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Meteoroids detection with the LUMIO lunar CubeSat
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Abstract

The Lunar Meteoroid Impacts Observer (LUMIO) is a CubeSat mission to observe,
quantify, and characterize the meteoroid impacts on the lunar farside by detect-
ing their flashes. This complements the knowledge gathered by Earth-based ob-
servations of the lunar nearside, thus synthesizing global information on the lu-
nar meteoroid environment and contributing to the lunar situational awareness.
The goal of LUMIO is to advance our current knowledge of meteoroid models in

the solar system. In this work, we present the methodology devised to predict
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the scientific contribution of LUMIO. Our approach relies on combined modeling
and simulation of payload, orbit, and environment. The analyses carried out have
been used to drive the design of the LUMIO mission and its payload, the LUMIO-
Cam. A payload radiometric model is derived and exploited to assess the qual-
ity of the scientific measurements. A dedicated study about straylight rejection
is carried out to assess how straylight noise affects LUMIO-Cam measurements.
Our results indicate that a 150 mm baffle grants good performance when the Sun
angle is between 20deg and 90deg. Furthermore, the present-day LUMIO mis-
sion has the potential to detect more than 6000 impact flashes during the activ-
ity peak of the Geminids in 2024 in the range of the equivalent impact kinetic
energy at Earth of [107%,107!] kton TNT Equivalent. Compared to previous pro-
grammes, LUMIO could refine information and fill the knowledge gap about the
meteoroid population in the ranges of the equivalent impact kinetic energy at Earth
of [1076,1074] kton TNT Equivalent and [10~%,107!] kton TNT Equivalent, respec-
tively.

1 Introduction

The Earth-Moon system is constantly bombarded by meteoroids of different sizes
and velocities, and their numbers are significant. Fragments of asteroids, comets,
and major celestial bodies (e.g., Mars and the Moon), constantly encounter the
Earth and Moon in their orbits, and impact them as meteoroids. Observations of
meteor showers on Earth have been studied for at least 50 years [1]. Models de-
scribing these observations can be useful in, e.g., predicting when the next large
meteoroid will impact the Earth itself or the small-meteoroid flux that deteriorates
space equipment. As meteoroids originate from asteroids and comets other than
major bodies like the Moon and Mars, meteoroid models can also be used to under-
stand the spatial distribution of those objects near the Earth-Moon system [1]. By
observing the lunar surface impacts, whose flux is similar to that of the Earth, we
could obtain detailed information regarding their magnitudes, velocities, temporal,
and spatial distributions. This information can be used to increase confidence of
meteoroid models, to validate existing lunar impact models, to contribute to lunar
seismology studies and interior modeling, and to initiate a lunar situational aware-
ness programme for future exploration missions [2|. A programmatic observation of
the lunar surface for impact flash detections and flux observations would be bene-
ficial to help quantifying the threat posed to future human and robotic assets that
will inhabit the Moon (over and under the surface) for significant periods of time.
Impact flashes, plumes, and craters are all opportunities to enhance the present-day
knowledge about the meteoroid environment required to design appropriate hazard

mitigation and defensive strategies for a successful new era of lunar exploration [2].



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

Earth-based optical observations of the light flashes produced by lunar meteoroid
impacts have proven useful in the validation and improvement of meteoroid models
[3]. Conversely to the Earth case where the atmosphere burns the small impactors,
the Moon does not have atmosphere, so smaller objects can reach the ground. Addi-
tionally, monitoring the Moon for meteoroid impact flashes allows for the observation
of larger areas than those covered by traditional surveys of Earth upper atmosphere.
Thus, theoretically, more meteoroid impacts can be detected in shorter periods of

time if a similar size range is considered [4].

Earth-based lunar observations are restricted by weather, geometric, and illumina-
tion conditions. As such, a lunar spacecraft can improve the detection rate of lunar
meteoroid impact flashes, as it would allow for longer monitoring periods. Moreover,
if placed close to the Moon surface, a lunar spacecraft could also allow for the de-
tection of meteoroids smaller than millimeters [5]. The current trend in spacecraft
miniaturization technologies is enabling CubeSat missions in lunar environment.
Space agencies like NASA, ESA, and JAXA are planning CubeSat missions for lu-
nar scientific investigations such as Lunar Flashlight [6], VMMO [7], EQUULEUS
[8], and LUMIO [9].

LUMIO is a CubeSat mission to observe, quantify, and characterize meteoroid im-
pacts on the lunar farside by detecting their flashes to provide global information on
the lunar meteoroid environment and contribute to lunar situational awareness [7].
It complements ground-based observations on the lunar nearside [10-19]. LUMIO
was awarded winner of ESA’s competition “Lunar CubeSat for Exploration”, and
as such it is being considered for implementation'. The Phase 0 study was carried
out in 2017; an independent mission assessment by ESA followed in 2018; the Phase
A study has been carried out in 2020-2021 under ESA’s General Support Technol-
ogy Programme (GSTP). The mission implements the latest technologies to enable

CubeSats as viable machines for deep space science and exploration [20, 21].

In this paper, we present the scientific contribution of LUMIO. The scientific re-
turn of the mission is compared against those of previous programmes to highlight
how LUMIO can potentially refine the known data in the equivalent impact kinetic
energy at Barth of [107%,1074] kton TNT Equivalent, and how it can fill the knowl-
edge gap for the flux density in the range [107%, 107! kton TNT Equivalent. The
methodology used to predict the scientific contribution is also discussed. It inte-
grates information about the payload, the operative orbit, and the lunar meteoroid
environment to conduct analyses on the detection of meteoroid impacts. Effort is
put to the payload radiometric model and the considered noise sources affecting the
measurements: straylight (due to ghosts, contamination, and roughness), the sur-

face background noise of the Moon, dark current, read-out noise, off-chip noise, and

Mttps://www.esa.int/Enabling_Support/Space_Engineering_Technology/CubeSats_for_
hunting_secrets_in_lunar_darkness [last accessed March 1, 2022].


https://www.esa.int/Enabling_Support/Space_Engineering_Technology/CubeSats_for_hunting_secrets_in_lunar_darkness
https://www.esa.int/Enabling_Support/Space_Engineering_Technology/CubeSats_for_hunting_secrets_in_lunar_darkness
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quantization noise. The operative orbit is a quasi-periodic halo about Earth—-Moon
Ly [9]. The lunar meteoroid environment is simulated according to the model in
[22]. An assessment about the performance degradation due to straylight noise is
carried out. Eventually, results of the integrated payload, orbit, and environment
(POE) analysis are presented. In the latter, a Monte Carlo analysis is carried out
to predict the expected number of detected meteoroid impacts, together with their

energy and temporal distribution.

The remainder of the paper is organized as follows. In Section 2, an overview of
the LUMIO mission is provided. The modeling of the lunar meteoroid environment
is outlined in Section 3. The payload radiometric model is detailed in Section 4.
Results from the radiometric analysis and the integrated POE analysis follow in

Section 5 and Section 6, respectively. Concluding remarks are given in Section 7.

2 LUMIO lunar CubeSat

LUMIO is a CubeSat that will be placed on a halo orbit at Earth-Moon Lo to
observe, quantify, and characterize meteoroid impacts on the lunar farside. The

LUMIO mission is conceived to address the following issues:

e Science question. What are the spatial and temporal characteristics of me-

teoroids impacting the lunar surface?

e Science goal. Advance the understanding of how meteoroids evolve in the
cislunar space by observing the flashes produced by their impacts with the

lunar surface.

e Science objective. Characterize the flux of meteoroids impacting the lunar

surface.

LUMIO wants to quantify the luminous energy of meteoroid impacts to the Moon
in the equivalent impact kinetic energy range at the Earth from 1076 to 1074
kton TNT Equivalent. In fact, observations reported in the literature have signifi-
cant error margins and also a set of discrepancies [17, 19]. Additionally, the mission
aims to detect new meteoroid impacts on the Moon in the equivalent kinetic energy
range from 107 to 10~! kton TNT Equivalent. Indeed, no events have ever been

recorded in the latter energy range [17, 19].

Figure 1 shows the potential scientific contribution of the LUMIO CubeSat compared
to data of previous programmes [19]. The comparison shows how LUMIO will detect
new impacts in the range at higher energy (green background) and will contribute to
refine the knowledge in the lower energetic range (light blue background). Some of
the impacts in the high-energy range cannot be resolved by the LUMIO-Cam (yellow
diamonds in the plot). They saturate both detectors due to their high energy.
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Figure 1: Comparison of the estimated LUMIO lunar CubeSat scientific return with the
scientific return of previous programmes. Some points do not show the bottom bar because
they reach negative values and the plot is in logarithmic scale. Logarithmic scale plot. The
plot is an elaborated version of Figure 9 in [19], courtesy of Dr. R. M. Suggs, Dr. D. E.
Moser, Dr. W. J. Cooke, and Dr. R. J. Suggs.

The list of top-level objectives of LUMIO is shown in Table 1, while the lists of
mission and technological demonstration objectives are presented in Tables 2 and 3,

respectively.

2.1 Overview of the mission

The mission utilizes a 12-unit CubeSat of the so-called XL form-factor, i.e., 12
blocks of 12.2 x 12.2 x 12.2 cm? size [23, 24] that carries the LUMIO-Cam, an optical
instrument capable of detecting light flashes in the visible spectrum to continuously
monitor and process the scientific data [21]. The mission implements a novel orbit
design [9] and commercial off-the-shelf (COTS) CubeSat technologies, to serve as a
pioneer in demonstrating how CubeSats can become a viable tool for interplanetary
science and exploration [20]. The design of the LUMIO CubeSat platform is shown

in Figure 2.

The mission will be divided in several phases: launch, Earth—-Moon transfer, park-
ing, transfer to the operative orbit, operative, and end-of-life. LUMIO is expected
to accomplish its scientific objectives during the operative phase. The nominal du-
ration of the phase is 1 year, and it is subdivided in two periodical cycles: i) the
science cycle, during which the scientific data are continuously acquired, processed

on board and compressed, and ii) the navigation & engineering cycle, during which



Table 1: Top-level objectives.

ID Objectives
TLO.01 To perform remote sensing of the lunar surface and measurement of astronomical
observations not achievable by past, current, or planned lunar missions.
TLO.02 To demonstrate deployment and autonomous operation of CubeSats in lunar en-
vironment, including localization and navigation aspects.
TLO.03 To demonstrate miniaturization of optical instrumentation and associate technol-
ogy in lunar environment.
TLO.04 To perform inter-satellite link to a larger Lunar Orbiter for relay of data and for
TT&C.
Table 2: Mission objectives.
ID Objectives
MO.01 To conduct observations of the lunar surface in order to detect meteoroid impacts
and characterize their flux, magnitudes, luminous energies, and sizes.
MO.02 To complement observations achievable via ground-based assets in space, time, and
quality in order to provide a better understanding of the meteoroid environment.
Table 3: Technological objectives.
ID Objectives
TDO.01 To perform autonomous navigation experiments by using images of the Moon.
TDO.02 To demonstrate CubeSat trajectory control capabilities into lunar environment.
TDO.03 To demonstrate the use of miniaturized optical payload in lunar environment.
TDO.04 To demonstrate the use of miniaturized technologies into lunar environment.
TDO.05 To demonstrate the use of miniaturized propulsion systems in lunar environment.
TDO.06 To perform autonomous, high-performance on-board payload data processing.

Figure 2: LUMIO lunar CubeSat configuration.
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Figure 4: LUMIO quasi-halo orbit about Earth—-Moon L.

radiometric navigation based on direct-to-Earth (DTE) link is performed (in parallel
with the demonstration of an autonomous optical navigation experiment using the
LUMIO-Cam [25]), and station keeping and wheel desaturation maneuvers are con-
ducted. With reference to Figure 3, the science cycle takes place during the portion
of the lunar cycle when the illumination of the Moon allows for scientific observa-
tions (solid blue line), while the navigation & engineering cycle will take place when

scientific observations of the lunar farside are not possible (solid orange line).

2.2 Operative orbit

A quasi-periodic halo orbit about Earth—-Moon Lo is the designated operative orbit
for LUMIO. The selection of the operative orbit is the result of a thorough trade-off
analysis performed during the Phase 0 study [9]. According to the assumed timeline
of the mission, the operative phase is expected to start on 21 March 2024, and to
end on 22 March 2025. Figure 4 shows the top and lateral views of the LUMIO
quasi-halo orbit. The trajectory is represented in the Earth—Moon roto-pulsating
frame in dimensionless coordinates. The ranges of LUMIO from the Moon and the
Earth are plotted in Figure 5. The range to the Moon spans between 36 000 km and
86 000 km, while the range to the Earth spans between 380000 km and 470 000 km.
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Figure 6: LUMIO-Cam overall architecture.

2.3 LUMIO-Cam payload

The LUMIO-Cam is a custom instrument. It implements two channels, one in the
visible and one in the near-infrared, each equipped with a charged-coupled device
(CCD) having 1024 x 1024 active pixels, associated to an optics with a field of view of
6° and 150 mm focal length. After the optics, a dichroic beam splitter divides the in-
coming signal into two channels. Mounting two channels allows validating observed
flashes directly on board, as well as estimating the equivalent black body temper-
ature characteristic of the plumes they generate [26]. The LUMIO-Cam design is

shown in Figure 6.

The peculiarity of the LUMIO-Cam is the presence of two channels, the visible

spectrum channel (VIS) and the near-infrared wavelength range channel (NIR). The
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incoming light is split at 820 nm by means of a dichroic. Fach focal plane assembly
includes a CCD detector, at the present-day the baseline is the CCD201-20! of e2V
L3Vision". The selected detector is a frame-transfer CCD. In frame-transfer CCDs
the image array and the storage array are divided into two distinct areas. Thus, a
frame-transfer CCD can operate continuously. After the signal is measured, the CCD
output is sampled and digitized by the 14-bit analogue to digital (A/D) converter
AD9240%2. The LUMIO-Cam takes pictures with exposure time Atg;, = 66ms,
meaning that the payload works at 15 fps. The entrance baffle is 150 mm long and

it assures that no direct sunlight hits the first lens at sun angles larger than 20 deg.

The spectrum range in which the LUMIO-Cam is sensitive is [450,950] nm. The
signals detected by VIS and NIR channels are in the bandwidths [450, 820] nm and
[820, 950] nm, respectively. The aperture diameter is computed through the relation
Fy = FL/D, where F = 2.5 and the focal length FL = 127mm. D is equal to
50.8 mm. The quantum efficiency (QE) curve of the selected detector is shown in
Figure 7. According to the manufacturer, the low noise gain of the CCD detector
can be varied from 1x to over 1000x. In this radiometric analysis it is assumed
that the gain may assume any of the integer values within the range [1,1000]. The
complete list of the LUMIO-Cam specifics is presented in Table 4.

Impact flashes are validated on-board thanks to the presence of the two detectors
that prevent detecting false positives due to galactic cosmic rays. Frame tiles of
confirmed flashes are downloaded in batch during the next navigation & engineering
cycle, within 15 days after the end of the science cycle. The meteoroid flux (and thus
the acquired payload data) is not constant over the year, consequently variations in
the data transmitted to Earth have to be considered [20].

An estimation of the scientific data budget has been assessed assuming the following
scientific products to be downloaded: picture tiles of 50 x 50 pixels (frames cropped
around the flash); 5 tiles saved per impact; 2 channels working synchronously (tiles
from both channels downloaded); 2 bytes (16 bits) per pixel. For what concerns
the overall scientific data budget, approximately 15 Gbit of data are expected to be

produced for an operative phase lasting 1 year.

"https://www.teledyne-e2v.com/shared/content/resources/File/documents/Imaging?
202017 /EM},20Sensors/CCD201-20/1491 . pdf [last accessed March 1, 2022, version 6, June 2017].
*https://www.analog.com/en/products/ad9240.html [last accessed March 1, 2022].


https://www.teledyne-e2v.com/shared/content/resources/File/documents/Imaging%202017/EM%20Sensors/CCD201-20/1491.pdf
https://www.teledyne-e2v.com/shared/content/resources/File/documents/Imaging%202017/EM%20Sensors/CCD201-20/1491.pdf
https://www.analog.com/en/products/ad9240.html
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Figure 7: QE curve of CCD201-20 detector. The curve has been digitized starting from the
original plot found in the detector datasheet. The bandwidths received by VIS and NIR,
channels are highlighted with different colours. Sampling points are represented by point
markers, while the curve is the result of a spline interpolation.

Table 4: LUMIO-Cam specifics.

Specific Symbol Value

CCD detector! 1)) e2v CCD201-20
Focal length' FL 127 mm

F number? Fy 2.5

Aperture diameter? D 50.80 mm
Baffle length? Ibafie 150 mm

Sun exclusion angle? o6 20 deg

Field of view! FOV 6 deg
Sensitivity range* [A1,A2]  [450,950]nm
Dichroic wavelength? Adic 820 nm

Active pixels* Npix 1024 x 1024 pixel
Pixel size* st 13.3x13.3 pm?
Exposure time' Atexp 66 ms

Frame per second! FPS 15 fps

Low noise gain* G [1,1000]

Excess noise factor™ F V2

Charge handling capacity™ C 80 ke~ pixel ™!
Charge handling capacity of multiplication register® Cyr 730 ke~ pixel ™!
Readout frequencyT frout 15 MHz
Maximum readout frequency® frout,max 20MHz
Readout noise™ ORON,0 < le” rms
Off-chip noise* off, 20 x 107 V/v/Hz
Output amplifier responsivity* OAR 1.4nV(e ) !
A/D converter bit numberf Npits 14 bit

* See Footnote 1 on page 9.

t Heritage of Phase 0 study.

¥ Phase A study.

* Evaluated at frout = 1 MHz and G = 1000.
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3 Lunar meteoroid environment dataset

To simulate the lunar meteoroid environment, a dedicated tool named Meteoroid
Gun (MeGun) has been used. The tool computes dataset of the lunar meteoroid
environment scenarios required to perform the radiometric analysis, the integrated
POE analysis, and the estimation of the scientific return of the LUMIO mission. It
implements the modeling of the lunar meteoroid environment discussed in [22]. Such
model allows reproducing scenarios of the environment with a stochastic approach,

generating each meteoroid individually.

The basis of the model resides in the experimental observations of fireballs, impact
flashes, and meteors. A stochastic approach is exploited since observations are af-
fected by uncertainties on measurements and forecasting. Indeed, meteoroid streams
are dynamic entities, which are subjected to yearly variation in the flux and in the

maximum peak activity [27].

The model requires as inputs the time span to be simulated and a threshold on
the minimum impact kinetic energy of meteoroids. It returns a set of descriptors
for each impact. Both meteoroid streams and the sporadic background are mod-
eled. The model relies on a comprehensive catalog about meteoroid streams and the
sporadic background built harmonizing information from the International Astro-
nomical Union (IAU)’s Meteoroid Data Center (MDC) database! and from catalogs
found in the literature [13-15, 28-32]; see [22] for more details.

4 Modeling of the payload

4.1 Radiometric model

The purpose of the radiometric analysis is to assess the performance of the LUMIO-
Cam. The assessment is performed evaluating the signal-to-noise ratio (SNR) of
impact flashes of meteoroids in the kinetic energy range of interest and check that
it is over a certain threshold to grant their detection. The light curve of the impact
flash is modeled as the one of a black body emitting for a given duration with
a constant equivalent black body temperature computed as in [22]. The SNR is
defined as [33] )
i
SNR = — (1)

where s; is the signal in e~ (number of electrons) of a generic source of interest
while o is the Poisson noise in e~ rms (root-mean-square) associated with all signals

collected by the detector. Note that s; and o refer to a single pixel. The Poisson

Yhttps://www.ta3.sk/IAUC22DB/MDC2007/ [last accessed March 1, 2022].
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noise of a source i is given by [33]

oi = /i (2)

while the total Poisson noise is [33]

a:\/;agz\/;si. (3)

4.1.1 Impact flash duration in LUMIO-Cam frames

A flash may occur at any time, which means that the starting times of an impact
flash and its photographic frame in general do not coincide. Such mismatch is taken
into account when computing the SNR. The two CCDs work in parallel and are elec-
tronically synchronized [20]. Tests carried out by the payload provider confirmed
that the difference in the synchronization between frames of different channels is neg-
ligible compared to the exposure time of the LUMIO-Cam. Therefore, the channels
are considered perfectly synchronized and the flash duration in simultaneous frames
is exactly the same. Nevertheless, the flash duration in the two different wavelength
ranges of the LUMIO-Cam is expected to be different. In fact, the visible part
fades quicker than the near-infrared one according to the knowledge acquired from
ground-based observations carried out by the NELIOTA programme [11, 26, 34| and
reported in the NELIOTA dataset!. Nonetheless, in this work the flash duration is

assumed independent from the wavelength.

Starting times of flashes are not known a priori because a clock linking the lunar
meteoroid environment simulations and the payload model is not implemented. In-
stead, they are randomly drawn. The flash duration in each individual frame is then
deduced from the exposure time Atey, and the impact flash duration modeled as
n [22]. When a flash lasts more than one frame, only the first and second frames
are retained for the radiometric analysis. Frames after the second are discarded be-
cause the resulting SNR would not be reliable. The reason is that the temperature
of the plume is assumed constant and equal to the average equivalent black body
temperature over the flash duration [22]. The longer the flash duration (longer than
100 ms), the less reliable the estimation of the SNR. The latter is because the ejecta

plume cooling is not modeled.

A random number ¢ is drawn from a uniform distribution bounded in [0, 1]. Next,

the flash duration in the first frame 7 is computed as

1 = EAtexp it 7> EAtexp (4)

=71 if T<eAteyp

"Mttps://neliota.astro.noa.gr/DataAccess [last accessed March 1, 2022].
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Figure 8: Schematic representation of flash duration computation within the first and second
frames. Three different cases are identified.

while the duration in the second frame 79 is

o=17—711 if 0<7—7 <Ateyp 5)

To = Atexp if 7 =71 > Atexp

A schematic representation of the procedure is shown in Figure 8 where three possible

cases are identified.

4.1.2 Signal peak location

Without loss of generality, the impact is assumed to occur close to the sub-satellite
point. As a consequence, the signal peak is contained in the central pixel of the
LUMIO-Cam CCD detectors because of the continuous pointing towards the center
of the Moon foreseen by the mission during the science cycles. Regarding the location
of the signal peak within the pixel, three significant cases are identified. Firstly, the
case a in which the peak location is exactly at the center of the pixel and the
impact flash is completely contained within 1 pixel. In this case, the spread fraction
is equal to the unity. Then, the case b in which only half of the impact flash point
spread function (PSF) is contained within the pixel. This is expected to be the
most common case, the spread fraction being equal to 1/2. Finally, the case ¢ in
which the peak location coincides with one of the four pixel corners, and the spread
fraction is 1/4.

4.1.3 Impact flash signal

After a meteoroid impacts with the lunar surface, a plume made of ejecta material is
generated by the impact itself. Such plume emits radiation, which can be detected
as an impact flash. The signal coming from the impact flash is computed based

on the equivalent black body temperature associated to the plume simulated. The
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radiating plume cools down after the impact, hence, the equivalent black body tem-
perature decreases in time [35]. Nonetheless, the cooling process is not modeled and
the temperature is assumed constant with time and equal to the average equivalent
black body temperature of the plume over the impact flash duration [22]. Since the
average temperature is the one assumed constant, our results are expected to match
those accounting for a non-constant temperature. We assumed a constant temper-
ature equal to the average one to recover the impossibility to model the correct
temperature evolution for each projectile. Indeed, the cooling process is currently
not completely understood, and a clear correlation between the temperature evo-
lution with other quantities (e.g., the mass or the energy of the projectile) is not
available in the literature [11]. Such limitation is very likely linked to the poor
knowledge of heat capacity and thermal conductivity of both meteoroids and lunar

soil which strongly affect the temperature evolution [11].

To compute the signal, we have taken into account: the sensitive spectrum range
of the LUMIO-Cam, the dichroic wavelength, the aperture diameter, the fraction
of polychromatic ensquared energy in 1 pixel, the attenuation effects of the optics
(bulk absorption, real coating transmission, dichroic lens transmission), the QE of
the equipped CCD detector, the gain of the LUMIO-Cam, the distance from the
impact location, and the impact dynamics (equivalent black body temperature of
the plume, plume area, and flash duration). These characteristics are detailed in

the following paragraphs.

Fraction of polychromatic ensquared energy in 1 pixel. The fraction of
polychromatic ensquared energy in 1 pixel used to assess the radiometric analysis is
fensq = 0.89. That corresponds to the ensquared energy at the 1 pixel half width

distance from the centroid (see Figure 9).

Attenuation effects of the optics. The presence of optics causes some attenu-
ation effects acting on the signal. The transmissivity defines the number of photons
that pass through the optics. The curve describing the transmissivity of the optics
at the wavelengths corresponding to the sensitive spectrum range of the camera is
shown in Figure 10. The curve takes into account how bulk absorption and real
coating affect the transmissivity {(A) of the LUMIO-Cam. An additional loss due
to the dichroic lens affects the performance of the LUMIO-Cam, to account for that

a dichroic transmissivity ngic equal to 0.9 is assumed.
Number of electrons. The QE is used to convert the photons number at a given

wavelength into a number of electrons. The flux of photons at a given wavelength

per unit time is obtained dividing the spectral emissive power by the energy of the
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Figure 9: Fraction of polychromatic ensquared energy. Two significant half width distances
from the centroid are highlighted. The first corresponding to the 1 pixel distance and the
second corresponding to the 2 pixels distance. The one of interest is the 1 pixel distance.
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Figure 10: Transmissivity of the LUMIO-Cam optics, dichroic contribution not included.
The bandwidths received by VIS and NIR channels are highlighted with different colours.
Sampling points are represented by point markers, while the curve is the result of a piece
wise linear interpolation.

15



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

photon. The formula of the photon energy is
B\ =" (6)
where v is the notation used when referring to photons, h is Planck’s constant, c¢ is

the speed of light in vacuum, and X is the wavelength of interest.

The flux of photons is converted into a flux of electrons at a given wavelength per

unit time by means of

L(\T)
Ey(X)

Ne-(\T) = QE(M)E(M)ndic fensq (7)
where L(A,T) is the spectral emissive power defined as in [22]. The flux of electrons
per unitary interval of wavelength per unit time for any black body is obtained
inserting in Equation (7) the temperature of that black body. In Equation (7),
N, (A, T) is measured in e"m2m~!s™1.

Impact dynamics. The impact dynamics quantities needed to compute the SNR
are retrieved simulating the meteoroid environment [22]. It is assumed that mete-
oroids impact the Moon with a random velocity drawn from a truncated Gaussian
distribution with mean equal to 17kms~! [3, 18] (average value of the sporadic pop-
ulation that includes the most meteoroids), standard deviation equal to the 10% of
the mean, and bounded in [10.2,73.8] kms™! [9].

Computation of the flash signal. The impact flash signal sjyp is

Aoa | A2 D? cos (6) A2
imp — : A 1 Ne_ aﬂm - 714 3 Ne_ 71—‘im
Simp Ay pTi N (A p)dA 1 fdiQmp pT N (A p)dX  (8)

where Ay, | = 7D?cos (A)/4 is the surface of optics aperture perpendicular to the
vector pointing towards the impact location, Ay = fﬂ'd?mp is the area used to scale
the signal at observer distance, D is the aperture diameter, @ is the angle between
the boresight direction and the vector pointing towards the impact location, which
is zero (the impact is assumed to happen at the sub-satellite point), f = 37 is the
anisotropy degree used in [22], 7; is the flash duration in the photographic frame
considered, A, is the radiating plume area, and [A1, A2] is the domain in which the
function N,-(\,T) is integrated. The integration domain is different for VIS and
NIR channels due to the dichroic.

4.2 Noise sources

The noise sources taken into account to compute the SNR are: the noise associ-

ated with the impact signal itself oimp (or photon shot noise), the Moon surface
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background noise o¢ , the dark current (DC) (or internal noise of the CCD) opc,
the read-out noise (RON) of the CCD ogron, the off-chip noise (OCN) of the CCD
oocN, the quantization noise (QN) introduced by the A/D converter oqn, and the
straylight noise oy (considered in a dedicated analysis). The noise of the signal itself
1S Oimp = /Simp- The computation of the other noise sources is presented in the

following paragraphs.

Surface background noise of the Moon. The signal coming from Moon surface

background is

140a_L A2
A —Aasp Atexp N (A, T@ )d)\ (9)
d

1

s¢ =

where A; = 2md? is the scaling factor to compute the flux at observer distance!, d
is the distance from LUMIO to the impact location, Agsp is the area of the Moon
surface corresponding to the instanteneous field of view (IFOV) at distance d of the
pixel containing the flash signal, and the subscript GSD refers to the acronym ground
sampling distance (GSD). In Ag, | = mD? cos (0) /4, 0 is the same as in Equation (8),
which is zero since the impact occurs at nadir. Then, Aty is the integration time
of the camera and Tjg = 150K is the assumed Moon’s surface temperature. The

extremes of integration depend on the LUMIO-Cam channel under consideration.

The impact is assumed to occur at the sub-satellite point and LUMIO is far from
the Moon. As a consequence, Agsp may be computed in the planar approximation
like

hdpic \
Acsp = GSD? = < FE > : (10)

Here, h is the CubeSat altitude. Agsp is computed in the planar approximation,
then h = d. As a consequence, the surface background signal does not depend on

the impact distance. The corresponding Poisson noise is given by o¢ = ,/5¢ -

Dark current noise. The internal noise of the CCD detector is obtained following

the producer guidelines?. The dark current signal is computed as

d?. Atey
spe = 1.5 2P g 1077 (11)

where a 50% margin is introduced by the factor 1.5, ¢ is the electron charge, S,

is the typical surface dark signal in nA cm™2, and the coefficient 1075 is used to

!The signal is emitted from the surface, then, 2 is used.
Zhttps://www.teledyne-e2v.com/content/uploads/2015/04/ala-1low-1ight_tn4_3_v1.pdf
[last accessed March 1, 2022, version 3, April 2015].
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convert Sy in Am~2. S, is given by

Sq = aSs + Sy (12a)
_ 6400
S, =122 T3, e Taet (12b)
2 _ 9080
Sy =3.3x10° T3, e Taer (12c)

where a = 0 if CCD is operated in inverted mode (IMO) like for the LUMIO-
Cam!, and Ty is the temperature of the detector in K. A detector temperature
Taet = 293.15 K is assumed. The Poisson noise is retrieved from the signal through
Equation (2).

Read-out noise. The mathematical expression of RON is

ORON = ORON,0 \/ T frout (13)

where frout is the readout frequency, to be inserted in MHz, and oron,o = 1 is the
maximum value of RON when fyont = 1 MHz (see Table 4). The readout frequency

depends on the exposure time as

(14)
where Npiyx = 10242pixel is the total number of CCD pixels.

Off-chip noise The expression of the OCN is [9]

off,
O0OCN = m V 71'frout- (15)

Here, fiout must be inserted in Hz. The other terms are the output amplifier re-
sponsivity OAR and the detector off-chip noise off,,. The numerical values of such

quantities can be found in Table 4.

Quantization noise. The QN is computed with the following equation [9]

0.7 C;

o = - 16
QN 9 Npits \/ﬁ ( )

where C; is the detector pixel capacity, which is equal to the charge handling capacity
C when the gain capability of the CCD is not exploited. Differently, it is equal to
the charge handling capacity of the multiplication register Cyyg when the signal is
amplified with gain G # 1. The term Np;s is the bit number of the A/D converter,
equal to 14 in the specific case of the LUMIO-Cam.

'Tf the detector is operated in non-inverted mode (NIMO), thus a = 1.
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Straylight noise. A straylight analysis has been carried out to understand the
impact of the Sun residual image onto the observed scene. Five cases of baffle length
(from 0 up to 200 mm) have been investigated. Eventually, a baffle length of 150 mm
has been selected as a result of a configuration trade-off and used to perform the

radiometric analysis to assess LUMIO-Cam performance.

To carry out the straylight analysis, the following assumptions have been made: the
baffle and the mechanical structure that supports the lenses are considered perfectly
absorbent, the coated optical surfaces are assumed to have a residual reflectivity
equal to 1%, the focal plane assembly (FPA) surface is assumed to have a residual
reflectivity equal to 20%, the contamination level of the external optical surface is
assumed equal to 800 ppm, the contamination level of the internal optical surfaces
is 100 ppm, and the roughness of the optical surfaces is modeled with the standard
FRED Optical Engineering Software (FRED) polished surface scatter model.

In the analysis, the following sources of residual images of the out-of-field Sun have
been considered: ghost images given by double residual reflections on optical sur-
faces, scattering due to contamination on optical surfaces (e.g., dust), and scatter-
ing due to residual roughness of optical surfaces after polishing. Generally speaking,
ghost images depend on the wavelength through the residual reflectivity wavelength
dependence. However, they are wavelength-independent in the simplified model em-
ployed. On the other hand, the scattering from contamination and roughness of the
optical surfaces depends on the wavelength. Therefore, two analysis at 400 nm and

900 nm have been performed.

The estimated maxima of Sun straylight collected on a single pixel considering the
Sun as an extended source in the case of a 150 mm baffle length are presented in
Table 5. The Sun signal on one pixel due to ghosts as a function of the Sun angle
is shown in Figure 11. Then, the Sun signal on one pixel due to contamination as
a function of the Sun angle and the wavelength is shown in Figure 12. Finally, the
Sun signal on one pixel due to roughness as a function of the Sun angle and the

wavelength is shown in Figure 13.

To compute the Sun straylight signal due to ghosts the following formula has been
used
A A2

Ss1,®,ghosts = %AGSDAtexpfsl,ghosts (09) Ne* ()‘7 T@)d)‘
d,68/C At (17)

where Aga | = mD? cos (6)/4 is the surface of optics aperture, A4 os/c = 27Td2®s/c is
the scaling factor to compute the flux at observer distance!, d is the distance from
LUMIO to the Sun, Agsp is the area of the Sun surface corresponding to the IFOV

Throughout the work, the symbol [~] indicates a dimensionless quantity.
!The signal is emitted from the surface, then, 27 is used.
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Table 5: Sun signal on one pixel normalized to direct Sun signal. Coefficients for baffle
length 150 mm.

Baffle length 150 mm

Sun angle Ghosts Contamination Roughness
400 nm 900 nm 400 nm 900 nm
[deg] [-]* (-] (-] (-] (-]
0 1 1 1 1 1
5 245 x 1077 7.34x107% 6.30x107% 1.94x 1077 2.55 x 10~7
10 516 x 1078 2.32x107% 234 x10°% 7.30x 108 8.02x 108
15 245 x107% 2.32x107% 1.94x107% 4.85x 1078 4.81 x 1078
20 0 0 0 0 2.35 x 1078
25 0 0 0 0 0
_10° J
s e Sampling
= Interpolation
]
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—
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5
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S 106 ¢ :
w2
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10-8 I I I I
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Figure 11: Maximum normalized Sun straylight on one pixel due to ghosts as a function of
the Sun angle. Linear interpolation. Semi-log scale plot.
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Figure 12: Maximum normalized Sun straylight on one pixel due to contamination as a
function of the Sun angle and the wavelength. Bilinear interpolation. Semi-log scale plot.
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Figure 13: Maximum normalized Sun straylight on one pixel due to roughness as a function
of the Sun angle and the wavelength. Bilinear interpolation. Semi-log scale plot.

at distance dgg/c, and fg ghosts (f) is the maximum normalized Sun straylight on
one pixel due to ghosts as a function of the Sun angle and 65 is the Sun angle
considered. Then, Aty is the integration time of the camera and T, = 5800K is
the assumed Sun surface temperature used to get the spectral emissive power. The

integration domain depends on the LUMIO-Cam channel.

To compute the Sun straylight signal due to contamination the following formula

has been used

A A2
Ssl,0,cont — ¢AGSDAtexp Ne— (>\a T@)fsl,cont (9(97 )‘) dA
Ages/c M (18)

where fg cont (0o, A) is the maximum normalized Sun straylight on one pixel due to

contamination as a function of the Sun angle and the wavelength.

To compute the Sun straylight signal due to roughness the following formula has

been used

Aoa A2
Ssl,®,rough = A—AGSDAtexp Ne— ()‘7 T@)fsl,rough (067 )‘) dA
d,08/C A (19)

where fg rough (0o, A) is the maximum normalized Sun straylight on one pixel due

to contamination, which depends on the Sun angle and the wavelength.

Finally, the total straylight signal due to the Sun is computed as

Ssl,& = Ssl,0,ghosts + Ssl,0,cont + Ss1,0,rough (20)

while its Poisson noise is 0¢ o = /55,0
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Additionally, the straylight coming from the illuminated side of the Moon, the
albedo, should be considered as an additional source of noise. The Moon is al-
ways in the field of view during observation because of the continuous pointing of
the LUMIO-Cam towards its center. Consequently, the pixels affected by the stray-
light coming from the illuminated side of the Moon are only those looking at the
terminator line. However, to be conservative, the pixel is assumed to collect some of
that straylight, independently on the impact location. To account for that contribu-
tion the Moon is put slightly out of the LUMIO-Cam field of view, at 5(( = 5deg.

The second row of Table 5 is used to evaluate the albedo straylight contribution.

To compute the Moon albedo straylight signal due to ghosts the following formula
has been used
AQAGSDAoa Az

A A Atexpfsl,ghosts (é(( ) fillu (6(9) Ne* (/\7 T@)E( dA
d,00 “1d,0S/C A

S5, ,ghosts —
(21)

where the temperature of the Sun T, = 5800 K is used to get the spectral emissive
power. The power is firstly multiplied by the Sun surface area Ag = 47TR%, then
scaled by the Sun-Moon distance dg ¢ through the term A, o¢ = 47rdé( . To get the
power reflected by the Moon, it is used the lunar mean albedo ¢ = 0.11 and the flux
is multiplied by the IFOV area Agsp. Agsp is computed in the planar approximation
according to Equation (10). Scaling with respect to LUMIO distance is done through
Ages/c = 27h?, where h is the CubeSat range. fsl,ghosts (9(() is the maximum
normalized Sun straylight on one pixel due to ghosts evaluated at 5(( = 5deg. The
extremes of integration depend on the LUMIO-Cam channel considered. Since the
illuminated fraction of the Moon (and so the straylight) varies as a function of the
position of the Sun, the term fi, (fo) is used as an approximation to scale the

straylight linearly with the Sun angle

1458

iu9 =
fin (00) 180

(22)

where 6, is in deg.

To compute the Moon albedo straylight signal due to contamination the following

formula has been used

ApAgspA A2 _
MAteprtﬂlu (9@> Ne* ()‘7 T@)fsl,cont (9(( 7)\) > dA

Ssl nt —
S 7@ ,cont Ad7@( Ady@S/C A (23)

where fg cont (0_(( , )\) is the maximum normalized Sun straylight on one pixel due to

contamination depending on the wavelength and evaluated at é( = 5deg.
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The Moon albedo straylight signal due to roughness is computed as

AsAgspA A2 _
mAtexpﬁllu (9(9) Ne‘ ()‘7 T@)fsl,rough (9(( 7)\) €q dA

S, ,rough —
1 Agec Ades/c N

(24)
where fq rough (@q ,)\) is the maximum normalized Sun straylight on one pixel due

to roughness evaluated at 6_?(( = Hdeg.

In the end, the total straylight signal due to the Moon albedo is computed as

Ss1, = Ss1, ,ghosts + Ss1,d ,cont + 551, ,rough (25)

while the corresponding Poisson noise is o4 ¢ = /Sq.q -

The overall straylight signal is computed as sy = sg ¢ + Ss1,0- The corresponding

associated Poisson noise being og = 4/Sg.

4.3 SNR computation

The detectors mounted in the two channels allow to amplify the signals generated
in the pixels before the multiplication register by a factor G. They are simp, s¢ , 041,
and spc. The signal amplification increases also the total Poisson noise. That is
accounted by means of the excess noise factor (ENF) F. The expression to evaluate
the SNR in dB is

GSimp

SNR =10 loglo
\/ F?2q (a?mp +og +oq+ agc) + 0hon T Tden T N

(26)
If the signal is not amplified (G = 1) the ENF is put equal to 1. The numerical value
of the ENF is I/ = v/2 (see Table 4). The term oy is set to 0 when the straylight

noise is neglected.

The signal is cut at wavelength Ag;c because of the dichroic lens. Consequently,
the two channels receive signals in different bandwidths. When solving the finite
integrals to compute the SNR for VIS channel the integration extremes are \; =
450 nm (lower bound of LUMIO-Cam sensitivity range, see Table 4) and Ay = Agje.
On the other hand, when considering the NIR channel the extremes of integration
are A1 = Agic and A2 = 950 nm (upper bound of LUMIO-Cam sensitivity range, see
Table 4).
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Table 6: LUMIO-Cam internal Poisson noises.

Source Poisson noise [e” rms]

opC 3.31
oron  7.06
oocn  1.01 x 102

oon  9.00

Table 7: Poisson noise of the Moon background

Channel: VIS NIR
o¢* le”rms] 7.60 x 1078 1.21 x 10714

* Computations performed in the planar approxima-
tion and with the impact occurring at nadir.

5 Radiometric analysis

In the radiometric analysis, the required minimum SNR has been set to 10dB, to
be conservative. The saturation has been set to occur when more than half of the
impacts at a given kinetic energy saturate the detector. In the first part of the
radiometric analysis straylight has been neglected. A dedicated analysis accounting
for straylight noise has been performed separately and its results are discussed in
Section 5.1.

DC noise, RON, OCN, and QN depend only on the LUMIO-Cam specifics and have
the same values for both channels. They are collected in Table 6. On the contrary,
the Moon surface background noise is different for the two channels (see Table 7).
Depending on the Sun angle, only one between the Sun straylight noise and the Moon
albedo straylight noise affects the observations. Indeed, as shown in Figure 14, for
small Sun angles the Sun contribution is predominant, while for Sun angles larger

than 20 deg it is the Moon albedo that affects the measurements.

The first set of results performed in the radiometric analysis is about how the SNR
varies with respect to the impact kinetic energy of the meteoroid. The charts in
Figure 15 show the different behavior of the two channels at different distances of
LUMIO from the Moon and for the three significant case studies of signal peak loca-
tion. The impact energies that saturate the detector are highlighted in yellow. The
charts have been plotted fixing the LUMIO-Cam gain GG at 10. The curves have been
computed simulating 1000 impacts for several impact kinetic energy values. The im-
pact velocity is drawn from a truncated Gaussian distribution (see Section 4.1) for
each individual impact. The mass of the particle is derived accordingly. The size,
the flash duration, the equivalent black body temperature of the plume, and the
other quantities required to perform the radiometric analysis are modeled according

to the methodology described in [22]. Clearly, the range of impact kinetic energies
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Figure 14: Straylight noise as a function of the Sun angle in one pixel. The blue curves are
the contributions of the Sun, while the red ones are the contribution of the Moon albedo.
The solid curves show the straylight noise affecting the VIS channel, while the dashed ones
show the straylight noise affecting the NIR channel. Semi-log scale plot.

which can be detected depends strongly on the distance from the Moon and on the
spread fraction of the impact flash on the pixel. The most common case should be

the one in which the spread fraction is 1/2.

Keeping the gain fixed does not allow to cover properly the whole range of impact
kinetic energies of interest. In particular, the more energetic impacts saturate the
detectors of the two channels frequently. On the other hand, results suggest that
the less energetic impacts are properly detected. Remarkably, over the 99% of the
registered impacts do not saturate the detectors and are successfully resolved! by
the LUMIO-Cam. In fact, meteoroids are distributed according to a power law with

respect to the impact kinetic energy [19, 36].

The plots in Figure 16 present an investigation about the value of the LUMIO-Cam
gain G required to resolve an impact at the minimum SNR for different distances
of LUMIO and impact kinetic energies of the meteoroids. Results for both channels
are shown. The cases in which the detectors saturate are highlighted in yellow. The
case with spread fraction equal to 1/2 has been considered. The gain can assume
values only within the range [1,1000]. Plots show clearly how high energy impacts
saturate the detectors when LUMIO is closer to the Moon.

In Figure 17, the investigation about the detectability range of impact kinetic en-

ergies for VIS and NIR is shown. The first set of curves, marked with full circles,

"With successfully resolved we intend those impact flashes whose measurements allow infer-
ring the projectile impact kinetic energy and the flash temperature (if detection by both VIS and
NIR channels is confirmed). Conversely, flashes saturating the CCD detectors are classified as not
resolved and only a lower bound on the impact kinetic energy can be inferred from their measure-
ments.
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Figure 15: Radiometric analysis about impact flash detection (straylight not included). The
SNR as a function of the impact kinetic energy in Earth equivalent is drawn for significant
cases. The plots show how the SNR varies in the two channels for the three different cases
of flash impact peak location within the central pixel of the detector. In each chart the
SNR for different distances from the Moon of LUMIO is plotted. In yellow are identified
the impact kinetic energies that saturate the detectors. The black horizontal line marks the
conservative threshold of minimum SNR, of 10dB. The legends contain information about
the percentage of detected impacts that do not saturate the LUMIO-Cam. Gain G fixed at
10. For each given impact kinetic energy, 1000 impacts have been simulated. Semi-log scale

plots.
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Figure 16: Investigation about the gain of the LUMIO-Cam. Gain required to satisfy the
minimum SNR condition (10dB) as a function of the distance of LUMIO from the center
of the Moon. The plots show how the curves change for the two channels and for different
values of the impact kinetic energy in Earth equivalent. In yellow are identified the distances
at which the detector saturates. The red horizontal lines mark the feasibility domain for the
LUMIO-Cam gain. The black dashed vertical lines mark significant distances of LUMIO
during the operative phase of the mission. Spread fraction equal to 1/2. For each given
distance, 1000 impacts have been simulated. Semi-log scale plots.

shows how the distance at which the minimum SNR is granted varies with respect
to the impact kinetic energy in Earth equivalent given a value of the camera gain.
On the other hand, the second set of curves, marked with full triangles, shows the
distances at which the detectors saturate as a function of the impact kinetic energy
and fixing the camera gain. To draw the curves, the case with spread fraction equal

to 1/2 has been considered.

The charts in Figure 17 can be used to properly select the gains for the channels
depending on the distance of LUMIO from the Moon. Indeed, the set of impact
kinetic energies between the two curves represents the detectability range at the
distance and for the specific gain characteristic of those curves. Therefore, given a
distance, the gain that maximizes the detectability range can be selected by visual
inspection. Differently, one can select the gain to customize the detectability range

at a certain distance in order to satisfy specific requirements of the mission.

The curves describing the saturation condition when the gain is 1 and 10 are very
close because of two different kinds of saturation that may occur in the detectors.
The first occurs when the pixel saturates (charge handling capacity C' in Table 4),
while the second happens when the multiplication register saturates (charge handling
capacity of the multiplication register Cyr in Table 4). In the case of G = 1, the
pixel reaches its maximum capacity before the multiplication register, potentially

causing a definitely undesired bleeding effect. On the other hand, when G > 10,
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Figure 17: Detected range of impact kinetic energies. The first set of curves, marked by
full circles, shows the distance of LUMIO from the center of the Moon in order to achieve
the minimum SNR (10dB) as a function of the impact kinetic energy in Earth equivalent.
The second set of curves, marked by full triangles, shows the minimum distance at which
the detector saturates as a function of the impact kinetic energy in Earth equivalent. The
plots are drawn for both channels and for different values of the LUMIO-Cam gain. The
red vertical lines mark the impact kinetic energies of interest for the mission. The black
horizontal lines mark the minimum and maximum distances of LUMIO during the operative
phase of the mission. Spread fraction equal to 1/2. Given a distance and a gain, the set of
impact kinetic energies between the two curves is the detectability range. The gain can be
properly selected in order to maximize the detectability range at every distance. Semi-log
scale plots.
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Figure 18: Selected gains of VIS, red triangles, and NIR, blue circles, as a function of the
distance of LUMIO from the center of the Moon. The black horizontal lines mark the
minimum and maximum distances of LUMIO during the operative phase of the mission.
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the multiplication register reaches its maximum capacity first. Results suggest that
selecting G = 10 avoids insurgence of bleeding and increases the detectability range.
Specifically, at larger distances, part of the more energetic impacts could be resolved
without losing performance at lower impact kinetic energies. The selected values of
the gains for VIS and NIR channels are presented in Figure 18. The chart shows
the selected gains at different LUMIO-Moon distances.

5.1 Results accounting for the straylight noise

Results of the radiometric analysis accounting for the straylight are herewith pre-
sented. Observation cannot be performed for Sun angles smaller than 20deg due
to the large Sun straylight contribution affecting measurements (Table 5 and Fig-
ure 14). However, for Sun angles larger than 20 deg, the Sun straylight contribution
is completely suppressed. Therefore, only the Moon albedo contribution can affect

measurements.

Two significant cases are considered here. The first is when the Sun angle is equal to
20 deg and the second when the Sun angle is 90 deg. The latter corresponds to the
50% illumination of the Moon. For greater Sun angles the scientific observation is
not performed according to the concept of operations (see Figure 3). Consequently,

from Figure 14, the worst case scenario is when the Sun angle is equal to 90 deg.

Results for Sun angle equal to 20 deg are shown in Figure 19, while Figure 20 shows
the results when the Sun angle is 90deg. Comparing plots in Figures 19-20 with
the charts in Figure 15, it seems that the straylight noise due to the Moon albedo
does not degrade measurements when a 150 mm baffle is used and the Sun angle
is between 20deg and 90deg. Equipping the LUMIO-Cam with a 150 mm baffle
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Figure 19: Radiometric analysis about impact flash detection accounting for straylight,
Sun angle equal to 20deg. The SNR as a function of the impact kinetic energy in Earth
equivalent is drawn for significant cases. The plots show how the SNR varies in the two
channels for the three different cases of flash impact peak location within the central pixel
of the detector. In each chart the SNR for different distances from the Moon of LUMIO
is plotted. In yellow are identified the impact kinetic energies that saturate the detectors.
The black horizontal line marks the conservative threshold of minimum SNR of 10dB. The
legends contain information about the percentage of detected impacts that do not saturate
the LUMIO-Cam. Gain G fixed at 10. For each given impact kinetic energy, 1000 impacts
have been simulated. Semi-log scale plots.

should be enough to grant good performance in terms of impact flashes SNR.

6 POE integrated analysis

Results of the integrated analysis follow. A Monte Carlo analysis has been carried
out to estimate the scientific return of LUMIO considering the operational quasi-halo

orbit, the payload, and the meteoroid environment.

The methodology consists in the following steps: i) supply of inputs (operational
orbit states in the form of a Spacecraft Planet Instrument Camera—matrix Events
(SPICE) ephemeris kernel [37, 38], LUMIO-Cam specifics, minimum impact kinetic
energy, and time span); ii) generation of all SPICE kernels related to CubeSat at-

titude and optical instrument geometry; iii) generation of the sample meteoroid
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Figure 20: Radiometric analysis about impact flash detection accounting for straylight,
Sun angle equal to 90deg. The SNR as a function of the impact kinetic energy in Earth
equivalent is drawn for significant cases. The plots show how the SNR varies in the two
channels for the three different cases of flash impact peak location within the central pixel
of the detector. In each chart the SNR for different distances from the Moon of LUMIO
is plotted. In yellow are identified the impact kinetic energies that saturate the detectors.
The black horizontal line marks the conservative threshold of minimum SNR of 10dB. The
legends contain information about the percentage of detected impacts that do not saturate
the LUMIO-Cam. Gain G fixed at 10. For each given impact kinetic energy, 1000 impacts
have been simulated. Semi-log scale plots.
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Figure 21: Schematic representation of the POE coverage analysis methodology.

environment scenario according to [22]; iv) evaluation of the SNR of a subset of
meteoroids; v) estimation of the number of detections; vi) computation of the per-
formance parameters. To carry out a Monte Carlo analysis steps iii), iv), and v) can
be repeated N times. Figure 21 shows a schematic representation of the coverage

analysis methodology.

The estimation of the scientific return of the LUMIO lunar CubeSat is derived
in terms of a set of statistical performance parameters. They are the number of
impact flashes detected and resolved Ny, the number of impact flashes detected
and not resolved Nyt (i.e., the ones that saturate the CCD), the number of im-
pact flashes detected and resolved with impact kinetic energy in the range at Earth
from 10~ to 10~ kton TNT Equivalent Nhigh, the number of impact flashes de-
tected and resolved with impact kinetic energy in the range at Earth from 1076
to 1074 kton TNT Equivalent My, the minimum impact kinetic energy associated
to an impact flash which has been detected and resolved KEget min, the maximum
impact kinetic energy associated to an impact flash which has been detected and re-
solved KEget,max, the minimum meteoroid mass associated to an impact flash which
has been detected and resolved mget,min, the maximum meteoroid mass associated

to an impact flash which has been detected and resolved mget,max, the number of
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Table 8: Inputs to carry out the integrated Monte Carlo analysis.

Setup Value
Target - Moon
Time window 21 March 2024
beginning ti 12:00:00.0 UTC
Time window 21 March 2025
ending b 12:00:00.0 UTC
Time step At 1h

Min kinetic energy
at the Moon

Min kinetic energy
at the Earth

Random scenarios Ny, 103

KE( min  4.88x 1077 kton TNT Equivalent

KEg min 107% kton TNT Equivalent

impact flashes detected and resolved belonging to a source Ndet, AAA Where the sub-
script AAA represents the IAU code [39], and the temporal distribution of impact
flashes detected and resolved. KEget max and mdet,max are computed from the sub-
sets of impact flashes that are successfully resolved. Indeed, for non-resolved flashes,

only a lower limit on the impact kinetic energy can be estimated in practice.

The setup of the meteoroid environment model used for the Monte Carlo analysis is
reported in Table 8. The operational orbit considered is the quasi-halo about Earth—
Moon Lo Lagrangian point with Jacobi’s constant C; = 3.09 [9]. The sequence of
science and navigation & engineering cycles proposed as concept of operations has
been taken into account. The LUMIO-Cam specifics supplied as inputs are collected
in Table 4.

The performance parameters of the integrated analysis are collected in Table 9.
Overall, more than 10000 detections are expected. The majority of them be-
long to the equivalent impact kinetic energy range at the Earth from 107% to
10~%kton TNT Equivalent. The high number of detected flashes estimated may

be justified by the following considerations.

One of the first estimations reported in the literature about a monitoring mission of
lunar impacts is found in [5]. It reports a rough estimation of one to several impacts
per hour of observation, depending on the mission characteristics. To derive that
estimate, the impact rate provided in [40] has been used. Assuming 1 observation
per hour, for a mission with an operational lifetime of 1 year that continuously
monitors the Moon for half of the year (accounting for the illumination cycle of the
Moon) the number of observations is roughly 4392 (24 meteoroids detected times
183 days). The estimation is one order of magnitude smaller than the one presented
in Table 9. However, in [5], it is assumed that the number of impacts which are

effectively detectable is approximately 50% of the total due to shadowing effects of
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lunar mountains. Differently, an obstruction of 20% is assumed in [22] because of the
larger distances of LUMIO from the Moon with respect to the low-orbiting lunar
satellite discussed in [5]. The latter assumption rises the estimation of observed

flashes considerably.

A more recent estimation is the one of the Phase 0 study used in the operational
orbit trade-off [9]. During Phase 0, the analysis has been carried out exploiting
two different methodologies named the luminous efficiency method and the black
body method. For the selected operative orbit and a 1 year mission operational
lifetime the luminous efficiency method predicts ~=4200 detections while the black
body method ~5500 [9]. Both estimations refer to the number of impact flashes
observed and resolved. They have been derived scaling to the Moon the terrestrial

impact rate in [36].

However, for impact kinetic energies close to the minimum value detected, the impact
frequency according to [22] is closer to the impact rate proposed in [17] than to that
in [36]. The yearly number of meteoroids impacting the total lunar surface with
energy greater than or equal to 5 x 1077 kton TNT Equivalent is estimated to be
31229 according to the power law in [36] and 427400 according to the more recent
one in [17]. The impact kinetic energy used for the computations is slightly larger
than the minimum kinetic energy detectable by LUMIO estimated both in this
study and in [9], therefore it is likely that less impacts are counted. Considering an
observational period of half-year, an obstruction coefficient of 20%, and an observed
surface corresponding to the 3/8 of the whole lunar surface!, an over-estimation of
detected flashes is roughly 4684 and 64 110 according to the power laws in [36] and
[17], respectively.

The number of impacts obtained using the power law from [17] is about 13.7 times
larger than that predicted employing the power law from [36]. It is reasonable
to expect that also the number of detected flashes could rise of approximately
the same factor if using a modeling of the meteoroid environment which foresees
a flux similar to the one presented in [17]. Moreover, in the range about 1077
kton TNT Equivalent, the meteoroid flux proposed in [40] gives a rate which is
similar to that returned by the power law in [36]. Thus, the considerations about
the estimates in [9] apply also to the ones reported in [5]. The previous remarks
may justify the large number of observed flashes estimated through the integrated
POE methodology. The number of estimated observations depends strongly on the

meteoroid flux power law used in the modeling of the meteoroid environment.

The temporal distribution of the detected and resolved lunar impact flashes is shown
on the left y-axis of Figure 22. It is represented by the red dots connected with the

dotted red line. The cumulative temporal distribution is shown on the left y-axis

'Roughly the average lunar dark surface observed by LUMIO during its operational lifetime.
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Table 9: Scientific return of the LUMIO lunar CubeSat mission.

Performance parameter Mean Standard deviation

Net [#] 3.7 x 104 8.3 x 102

Niat [#] 9.2 x 10! 9.5

Nt high [#] 7.2 x 102 2.8 x 101
Net,low [#] 3.6 x 104 8.2 x 102
KEget min  [kton TNT Equivalent] 7.3 x 107 2.6 x 10711
KEqet max  [kton TNT Equivalent] 5.3 x 10~% 2.7 x 1073
Mdet,min [kg] 1.2 x 1073 1.7 x 107°

Mdet, max [kg] 1.3 x 102 1.3 x 102

of Figure 23, identified by the red dots connected with the dotted red line. In
both plots, dots identify average values, while error bars represent the standard
deviations from the means. The phase angle 8 is drawn on the background of both
charts. The gray shaded areas highlight the time windows in which monitoring is
unfeasible because of the high Moon illumination. The gray areas are consistent
with the concept of operations of the mission (see Figure 3). Differently, the orange
shaded areas feature the epochs in which the Sun straylight prevents performing
observations and monitoring is not feasible. They correspond to the epochs in which
the Sun angle is smaller than 20 deg. As shown in Figure 22, the peak of detections is
reached during the activity peak of the Geminids. During such peak more than 250
impact flashes (from both the Geminids and the sporadic background) are expected
to be observed thanks to the favorable Moon illumination conditions achieved by

the selected quasi-halo orbit [9].

The individual contribution of each source is presented in the bar plot of Figure 24.
The average number of impacts is indicated by the height of the bar, while the
standard deviation from the mean is represented by red error bars. Some sources

give a small contributions, while others are never detected in any scenario.
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Figure 22: Estimation of the temporal distribution of detected and resolved lunar impacts
of LUMIO lunar CubeSat baseline. On the left y-axis, the approximately daily number
of impacts in 1deg bins of solar longitude (the red dots joined with the dotted red line).
KE > 10~ kton TNT Equivalent, Earth equivalent. Results obtained from 1000 runs. On
the right y-axis, the phase angle 8 (the blue solid line). The horizontal dashed blue line
marks the phase angle at which Moon illumination is equal to 50%. The horizontal dashed
orange line marks the phase angle corresponding to the Sun exclusion angle. The gray
shaded areas highlight the epochs in which monitoring is unfeasible due to the elevated
Moon illumination. The orange shaded areas highlight the epochs in which monitoring is
unfeasible due to the large quantity of straylight coming from the Sun. The vertical dashed
black lines are the solar longitudes at which activity periods of some major showers peak.
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Figure 23: Estimation of the cumulative temporal distribution of detected and resolved
lunar impacts of LUMIO lunar CubeSat. On the left y-axis, the cumulative number of
impacts in 1deg bins of solar longitude (the red dots joined with the dotted red line).
KE > 10~ kton TNT Equivalent, Earth equivalent. Results obtained from 1000 runs. On
the right y-axis, the phase angle 8 (the blue solid line). The horizontal dashed blue line
marks the phase angle at which Moon illumination is equal to 50%. The horizontal dashed
orange line marks the phase angle corresponding to the Sun exclusion angle. The gray
shaded areas highlight the epochs in which monitoring is unfeasible due to the elevated
Moon illumination. The orange shaded areas highlight the epochs in which monitoring is
unfeasible due to the large quantity of straylight coming from the Sun. The vertical dashed
black lines are the solar longitudes at which activity periods of some major showers peak.
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7 Conclusion

LUMIO is a 12U XL CubeSat equipped with the LUMIO-Cam, an optical instrument
capable of detecting impact flashes to continuously monitor and process the data.
The mission implements a sophisticated transfer phase and orbit design, and it will
make use of the most advanced COTS CubeSat technology to serve as a demonstra-
tor for the use of CubeSats as viable, low-cost platforms for interplanetary science

and exploration missions.

In this work, an overview of the mission and a prediction of its scientific outcome have
been discussed. We presented the combined POE methodology devised to estimate
the scientific return of the mission. An overview of the lunar meteoroid environment
model used in the numerical simulation has been provided. The modeling of the
LUMIO-Cam and the considered noise sources has been detailed. Results of the
radiometric analysis (both neglecting and accounting for straylight noise) and the

integrated POE analysis have been presented.

The radiometric analysis outcome confirms the design of the LUMIO-Cam and the
satisfaction of the payload functional requirements. To maximize the kinetic energy
range detected by the LUMIO-Cam and mitigate the bleeding effect, proper values
of the gain have been selected for both VIS and NIR channels as a function of the
LUMIO-Moon distance. The performance degradation due to straylight noise has
been assessed, proving that a 150 mm baffle is long enough to grant good perfor-
mance when the Sun angle is between 20deg and 90deg. The likely energy and
temporal distributions, and the expected rate of detected meteoroid impacts have
been reported. According to the current mission timeline, results suggest that LU-
MIO could observe the Geminids and detect more than 6000 impacts per day in the
kinetic energy range at Earth of [1076,107!] kton TNT Equivalent during the peak

of the shower.

Finally, the scientific return of LUMIO has been compared against the current knowl-
edge. The comparison highlights the promising contribution of the mission. In fact,
LUMIO has the potential to refine information about the meteoroid population in the
equivalent impact kinetic energy range at Earth of [107%, 1074 kton TNT Equivalent.
The mission is expected to fill the knowledge gap in the low-energy range [10_4, 10_1]
kton TNT Equivalent (see Figure 1). Performing meteoroids detection with LUMIO
may remarkably advance our current knowledge of meteoroid models in the solar sys-

tem.

Acknowledgments

This work has been conducted under ESA Contract No.4000130257/20/NL/AS
within the GSTP, and has received support from the national delegations of Italy

39



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

(ASI), the Netherlands (NSO), and Norway (NOSA). The authors also acknowledge
Andreas Holt and Andreas Thorvaldsen from Science [&] Technology AS for their
participation in the Phase A study. The authors thank Dr. Robert M. Suggs, Dr.
Danielle E. Moser, Dr. William J. Cooke, and Dr. Ronnie J. Suggs who kindly sup-

ported the making of the elaborated version of their Figure 9 in [19] that is shown

in Figure 1.

References

1]
2]

[10]

Z Ceplecha, J Borovicka, et al. “Meteor Phenomena and Bodies”. In: Space
Science Review 84.3 (1998), pp. 327-471. DOI: 10.1023/A:1005069928850.

J Cahill, E J Speyerer, et al. “Assessing the Present-Day Impact Flux to
the Lunar Surface Via Impact Flash Monitoring and Its Implications for Sus-
tained Lunar Exploration”. In: Bulletin of the AAS 53.4 (2021). DOI: 10.3847/
25c2cfeb.68db91c2.

J Oberst, A Christou, et al. “The present-day flux of large meteoroids on
the lunar surface—A synthesis of models and observational techniques”. In:
Planetary and Space Science 74.1 (2012), pp. 179-193. pOI: 10.1016/j .pss.
2012.10.005.

L R Bellot Rubio, J L Ortiz, et al. “Luminous Efficiency in Hypervelocity
Impacts from the 1999 Lunar Leonids”. In: The Astrophysical Journal Letters
542.1 (2000), pp. L65-L68. DOI: 10.1086/312914.

D Koschny and J McAuliffe. “Estimating the number of impact flashes visible
on the Moon from an orbiting camera”. In: Meteoritics and Planetary Science
44.12 (2009), pp. 1871-1875. por: 10.1111/.1945-5100.2009.tb01996.x.
B A Cohen, P O Hayne, et al. “Lunar Flashlight: Illuminating the Lunar South
Pole”. In: IEEE Aerospace and Electronic Systems Magazine 35.3 (2020),
pp- 46-52. DOI: 10.1109/maes.2019.2950746.

R Walker, D Binns, et al. “Deep-space CubeSats: thinking inside the box”.
In: Astronomy € Geophysics 59.5 (2018), pp. 5-24. DOIL: 10.1093/astrogeo/
aty232.

K Oguri, K Oshima, et al. “EQUULEUS Trajectory Design”. In: The Journal
of the Astronautical Sciences 67.3 (2020), pp. 950-976. DOL: 10.1007 /540295~
019-00206-y.

A M Cipriano, D A Dei Tos, et al. “Orbit design for LUMIO: The lunar
meteoroid impacts observer”. In: Frontiers in Astronomy and Space Sciences
5 (2018), p. 29. DOI: 10.3389/fspas.2018.00029.

C Avdellidou, E Munaibari, et al. “Impacts on the Moon: Analysis meth-
ods and size distribution of impactors”. In: Planetary and Space Science 200
(2021), p. 105201. pOI: 10.1016/j.pss.2021.105201.

40


https://doi.org/10.1023/A:1005069928850
https://doi.org/10.3847/25c2cfeb.68db91c2
https://doi.org/10.3847/25c2cfeb.68db91c2
https://doi.org/10.3847/25c2cfeb.68db91c2
https://doi.org/10.1016/j.pss.2012.10.005
https://doi.org/10.1016/j.pss.2012.10.005
https://doi.org/10.1016/j.pss.2012.10.005
https://doi.org/10.1086/312914
https://doi.org/10.1111/j.1945-5100.2009.tb01996.x
https://doi.org/10.1109/maes.2019.2950746
https://doi.org/10.1093/astrogeo/aty232
https://doi.org/10.1093/astrogeo/aty232
https://doi.org/10.1093/astrogeo/aty232
https://doi.org/10.1007/s40295-019-00206-y
https://doi.org/10.1007/s40295-019-00206-y
https://doi.org/10.1007/s40295-019-00206-y
https://doi.org/10.3389/fspas.2018.00029
https://doi.org/10.1016/j.pss.2021.105201

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

[11]

[12]

[13]

[14]

[15]

[17]

[20]

[21]

22]

23]

A Liakos, A Z Bonanos, et al. “NELIOTA: Methods, statistics, and results for
meteoroids impacting the Moon”. In: Astronomy & Astrophysics 633 (2020),
Al112. por: 10.1051/0004-6361/201936709

M Yanagisawa, Y Uchida, et al. “Low dispersion spectra of lunar impact flashes
in 2018 Geminids”. In: Planetary and Space Science 195 (2021), p. 105131. DOI:
10.1016/j.pss.2020.105131.

P Jenniskens, Q Nénon, et al. “CAMS confirmation of previously reported
meteor showers”. In: Icarus 266 (2016), pp. 355-370. DOI: 10.1016/j.icarus.
2015.08.014.

P Jenniskens, Q Nénon, et al. “CAMS newly detected meteor showers and the
sporadic background”. In: Icarus 266 (2016), pp. 384-409. DOI: 10.1016/7 .
icarus.2015.11.009.

P Jenniskens, Q Nénon, et al. “The established meteor showers as observed by
CAMS”. In: Icarus 266 (2016), pp. 331-354. pOI: 10.1016/j .icarus.2015.
09.013.

J L Ortiz, F J Aceituno, et al. “Detection of sporadic impact flashes on the
Moon: Implications for the luminous efficiency of hypervelocity impacts and
derived terrestrial impact rates”. In: Icarus 184.2 (2006), pp. 319-326. DOI:
10.1016/j.icarus.2006.05.002

J L Ortiz, J M Madiedo, et al. “Lunar impact flashes from geminids: Analysis
of luminous efficiencies and the flux of large meteoroids on earth”. In: Monthly
Notices of the Royal Astronomical Society 454.1 (2015), pp. 344-352. DOI:
10.1093/mnras/stv1921.

J M Madiedo, J L Ortiz, et al. “Analysis of Moon impact flashes detected
during the 2012 and 2013 Perseids”. In: Astronomy € Astrophysics 577.May
(2015%.A118.DCH:10.1051/0004—6361/201525656.

R M Suggs, D E Moser, et al. “The flux of kilogram-sized meteoroids from
lunar impact monitoring”. In: Icarus 238.Supplement C (2014), pp. 23-36.
DOI: 10.1016/j.icarus.2014.04.032.

A Cervone, F Topputo, et al. “LUMIO: A CubeSat for observing and charac-
terizing micro-meteoroid impacts on the Lunar far side”. In: Acta Astronautica
195 (2022), pp. 309-317. DOI: 10.1016/j.actaastro.2022.03.032.

G Merisio, C Giordano, et al. “Predicting the Scientific Outcome of the LUMIO
Lunar Cubesat”. In: 7Ist International Astronautical Congress (IAC 2020).
2020.

G Merisio and F Topputo. “Present-day model of lunar meteoroids and their
impact flashes for LUMIO mission”. In: ITcarus (2022). In press.

J Puig-Suari, C Turner, et al. “CubeSat: the development and launch support
infrastructure for eighteen different satellite customers on one launch”. In:
(2001).

41


https://doi.org/10.1051/0004-6361/201936709
https://doi.org/10.1016/j.pss.2020.105131
https://doi.org/10.1016/j.icarus.2015.08.014
https://doi.org/10.1016/j.icarus.2015.08.014
https://doi.org/10.1016/j.icarus.2015.08.014
https://doi.org/10.1016/j.icarus.2015.11.009
https://doi.org/10.1016/j.icarus.2015.11.009
https://doi.org/10.1016/j.icarus.2015.11.009
https://doi.org/10.1016/j.icarus.2015.09.013
https://doi.org/10.1016/j.icarus.2015.09.013
https://doi.org/10.1016/j.icarus.2015.09.013
https://doi.org/10.1016/j.icarus.2006.05.002
https://doi.org/10.1093/mnras/stv1921
https://doi.org/10.1051/0004-6361/201525656
https://doi.org/10.1016/j.icarus.2014.04.032
https://doi.org/10.1016/j.actaastro.2022.03.032

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

33]

[34]

A Poghosyan and A Golkar. “CubeSat evolution: Analyzing CubeSat capabil-
ities for conducting science missions”. In: Progress in Aerospace Sciences 88
(2017), pp. 59-83. DOI: 10.1016/j.paerosci.2016.11.002.

V Franzese, P Di Lizia, et al. “Autonomous optical navigation for the lunar
meteoroid impacts observer”. In: Journal of Guidance, Control, and Dynamics
42.7 (2019), pp. 1579-1586. DOI: 10.2514/1.g003999.

A Z Bonanos, C Avdellidou, et al. “NELIOTA: First temperature measurement
of lunar impact flashes”. In: Astronomy € Astrophysics 612 (2018), A76. DOIL:
10.1051/0004-6361/201732109.

D W Hughes. “P/Halley dust characteristics-A comparison between Orionid
and Eta Aquarid meteor observations and those from the flyby spacecraft”.
In: Astronomy and Astrophysics 187 (1987), pp. 879-888. DOI: 10.1007/978~
3-642-82971-0_149.

P Jenniskens. “Meteor stream activity I. The annual streams”. In: Astronomy
and Astrophysics 287 (1994), pp. 990-1013.

P Jenniskens and P M M Jenniskens. Meteor showers and their parent comets.
Cambridge University Press, 2006, pp. 585-766.

P B Babadzhanov and G I Kokhirova. “Densities and porosities of meteoroids”.
In: Astronomy € Astrophysics 495.1 (2009), pp. 353-358. DOI: 10.1051/0004~
6361:200810460.

P Brown, R J Weryk, et al. “A meteoroid stream survey using the Canadian
Meteor Orbit Radar: I. Methodology and radiant catalogue”. In: Icarus 195.1
(2008), pp. 317-339. pOL: 10.1016/j.icarus.2007.12.002.

P Brown, D K Wong, et al. “A meteoroid stream survey using the Canadian
Meteor Orbit Radar: II: Identification of minor showers using a 3D wavelet
transform”. In: Icarus 207.1 (2010), pp. 66-81. DOI: 10.1016/j . icarus.
2009.11.015.

H Raab. “Detecting and measuring faint point sources with a CCD”. In: Pro-
ceedings of Meeting on Asteroids and Comets in FEurope (MACE). 2002.

A 7 Bonanos, M Xilouris, et al. “NELIOTA: ESA’s new NEO lunar impact
monitoring project with the 1.2m telescope at the National Observatory of
Athens”. In: Proceedings of the International Astronomical Union. Vol. 10.
S318. 2015, pp. 327-329. DOI: 10.1017/S1743921315006973.

S Bouley, D Baratoux, et al. “Power and duration of impact flashes on the
Moon: Implication for the cause of radiation”. In: Icarus 218.1 (2012), pp. 115—
124. por: 10.1016/j.icarus.2011.11.028.

P Brown, R E Spalding, et al. “The flux of small near-Earth objects colliding
with the Earth.” In: Nature 420.6913 (2002), pp. 294-296. poI: 10.1038/
nature01238.

42


https://doi.org/10.1016/j.paerosci.2016.11.002
https://doi.org/10.2514/1.g003999
https://doi.org/10.1051/0004-6361/201732109
https://doi.org/10.1007/978-3-642-82971-0_149
https://doi.org/10.1007/978-3-642-82971-0_149
https://doi.org/10.1007/978-3-642-82971-0_149
https://doi.org/10.1051/0004-6361:200810460
https://doi.org/10.1051/0004-6361:200810460
https://doi.org/10.1051/0004-6361:200810460
https://doi.org/10.1016/j.icarus.2007.12.002
https://doi.org/10.1016/j.icarus.2009.11.015
https://doi.org/10.1016/j.icarus.2009.11.015
https://doi.org/10.1016/j.icarus.2009.11.015
https://doi.org/10.1017/S1743921315006973
https://doi.org/10.1016/j.icarus.2011.11.028
https://doi.org/10.1038/nature01238
https://doi.org/10.1038/nature01238
https://doi.org/10.1038/nature01238

1

10

[37]

[38]

C H Acton Jr. “Ancillary data services of NASA’s navigation and ancillary
information facility”. In: Planetary and Space Science 44.1 (1996), pp. 65-70.
DOI: 10.1016/0032-0633(95)00107-7.

C Acton, N Bachman, et al. “A look towards the future in the handling of
space science mission geometry”. In: Planetary and Space Science 150 (2018),
pp- 9-12. por: 10.1016/j.pss.2017.02.013.

P Jenniskens, T J Jopek, et al. “On how to report new meteor showers”. In:
Ongoing meteor work (2009), p. 19.

E Griin, H A Zook, et al. “Collisional balance of the meteoritic complex”. In:
Icarus 62.2 (1985), pp. 244-272. DOIL: 10.1016/0019-1035(85)90121-6.

43


https://doi.org/10.1016/0032-0633(95)00107-7
https://doi.org/10.1016/j.pss.2017.02.013
https://doi.org/10.1016/0019-1035(85)90121-6

	FronteRivista
	TOPPF_OA_02-22sist
	Introduction
	LUMIO lunar CubeSat
	Overview of the mission
	Operative orbit
	LUMIO-Cam payload

	Lunar meteoroid environment dataset
	Modeling of the payload
	Radiometric model
	Impact flash duration in LUMIO-Cam frames
	Signal peak location
	Impact flash signal

	Noise sources
	SNR computation

	Radiometric analysis
	Results accounting for the straylight noise

	POE integrated analysis
	Conclusion


