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Understanding of the space debris environment and accuracy of its observation-validated
models are essential for optimal design and safe operation of satellite systems. Existing
ground-based optical telescopes and radars are not capable of observing debris smaller
than several millimeters in size. A new experimental and instrumental approach – the
space-based Local Orbital Debris Environment (LODE) detector – aims at in situ measuring
of debris with sizes from 0.2–10 mm near the satellite orbit. The LODE concept relies on a
passive optical photon-counting time-tagging imaging system detecting solar photons (in
the visible spectral range) reflected by debris crossing the sensor field of view. In contrast,
prior feasibility studies of space-based optical sensors considered frame detectors in the
focal plane. The article describes the new experimental concept, discusses top-level
system parameters and design tradeoffs, outlines an approach to identifying and
extracting rare debris detection events from the background, and presents an example
of performance characteristics of a LODE sensor with a 6-cm diameter aperture. The
article concludes with a discussion of possible sensor applications on satellites.

& 2014 IAA. Published by Elsevier Ltd. All rights reserved.
1. Submillimeter and millimeter debris in low-Earth
orbit

Artificial satellites, rocket bodies, and their fragments
orbit the Earth in increasing numbers and present danger
to operational spacecraft, especially in low-Earth orbit
(LEO) and geostationary orbit (e.g., [1–7]). The United
States and the former Soviet Union, now Russia, have been
operating a combination of radar and optical means for
cataloging and monitoring space objects since 1960s [3,7–
9]. Other countries in Asia and Europe, particularly the
People's Republic of China and the European Space Agency
(as well as national programs in France and Germany),
strive to expand their capabilities in the space situational
awareness.
ll rights reserved.
The knowledge of the deteriorating space debris envir-
onment and accuracy of its observation-validated models
are essential for optimal design and safe operation of
satellite systems. The U.S. Space Surveillance Network
routinely detects, tracks, and catalogs more than 16,000
orbiting space objects larger than 5–10 cm in LEO, with
400,000 observations taken each day [10]. Much more
numerous debris smaller than several centimeters also
orbit the Earth. Estimates put the number of debris with
sizes from 1 mm to 10 cm in tens of millions and smaller
than 1 mm in trillions [3]. Properties of such objects are
characterized statistically rather than individually.

A collision with a large,45 cm, object would likely
cause a loss of a spacecraft and its catastrophic breakup [3],
creating numerous fragments. Just one anti-satellite
weapon test by the People's Republic of China in January
2007 [11] contributed more than 150 thousand debris one
centimeter and larger in LEO [12]. Large orbiting objects
are individually observed and cataloged and accidental
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collisions with them can thus be sometimes avoided.
Populations of very small debris,o0.1 mm, can be experi-
mentally studied and statistically characterized by bringing
exposed surfaces back to Earth from orbit (e.g., LDEF, SMM,
EURECA, SFU, and Space Shuttle) and examining collision
effects [7]. These very small debris could cause degradation
of surfaces and perhaps damage unprotected spacecraft
components.

This work concentrates on the population of debris
with intermediate sizes from 0.1–10 mm. Such submilli-
meter (0.1–1 mm) and millimeter (1–10 mm) debris are
typically too small to be detected by existing optical and
radar means, and there are too few of them to be described
by studying exposed surfaces. Because of this gap in
observations [7,13,14], one has to rely on modeling of
their populations based on difficult to accurately predict
processes in breakup of complex bodies in high-velocity
impacts. At the same time possible damage to spacecraft
by submillimeter and millimeter debris ranges from sur-
face degradation to possible loss of spacecraft capability or
its components [3].

Atmospheric drag lowers orbital altitudes of space
objects in LEO and causes their eventual reentry into the
atmosphere. (Solar radiation pressure may also become
important for some objects with large area-to-mass
ratios.) Drag acceleration acting on an orbiting body is
inversely proportional to its characteristic size. Conse-
quently, the acceleration becomes higher and the lifetime
in the orbit shorter with the decreasing size of the body.
For example, drag would remove an aluminum sphere
1-mm in diameter from an initial 400-km altitude orbit
within a couple of weeks. Such altitudes are especially
important for human spaceflight (International Space Sta-
tion) and atmospheric drag effectively reduces danger of
small debris in such orbits.

At higher altitudes from 700–1500 km with numerous
application satellites, lifetimes of orbiting objects may
exceed dozens or hundreds of years, resulting in accumu-
lation of debris. Existing ground-based optical and radar
systems have inherent limitations in measuring dangerous
to satellites submillimeter and millimeter debris at these
altitudes.

First, only ground-based systems near the equator can
probe space objects in low-inclination low-Earth orbits,
limiting capabilities of facilities in the continental United
States. In addition, ground optical systems can observe LEO
objects only during short time intervals at local dawn
and dusk.

Second, for radar, the efficiency of electromagnetic
radiation scattering, characterized by radar cross-sections,
rapidly decreases for small objects, e.g., [15]. For example,
the radar cross-section of a perfectly conducting sphere
with a diameter at least three times larger than the
wavelength approximately equals its geometric cross-
section. For spheres with diameters less than one-third
of the wavelength, radar cross-sections drop precipitously
(known as Rayleigh scattering) with decreasing diameters.

Most existing and planned (such as the upgrade of the
Space Fence in the United States) radars operate in the
S-band frequencies with wavelengths 6–15 cm. For exam-
ple, a perfectly conducting 1-mm diameter sphere would
have the radar cross-section almost 5 orders of magnitude
smaller than its geometric cross-section for a typical
S-band radar operating at the 3 GHz frequency (wave-
length 10 cm). For an X-band radar at the 10 GHz fre-
quency (wavelength 3 cm), the corresponding radar cross-
section would be 800 times smaller. Atmospheric absorp-
tion (e.g., [16]) fundamentally limits possible increase of
radar frequencies beyond the X-band required for further
lowering the upper size limit of the Rayleigh scattering
region.

The German Fraunhofer Institute's Tracking and Ima-
ging Radar (TIRA) near Bonn operating autonomously or in
a bistatic mode (with the Max-Planck-Society's radio
telescope at Effelsberg) could detect orbiting debris as
small as 1–2 cm at altitudes up to 1000 km [5]. Most
capable NASA radars today, the Haystack and Goldstone,
can detect debris down to several millimeters in size at
important for human spaceflight 400-km altitudes [7,17].
In recent years, the upgraded Haystack and Haystack
Auxiliary (HAX) radars also demonstrated detection of
such debris at 800 km altitude [18] where numerous
satellites operate and where debris accumulate due to
significantly diminished atmospheric drag.

Satellite-based (space-based) optical sensors offer
important opportunities especially for detecting large orbit-
ing objects as was demonstrated, for example, by the Space-
Based-Visible sensor on the Midcourse Space Experiment,
or MSX [19,20]. A number of feasibility studies examined
capabilities of possible space-based passive optical sensors
for measuring millimeter and/or centimeter size debris and
larger in LEO [13,14,21–23] as well as observing objects in
geostationary orbit [13,14,21,22,24,25]. (For the sake of
completeness, we also note here an assessment of a
space-based radar for detecting objects in LEO [26].)
To the best of my knowledge no study has specifically
looked at optical observation of submillimeter debris.

At the same time, a recent NASA Handbook [7] espe-
cially emphasizes the importance of such submillimeter
debris by stating that “from the safety and satellite opera-
tions perspective, there is an immediate need for a large
and dedicated meteoroid and orbital debris sensor to
monitor and update the populations between 0.1 and
1.0 mm.” A special feasibility study sponsored by the
European Space Agency specifically focused on closing
“the existing knowledge gap in the space debris popula-
tion in the millimeter and centimeter regime” [14]. Scar-
city of experimental data leads to a one-order-of-
magnitude disagreement among debris models (ORDEM,
MASTER, SDPA) in prediction of fluxes of debris smaller
than 1 cm [7].

This article describes a new space-based experimental
and instrumental concept – the Local Orbital Debris
Environment (LODE) detector – to observationally char-
acterize 0.2–10 mm debris near the satellite path impor-
tant for space system design and for mission assurance
and safe operation. It concentrates on top-level system
parameters and design tradeoffs, outlines an approach to
identifying and extracting rare debris detection events
from the background, and presents an example of perfor-
mance characteristics of a LODE sensor with a 6-cm
diameter aperture. Specific designs of the optical part of
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the sensor and its focal plane detector are beyond the
scope of the article. While the LODE concept primarily
focuses on observation of debris in LEO, it can also probe
micrometeoroid fluxes, debris at geostationary orbit, and
perhaps dust in the lunar environment.

2. LODE sensor concept

The Local Orbital Debris Environment sensor is based
on a passive optical photon-counting time-tagging ima-
ging system deployed on a spacecraft and detecting solar
photons (in the visible range) reflected by debris crossing
its field of view (Fig. 1). The sensor would thus characterize
the debris population locally within a certain distance
from the satellite orbit path. Sensor pointing in a general
antisolar direction on a spacecraft in dawn–dusk (equator
crossing) sun-synchronous orbit offers most favorable
observation geometry in LEO. The instrument could fly
on a dedicated small satellite or as a hosted payload.

Prior flown or studied space-based optical sensors for
debris detection used CCD (charged-coupled device)
detectors in the focal plane [13,14,19–22,24,25]. The CCDs
are essentially frame detectors. A passage of an object
across the field of view during the frame accumulation
time interval results in an image of a streak across a
pattern of fixed stars and diffuse background. Arrival of
20 or more photons into the instrument is usually needed
for a signal above the intrinsic noise in a single CCD pixel.
Reliable detection of a rare debris streak requires a
sequence of multiple lighten-up pixels and correspond-
ingly at least a few hundred debris-reflected photons.

The LODE concept differs from considered in the past
approaches by relying on a different type of focal-plane
detectors that enable the desired capabilities. Specifically,
the resulting reduced number of photons needed for
detection of an object crossing the sensor field of view
(FOV) opens a way for observing smaller submillimeter
and millimeter debris. To the best of my knowledge, in
Fig. 1. Local Orbital Debris Environment (LODE) concept for in situ
characterization of debris population in the 0.2–10 mm size range near
the satellite orbit by passive optical detection of debris-reflected solar
photons in the visible spectral range. FOV – the field of view of the sensor.
addition to purely astronomical applications, e.g., [27–30],
such space- and ground-based visible-range photon-
counting time-tagging imaging systems were considered
in the past only for imaging of complex three-dimensional
objects (such as satellites) and non-local (i.e., at large
distances) detection of centimeter size debris [23,31,32].
Nobody considered applications of such systems for detec-
tion of submillimeter and millimeter debris locally near
the satellite path.

The LODE instrument relies on a microchannel-plate
(MCP) based position-sensitive detector (PSD) in the focal
plane. Such detectors have been used in laboratory and
space applications registering and determining coordi-
nates of individual particles and photons since 1970s
(see, e.g., reviews [33–39] and references therein). For
example, two currently operating Hubble Space Telescope
instruments include detectors of this type [29,30]. While
MCP-based detectors are less common in satellite-based
astronomical and astrophysical instruments, they are rou-
tinely used (though without photocathodes), in space
physics experiments. Consequently, the associated tech-
nology readiness levels of MCP detectors, readout electro-
nics, and high voltage (usually not exceeding 2–3 kV)
power supplies are very high.

Such photon-counting imagers are fundamentally differ-
ent from CCD-based systems. In contrast to CCDs, an MCP-
based PSD does not accumulate a frame image but deter-
mines in real time the coordinates (in the focal plane) and
the exact detection time of each registered individual photon
and stores them in a memory. A computer can then use such
data in asynchronous post-processing to form an image
accumulated during any desired time interval while preser-
ving timing information, or time tags, of each and all
registered photons. These unique capabilities of photon-
counting time-tagging imagers enable the proposed concept.

Fig. 2 shows the schematic of a LODE imager. It consists
of an optical system, a simple telescope, with the entrance
aperture diameter d0 and field of view angle ω0 and a
photon-counting imager at the focal plane. A baffle reduces
light from off-axis bright sources such as the Moon and
atmospheric glow. Due to spacecraft orbital motion, the
relative velocity of debris would be predominantly in the
direction opposite to the spacecraft velocity vector. There-
fore, pointing the LODE sensor normally to the orbital plane
would maximize the number of crossings of the instrument
FOV by debris.

When a FOV crossing occurs, registered photons would
form a well-determined sequence, or line (a “trajectory”),
in three-dimensional x; y; tð Þ “sensor space” of two spatial
coordinates-directions x and y in the detector focal plane
(similarly to a streak captured by CCD detectors) and
additionally in the dimension of time. In contrast, back-
ground photons would form a random pattern of counts in
spatial and time dimensions. Registration of only several
debris-reflected photons is sufficient to reliably identify an
object FOV crossing. Therefore, arrival of a relatively small
number, only a few dozen, of photons into the LODE sensor
with a realistic photon detection efficiency is needed.
Consequently, this sensitive technique offers observational
access to submillimeter and millimeter debris inaccessible
to conventional radar and optical means. The observation



Fig. 3. Schematic of a microchannel-plate position-sensitive detector.
Such photon-counting time-tagging imaging detectors determine in real
time the coordinates and moment of time of detection of each registered
incident photon. The detector consists of a transparent window with the
photocathode, microchannel plate stack, and anode-collector in a
vacuum-sealed tube with connectors for high voltage power and for
signal output. A photoelectron produced by an incident photon from the
photocathode is accelerated toward the MCP stack that converts it into an
avalanche of 106–108 electrons falling on the readout anode-collector.

Fig. 2. Schematic of the LODE sensor: optical telescope with the aperture
diameter d0 and field of view ω0 and a photon-counting time-tagging
imaging detector in the focal plane. An object of a diameter a crosses
normally the field of view at the maximum detection distance hM; also
shown is a trajectory crossing the instrument axis at an angle β.
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of a FOV crossing event would constrain in an important
way a combination of parameters characterizing this
particular debris trajectory, size, albedo, and velocity.

The count rate limitations of MCP-based PSDs results,
as shown below in Section 3, in a relatively narrow field of
view of the LODE sensor, a small fraction of one degree. In
contrast, passive CCD-based optical sensors usually relied
on relatively wide fields of view. For example, the MSX's
Space-Based Visible sensor had a 15-cm aperture telescope
with the 1.41�6.61 field of view [19,20] while other
considered systems had, for example, 7.5-cm aperture
and 201 FOV [21]; 10-cm aperture and 11 FOV [13]; and
20-cm aperture and 61 FOV [22]. The LODE imager could
thus be, in an important sense, complementary to CCD-
based optical sensors and perhaps they could be combined
in a package offering unique cross-calibration and debris-
characterizing capabilities.
3. LODE sensor performance characteristics

A photon-counting imaging detector (Fig. 3) consists of
a photocathode followed by a stack of MCPs and an
electron collector-anode with its readout circuitry deter-
mining the coordinates of each registered incident photon
[33–39]. For visible spectral range, the photocathode is
usually deposited on the back side of a transparent
entrance window, with photoelectrons accelerated across
a small gap (so-called proximity focusing) in a compact
design towards the entrance of the MCP. The MCP stack of
two or three plates converts the photoelectron into an
avalanche of 106–108 electrons falling on the anode.
A sealed vacuum tube confines the photocathode side of
the window, the MCP stack and the collector-anode
(Fig. 3). The electronic circuitry determining photon coor-
dinates and detection moments of time as well as the
high-voltage (2–3 kV) power supply are outside the
sealed tube.

A number of readout designs have been developed for
PSDs based on charge division, multianode discrete ele-
ments, and delay lines [33–45]. Various approaches are
particularly suitable for different applications and the
design can be optimized to achieve specific LODE require-
ments. The PSD sensitive area can vary from 15–100 mm
with spatial resolution up to 2000 pixels in each dimen-
sion. The detectors can also determine the moment of
photon detection with accuracy as high as a fraction of 1 ns
(e.g., [46,47]). The LODE sensor requires, as discussed
below, much more modest spatial resolution and timing
accuracy of the PSD.



Fig. 4. Count rate density (per square centimeter per second) of a sensor
sensitive area as a function of star apparent magnitude for assumed solar
spectral distribution and quantum detection efficiency of the typical S-20
type photocathode.
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Diffuse background light intensity and individual bright
stars constrain the LODE aperture area and the field of
view. The maximum total count rate, CM , of MCP-based
detectors is usually limited to 105–106 s�1 for fluxes
distributed uniformly across the sensitive area. For point
star-like sources, the count rate could be limited to only
10–100 s�1, depending on a particular design of the MCP
stack. The MCP gain substantially decreases locally for
intensities above that point-source maximum count
rate limit.

Zodiacal light, integrated starlight of unresolved stars,
and diffuse galactic light dominate the background light
intensity for an observer above the atmosphere [48]. The
color of the zodiacal light is close to that of the solar light;
this work also assumes the spectral distribution of star-
light to be similar to that of the Sun. Different units are
used to describe background light intensity (phot cm�2

s�1 sr�1) or brightness (see [48] for relations among
various units). Some publications use units S10S which
correspond to brightness of one solar type star of tenth
magnitude per degree squared. Other publications often
describe brightness in other similar units S10 which is
brightness of one A0 type star of tenth magnitude per
degree squared. These units are close to each other with
differences dependent on specific spectral range. In addi-
tion, intensities produced by a star of a certain apparent
magnitude in a field of view of one square arcsecond are
also used.

Zodiacal light brightness depends on ecliptic latitude
and peaks in the ecliptic plane. It also strongly depends on
viewing direction with intensity rapidly rising with
approach to the Sun. In antisolar directions, zodiacal light
brightness does not exceed 200 S10 [48].

Brightness of the galactic background that includes
stars dimmer than apparent magnitude 6.5 varies from
less than 50 S10S near galactic poles to 500–600 S10S near
the galactic equator [48,49]. (Diffuse galactic light consti-
tutes about 20–30% of the total galactic background.)
A satellite sensor pointed in an antisolar direction would
thus be exposed to galactic brightness above 200 S10S only
during a small fraction of the year when its FOV crosses
the galactic plane. Brightness of extragalactic background
does not exceed 20 S10S [49].

For conservative estimates, this work assumes the total
background light intensity to be 500 S10S. Prior studies of
space-based sensors used either similar background corre-
sponding to one star of 21 magnitude per square arcsecond,
or mV ¼ 21 mag=arcsec2, [13,14] or lower intensities, such
as mV ¼ 21:5 mag=arcsec2 [22] and mV ¼ 22 mag=arcsec2

[25], the latter value corresponding to 205 S10 [48]. High
performing visible-light optimized S-20 photocathodes are
mostly sensitive in the 450–850 nm spectral range, with the
wavelength-dependent quantum efficiency varying from
7–16% [39,50]. The solar photon flux density is FS ¼ 2�
1017 phot cm�2 s�1 in this range at 1 AU. Consequently,
the background light intensity f 0 corresponding to 500 S10S
in this spectral range would be

f 0 � 6:1� 108 phot cm�2s�1sr�1 � 8300 R;

where 1 R¼1 Rayleigh¼106/(4π) phot cm�2 s�1 sr�1.
Consider now a photon-counting imaging sensor (Fig. 2)
with the aperture diameter d0, field of view solid angle Ω0,
and photon detection efficiency ε0. The maximum possible
count rate of the detector, CM , constrains the sensor geo-
metric factor, Ω0σ0, as

CM ¼ f 0ε0Ω0σ0; ð1Þ
where σ0 ¼ πd20=4 is the aperture area. The sensor FOV
plane angle width is

ω0 ¼
ffiffiffiffiffiffiffiffiffiffi
4Ω0

π

r
¼ 4
πd0

CM

f 0ε0

� �1=2

: ð2Þ

A large solid angle could result in a high probability of a
sufficiently bright star appearing in the imaged region of
the sky, affecting the detector performance. Bright stars
could thus make a portion of the sky inaccessible for
sensor pointing. Fig. 4 shows the dependence of the
photon count rate density (count rate per unit area of
the sensitive surface) for a sensor with an S-20 type
photocathode as a function of star apparent magnitudes
under the assumption of the solar spectral distribution.
Both the detector response to individual stars and the limit
on the diffuse background maximum count rate CM would
determine apertures and fields of view of realistic LODE
sensors. An MCP-based detector with an S-20 type photo-
cathode usually exhibits an intrinsic (uniformly distributed
across the sensitive surface) noise count rate density 5–20
count cm�2 s�1. The MCP stack contributes only about
1 count cm�2 s�1 to these counts while most of the noise
is produced by photoelectrons emitted from the photo-
cathode. The LODE detector is protected from direct expo-
sure to the near-Earth energetic particle environment. One
could expect only modest increase, perhaps doubling, of its
already small MCP intrinsic noise contribution largely due
to cosmic rays, with the overall photocathode-determined
noise count rate remaining practically unchanged. In any
case, it is the diffuse light background that is responsible for
a couple orders of magnitude larger numbers of detected
photons which, in turn, are determined by the selected
maximum count rate CM . This background rather than the
PSD noise would thus constrain the effective dynamic range
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of the detector. A required very modest spatial resolution of
the LODE (perhaps as low as 128 pixels across the sensitive
surface, as discussed in Section 4) also eliminates any
contribution to the noise by the readout electronics.
To summarize, the detector noise is much smaller than
the count rate due to the expected diffuse photon back-
ground and can thus be disregarded.

Consider now an object (debris) with an effective illumi-
nated diameter a, effective illuminated area A¼ πa2=4, and
effective albedo α (reflection probability of photons in the
spectral range of the detector sensitivity) at the distance h
from the sensor. For a sensor pointed in the antisolar
direction, the effective observed illuminated area of the
object equals its area, and, for simplicity, there is no depen-
dence on the illumination phase angle. To simplify the
estimates, it is assumed that photons reflect isotropically into
the 2π hemisphere from a debris surface (this is somewhat
different from perfectly diffuse, or lambertian, scattering).

The object-reflected solar photon flux density j0 at the
LODE sensor and its corresponding photon count rate,
C0 ¼ ε0j0σ0, are

j0 ¼
FSαa2

8h2

and

C0 ¼
πFSαε0

32
d20a

2

h2
;

respectively. The time Δt of crossing the narrow sensor
field of view by an object with a relative velocity V0

perpendicular to the sensor axis (Fig. 2) is

Δt ¼ω0h
V0

¼ 4h
πd0V0

CM

f 0ε0

� �1=2

: ð3Þ

The average number N of object-reflected photons
registered by the sensor during the FOV crossing would be

N¼ C0Δt

or

N¼ FSα
8 V0

ε0CM

f 0

� �1=2d0
h
a2 ¼ π1=2FSαε0

16 V0

Ω1=2
0 d20
h

a2: ð4Þ

The last expression and a few other below are shown,
for convenience, as functions of both (i) d0 and CM and
(ii) d0 and Ω0. One can see that the average number of
registered photons depends on the product of the effective
solar flux, detector efficiency, and albedo. This product is a
simplified convolution of the solar flux spectral density
distribution with the wavelength-dependent detection
efficiency and albedo.

Let us require to register a certain minimum number M
of object-reflected photons in order to reliably detect its
FOV crossing. One can then introduce a maximum distance
hM (Fig. 2) at which a passing of an object with a diameter
a results in registration, on average, of M photons,

hM ¼ 1
M

FSα
8 V0

ε0CM

f 0

� �1=2

d0 a2 ¼
1
M

FSαε0π1=2Ω1=2
0

16 V0
d20 a

2: ð5Þ

A passage of an object larger in size and/or closer to the
sensor would result in a larger average number of regis-
tered photons and consequent event detection.
The time intervalΔtM that it takes for an object to cross
the field of view at the maximum detection distance hM is

ΔtM ¼ 1
2π

FSα
M V2

0

CM

f 0
a2 ¼ 1

8
FSαε0
M V2

0

Ω0d
2
0a

2: ð6Þ

For given sensor properties, this time interval depends
only on the object size and velocity. The average number of
background photons NB registered during ΔtM is

NB ¼ CMΔtM

or

NB ¼
1
2π

FSα
M V2

0

C2
M

f 0
a2 ¼ π

32
FSαf 0ε20Ω

2
0

M V2
0

d40a
2:

Let us introduce now the effective detection area S að Þ of
the LODE system for objects of a given size. If an object
passes through this area then the event would be detected.
For debris in circular orbits with uniformly distributed
inclinations, the motion of the observer would cause most
of the debris to move predominantly in the direction
opposite to the velocity vector of the observer. Relative
velocities of debris would vary from zero to twice the
typical velocity of an object in low Earth orbit, the latter
being 7.3–7.7 km s�1. To simplify the estimates, we assume
henceforth the constant relative velocity V0 ¼ 10 km s�1 of
passing objects pointed perpendicular to the LODE FOV
direction (Fig. 2), the latter oriented normally to the space-
craft orbital plane. Such a relative velocity would be typical
for debris crossing the spacecraft orbit perpendicularly.

Then, all the objects crossing the field of view cone at
distances closer than the maximum detection distance
would be detected. The effective detection area is the
projected area of the FOV cone

S að Þ ¼ω0h
2
M

2

or

S að Þ ¼ 1
32π

F2Sα
2ε1=20

V2
0

CM

f 0

� �3=2 d0
M2a

4 ¼ π1=2

256
F2Sα

2ε20
V2
0

Ω3=2
0 d40
M2 a4:

ð7Þ

The larger the effective detection area the more effi-
ciently the LODE sensor detects debris passing by. The
detection area steeply drops with the decreasing object
size a which ultimately determines the lower limit of the
debris size that could be observed. One can also see the
importance of minimizing the required minimum number
of debris-reflected photons M to be registered for object
detection.

The introduced description of debris detection is essen-
tially a threshold concept: debris of a given size are
detected only when they cross the FOV at distances
smaller than hM . This oversimplified maximum detection
distance concept, as discussed below, disregards the ran-
dom nature of photon fluxes and their detection and the
resulting statistical variations in the number of registered
photons. Nevertheless, it is very useful in providing insight
into the sensor performance and dependence of its char-
acteristics hM , ΔtM , NB, and S on the debris size a.
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We note here that some passing objects would not
cross the sensor field of view center, resulting in fewer
registered photons. For such objects, the maximum detec-
tion distance and effective detection area would corre-
spondingly be smaller. This effect is disregarded in
this work.
4. LODE sensor example

Let us consider, as a realistic example, a LODE sensor
with the aperture d0 ¼ 6 cm in diameter. (Past concepts of
space-based passive optical systems considered larger
apertures: 7.5 cm and 40 cm [21], 15 cm [13,23], and
20-cm [14,22].) The LODE telescope would produce an
image in the focal plane on the MCP-based PSD with a
sensitive area 15–25 mm in diameter. We will make con-
servative estimates of the instrument properties, somewhat
underestimating its performance characteristics.

Let us assume the maximum total detector count rate
CM ¼ 104 s�1. While MCP detectors could handle much
higher rates up to 106 s�1, the assumed CM would sig-
nificantly simplify the processing of measurements, lower
the required minimum number of registered debris-
reflected photons M, and extend detector operations for
years without deterioration of the photocathode efficiency
and the MCP gain.

We assume the average PSD photon detection effi-
ciency ε0 ¼ 0:10 within the S-20 photocathode spectral
sensitivity range of 450–850 nm. The efficiency of S-20
photocathodes is somewhat higher [39,50], so the adopted
lower value here also accounts for photon losses in the
optical part of the sensor. (Higher detection efficiencies
could possibly be achieved in the future [23,38].)

The selected aperture diameter and the maximum
count rate determine (Eqs. (1) and (2)) the solid angle
Ω0 ¼ 5:35� 10�6 sr and plane angle ω0 ¼ 0:151 of the
sensor FOV. The diffraction limited resolution of the sensor
is about 0.000581 which corresponds to 250 angular pixels
across the field of view. Therefore, the spatial x; yð Þ resolu-
tion of the PSD need not be higher than 250�250 pixels.
As it is discussed below, a very modest resolution of 128
pixels across the detector sensitive area could suffice for
debris detection. For a PSD 15–25 mm in diameter, the
corresponding size of individual pixels would be 120–200
micron, or an order of magnitude larger than the size of
MCP channels. Such a low spatial resolution provides
flexibility in optimizing detector readout in an
effective way.

An individual star with apparent magnitude mV ¼ 7:6
would produce the assumed maximum count rate CM . The
MCP detector gain drops significantly for point star-type
objects with much lower count rates 10–100 s�1 [33–37]
and it may get below the level of triggering the photon
detection circuitry. For conservative estimates, we require
avoidance of stars brighter than magnitude 7.6 in the field
of view. There are about 25,000 such stars [51], and the
avoidance requirement would thus exclude about 1.1% of
the sky. Note that the background photon intensity of
unresolved faint stars assumed in this work is based on the
exclusion of stars brighter than magnitude 6.5 [49,50].
Therefore, the photon background with stars mV ¼ 7:6 and
brighter excluded would be somewhat smaller.

We assume the debris albedo α¼ 0:15. The albedo of
fragmented space debris is actually estimated to be as high
as 0.175 [25,52], although the latter value was derived
from observations of larger objects.

In order to estimate the desired minimum number M of
registered debris-reflected photons for reliable identifica-
tion of FOV crossings one needs to determine the prob-
ability that random background photons produce a pattern
of registered photons indistinguishable from a true debris
detection. It takes a certain time interval for an object with
the assumed relative velocity to normally cross the sensor
FOV at a selected distance (Eq. (3)). For example, it takes
1 ms to cross the FOV at the 3.8-km distance from the
sensor. Therefore, one would consider photon counts
registered during such a time interval for search of events
of debris passage at that distance or closer.

Consider now searching for debris FOV crossing events
during a time intervalΔt. The average number of registered
background counts would be kB ¼ CMΔt. Let us assume the
PSD spatial resolution to be n pixels in both x and y
directions, with the total number of n2 pixels in the focal
plane. The division of the time interval Δt into more than n
time steps (bins) does not improve the accuracy because of
the uncertainty introduced by the finite spatial pixel size.
Therefore, we also assume n elements in the time dimension,
with the time steps δt ¼Δt=n. (Note here that absolute step
values δt depend on the chosen time interval Δt.)

Because of the narrow FOV of the LODE, the trajectories
formed by passing debris in the sensor three-dimensional
x; y; tð Þ space are straight lines. This means straight streaks in
two-dimensional spatial images as well as linear time depen-
dences of X and Y coordinates of registered photons. Possible
exceptions would be only debris trajectories in directions close
to the sensor axis at large angles β (Fig. 2), with correspond-
ingly diminished detection areas. These low-probability events
could be accounted for in detailed simulations of LODE proper-
ties which is outside the scope of this work.

There is a finite probability, however, that registered
random background photons would also form a straight
line in the sensor space, producing a “false” crossing event,
and thus look indistinguishable from detection of a true
debris. The straight line-trajectory in the x; yð Þ sensor plane
has the length of n pixels and includes 1=n

� �
-th of the total

number of spatial pixels of the sensor. The average number
of background photons detected in the pixels of that line is

k0 ¼
kB
n
¼ CMΔt

n
:

Consider now the first photon registered during the
interval Δt. In order to register the requiredM background
photons in the pixels of this particular line, one needs
additional M�1ð Þ random background photons to be also
detected on that line. The probability PM�1 of detection of
these additional photons is then described by the Poisso-
nian distribution and

PM�1 k0ð Þ ¼ kM�1
0 exp �k0ð Þ

M�1ð Þ! :
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The detection of the second photon during the time
interval Δt with certain coordinates x; yð Þ and at a certain
moment of time on the selected straight line determines
the exact trajectory in the three-dimensional sensor space.
Therefore, the following after that M�2ð Þ photons must be
registered in precisely defined moments of time corre-
sponding to their spatial coordinates in order to form the
trajectory indistinguishable from the true passing object.
The probability for a random photon to be detected in a
particular time step (bin) is 1=n. Note that the total
number of straight lines (trajectories) across the sensor
sensitive area x; yð Þ and originating from the point of the
first photon detection is about n. Therefore, the probability
P0 n;Δt;M

� �
for random background photons to produce a

three-dimensional straight line with the total M registered
photons during the time interval Δt in a sensor with the
spatial and temporal resolution n following the detection
of the first photon would be

P0 n;Δt;M
� �¼ PM�1 k0ð Þ

nM�3 :

During one year, TY , the total number of registered
background photons is CMTY � 3:15� 1011. So, the average
number K0 n;Δt;M

� �
of “false” straight lines formed by

random background photons and indistinguishable from
true detections of passing objects would be

K0 n;Δt;M
� �¼ CMTYP0 n;Δt;M

� �¼ CMTY
PM�1 k0ð Þ
nM�3 :

Let us assume a modest detector resolution, n¼ 128, or
7 bits. (The PSDs can have resolution up to 2048, or 11 bits,
and higher.) Fig. 5 shows the number K0 of annual
background-photon-produced false FOV crossing events
as a function of the time interval Δt for the minimum
required numbers of registered photons M equal to 4, 5, 6,
and 7. Let us limit the number of such false events to one
per year. Then, one can use the minimal numbers of
Fig. 5. Average number K0 of annual background photon random events
indistinguishable from true object FOV crossings, or false debris detec-
tions, as a function of time interval Δt for minimum required numbers of
registered photons M equal to 4 (magenta), 5 (green), 6 (blue), and
7 (red). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
registered photons M equal 4, 5, 6, and 7 for time intervals
shorter than 0.017 ms, 0.432 ms, 1.19 ms, and 14.2 ms,
respectively.
Fig. 6. Maximum detection distance hM(top), time ΔtM of crossing the
field of view at this maximum distance (middle), and effective detection
area S (bottom) as function of the debris size (diameter) for minimum
numbers of registered photons M equal 4 (magenta), 5 (green), 6 (blue),
and 7 (red). All objects cross the center of the field of view with the
relative velocity 10 km s�1 normally to the sensor axis. The maximum
total sensor count rate is CM ¼ 104 s�1. (For interpretation of the
references to color in this figure legend, the reader is referred to the
web version of this article.)
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The minimal possible number M maximizes the LODE
sensitivity in identifying and extracting rare events of
debris crossings. Therefore, an efficient use of the accu-
mulated photon data would start first with considering
registered photons in time intervals of 0.017 ms long and
searching for events with at least 4 registered photons on
straight line-trajectories in three-dimensional sensor
space. Then, one considers registered photons in 0.43 ms
long time intervals and search for events with at least 5
registered photons. Finally one would consider time inter-
vals 1.2 ms and 14 ms long and search for events with 6
and 7 registered photons, respectively.

Fig. 6 illustrates sensor properties under the maximum
detection distance concept: it shows dependences
(Eqs. (5)–(7)) of the maximum detection distance hM
(top), the maximum time of crossing ΔtM the field of view
at this distance, and the effective detection area S as a
function of the debris size (diameter) a for the required
minimum numbers of registered photons M equal 4, 5, 6,
and 7. The maximum detection distance identifies the
detection threshold: larger objects or objects passing closer
to the sensor would produce, on average, more than the
required minimal number of registered photons, resulting
in detection. A passage of an object of a given size at larger
distances would result in fewer than the required minimum
number of registered photons and it is not detected.

Table 1 shows, as an example, the characteristics of the
LODE sensor for debris with sizes 0.15, 0.3, 1, 3, and 10 mm
under the maximum detection distance concept. One can
see that objects 1 cm in size could be detected at distances
as large as 40 km, making such observations nonlocal. On
the other hand all detections of submillimeter debris
would occur within 1 km from the satellite orbit. As the
debris size decreases, they reflect fewer solar photons
resulting in smaller maximum detection distances and
effective detection areas. This decrease is somewhat com-
pensated by a possibility to reduce the required minimum
number of registered photons, as discussed above, for
shorter crossing times.

Fig. 6 and Table 1 show that the LODE sensitivity
(effective detection area) rapidly drops with decreasing
debris size (Eq. (7)) and becomes too small for objects with
sizes below 0.1 mm. Based on this dependence we can
establish and consider henceforth the nominal minimal
size of debris for LODE observations to be 0.2 mm.

We note here that the debris detection distance has
also a minimum limit. In other words, an object passing by
too close to the observer will not be detected. The minimal
detection distance would reduce the effective detection
area. For example, minimal distances 5 and 10 times
smaller than the maximum detection distance would
Table 1
LODE sensor characteristics for detection of debris with sizes 0.15 mm, 0.3 mm,

Size 0.15 mm 0.3

Required minimum number of photons 4 4
Max distance 15.6 m 62
FOV crossing time 0.0041 ms 0.0
Effective detection area 0.32 m2 5.1
result in 4% and 1% reductions of the effective detection
areas, respectively.

There are two reasons for existence of the minimal
detection distance. First, the field of view of a sensor
mounted on a spacecraft and pointed in the antisolar
direction is in the spacecraft shadow where passing by
objects are not illuminated by the Sun. For example, a one
meter surface would cast the umbra about 100 m long
which corresponds to a maximum distance for detection of
0.4-mm debris. The shadow effect can be minimized and
made negligible by pointing the sensor FOV at some angle
away from the antisolar direction and mounting the sensor
near the edge of the spacecraft structure rather than in the
middle of the side opposite to the sun.

Second, a close passage by an object would result in a
sequence of, perhaps, a couple dozen registered photons
with short time intervals between them. The detector
ability to register such bursts of photons would determine
the minimal distance. In fact, as discussed below in Section 6,
achieving the desired minimal detection distance for smal-
lest submillimeter debris would be among most important
requirements determining the specific design of the readout
system of the PSD in the LODE focal plane.

Photon fluxes and their reflection by debris and detec-
tion by the PSD are random processes characterized
statistically. The average number of registered photons is
small and variance is relatively large. This, in turn, would
result in gradual decrease of the debris detection prob-
ability with increasing distance from the observer for
objects of a given size rather than in an abrupt limit of
the maximum detection distance concept. Consequently,
some debris would be missed when pass closer than hM
from the spacecraft as they may produce the number of
registered photons smaller than M. At the same time other
debris could be detected when passing at larger distances.

When an object crosses normally the FOV at a distance
h it produces the mean number of registered photons N
(Eq. (4)). For a random photon flux, the Poissonian dis-
tribution describes the probabilities pk Nð Þ to register k
photons,

pk Nð Þ ¼Nkexp �Nð Þ
k!

:

For the given mean number of registered photons N,
one can introduce the probability gM Nð Þ to register at least
M photons required for the reliable object detection such
that

gM Nð Þ ¼ ∑
1

i ¼ M
pi Nð Þ ¼ 1� ∑

M�1

j ¼ 0
pj Nð Þ:
1.0 mm, 3.0 mm, and 10 mm.

mm 1.0 mm 3.0 mm 10 mm

5 6 7
m 0.55 km 4.2 km 40 km
16 ms 0.14 ms 1.1 ms 10 ms
m2 400 m2 0.023 km2 2.0 km2



Fig. 7. Probabilities g4 (magenta), g5 (green), g6 (blue), and g7 (red) to
register at least 4, 5, 6, and 7 photons, respectively, as a function of the
mean number of registered photons N. (For interpretation of the
references to color in this figure legend, the reader is referred to the
web version of this article.)

Fig. 8. Effective debris detection areas as a function of the debris size: the
area S (blue) corresponds to the maximum detection distance concept
and the area S5 (red) accounts for the statistical nature of the photon flux
and its detection; the required minimum number of registered photons is
M¼ 5. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

M. Gruntman / Acta Astronautica 105 (2014) 156–170 165
Fig. 7 shows probabilities g4, g5, g6, and g7 to register at
least 4, 5, 6, and 7 photons, respectively, as a function of
the mean number of the detected photons N.

Consider, for example, a 1-mm debris that produces, on
average, 5 registered photons at the 0.55-km distance. This
is the maximum distance for detection of such debris for
M¼ 5 (Table 1). The average number of registered photons
is inversely proportional to the distance h (Eq. (4)). If such
a debris crosses the FOV at the distance of 0.34 km, for
example, it would produce, on average, 8 registered
photons. This object passage should thus be detected
under the maximum detection distance concept. In reality,
because of the random nature of the photon flux and
photon reflection and detection, the probability to register
at least 5 photons is g5 8ð Þ � 0:9. Consequently, there would
be a 10% probability that fewer than the required 5
photons registered and the debris passage hence be
missed. On the other hand, if such a debris crosses the
FOV at the distance of 0.92 km, it would produce, on
average, only 3 registered photons. Such a passage, how-
ever, would result in a probability g5 3ð Þ � 0:2 to register at
least 5 photons and consequently this debris passage be
detected with the 20% probability.

The effective debris detection area SM að Þ for a required
minimum number of registered photons M, which
accounts for the statistical nature of the detection, is then

SM ¼
Z 1

0
ω0 h gMdh:

The maximum distance concept corresponds to the
function gM equal unity at distances hrhM and zero for
h4hM . Accounting for the random nature of photon fluxes
and their detection would result in larger effective detec-
tion areas SM compared to the area S obtained under the
maximum distance concept for the same M. Fig. 8 shows,
as an example, the dependence of the areas S and S5 for
the required minimum number of registered photons
M¼ 5. The difference between the areas decreases with
increasing M and vanishes for M-1.
The minimum number of registered photons required
for debris detection increases and the corresponding
effective detection area decreases as time intervals of
FOV crossing become larger. The time intervals correspond
to certain distances from the observer and to respective
minimal sizes of debris that could be detected at those
distances. Therefore, one can construct a composite effec-
tive detection area S0 consisting of areas SM for debris of
certain sizes. Such an area would account for the random
nature of photons but the required minimum numbers of
registered photons and the corresponding sizes are deter-
mined by the simplified maximum distance concept. For
the number of background-photon-produced “false” deb-
ris detections not to exceed one per year, the composite
detection area S0 would be

S0 ¼

S4; for a r 0:3 mm
S5; for 0:3 mm o a r 1:7 mm
S6; for 1:7mm o a r 3:1 mm
S7; for 3:1mm o a r 11:7 mm

8>>>><
>>>>:

: ð8Þ

To estimate the number of true debris detections in one
year of continuous operations, we consider a LODE sensor
deployed on a spacecraft in sun-synchronous circular orbit
at an 800-km altitude and inclination 98.51. A large
number of satellites operate in this region of geospace
where predicted debris fluxes peak.

The NASA Handbook specifically points out that exist-
ing debris models disagree in the flux density dependence
on the size, with the differences up to one order of
magnitude for objects smaller than 1 cm [7]. We use here
the MASTER model [53,54] which predicts fluxes lower
than ORDEM [7].
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For the top-level estimate purposes of this work, it is
convenient to define the rate of detection R0 að Þ of objects
of a particular size a by simply multiplying the debris flux
Fig. 9. MASTER-modeled debris flux density Φ per 0.1-mm bin (top),
composite effective detection area S0 (middle), and the annual number of
debris detections (bottom) by the LODE instrument as function of the
debris size (diameter) for an observer in sun-synchronous 800-km
altitude circular orbit. The total number of observed 0.2–10 mm debris
is about 1400 each year, including almost 780 submillimeter (0.2–
1.0 mm) debris. Color coding of the curves (middle and bottom) corre-
sponds to appropriate – for the debris size – required minimum number
of registered photons 4 (magenta), 5 (green), 6 (blue), and 7 (red). The
maximum total sensor count rate is CM ¼ 104 s�1. (For interpretation of
the references to color in this figure legend, the reader is referred to the
web version of this article.)
density Φ að Þ by the LODE effective detection area S0 að Þ,
R0 að Þ ¼Φ að ÞS0 að Þ:

The rate of detection is defined, similarly to the flux
density, per 0.1-mm size bins and it corresponds to the
LODE sensor being pointed approximately normally to the
orbital plane. Note that debris smaller than a couple
millimeters are detected within a few kilometers from
the observer and they are described by the local flux Φ.
Debris with a 10-mm size, for example, could be detected
at distances as large as 100 km, so one would need to
account for flux altitude dependence. While important,
more accurate simulations of fluxes, directions, and velo-
cities of debris should not change dramatically the rate
estimates.

Fig. 9 (top) shows the model-predicted flux density of
debris Φ að Þ as a function of their size per 0.1-mm bins at
the selected orbit. The flux density rapidly increases with
the decreasing size of debris. It is about 3 orders of
magnitude larger for 1-mm debris than for 1-cm objects;
the 0.2 mm debris are 4 orders of magnitude more
numerous per bin that those of 1 mm in size. The middle
and bottom panels of Fig. 9 show, respectively, the com-
posite effective detection area S0 (Eq. (8)) and predicted
annual numbers of detected debris as function of their
size. The color-coding of the curves (middle and bottom
panels) show identification of debris of different sizes by
the appropriate required minimum numbers of registered
photons M.

The total annual number of detected debris is about
1400, or, on average, 3.8 events per day. The annual
number of object detections in the 6–10 mm size range
is 465, or about 1.3 per day. Almost 780 submillimeter
(0.2–1.0 mm) debris are detected annually, or 2.1 per day.

Fig. 10 illustrates LODE sensor performance by simula-
tions of detection of debris 1, 3, and 10 mm in size crossing
the FOV at corresponding maximum detection distances
0.55 km, 4.2 km, and 40 km (Table 1). The time intervals
for such crossings (to be used for search of such events
among photons registered in observations) are 0.14 ms,
1.1 ms, and 10 ms, respectively, and the corresponding
average numbers of registered debris-reflected photons
are 5, 6, and 7. The spatial resolution of the detector is
n¼ 128 pixels and the number of time steps (bins) is
also 128.

Clearly, it is much easier to identify FOV crossing events
for debris passing at smaller distances from the observer
resulting in shorter time intervals and correspondingly
smaller numbers of background photons (Fig. 10, left).
During 0.1 ms, for example, there would be, on average,
only one background photon detected for the adopted
maximum total detector count rate limit CM ¼ 104 s�1.

5. Discussion and conclusions

The LODE sensor exhibits a complex response to a
passing object. Since a small number of registered photons
are sufficient for debris detection, the corresponding
variances are relatively large. In addition, fluxes of debris
and their velocities are direction dependent. Debris solar
illumination as well as their albedo properties and the



Fig. 10. Simulated detection of the LODE FOV crossing by debris with (left-to-right) 1, 3, and 10 mm in diameter at maximum detection distances 0.55 km,
4.2 km, and 40 km, respectively, during the corresponding time intervals 0.14 ms, 1.1 ms, and 10 ms; the average numbers of registered debris-scattered
photons during these time intervals are 5, 6, and 7, respectively. Top panels show two-dimensional 128�128 pixel images accumulated during these time
intervals. Red dots show debris-scattered photons while registered background photons are blue. (Dot sizes are twice as large as a pixel size in the images
to improve the visibility.) The average number of background photons for given accumulation times are (left-to-right) 1.4, 11, and 100, respectively. The
numbers of background and debris-reflected registered photons vary from one trial to another, as described by the Poissonian distributions, and may thus
differ from the expected average numbers. The middle and bottom panels show sequences of X and Y coordinates, respectively, of registered photon as
function of time. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

M. Gruntman / Acta Astronautica 105 (2014) 156–170 167
phase angle may also have complex dependences on
observation geometry, with the sensor pointing – to avoid
the spacecraft shadow – at some angle away from the
antisolar direction.

A number of simplifying assumptions have been made
in this work to obtain top-level estimates of expected
annual numbers of the detected debris and reveal inter-
dependencies of the sensor performance characteristics.
For the latter, the concept of the maximum detection
distance proved to be particularly useful.

Due to complex instrument response, a detection of a
debris does not unambiguously characterize the observed
object properties and trajectory. The observation of a FOV
crossing would rather constrain in an important way a
combination of parameters characterizing this particular
object trajectory, size, albedo, and velocity. In this case,
forward modeling and comparing model predictions with
observations would likely be the optimal way of science
reduction of the obtained data. Forward modeling would
also enable detailed trade studies of the LODE system
design including specifics of the flux of targeted debris
populations and their albedos, spacecraft orbit and obser-
vation geometry, and detailed sensor characteristics as
well as particular approaches to data processing. Such a
comprehensive study is beyond the scope of this article.

Registration of one photon by the LODE would produce
approximately 100 bits of data including photon position
in the focal plane and timing information as well as sensor
(spacecraft) pointing. This would result in a bit rate of
106 bps for the adopted maximum total count rate
CM ¼ 104 s�1. A modest spatial resolution of 128�128
pixels seems to be sufficient for the PSD as long as its
differential and integral nonlinearities do not exceed one
pixel. For the LODE debris size range from 0.2–10 mm, the
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corresponding detector timing accuracy, or time step δt,
varies from 10–8 s (10 ns) for the smallest submillimeter
debris to 10 μs for the largest. Importantly, such timing
accuracies simplify time-tagging circuitry eliminating the
need for special impedance-matching anodes [46,47].

From the PSD point of view, detection of smallest debris
at closest (minimal) distances presents the biggest chal-
lenge. Achieving minimal detection distances that reduce
effective detection areas for submillimeter debris not more
than by a few per cent would require the LODE to be able
to capture bursts of 10–15 registered photons within 1
microsecond with the time-tagging accuracy of 10 ns.
Consequently, the PSD dead time should not exceed
50 ns. This latter requirement would play perhaps the
most important role in selection of and optimizing the
readout design of the focal plane position-sensitive detec-
tor. Raising the minimal size of detectable debris to
0.3 mm would significantly relax requirements to the
PSD performance characteristics. The relation between
the detector dead time and the minimal debris size would
be an important design trade of the flight experiment.

The LODE sensor would produce large amounts of raw
data, 1011 bit per day, that could be stored on the satellite
and then dumped to the ground for detailed processing.
Such communication downlink bit rates are not impossible
but challenging for a small satellite or a hosted payload.
Real-time on-board processing will be essential to reduce
the sensor bit rate transmitted to the ground. Detection of
submillimeter debris requires, for example, examining
time intervals shorter than 0.14 ms for search of FOV
crossing events. A relatively simple real-time processing
could reduce the bit rate by a factor of 100 and perhaps
more. Development of more complex onboard data pro-
cessing would be needed to significantly reduce the bit
rate for longer time intervals. A possible efficiency of
lossless data compression is difficult to estimate at
this time.

The development of the focal plane PSD optimized for
LODE and real-time bit rate reduction are among most
challenging elements of the LODE experiment. (Many MCP
detectors with different designs of readout electronics and
detector high voltage power supplies are routinely flown
in space physics instruments, with associated high tech-
nology readiness levels.) No special or unusual require-
ments to spacecraft design or mission operations have
been identified. The only exception could be high-capacity
of a downlink communication channel if no onboard data
processing is performed. The pointing accuracy of a three-
axis stabilized spacecraft could be 0.11 as long as better
pointing knowledge is available. Note that real-time mask-
ing out of stars in the LODE data stream may also
significantly reduce the required experiment bit rate.
Much more precise spacecraft pointing will then be
required for implementation of such an approach.

The next logical step in advancing the LODE concept is
development of a comprehensive model of the entire
system that takes into account realistic observational
geometries of debris as predicted by MASTER/PROOF
[53,54] and ORDEM [7], illumination phase angles, albedos,
and statistical nature of detected photons. Such a model
would establish possible accuracies of orbital parameters of
debris that could be derived from event detections and
tighten the requirements to the instrument design and the
MCP-based PSD and its readout system.

The performance characteristics of the narrow field of
view LODE instrument are complementary to those of
wide fields of view CCD-based optical sensors considered
for debris detection in the past and perhaps they could be
combined in a package offering unique cross-calibration
and debris-characterizing capabilities. In addition, LODE
optical observations would complement those by the
Haystack and HAX radar which may open an important
opportunities for better characterizing responses of both
optical sensors and radar in detecting small debris.

A LODE sensor in LEO will likely obtain enough statis-
tically significant data to contribute to constraining debris
models after one year of observations. Continuing multi-
year operations of the instrument may also be able to
reveal temporal variations in debris fluxes and perhaps
even discover fragmentation events. Deploying LODE sen-
sors on spacecraft beyond LEO, for example in geostation-
ary transfer orbit, could also observe small debris in
geostationary orbit and micrometeoroids fluxes. In addi-
tion, the LODE sensor may be able to characterize possible
dust fluxes in lunar environment if deployed on a Moon-
orbiting spacecraft or lunar surface.

To conclude, the performance characteristics of the
LODE experimental and instrumental concept show that
submillimeter and millimeter debris could be measured by
a passive optical sensor based on a photon-counting time-
tagging imager. Such observation would complement
those obtained by optical telescopes and radar and could
significantly reduce uncertainties and constrain debris
models, thus directly contributing to optimum design
and safe operations of space systems and to mission safety
and assurance.
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