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ABSTRACT

The compositions of asteroids are of interest for the planetary sciences, mining, and planetary defense. The main
method for evaluating these compositions is reflectance spectroscopy. Spectroscopic measurements performed
from Earth can not resolve how different materials are distributed on the asteroids, making flyby— and rendezvous
missions necessary for obtaining detailed information. Using the CubeSat platform could reduce the costs of these
missions, but it also sets constraints on the payload mass and volume. One small and light instrument capable
of producing spatially resolved spectral data is a hyperspectral imager based on the Fabry-Perot interferometer.
This work proposes a method of calculating reflectance data from hyperspectral radiance images of an asteroid
and a computationally evaluated incident spectral radiance. The proposed method was tested in laboratory
conditions with inconclusive results. The obtained reflectances differed from reference measurements, but we
believe this was caused by improper calibration of the used imager rather than errors in the method itself.
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1. INTRODUCTION

Asteroids are defined as small, natural, solid bodies orbiting the Sun, differing from comets in that they do not
expel a tail of gas or dust.! The compositions of asteroids are of interest in the planetary sciences by offering
information about the evolution of our solar system, and the effects of space weathering.?? Other fields interested
in this compositional information are those of asteroid mining®® and planetary defense.? For mining, surveying
the materials present in an asteroid before starting mining operations is naturally valuable. In planetary defense,
meaning protecting Earth from potentially hazardous objects, the composition of an asteroid can affect how to
best alter its trajectory.

One of the most important techniques in analyzing the compositions of asteroids is reflectance spectroscopy:
comparing the spectral distribution of light reflected by the asteroid to the spectral distribution of sunlight
incident on it.! When performing measurements from Earth, the spectral measurements are “disc-integrated”:
the asteroids are seen as uniform discs due to their small size.® For more detailed analysis, flyby— and rendezvous
missions, such as NASA’s NEAR-Shoemaker” and OSIRIS-REx,%? and JAXA’s Hayabusa2,'” are needed. While
the main objectives of OSIRIS-REx and Hayabusa2 were to retrieve a sample back to Earth, they also performed
spatially resolved spectroscopic measurements on their respective target asteroids.

In recent years the CubeSat!! platform has provided a standardized and affordable solution for space research
in the form of nanosatellites. Missions utilizing the CubeSat design have also ventured into the “deep-space”
outside of Earth’s atmosphere, beginning with the Mars Cube One (MarCO) accompanying the InSight Mars
lander.'? ESA is currently developing two asteroid missions involving CubeSats: the Miniaturised — Asteroid
Remote Geophysical Observer (M-ARGO)'® and Hera.>'* M-ARGO is a standalone 12-unit CubeSat, while
Hera involves a larger spacecraft carrying two 6-unit CubeSats, Juventas'® and Milani.'6

Hera, previously known as the Asteroid Impact Mission (AIM), is the European component of the Asteroid
Impact and Deflection Assessment (AIDA). This mission is a joint effort by ESA and NASA, the North American
component going by the name of Double Asteroid Redirection Test (DART). The mission targets the asteroid
65803 Didymos,'” a near-Earth object (NEO) consisting of a main body (Didymos) and its satellite (Dimorphos).
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DART is a kinetic impactor set to collide with Dimorphos, altering its orbit around Didymos. Hera will arrive
at the scene three years later to observe the aftermath of the DART collision and characterize the properties of
Didymos through various techniques. One of these techniques is spatially resolved reflectance spectroscopy, in
this paper referred to as hyperspectral imaging. The task of imaging is delegated to one of Hera’s companion
CubeSats, Milani.

Milani’s main scientific payload is the ASPECT imaging suite consisting of three instruments with different
wavelength ranges: two hyperspectral imagers (HSI) for visible light and near-infrared (NIR), and a point
spectrometer for short-wave infrared (SWIR). All three devices are based on the Fabry-Perot interferometer
(FPI), and the two HSIs are frame-based devices, recording intact frames and varying the recorded wavelength
over time. FPI-based HSIs can be made very light and compact, making them well suited for nanosatellite
applications. The spaceworthiness of this imager design has been proven on two Finnish Earth observation
CubeSats, the Aalto-1'® and the Reaktor Hello World.!?

While spatially resolved reflectance spectroscopy, hyperspectral imaging, has been done on previous asteroid
missions, the instruments have been different from the FPI-HSIs onboard Milani. For instance, on OSIRIS-REx
the imager was essentially a whiskbroom camera: a point spectrometer with movable optics for scanning its
field of view over a target area. This paper aims to answer the question of how to produce reflectance data
from hyperspectral images of asteroids taken with frame-based FPI-HSIs. Our main focus is the Milani and the
ASPECT imager onboard it, but the methods and considerations presented here should apply to other asteroid
missions employing frame-based HSIs.

2. MATERIALS AND METHODS
2.1 Theoretical Background

The FPI-HSIs this work considers are based on using the FPI as a tunable transmission filter. The transmission
spectrum of the FPI consists of sharp spikes, the central wavelengths of which depend on the cavity length of the
device. With a known cavity length and a proper bandpass filter (“order sorting filter”), the transmitted light
can be limited to a few peaks with well-known wavelengths. By modulating the cavity length, the transmission
wavelengths can be changed. Recording the light transmitted by the FPI for a series of known cavity lengths will
yield a spectral image. This imager concept is considered in more detail by Saari et al. in Ref. 20 and Ref. 21.

The quantity we refer to as reflectance in this work is more exactly known as the bidirectional reflectance
factor (BRF), for which we follow the treatment of Manolakis et al.?> The BRF of a surface is defined as the
relation of light reflected from the surface and the light reflected from an ideal Lambertian reflector in identical
geometry. Mathematically this can be expressed through radiance as

L)\r
Ry = -2 1
= (1)

where R) denotes the BRF, L), is the radiance reflected from the sample, and L);q is the radiance reflected
from the ideal surface. The subscript A denotes spectral quantities.

In a laboratory measurement, one can find the spatially resolved BRF rather easily with a hyperspectral
imager. A typical procedure consists of imaging an approximately ideal Lambertian reflector, a “white sample”,
in addition to the actual imaging target. Dividing the hyperspectral image of the target with the hyperspectral
image of the white sample according to Eq. (1) will then yield the BRF. Reflectance standards other a white one
can also be used, and it is generally a good practice to use a standard with reflectance properties similar to the
imaging target.?2

For the imaging of asteroids, a physical reference sample is impractical. If one were to place a reflectance
standard on or near the asteroid, the standard would have to be fairly large. For example, the imager onboard
the Milani CubeSat has a requirement of 2 m / pixel for its spatial resolution.?® This resolution would require
the reflectance standard to be at least 2 meters in diameter, making it much larger than the 6-unit CubeSat
itself. Including the reflectance standard and the equipment to deliver it to the target asteroid would increase
the satellite’s mass and the complexity of its operation.



Another approach would be to somehow suspend a reflectance standard between the imager and the asteroid,
with a mechanism to move the standard in and out of the imager’s field of view. This would again increase
both the mass and the number of moving parts of the system: neither is desirable, especially in the context of
autonomous CubeSat missions.

Instead of imaging a physical reflectance standard we propose to calculate the radiance that would be reflected
from an ideal Lambertian disc placed on the asteroid: an imaginary white sample. In the proposed model, the
only light source contributing to light reflected from the asteroid is the Sun, and the light incident on the asteroid
is considered approximately collimated. The propagation medium between the Sun and the asteroid, and between
the asteroid and the HSI, is modeled as vacuum with no absorption.

To calculate the spectral radiance reflected from an ideal Lambertian sample, one must know the spectral
irradiance incident on the sample and the incidence angle. The spectrum of sunlight has been well characterized
also outside the Earth’s atmosphere, and datasets of this spectrum are available, for example, from the National
Renewable Energy Laboratory of the United States (NREL).2* This irradiance spectrum is measured near Earth
at a distance of one Astronomical Unit (AU) from the Sun, but it can be scaled for other heliocentric distances
through the inverse square law. In the proposed model, the imaginary white sample is a flat disc placed per-
pendicular to the direction of light traveling from the asteroid to the HSI. The incidence angle of sunlight on
this disc is then given by the phase angle, the angle of Sun-object-observer, a measure often used in describing
astronomical measurements. A schematic view of the measurement geometry is presented in Fig. 1.

Denoting the spectral radiance reflected from an ideal Lambertian sample with L);q4, the spectral irradiance
incident on that sample with Fy;, and the phase angle of the measurement with ¢, the spectral radiance can be
expressed as

Lyig = 220 (2)

by using Lambert’s cosine law. Applying the law of conservation of radiance, this reflected spectral radiance is
the same that an HSI would detect, regardless of the distance between the asteroid and the HSI.

2.2 Experimental Work

To test the proposed method of producing reflectance data, a laboratory setup for modeling the imaging of
asteroids was built. The central idea of the experiments was to apply the proposed white correction method
for FPI-HSI data resembling that of asteroids and comparing the resulting reflectances to results of reference
measurements. In addition to a rock sample standing in for an asteroid, some reflectance standards in the form of
a ColorChecker and gray ceramic samples were measured. The imager used in the measurements was a prototype
model built by the Technical Research Centre of Finland (VTIT). It belongs to the same line of FPI-HSIs as
the ones described by Saari et al. in Ref. 20 and Ref. 21 and works through the same operating principle. The
wavelength range of the imager was 456 nm to 840 nm, and it recorded 133 wavelength channels with FWHMs
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Figure 1: Measurement geometry for asteroid imaging.



ranging from 12 nm to 16 nm. The data was recorded from 80 separate exposures taken with different values of
FPI cavity length. The imager’s objective lens was exchangeable, but for all measurements related to this work,
the lens was a Navitar machine vision objective with 35 mm focal length and f/1.4 aperture size.

Raw data captured with the HSI were converted to hyperspectral radiance images using fpipy,2® a Python
library developed at the University of Jyviskyld for processing data produced by FPI —based imagers. This
conversion consisted of several steps, including the subtraction of dark current, demosaicing the HSI’s RGB
sensor data, and building a hyperspectral datacube of 133 wavelength channels out of the 80 raw data frames.
The last of these relied on a calibration dataset provided by the manufacturer, including the FPI cavity lengths
for each frame, the corresponding passing wavelengths, and calibration factors for the sensor’s red, green, and
blue pixels. The calibration and producing hyperspectral images from the raw data from this type of devices are
considered in more detail in Ref. 20 and Ref. 21.

The measurement setup for modeling asteroid imaging consisted of a light source, a sample stage, the FPI-
HSI, and a commercial spectroradiometer (Konica Minolta CS-20002%). While the HSI could measure up to 840
nm, the spectroradiometer’s wavelength range was limited to 780 nm in the longer wavelengths. This constrained
the usable HSI data to the range of 456 - 780 nm, which was covered by 115 wavelength channels. The aperture
of the spectroradiometer was set to its lowest possible value of 0.1°. The used light source was an old slide
projector (Leitz Pradovit 153). The projector was chosen for its high output power, approximately Sun-like
spectrum (see Fig. 4(a)), and nearly uniform distribution of light on the illuminated area.

A schematic view and a photograph of the setup can be seen in Fig. 2. In the schematic of Fig. 2(a),
the distance d, is the distance between the light source and the sample, ¢ denotes the phase angle, and dgsr
is the distance between the sample and the hyperspectral imager. In all measurements, the distance dggs;y
was approximately 30 cm, and the phase angle ¢ approximately 30°. As the projector output was not ideally
collimated, the irradiance incident on the sample could be adjusted by modifying the distance between the
projector and the sample, d,. The sample stage and its immediate surroundings were covered with black cloth
to reduce background reflections.

The rock sample was measured with eight levels of incident irradiance, achieved with eight values of projector—
sample -distance d,. The measurement sequence for the rock sample is presented as a flowchart in Fig. 3. The
level of incident light was evaluated for each distance d, by measuring the luminance reflected from a diffuse
white sample, with its normal facing the projector. The luminance was converted to illuminance approximating
the white sample as a Lambertian reflector and utilizing Lambert’s cosine law. The photometric units of lumi-
nance and illuminance were used for their convenience: the CS-2000 spectroradiometer allowed simple and fast
luminance measurements.

The obtained illuminance values were used for comparing the light levels in the measurements to those
present in the imaging of asteroids. A reference value for the illuminance at a heliocentric distance of 1 AU was
calculated using the Sun’s irradiance spectrum?* and the spectral sensitivity of the human eye (the V()\) —curve).
The reference illuminance Ey,.r was scaled to larger heliocentric distances through the inverse square law. The
subscript V' is used to distinguish the photometric units from their radiometric counterparts. The approximate
heliocentric distance corresponding to each projector position was found by solving the equation

E
Ey = ‘:i;"ef (3)
S
for the heliocentric distance dg, with Ey denoting the measured illuminance. The evaluated heliocentric distances
for all eight measurements are presented in Tab. 1 together with the corresponding projector-sample —distances,
illuminance values, and total exposure times of the hyperspectral images.

The exposure times presented in the table were calculated by multiplying the exposure time of one frame
by 80, the total number of frames captured for one hyperspectral image. In truth, this total exposure time
would be slightly longer, as between frames the cavity length of the FPI must be adjusted. For actual asteroid
missions, the capture times could be shorter than the presented results. According to a preliminary mission
plan,?® Milani’s operations will be performed when the distance to the Sun is between 1.5 and 2.2 AU. The
irradiance of incident sunlight on the asteroid will then, for the most part, be higher than in our laboratory tests,
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1 is the projector, 2 is the sample tor, the sample stage, and the HSI.

stage, 3 is the HSI, and 4 is the

spectroradiometer.
Figure 2: A schematic view and a photograph of the measurement setup for simulating asteroid imaging. The
(CS-2000 spectroradiometer is not visible in the photograph.

allowing a shorter exposure time. This holds if the f-number of Milani’s imager is similar to that of the imager
used in our experiments.

While Sec. 2.1 describes evaluating the radiance reflected from an ideal Lambertian sample through calcula-
tions, in the laboratory experiments this was not feasible. Instead, the reflected light was measured from a diffuse
white sample in a similar geometry using the CS-2000 spectroradiometer placed behind the HSI. For each of the
eight projector positions, a dataset of test reflectance R;.s; was produced by dividing the hyperspectral radiance
image of the sample with the spectral radiance of the white sample, as measured using the spectroradiometer.
To evaluate the performance of this method, a reference reflectance R,.; was calculated by dividing the same
hyperspectral image of the sample with a hyperspectral image of the white sample.

White sample normal White sample normal

Adjust and measure Place HSI between

dp to projector, measure to observer, measure CS-2000 and sample

with CS-2000 with CS-2000

Capture Replace white sample Capture Adjust HSI exposure,
hyperspectral image with sample hyperspectral image measure dark current

Figure 3: Measurement sequence as a flowchart for measurements of the rock sample.



Table 1: Projector-sample -distances d,, illuminance values Fy, corresponding approximate heliocentric distances
ds, and total exposure times t4,; for measurements of the rock sample.
d, [em] By [Ix] ds [AU]  tior [8]

51 29 000 2.1 2.8
62 20 000 2.6 4.4
72 15 000 3.0 6.0
84 11 000 3.5 7.6
98 8 800 3.9 10.0
113 6 600 4.5 13.2

125 5 700 4.8 16.4
149 4100 5.7 22.8

For the ColorChecker measurements, the measurement sequence differed slightly from that presented in Fig.
3: the sequence included an additional step of measuring the samples also using the CS-2000 spectroradiometer.
Two ColorChecker cards were imaged, each with two colored patches visible in the image: one with green and
blue, and the other with red and yellow. For measurements of both ColorChecker cards, the distance between
the projector and the sample was 83 cm, and the illuminance incident on them was 12 klx. The datasets of test
reflectance were produced similarly to those of the rock sample. The reference reflectances were calculated for
each colored patch by dividing the spectroradiometer data of them with the corresponding spectroradiometer
data of the white sample.

Two measurements of matte surfaced gray reflectance standards were made: one with a darker gray reflecting
approximately 10 %, and one with a lighter gray reflecting approximately 30 %. The measurement sequence
was changed by not including the step of measuring the white sample with the HSI. Test reflectance datasets
were again produced by dividing the spectral radiance images of the samples with the corresponding spectral
radiances of the white sample obtained with the spectroradiometer. The reference reflectances for the ceramic
samples were measured using a commercial spectrophotometer (PerkinElmer Lambda 105027).

3. RESULTS

Results of the experimental work are presented through various figures. First, Fig. 4 shows the spectral radiance
measured from the white sample using the HSI and the CS-2000 spectroradiometer. The HSI data was averaged
over a 100x100-pixel area at the sensors’s center to reduce noise. Figure 4(a) gives the spectral radiances from
both devices for one measurement, and Fig. 4(b) the relative deviation of spectral radiance between the two
devices for all eight measurements of the stone.

In Fig. 4(b) the graph corresponding to the first measurement is similar to the others in shape, but not in
magnitude. This could be explained as an oversight on the measurer’s part: the light source may not have been
allowed to stabilize sufficiently before the first measurement.

Both graphs of Fig. 4 point to errors in the radiances measured using the HSI, with the radiance seen by the
HSI being in all measurements higher than that recorded with the spectroradiometer. If the first measurement
is ignored, the radiance curves corresponding to measurements made with different illuminance levels are very
similar. As such, the error behaves linearly, and it would likely be quite simple to remove it through calibration.

The dip in radiance near 580 nm is present in all measurements performed with the imager. It is likely caused
by overlapping quantum efficiencies of the HSI’s CMOS sensor’s different colored pixels. Another notable feature
is the increase in deviation toward longer wavelengths. Again, since both appear similar in measurements made
with different illuminance levels, they could likely be corrected with proper calibration.

Figure 5 presents the test— and reference reflectances of the rock sample for two of the eight measurements.
Full reflectance images were calculated as detailed in Sec. 2 and then averaged over a 100x100-pixel area near
the sample’s center to reduce noise. In both graphs, the test reflectance is higher than the reference reflectance,
and it exhibits the same deviations near the wavelength of 580 nm and in the longer wavelengths as the radiance
deviation curves of Fig. 4(b).
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Figure 4: Radiance spectra of the white sample in measurement 3, as measured by the HSI and the spectro-
radiometer, and the radiance difference between white sample measurements performed with the HSI and the
spectroradiometer for all eight measurements.

Data from the imager has previously been used by comparing the hyperspectral image of a target to a
hyperspectral image of a white sample, both captured with the same imager. When the reflectance of the sample
is calculated in this manner, errors in the device’s ability to capture radiances present in both the sample data
and the white reference data will cancel each other. If the sample image is compared to a white reference radiance
derived from calculations in the unit of W/ (In2 srnm), or from a calibrated device producing readings in the
same unit, the errors of the sample image will be visible. Rigorous calibration of the imager is then more critical
in this application than in a typical laboratory imaging setup.

Figure 5(a) also has a feature not visible in Fig. 5(b): a very sharp drop in both test- and reference reflectance
near 570 nm. A similar effect was also observed in one other rock sample measurement at the same wavelength.
As the feature is present in both test- and reference reflectances, it likely originates from the hyperspectral image
taken of the rock sample. The hyperspectral radiance image of the rock sample was examined by sampling ten
arbitrary points on the stone: the spectra of all ten points exhibited a similar drop at the same wavelength. Six
of the eight measurements did not show this drop, leading us to believe that its cause was not in the reflectance
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Figure 5: Rock sample reflectances from two measurements, averaged from a 100x 100 pixel area near the center
of the sample.



properties of the sample, but in the used imager. This spectral feature could be caused by inconsistent operation
of the imager’s FPI’s piezo actuators responsible for controlling the cavity length.

The dataset of measurement 3 was selected for further analysis. With measurement 1 likely compromised
by errors on the measurer’s part and measurement 2 containing an unexpected dip in reflectance suspected to
be caused by a malfunction of the HSI, measurement 3 had the highest incident irradiance on the sample of
the remaining six measurements. This data was considered to best represent the real conditions of imaging
asteroids. To examine the effect of brightness variation on the reflectance results, both test— and reference
reflectance images were averaged over the wavelengths in each spatial pixel. The relation between average test—
and reference reflectances is presented as a scatter plot in Fig. 6, with each point corresponding to one spatial
pixel of the hyperspectral image. Pixels from the background were separated from those of the sample through
masking by utilizing the masked array — module of the numpy -Python library.?® The graph also contains a red
line corresponding to an ideal result where the test— and reference reflectances would be in perfect alignment.

The test— and reference reflectances of the rock sample area appear to be related to each other linearly. While
the slope of this linear trend does not exactly correspond to the ideal reference line, the linearity itself suggests
that calibration of the results would not be overly difficult.

Measurements of the two ColorChecker cards yielded similar results, and thus only one of them is considered.
Results from measurements of the card with green and blue patches are presented in Fig. 7: Fig. 7(a) considers the
test— and reference reflectances of the green patch, and Fig. 7(b) the same for the blue patch, while Fig. 7(c) shows
an RGB-reconstruction of the reflectance image. The test reflectance results were averaged over a 100x 100-pixel
areas to reduce noise. These areas are marked on the RGB image with white squares.

Results of the ColorChecker reflectance measurements share similarities with the results of the rock sample
measurements. The test reflectance is again overall higher than the reference reflectance. The dip in reflectance
near the wavelength of 580 nm is again visible, as is the rise in reflectance in the IR region. However, for the blue
patch, the results appear markedly better than for the green one. This could be due to the area of interest being
near the edge of the sensor, as opposed to its center. As shown in Fig. 4, the radiances captured with the HSI
are higher than those captured with the spectroradiometer. Toward the edge of the sensor, vignetting caused by
the HSI’s optical system reduces the radiance, yielding results more in line with those of the spectroradiometer.
Vignetting, as well as other properties of this particular imager, are considered in Ref. 29 through several
characterization measurements.

As was the case for the ColorChecker measurements, measurements of the two gray ceramic reflectance
standards did not greatly differ from each other. For this reason, only the lighter sample is considered here,
with results related to it presented in Fig. 8. The test— and reference reflectance spectra are again plotted in
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the two reflectances would be in perfect agreement.
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the same graph in Fig. 8(a), with the test reflectance averaged over a 100x100-pixel area for noise reduction.
A reflectance colormap of the sample is shown in Fig. 8(b) with the area used for averaging marked on it as a

white square.

The test reflectance curve shows similar deviations from the reference results as the in the rock sample— and
ColorChecker measurements, with a dip in reflectance near 580 nm and a rise toward longer wavelengths. The
sharp drop near 570 nm observed in Fig. 5(a) is likewise visible, though not to the same extent as in the rock
sample measurement.

The most notable difference between the results of the ceramic samples and the other two sample types is
that the test reflectance does not appear higher than the reference reflectance throughout the wavelength range.
We suspect that this discrepancy is caused by a different measurement technique used to produce the reference
reflectance, combined with a non-uniform sample surface. Reference reflectances of the two ceramic samples
were measured using a PerkinElmer Lambda 1050 spectrophotometer equipped with an integrating sphere. The
aperture of the sphere where the sample was placed only encompassed a small area on the sample. This measured
area was likely not exactly the same where the HSI data was averaged to produce the presented reflectance curve.
As such, it is possible that non-uniformities of the sample surface caused the two compared results to be measured
from areas with different reflectance properties. Some of the possible non-uniformity is visible in Fig. 8(b), which
presents a colormap of one reflectance frame. Some areas of the sample are brighter than others, indicating
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higher reflectance in this particular wavelength.

To summarize the results of the experiments, reflectances calculated with the proposed method deviated
from reference results by unacceptable amounts. Especially problematic were the wavelengths in the red end of
the spectrum and the area near 580 nm. In most measurements the test reflectances were also higher than the
reference results throughout the whole wavelength range.

4. DISCUSSION

The proposed method of reflectance calculation provided erroneous results, but we believe the errors are caused by
improper device calibration rather than the method itself. The comparison of spectral radiances measured with
the HSI and the CS-2000 spectroradiometer, presented in Fig. 4, exhibit the same deviations as the reflectance
results: higher readings throughout the wavelength range, a dip near 580 nm, and a rise in the red region. These
errors in radiance propagate to the reflectances.

The objective lens of the used imager was exchangeable, and the objective and aperture size used in the
original manufacturer calibration are unknown. Changing either of these will affect the radiance incident on
the imager’s sensor due to a change in acceptance angle. If the objective lens or the aperture was different in
the calibration than in our measurements, this could cause the observed shift to higher radiance readings. If
an adjustable aperture is also incorporated into a spacecraft-mounted FPI-HSI, its effects on recorded radiances
must be considered during calibration. One must either make characterization measurements for all aperture
sizes of the design or find a mathematical relation between aperture size and radiance incident on the sensor
array.

The dip near 580 nm we attribute to overlapping quantum efficiencies of the sensor array’s red, green, and
blue pixels. Consider a frame taken with three peaks passing the FPI. For an ideal FPI-HSI of this type, the
signal of the red pixels would only consist of the base wavelength, the green signal of only the first multiple of
this wavelength, and the blue signal of only the second multiple. In our non-ideal imager, the sensitivities of the
three pixel types overlap since the commercial CMOS-sensor used in the imager mimics the human eye’s spectral
sensitivity. This overlap causes all three types of pixels to also detect light from the two other peaks, in addition
to light from the intended peak. This effect could also be the cause of the deviations seen in the red wavelengths.

As briefly discussed in Sec. 3, we believe the errors can be removed by proper calibration of the HSI. This
assumption is supported by the similarity of spectral radiance deviations between the HSI and the spectroradio-
meter, seen in Fig. 4(b). Spectral radiances measured with the HSI deviate from the reference results, but the
relative deviation is similar between the measurements, suggesting a linear relation between irradiance on the



sample and radiance measured with the HSI. This linearity implies that calibration of the device would not be
overly difficult.

Analysis of asteroid compositions relies on evaluation of both spectral features and albedo. To retrieve
the shape of reflectance spectra, absolute radiometric calibration is not necessarily needed: the spectra can be
normalized, for example by setting the mean value to be 1. For albedo evaluation the absolute calibration is
critical.

Minute changes in the operation of any measurement device can change the results it yields. It is generally a
good practice to periodically re-calibrate any precision measurement device, including those onboard spacecraft.
Proven approaches to this for spacecraft- based cameras and spectrometers include placing well-characterized
light sources or reflectors on the spacecraft”™ ® Imaging these known samples and comparing the data to the char-
acterization results can yield information on the instrument’s performance, provided properties of the standards
have not changed. This information, in turn, allows in-flight re-calibration of the instrument.

FPI-HSIs are no exception to this degradation of performance, especially when operating in the harsh en-
vironment of outer space. The sharp drop of reflectance at 570 nm seen in Fig. 5(a) was likely caused by a
malfunction of the HSI, which is worrisome in this respect. If this type of error is typical to FPI-HSIs, it is
important to know of its existence also in spacecraft—based sensors. However, the space— and mass capacity on a
CubeSat platform is limited and may not allow installing calibration standards. Alternative methods of ensuring
the imager performance should be explored.

While using a flat disc for the geometry of the imaginary white reference has merits in its simplicity, it will
not give optimal results. Ideally, the white reference should be the same shape as the imaging target. For
the proposed method of reflectance calculation this would require mapping the asteroid’s surface geometry and
overlaying this data with each captured radiance image. In the case of the Hera mission to Didymos, the surface
geometry will be measured with a Light Detection and Ranging (LIDAR) instrument.®> Taking subsequent
images of a spinning asteroid from a moving spacecraft would also allow determining the geometry through
photogrammetry. This latter approach may be more suitable for CubeSat missions since it does not require
installing additional equipment on the spacecraft.

In our laboratory measurements, the dark current of the imager sensor was measured by placing a lens cap
on the objective, capturing several frames, and calculating from them the average dark current of each pixel. In
satellite applications, a similar approach based on a mechanical shutter may carry with itself some risks: if the
shutter malfunctions, it can potentially render the whole HST useless.

For missions where the FPI-HSI -equipped CubeSat is brought to the scene inside a larger mothercraft,
like Milani inside Hera, the simplest solution for measuring the dark current may be to image the inside of
the mothercraft. This approach could prove problematic, as over the lifetime of a mission the dark current
may change due to temperature fluctuations or sensor degradation. The question of whether these effects are
significant enough to merit introducing more complicated methods should be investigated.

Depending on the wavelength range of the FPI-HSI, one may be able to adjust the FPI cavity length so
that all transmission peaks lie outside the bandpass filter’s transmission area. The light reaching the sensor is
then dependent on the FPI transmission outside of the peaks combined with the bandpass filter’s transmission
outside its passing wavelengths. With a high-finesse FPI and the right bandpass filter, the transmission of their
combination could be approximately zero for some FPI cavity lengths. Capturing frames with such a cavity
length could be used for measuring the dark current.

Still another approach would involve aiming the instrument away from the target asteroid and the Sun to
observe the dark sky. Frames taken like this would also include light from the stars. Portions of such frames with
no stars could be averaged to get one value for the sensor’s dark current, but using this would ignore differences
between the dark currents of different pixels. A more rigorous method would be to capture several frames with
different imager orientations so that each pixel would have at least a few frames with no starlight incident on it.

Extending the wavelength range of imaging to infrared can offer further information on the composition of
an asteroid, but infrared imaging also requires taking into account the effects of thermal emission. A part of
the light arriving at an imager from an asteroid is not reflected sunlight, but blackbody radiation from the



surface warmed by absorbed solar radiation. For example, at the wavelength of 2.5 pm the thermal emission
can contribute over 10% of the recorded light for an object with an albedo of 0.15,° the assumed albedo of
Didymos.?® For accurate reflectance results, this thermal contribution of the recorded light must be evaluated
and removed. In the OSIRIS-REx mission this was done by measuring the target asteroid with a separate point
spectrometer, but this may not be a feasible solution for small CubeSat platforms with limited payloads.

Instead of direct measurements, the thermal emission could be modeled computationally by building a global
map of the asteroid’s surface temperature distribution. A simpler thermal model such as NEATM?! will not
be sufficient for spatially resolved measurements, as it only models the thermal radiation from a disc-integrated
perspective. The temperature distribution on an asteroid’s surface is known to be non-uniform. The Yarkovsky
effect born from non-uniform distribution of radiated heat demonstrably causes observable changes to asteroid
orbits.3?

For further experiments, an FPI-HSI should be rigorously calibrated to record absolute radiances, and then
used in a similar setup. If possible, the sample should also better represent an asteroid, making a meteorite
more suitable than an arbitrary rock. Using the Sun as a light source would also bring the setup closer to the
real situation of asteroid imaging, provided there is no cloud cover, and the weather conditions allow bringing
measurement equipment outside.

5. CONCLUSIONS

A method for producing reflectance of asteroids from FPI-HSI data was suggested and tested in laboratory
conditions. Measurements were made for three different types of samples, and the results of the proposed
method were compared to reflectances produced with reference methods. For all three sample types, there were
deviations between the test— and reference reflectances. However, we suspect these originated from improper
calibration of the used imager rather than from errors in the proposed method. Further research is needed to
confirm the performance of the method before applying it. Ideally, the imager of future measurements should
be an FPI-HSI identical to one intended for CubeSat -use, and rigorously characterized and calibrated.

Other factors related to imaging asteroids with CubeSat-based FPI-HSIs, such as in-flight calibration, dark
correction, and compensating for thermal emission, were also briefly considered. These problems have been solved
for point-spectrometers, but the frame-based nature of the FPI-HSI and the limited space— and mass capacity
of a CubeSat platform set some unique challenges. Since on these factors this work only gives suggestions not
backed by measurements or simulations, more research is needed.
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