar space. In particular, initial experiments would likely be performed
with the seeing limited CRYO-NIRSP instrument and its context imager [4]. CRYO-NIRSP operates at near-infrared
wavelengths where sky background is reduced compared to visible wavelengths.

DKIST combines two major observing capabilities: fine-resolution on-solar-disk observations and off-limb coronal
observations. Both observing modes might be of interest for SDA applications. In particular, DKIST is designed and
operated as a solar coronagraph offering low scattered light performance that could potentially aid challenging SDA
observations from the ground as described below. The off-axis design provides an unobscured aperture, which avoids
scatter from the secondary and its spider-support structure. A Lyot stop suppresses “scatter” due to aperture diffraction.
Furthermore, the heat-stop in prime focus of the Gregorian optics is used as an occulter that blocks solar or lunar disk
light and prevents all subsequent optics from being illuminated with the bright disk light (Fig. 2). The actively
controlled primary mirror is polished to < 1 nm micro-roughness. Dust on the primary mirror is a major contributor
to the overall background. Cleanliness of the primary is ensured by frequent CO2 cleaning and in-situ washing as
needed. The DKIST design and operational procedures aim for DKIST challenging coronal observations to be limited
by the daytime sky background during the best sky conditions as opposed to being limited by instrument scatter. In
summary, the design and scattered-light control measures give DKIST an advantage for detecting faint objects in the
vicinity of a bright, extended source such as the sun, and the moon.

Figure 2. View of the reflective and cooled DKIST heat-stop in prime focus of the Gregorian telescope. The bright
circle is the image of the sun formed by the 4m aperture. The heat-stop rejects all of the solar or alternatively lunar
disk light except for a 5 arcmin FOV that is transferred to the coudé lab. In addition, the structure visible around the
heat-stop can serve as baffle to block lunar! disk light for larger off-pointing angles. Solar off-pointing beyond the
reflective, cooled heat stop is only possible for angles that avoid illuminating the structures surrounding the heat stop
(>3deg).
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4. DETECTION AND TRACKING

There are multiple scenarios for detection and tracking of xGEO (cislunar) satellites. Such satellites can be observed
in the neighborhood of the sun or the moon. They can be observed in solar or lunar transit or in the solar/lunar
exclusion zones but not in transit. They can be observed during the day or the night. The atmospheric conditions
(strength of the turbulence and scattering) can vary. The size and reflectivity of the satellite being detected or tracked
will also vary. We look at detection and tracking performance for a couple of these cases. We begin with a data-
acquisition model which is general enough to investigate detecting occlusions (transits) in addition to direct detection.

4.1 Data-Acquisition Model

We assume that the object (satellite reflectivity function), background (e.g. solar granulation), and foreground

(constant atmospheric scattering level) are known. The data-acquisition model for mth frame in a multi-frame collect
is given by:

dm(x) = D{[b(x) + f(x, tn) = b(x)o(x, ty)] * S (X)} + 1 (%) €Y)
= D{[b(x) + f(x — x;n) = b(x)o(x — xp)] * S5 (X} + Ny (%) 2)
~ D{[b(x) + fo(x — x,,) — b(x)o(x — xm)] * sm(x)} +n,, (%) 3
= gn(X) +np(x), 4
where dnm(x) = data

D{o} = detector discretization operator

b(x) =noiseless and known background

fm(x) = noiseless object (satellite)

o(x) = occlusion function (1 in the object support, 0 elsewhere)

sy, (x) = diffraction- and turbulence-induced Point-Spread Function (PSF)
* = 2D spatial convolution

f = spatial average of the satellite reflectivity function

Im(x) = noiseless signal (sampled data)

n, (x) = noise (from all sources and may depend on g,,)

x = 2D continuous spatial vector

X = 2D spatial index

t = continuous time

m = sample (frame) index.

There are several points to be made about Equations (1-4). Whereas many target-detection models assume that the
target is simply added to the background, these expressions explicitly model occlusion of the background. This is
important for cases of solar and lunar transit. In addition, in most cases objects will be unresolved because the range
to the moon is so large. Asan example, NASA’s CAPSTONE (Cislunar Autonomous Positioning System Technology
Operations and Navigation Experiment) lunar orbiter [5] obscures (by area) only about 1/1000" of a DKIST Nyquist
pixel. This allows us to make the approximation that the satellite reflectivity is approximately uniform in Eq. (3).
There is also a foreground component introduced by local atmospheric scattering. This component can change with
angular proximity to the sun/moon as well as local atmospheric conditions, however it is well approximated as
spatially uniform over our field of view. This component is implicitly captured in the noise term as photon noise.
Finally, DKIST has an Adaptive Optics (AO) system that can be exercised in XGEO detection and tracking. When
the AO is closed, the PSF, s,,, (x), will be well controlled, concentrated, and relatively straightforward to model.
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4.2 Quantifying Detection and Tracking Performance

We intend to use a track-before-detect (or detect a track, shift-andadd) algorithm. Accordingly, we use detection SNR
to quantify performance for both detection and tracking. The expression for detection SNR? in the presence of

Gaussian noise is given by [6]
X A xm z
s = 31 3 o)
m=1 Uxm

where Ag,,, is the difference between noiseless signals with and without the target and o2, is the noise variance in
pixel x from all noise sources. Technically, this expression holds for Gaussian noise however it remains a good choice
in other cases [6]: (1) when the noiseless signal is low contrast which occurs with lunar and solar backgrounds; (2)
when the photon noise is on the order of 10 pe/pixel or more; and (3) when detector noise and photon noise from
foreground scattering dominates.

In applying Eg. (5), we need to determine the extent of the pixels being interrogated, as defined by y. The optimal
choice is an open question and will depend on how concentrated the signal is with AO correction. For now, we will
proceed with the case for which y = 1, a single pixel in which the target resides. This is the pixel in which the single-
pixel SNR is largest. In this case, Eq. (5) simplifies, as follows:

M Zl1m2 M Amz
SNRXlzz #zz (gz). 6)

m=1 Oy m=1 Op

4.3 Representative Satellite

As previously mentioned, we use the CAPSTONE satellite in our calculations. CAPSTONE is a cislunar satellite
which was launched in June of 2022 and served as a pathfinder for the NASA Artemis program, designed to test and
validate the Near-Rectilinear Halo Orbit (NRHO) planned for the lunar Gateway space station. CAPSTONE is a 12U
CubeSat with solar panels. The extent of the occlusion when the solar panels are deployed and optimally oriented for
occlusion is roughly 1.4m x 0.3 m = 0.42 m?. With the satellite at the lunar range, r = 360,000 km, and as viewed
from the earth, this gives a solid angle of

0.42 m?

=324 e 18 SR. 7

A DKIST pixel has an IFOV of 5.33 e~ radians and the solid angle is 2.84 e~*5" SR. Thus, the occlusion is only
a small fraction of the area of a DKIST pixel, fractional area a = 1.14 e~3. Even though the DKIST IFOV is small
(owing to the large mirror diameter), the lunar range is so large that many (if not most) satellites will be unresolved.

4.4 Occlusion Detection for Solar Transit

Given that the CAPSTONE satellite is roughly 1/1000" of a DKIST pixel by area, it is natural to ask if such a small
occlusion could be detected and tracked during solar transit. In this case, we assume that we know the noiseless
background image using speckle processing [7-9] of frames collected in the direction of the trajectory of the target.
We also assume that the average direct reflectivity from the target, £, is ~zero. This is reasonable since the target is
back illuminated and any direct reflectivity will be very small relative to the background solar granulation. We now
calculate the SNR for such a scenario.

SNRX - ZM:1 (Agm) ’ (8)

Ty

N ZM [D{[bC) + F(O) — b0 (x) — b(x)] * s (@)}]” 9)

m=1 D{b(x) * s (x)}
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_ ZM [Db(x)o(x, t) * 5 (X)}]? (10)

m=1 D{b(x) * sp(x)}

M ab 2 M
N z mbiw — n?a? Z b a1
m=1 m m=1

where a is the pixel fractional area of occlusion and we assume that the background is relatively uniform over a
pixel. This is usually true for solar granulation. In addition, we have introduced a factor n which accounts for loss
of occlusion in a single pixel from both diffraction (with a Nyquist-sampled detector array) and the Strehl ratio of
the PSF. We define the symbol b,, as the background image sample of the mth frame without the target. We have
also assumed that the noise term in the denominator is dominated by photon noise for which the variance is equal to
the mean.

Over a multi-frame data set with M frames, we have an average SNR of

M
SRRy, =n%a? ) bn (12)
m=
~ n?a*M(b,) (13)

We have already computed a = 0.0011. The characteristic time over which solar granulation does not evolve at the
diffraction-limited resolution of DKIST is roughly 1 minute. We can observe longer than this so long as we refresh
the background estimate roughly every minute (or with a sliding window). Cameras at DKIST can collect at 500 Hz,
so that a reasonable value for M = 30,000 for a 1-minute collection. Assuming a Strehl ratio of 0.5 and a sampling
loss of 0.5, we have n = 0.25 The well depth of a representative camera at DKIST is 50k photoelectrons (pe) and we
can set the exposure time and spectral filter width to collect the average solar granulation to be (b) = 35k pe.
Substituting these values into Eq. (14) we have

SNRyyy ~ (0.25)(0.0011) v30,000 (35k)"/2 = 8.91. (15)

This corresponds to a Probability of Detection (PD) of > 0.995 with a Probability of False Alarm (PFA) of
1.2 e719. We conclude that even though we are trying to detect a small satellite which obscures approximately
1/1000™ of a pixel in solar transit, the occlusion detection performance under the assumption of a known background
is excellent. We believe this is due to the photon-rich known background. Note that we haven’t addressed the
uncertainty in the “known” background in this analysis.

4.5 Daytime Detection in Solar Exclusion Zone
Although the results of detection and tracking of solar transits are promising, such transits are relatively infrequent.
A much more frequent event is for a satellite to traverse a lunar or solar exclusion area. This is illustrated in Fig. (2).

Accordingly, we analyze the direct-detection performance in the case of a satellite that traces an orbit through the
conventional solar exclusion zone during the daytime and twilight.
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Figure 3. Sky coverage of conventional solar & lunar exclusion zones compared to solar/lunar diameters. (to scale)

We performed a more conventional radiometric analysis for direct detection of a satellite at the edge of the solar
exclusion zone during daytime and twilight. We used the same satellite, illuminated by the sun. We analyze a seeing
limited case, i.e., no adaptive optics involved. Foreground scattering derives from scattered solar radiance. We
consider the case where the satellite is 40° above the sun as it sets. Since our example satellite is white, we set the
target reflectivity factor to 0.5. For direct imaging we do not include the size of the solar panels as part of the target
cross-sectional area. CAPSTONE is a 12-unit CubeSat presenting an area of 0.06m?. Accordingly, the solid-angular
subtense is

__0.06m?
r2

Q

= 4.63 717 SR. (16)

In this case, we considered a detector array with a read noise (nread) 0f 1pe and a dark current (ngark) of 0.02 pe/sec.
Also note that the ifov in this scenario is not that of the adaptive-optic system mentioned above but 1.94x10 radians
(0.4 arc seconds).

Equation (17) calculates the number of photoelectrons in a pixel well coming from the sky background.

A1

A
by = szAtf qe(DLsky (4, 20, Zerg) Edl , where (17)

2o
by, — photoelectrons in a pixel from sky background

A — telescope clear aperture area

@ - solid angle ifov?

At — integration time

qe — detector quantum efficiency including telescope spectral transmittance

A —wavelength

Lgy, — spectral radiance of the sky, units of photons/(time area solid-angle wavelength)
Zg — solar zenith angle

;g — target zenith angle.
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Lsty is calculated using the MODTRAN atmospheric radiance transfer model with inputs: 1976 US Standard
Atmosphere, telescope altitude = 3.084 km (altitude of DKIST on Haleakala), tropospheric atmospheric aerosol
distribution, surface meteorological range = 20km. We have used a nominal silicon detector quantum efficiency for
qe(A) with spectral bandwidth defined by 4, = 0.5u and 4; = 1.0u.

Equation (18) calculates the number of photoelectrons in a pixel well coming from a target.

ftrg = Awdt a %fp (9)]‘:9 ;:)1 Qf(l)qe(l)fpath(A)EQ (/1) dA, where (18)

ferg — Photo-electrons in a pixel from target

Qrqrg — target area

R — distance to target

p — target reflectivity

fp — phase factor (0 - 1, depending on solar/target positions)

6 — telescope — target — sun angle

fs — Strehl ratio (loss due to atmospheric “blur”)

Qy — fraction of energy in central pixel due to PSF energy spreading
Tpaen — transmittance atmospheric path to target

E — solar spectral irradiance at target (“solar constant”)

Eo, Tpatn are MODTRAN outputs.

As before, SNR is defined as the target signal divided by the square root of background pixel variance.

SNR = Jirg (19)

2
\/ftrg +bsky+NyeqqtNdarkdt

Table shows SNR for the representative target locked at 40° above the sun, and with the Sun’s zenith angle changing.
We have assumed an integration time of 60s.

Table 2. Signal-to-Noise Ratio for representative satellite near sun

At=60s
26 (deg)  zyg (deg)  firg Doy SR
90 50 1467 9.74E+09 0.01
91 51 1455 8.35E+09 0.02
92 52 1443 4.92E+09 0.02
93 53 1430 2.57TE+09 0.03
94 54 1417 1.01E+09 0.04
95 55 1402 1.95E+08 0.10
96 56 1387 7.10E+07 0.16
97 57 1371 2.03E+07 0.30
98 58 1355 4.19E+06 0.66
99 59 1337 7.95E+05 1.50

Imaging targets near the sun is confounded both by atmospherically scattered sunlight and the fact that the satellite is
mostly backlit. For example, when the target is 40° from the sun, f,, = 0.12. Note that when the sun is below the
horizon (twilight) then there is technically no exclusion zone for an earth-based telescope. However, space-based
telescopes will often have solar exclusion restrictions even when earth-based telescopes don’t.
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4.6 Nighttime Detection in Lunar Exclusion Zone

Detection of CAPSTONE was achieved with a small telescope (36 cm aperture) during ideal conditions provided by
a lunar eclipse [10]. Similar to a solar eclipse during which the moon provides the external (above the earth
atmosphere) occulter of the bright solar disk, the lunar eclipse ensures the lowest possible sky background for
observations from the ground. During these ideal conditions the experiment was able to detect capstone with
reasonable SNR and with an effective exposure time of 120s. In the absence of lunar-eclipse conditions, DKIST will
experience significantly higher sky background.

Estimating DKIST direct-detection SNR for CAPSTONE near a full moon requires the use of Egs. (17-19) above, but
the scattered light term, L, includes moonlight rather than sunlight. Also note, since the target is near the full moon

it is nearly fully illuminated by the sun (i.e., f,~1). In this case the moon is positioned at zenith and Table 3 shows
SNR at different target distances from moon center.

Table 3. Signal-to-Noise Ratio for the CAPSTONE satellite near the moon

At=60s
zc(deg)  zirg (deg)  furg Doy VR
0 1 12621 466609 18.2

0 2 12618 463408 18.3

0 3 12612 457197 18.4

0 4 12603 451334 185

0 5 12593 443305 18.7

0 6 12580 435503 18.8

0 7 12564 426398 19.0

0 8 12546 417558 19.1

0 9 12526 407732 19.3

0 10 12503 398297 19.5

Despite its small size, CAPSTONE should be easily detectable in the night sky with DKIST. Instead of a single long
exposure (e.g. 60 s) multiple shorter exposures would likely have to be obtained and combined using shift-and-add
methodology to achieve the final SNR as was done in [10].

5. CONCLUSIONS AND FUTURE WORK

Ground-based solar telescopes can serve as an important adjunct in an SDA constellation design. DKIST has greatly
reduced solar and lunar exclusion zones and manages internal scattering, making it attractive relative to conventional
telescopes to overcome the “cone of shame” barrier. In addition, ground-based telescopes have the advantage of being
much easier to operate and maintain than space-based assets. Finally, the investment in DKIST has already been
made, providing additional cost savings.

We conclude that occlusion detection and tracking of satellites in solar transit is promising. We conjecture that
occlusion detection can also be performed for lunar transits, although this will be more challenging. Direct detection
of cislunar satellites during the daytime is far more challenging. We have identified some twilight geometries for
which detection is plausible for larger satellites. Finally, we conclude that nighttime direct detection in lunar exclusion
zones is extremely promising.

The DKIST solar telescope is a world-class telescope which can be used in SDA experiments to demonstrate the utility

of similar solar telescope designs for SDA. We plan to perform analyses to optimize the SNR in data acquisition and
to evaluate the utility of the AO system in tracking mode. These analyses will be supported by simulations designed
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to quantify detection performance. We will then design and execute tracking experiments, first using dim stars as
surrogate satellites, then with actual satellites. These experiments will be both during daytime and nighttime hours.
Finally, we plan to partner with the SDA community to characterize current and future gaps, and to develop integration
concepts and requirements.

[1]
[2]
[3]
[4]

[6]
[7]

8]
[9]

[10]

6. REFERENCES

S.R. Khnister, “Evaluation framework for cislunar space domain awareness (SDA) systems,” Masters thesis
AFIT-ENV-MS-20-M-221 (2020).

A. Bloom, J. Wyasack, J.D. Griesbach, and A. Lawitzke, “Space and ground-based sensor performance
comparisons,” in Advanced Maui Optical and Space Surveillance Technologies Conference (2022).

T. Rimmele, et al., “The Daniel K. Inouye Solar Telescope - Observatory Overview,” Solar Physics, Volume
295, Issue 12, 172

Fehlmann et al., “The Daniel K. Inouye Solar Telescope (DKIST) Cryogenic Near-Infrared Spectro-
Polarimeter”, Solar Physics, Volume 298, Issue 1, 5[5] Thomas Gardner, et al.,, “Capstone: a CubeSat
pathfinder for the lunar gateway ecosystem,” in Proceedings of the 35th Annual Small Satellite Conference,
paper SSC21-11-06 (2021).

H.H. Barrett and K.J. Myers, Foundations of image science, John Wiley & Sons (2013).

T.J. Schulz, Schulz, “Multiframe blind deconvolution of astronomical images,” Journal of the Optical Society
of America A 10 (1993):

W.C. van Kampen and R.G. Paxman, “Multiframe blind deconvolution of infinite-extent objects,” Proc. SPIE
3433 (1998).

F. Wdger, and O. von der Luhe. “Field dependent amplitude calibration of adaptive optics supported solar
speckle imaging." Applied Optics 46 (2007).

Y. Sechrest, M. Vance, C. Ward, W. Priedhorsky, R. Hill, W.T. Vestrand, and P. Wozniak, “Ground-based
Cislunar Space Surveillance Demonstrations at Los Alamos National Laboratory”, in arXiv:2412.03339

ACKNOWLEDGEMENT

We thank Trusted Space scientists for helpful discussions and for providing us with information about the CAPSTONE
satellite. We also express gratitude for useful discussions with Zachery Funke, PhD Student at the University of
Colorado, Boulder, and a USSF officer.

Copyright © 2025 Advanced Maui Optical and Space Surveillance Technologies Conference (AMOS) — www.amostech.com





