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Abstract: We introduce a refined formulation of the Fragmentation Environmental Index
(FEI), designed to assess changes in the Low Earth Orbit (LEO) environment resulting from
the fragmentation of a specific mass. The index quantifies this impact by comparing overall
LEO criticalities before and after the fragmentation event. To highlight the contribution of
smaller debris, we enhance the index by incorporating weighting factors tailored to optical
and radar surveillance networks. Testing of the upgraded FEI on a series of simulated
fragmentation events shows that it can characterize both the perturbation to the LEO
environment and its temporal evolution, providing a more accurate quantification of the
short- and medium-term impact of debris clouds compared to the original formulation.

Keywords: space surveillance; Fragmentation Environmental Index

1. Introduction

Space activities have seen a dramatic increase in the last several years. In particular,
following the miniaturization of satellites and the advent of large constellations in Low
Earth Orbit (LEO), the launch rate in the last five years has reached a level many times
higher than the average rate of the first 60 years of space traffic. The large increase in the
orbiting population of active spacecraft calls for an efficient Space Traffic Management
(STM) based on an advanced Space Surveillance and Tracking (SST) system capable of
monitoring the space environment. In addition to cataloging efforts and collision avoidance
support, a crucial service offered by the SST is the monitoring of fragmentations. In-orbit
fragmentations are responsible for the vast majority of the currently cataloged debris,
and environment simulations suggest this kind of event will still represent a significant
source of debris in the coming years (e.g., [1,2]). Given the characteristics of these events,
which inject a large number of potentially lethal fragments into crowded orbital regions,
it is important to quickly characterize the evolution of the resulting cloud of objects to
assess the risk for other orbiting assets. Efficient SST networks will have to immediately
react to such catastrophic events both by detecting and characterizing the fragmentation
(e.g., [3]). It will also be important to quickly assess their impact on the other meshes of
the chain of services provided by the SST system, such as the tracking/cataloging and the
collision avoidance services. In this context, based on the definition of the Criticality of
Spacecraft Index (CSI) [4] and of the Shell Criticality [5], a procedure and a Fragmentation
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Environmental Index (FEI)—capable of quantifying and visualizing the medium-term
effects of fragmentations in LEO—were derived in [6]. The FEI is constructed by com-
paring the post-fragmentation contributions of the fragments to the original situation,
where the entire fragmented mass was contained in the intact object(s). This yields a first
assessment of the change in environmental risk. When working within an SST system,
assessing a fragmentation event should consider both its potential danger and the actual
capability of available sensors. An ideal surveillance network would quickly detect and
track all fragments, allowing maneuvering spacecraft to avoid them and reducing the risk.
In contrast, a weak surveillance network would only detect a few large fragments, leaving
many smaller, undetected, and potentially dangerous ones. Therefore, it is essential that
the index reflects the real performance of the sensor network. As detailed in Section 2.1,
the original formulation of the FEI adopted a simplified approach by weighting the frag-
ments by means of ad hoc weights based only on the fragment size, irrespective of the
characteristics of the SST observing network. To overcome these limitations, we propose
a method to incorporate refined network-related weights into the FEI calculation, based
on the capabilities of the surveillance network. This paper briefly reviews the original
derivation of the Fragmentation Environmental Index (FEI) in Section 2 and introduces the
refined network-related weights in Section 2.1. The upgraded FEI formulation is tested on
a number of simulated fragmentations in Section 3. The definition of a cumulated index to
directly classify and rank different fragmentation events in various regions of the LEO is
also given in Section 3.3. Our discussion and conclusions are outlined in Section 4.

2. Materials and Methods

The definition of FEI is based on the CSI definition. The CSI is a simple analytical tool
to characterize the environmental risk of objects stranded in LEO. Without repeating details
that can be found in [4], the expression of the CSI, &, is as follows:

_ M A D(h) L(h) £(i)
- My Ay Dy L(hg)’ "

[1]

1)

where M, A, L are the mass, area, and lifetime of the considered object and D(h) is the
spatial density around the altitude i where the object is found. The last multiplicative
factor, f (i), is a quantity dependent on the object’s orbital inclination. My, Ao, Dy, L(hy) are
normalizing factors (see [4] for details). In further work, the CSI formulation was expanded
and applied to the evaluation of whole regions of space (“shell index”, in [5]) and to the
problem of the environmental impact of megaconstellations [7]. It is worth stressing that
several formulations of environmental indexes comparable to the CSI have been devised
in recent years (see [8], and references therein, for a description and comparison of some
of the available indexes). The concept of CSI was then applied to the problem of the
characterization of a fragmentation. The FEI was developed having in mind the effects
on a space surveillance network (SST) of an event creating a large number of fragments.
Most of these fragments will be below the current detection threshold of the SST sensors,
making these millimeter- and centimeter-sized objects even more lethal since they will not
be trackable and, therefore, not avoidable by the active spacecraft. A multiplicative weight,
wir, was introduced in the expression of the CSI in Equation (1) to enhance the importance
of the non-trackable objects on its computation:

M A D(h) L(h)

7o
e S

My Ay Dy L(ho)f(i)wtr’

)

where 0 < wy, < 1. In particular, wy = 1 indicates completely untrackable debris, while a
lower value, e.g., wi = 0.5, denotes partially trackable objects.
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To obtain the FEI, the weighted shell index &1 rp can be calculated before and after a
fragmentation by summing the values of &, from Equation (2), for each fragment, as de-
scribed in [5]. Finally, the FEI is given by either the absolute difference between the two
values, as:

Erer = Eppo(post) — ELpo(pre) ®3)

or by the percentage difference:

Ereo(post) — Eppo(pre) )

EFEI-PERC = =
Ereo(pre)

As shown in [6], the FEI can quickly detect areas in space disrupted by fragmentation events
without needing complex long-term analysis. Both the CSI [4] and the FEI are designed to
be easy to calculate using a small but sufficient set of parameters. However, the weighting
factor wy, in Equation (2) was applied heuristically to the fragment population. As stressed
by the authors in [6], further improvements of the FEI would include identifying the best
weighting factors for a specific application of this kind of index. In the following section,
we present an improvement of the FEI using refined weighting factors derived on the basis
of the performances of the sensors in a given SST network.

2.1. Improving the FEI

The weighting factor introduced in Equation (2) is related to the considered sensor
network, in particular, to its sensitivity (e.g., expressed in terms of the size of the minimum
detectable object at a given altitude). Hence, it is important to understand how a network
of sensors is made and what its components are. In particular, we have to estimate the
capabilities of both passive (optical) and active (radar) networks in terms of the sensors’
characteristics. This can be done by looking for metrics that describe optical and radar
detection performances.

Optical Detection Performance

New optical instruments, having a large field of view (typically larger than 5° of
aperture), have proven to be particularly suited for high-volume monitoring of orbital
debris (see, e.g., [9] for an exhaustive review of the fundamentals of space debris optical
observations). Ongoing research, such as [10], aims at optimizing these sensors’ integration
times, and builds upon this idea to determine the detection performance in various orbital
regimes of an optical network. For such modern detectors, for which dark noise and other
noise sources can be assumed to be negligible within the integration times of interest,
the Signal-to-Noise Ratio (SNR) per pixel of a Resident Space Object (RSO) approximated
as a sphere is given by:

e
SZ\]Roptical = > 52 > ®)
\ % + 0+ Ot
where
es = QE - T+ ARso  Tatm - Erso - tsig  [photoelectrons] (6)

is the signal in photoelectrons, and the terms inside the square root at the denominator
represent background, read out, and shot noise variances. 0y, is the number of read noise
electrons per pixel. The background and shot noises are Poisson noises; thus, their standard
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deviations (in photoelectrons) are given by the square root of their respective signals, e,

and eg:
o =&y = \/QE T-Ly- ARso * Tatm - 2 -t [photoelectrons] (7)
Tshot = v/€s  [photoelectrons] 8)

In the above equations, Eggsp is the object’s irradiance, which ultimately depends on its
size, QE is the detector’s quantum efficiency, T and T,im are the optical and atmospheric
transmittance, both responsible for some signal loss, and Arsp = nd? /4, tsig is the signal
integration time (per pixel) of interest, which generally differs from the system integration
time ¢, due to the angular movement of the object during an exposure period. Ly, is the
background signal in radiometric units. Finally, 4 = x/ f is a sensor-related quantity, given
by the individual detector size, x, divided by the sensor’s focal length, f. Calling e, = 0,

and substituting in (9):
€s

Vep+e2+es

corresponding to the unofficially named CCD equation, in the case where dark noise is

SN Rop’tical = ©)

neglected ([11,12]). We may rewrite (9) as:

QE'T'ARSO'Tatm'ERSO'tSig
VQE T Ly Arso  Tatm - 2 -t + €5 +es

SNRoptical = (10)

The maximum achievable value for SNRgptical is obtained when the fragment moves
through the full length of a pixel during an exposure, and recording a detection event
translates into choosing a suitable threshold for the SNR above which an RSO can be
detected with a low false alarm rate. As noted in [10] (and references therein), an SNR of six
already provides good detection performances (an SNR value greater or equal to six is also
used in the orbit propagation and observation simulations approach as described in [13],
where the efficiency of a network of the new Flyeye telescopes in carrying out HLEO region
surveys is addressed.). Moreover, for uncued telescope survey systems considered in this
discussion, background noise often prevails due to the requirement for short focal lengths
to achieve a wide field of view, resulting in a larger individual pixel angular extent. This
is because achieving a wide field of view requires short focal lengths, which cause each
detector pixel to subtend a larger angle on the sky. As a result, each pixel collects more
background light, increasing the background noise; moreover, shot noise is negligible in the
background-level pixels used to establish detection thresholds, namely, ¢, >> es, e, [10].
Under these assumptions, Equation (10) becomes:

QE'T'ARSO'Tatm'ERSO'tSig
\/QE'T'Lb'A'Tatm'.uz't

SNRoptical = (11)
Therefore, given a specific sensor with its associated QE, y, A, t, and 7, together with an
estimation of the typical Tatm, and considering the suitable case where the background
radiance L, dominates the detector read noise, the SN Rptical €quation will be proportional
to the quantities Erso and fs;g. Big, slow fragments will produce higher SNRs. Assuming
the SNR to be a performance indicator, we see that the performance of an optical sensor
depends both on its capability of detecting the object and on the object’s angular velocity
relative to the sensor. When viewed at high elevation angles, lower-altitude LEO objects
may exceed angular rates (AR) of one degree per second, corresponding to 3600 arcsec/s.
Moreover, as shown in [14], the volume of observable objects increases with decreasing
elevation angles, and approximately 90% of debris passes occur at elevations lower than
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50 degrees. The drawback is that the range to a specific object increases with decreasing
elevation angles, and so does its apparent magnitude. Both [10,15] present studies of
simulated angular rates of LEO resident space objects (RSOs) as observed from the ground,
analyzed as a function of the elevation angle for various circular orbit altitudes. These
studies show that most RSOs at 300 km altitude (LLEO) appear as fast-moving objects: an
elevation of 30° corresponds to angular rates of 2000-3000 arcsec/s. At 600 km, the av-
erage angular rate decreases and takes values in the interval between 1000 arcsec/s and
2000 arcsec/s. The slowest fragments are those populating the High LEO region: already
at around 1500 km, their speed is always below 1000 arcsec/s (note that a variety of factors
influence the typical pointing directions of a given telescope, depending also on the min-
imum allowed angle above the horizon, related to atmospheric disturbances and sensor
specifics (e.g., limiting the range of the mounting system).).

As mentioned above, Ergp ultimately depends on the size of the fragment and the
range to the target: Erso(s,p) [10]. Assuming a fixed elevation angle for all telescopes,
and circular orbits for the targets, it is possible to relate p to the corresponding LEO altitude
h through the slant range equation:

h= \/ré9 +p2—2r@pcos(g+eo) —rg (12)

€0 being the sensor’s elevation angle, rgy being the Earth’s radius, and p the target’s slant
range. In other words, we can write Erso = Erso(s, ). On the other hand, tsig can be
estimated to be (as an order of magnitude):

tsig = ALR/ (13)
where AR is the object angular rate with respect to the telescope pointing. Note that,
assuming this form for 55, we define it as equal to the maximum transit time through a
single pixel on the detector with angular extent y. As discussed above, we can argue that
the angular rate of an object roughly depends on its altitude. Hence, ;i depends on k,
tsig = tsig(h), because ultimately, AR = AR(h).

Therefore, in this work, we define a function of the two parameters size and altitude,
F(s, h):
F(s,h) = Awggeo (s, 1) + war(h) (14)

that is a linear combination of two separate weights: one describing the capability of a
telescope to detect faint objects, and the other related to how fast the object transits in a given
field of view. In the above equation, A is a network-related coefficient. More specifically,
subdividing the LEO region as in Table 1 and referring to the above discussed RSOs angular
rates, we can tailor the function F (s, h) to our network capabilities (i.e., we can assign
a specific value to A in Equation (14)). It is assumed that only a small percentage of
telescopes are going to be able to observe the fastest fragmentations—i.e., those happening
in Low LEO (LLEO). In this framework, the coefficient A gives us a feeling of the relative
importance of the w,., and w4r contributions: for a fragmentation occurring in LLEO, we
set A = 0.1, meaning that we give more importance to the latter. This is because we expect
a fragment belonging to such a cloud to be the “brightest it can be”, but also the “fastest it
can be”. Applying this reasoning to the other two orbital regimes, we set A = 0.5 if the
cloud is found in Medium LEO (MLEO), and A = 1 for a debris cloud in High LEO (HLEO).
This latter condition also amounts to effectively shutting down the w4g (1) contribution.
The A coefficient will ultimately depend on where in the LEO region the fragmentation
has occurred, and its value for the three different regimes is given in Table 2. It is worth
stressing that the A coefficient value for each regime was determined heuristically, reflecting
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what the authors consider representative of current network capabilities. However, these
coefficient values are just model parameters and can be easily modified in the source code
we have made available (see Supplementary Materials).

Table 1. LEO partition in altitude zones.

Altitude (km) Region

0 <h <500 Low LEO

500 < h < 1000 Medium LEO
1000 < h <2000 High LEO

Table 2. Value of the A coefficient as it appears in the function F (s, ).

Region LLEO MLEO HLEO
A 0.1 0.5 1

To compute the two weights in Equation (14), we assume the available network to
consist of Noptical Of telescopes, all sharing the same characteristics: every optical sensor can
probe the LEO environment up to an altitude hmax = 2000 km of altitude and is capable of
detecting all fragments larger than sy, = 20 cm in size. It should be stressed that the above
values are input parameters that can be changed according to the performances of the
available sensors. It is also worth noting that, presently, radar sensors are mostly used for
survey of the LEO population, in particular, below altitudes of ~1200 km, while telescopes
are primarily utilized for observations in MEO and GEO, though their use for SST in LEO
is becoming more and more common. Assuming that all telescopes are positioned at an
elevation angle of 30°, the range associated with the altitude shell is derived using the
slant range equation. This range determines the maximum distance at which objects can be
observed. The corresponding limit of detectability, or brightness threshold, is influenced
by the smallest detectable size and the calculated range. This threshold in magnitude
represents the detectability limit of the network. In the case where we have access to
generic knowledge of the target’s range—for instance, given by the first estimates of the
orbit coming from the largest observed fragments—we can use Equation (12) to obtain the
target’s altitude, and every fragment smaller than 20 cm at the fragmentation altitude h¢
has to satisfy:

Mgy < 11202000 (15)

in order to be detected (sy denotes the fragment size). It is important to note that, since the
limiting magnitude of a telescope can be approximated by the formula (see [16]):

Myim = 5log(Dyjy) + 7.69, (16)

condition (15) sets the diameter (in centimeters) of an average telescope describing our
network. In practical terms, when we establish a detectability limit for the network, we
describe it as a telescope with diameter Dj;,,. We define the following weight for the
detectable fragments:

Erso(sf, hy)

- 17
ERSO(Smin/ hf) 17)

WEpso = 1
where s, = 20 cm and h 7 is the fragment altitude, assuming it to be on a circular orbit.
This formulation guarantees that the weight is always positive and falls within the range
[0, 1]. We associate the fragments for which condition (15) does not hold with maximum
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risk, while we give a null weight to fragments bigger or equal to 20 cm in size whose
collision risk could be easily mitigated by means of collision avoidance maneuvers:

Erso(sphf) .

=1— 00/ <

WErso ERso (Smin/1£)” if Msphp = 11120,2000
WEgso = L if g, > 20,2000
WEpeo = 0, if sf > 20cm

By doing this, we have assigned a weight to the Ergp contribution to the F(s, )
function of Equation (14), namely, wg,, (s, /). As for wag(h), we make use of the LEO
subdivision in Table 1 and of the above discussion (based on [10,15]) about the simulated
RSOs angular rates by assuming:

e  ARpyrpo ~ 500 arcsec/s;
e ARppreo ~ 1000 arcsec/s;
e  ARjprpo ~ 2000 arcsec/s.

The separation into these three regions allows us to define the following weight:

wpar =1- ARHiEO - for fragments in Low LEO

ARppE0”
war =1-— %ﬁg, for fragments in Medium LEO
war =0, for fragments in High LEO

Given the telescope’s elevation and diameter, the risk associated with simulated random
fragments of various sizes (values of the F function) can be computed. We generated
object sizes in the interval 0-30 cm and plotted the results to have a better grasp on the
different weights associated with different fragments (note that, unlike the results we will
show later in Section 3, the current fragments are not representative of an actual cloud,
since they do not follow a specific mass distribution.). Figure 1 shows the results for
objects in an 800 km (left) and 1000 km (right) altitude shell. For each plot, there are
two size regions for which the associated weight takes either maximum or minimum
values. The former represents the non-visible fragments, i.e., those fragments for which
WERso = 1, because they do not satisfy Equation (15), while the latter is characterized by
those fragments greater or equal to sy, in size. For sizes within an intermediate range,
F (s, h) takes values in the interval [Wmin, Wmax]- These values are well approximated by a
second-order polynomial fit (red curve), obtained through a least squares method. A linear
least squares fit is also possible, though it typically yields larger residuals. In addition to
these two fits, a third linear parametrization could also be constructed directly from known
parameters. Specifically, a line can be defined by the two points:

(x1,y1) = (F(st,hg), st), and  (x2,42) = (F (Smin,Ff), Smin),

where s; is the smallest fragment size capable of producing the minimum detectable signal
at the fragmentation altitude hy, and smi, is the smallest physically modeled fragment
size. This parametrization would then offer a fast and reasonably accurate alternative for
evaluating F (s, h). While a linear parametrization has its limitations, it can still serve as a
useful tool to provide the operator with a preliminary estimate of the weight associated
with a given fragment, based on the characteristics of the telescope, as illustrated in Figure 1.
However, for the purposes of our analysis, we will compute the actual optical weights as
previously described, without relying on any parametrization. Specifically, we will evaluate
the contribution of each individual fragment and sum these to obtain the total fractional
FE], in accordance with Equation (4).
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Associated Weights for a 800km Altitude Fragmentation Associated Weights for a 1000km Altitude Fragmentation

—— 1storder fit —— 1storder fit
—— 2nd order fit —— 2nd order fit
~=- parametrized fit ~=- parametrized fit
—.- threshold line —= threshold line

Associated Weight
Associated Weight
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Fragment Size (cm) Fragment Size (cm)

Figure 1. Simulated optical (F) weights for fragments up to 30 cm in two different fragmentation
cases happening in an 800 km (left panel) and 1000 km (right panel) altitude orbit. The middle part
of the plot is well fitted by a second-order polynomial red linel. A first-order fit (green solid line) and
the parametrized fit (green dotted line) performed as described above are also displayed.

2.2. Radar Detection Performance

Radar sensors are the main contributors to SST activities in LEO. We describe the radar
performance by the following form of the radar range equation, where the ratio between
Pg, the signal in the radar receiver, and Py, the noise signal, is considered:

PS PT GTG R)lz g
SNR === —0——— 18
radar = py ~ (47)3kTyBE, L p* (18)
The interesting dependencies in Equation (18) are the ones on the far right, namely, the p—*
and o terms, where p is the object’s range and ¢ is the Radar Cross Section (RCS) All other
terms constitute the design parameters, and they depend on the specific radar sensors.
Here, we list them:

*  Pr, the peak transmit power specified at the output of the transmitter, measured in
watts (W) (as a reference, the EISCAT Svalbard Radar (ESR) located in Longyearbyen,
Svalbard, has a peak transmit power of 1 M [17]);

¢  Gr and Gg, the transmit and receive antenna transmitting gains (around 40-50 dBi for
EISCAT [17]);

* ), the operating radar wavelength in meters (m)
\
Hz-K
e Tp, areference temperature in kelvin (K), usually set to Tp = 290 K

*  k, the Boltzmann constant, equal to 1.380 x 10-23

* B, the effective noise bandwidth of the radar. It is measured in hertz (Hz) (during
beam-park experiments conducted at EISCAT, this amounted to 45 Hz for 10 pulses
integrated together [18]).

e F,, the radar noise figure. It is dimensionless (more information on the radar noise
figure can be found in [19]).

e [, afactor that takes into account losses that need to be considered when using the
radar range equation, such as the antenna and feed losses. This is dependent on the
antenna under consideration.

The RCS, 7, depends on various factors. Among these, the size of the object plays a
significant role. Other factors include the material with which the target is made, the size of
the target relative to A, the incident and reflected angle, and the polarization of the radiation
(both transmitted and received). Modeling the fragments as isotropic re-emitting spheres
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of size (diameter) s, and assuming that the ratio s/A > 0.2 (optical regime), the following
relation holds (this is true for a wide range of applications; for instance, taking smin, = 5 cm,
the s/A > 0.2 ratio condition holds true for Ka, Ku, X, C, S, and part of the L band.):

o= gsz (19)

while for smaller ratios (Rayleigh regime), we have:

_ 9do ,

o (20)

and the radar cross-section value gives us a hint on the fragment size (see [20]). In other
words, considering a radar network described by a single radar with given specifics, it can
be assumed that ¢ = ¢(s). We also have p = p(h), as in the optical case.

A New Radar Weight

Assuming that all radars in the network are able to detect s, = 15 centimeter-sized
objects up to an altitude of /imax = 1200 km, we can:

e  compute the corresponding expected SNR for a given fragment of size s at a given
fragmentation altitude hi¢, SNRaqar (S, Iif);
*  address its detectability, meaning check whether:

SNRyadar (Sf/ hf) > SNRradar (Smin/ hmax) (21)
*  in case the above inequality holds true, compute the weight:

SNRradar(Sfr hf)
Wradar = 1 —
SNRradar(sminr hf)

(22)

This is somehow analogous to the procedure presented in the optical case. The radar
weight associated with each fragment size is shown in Figure 2. Here, it is assumed all
radars point at a 30° elevation, and that objects with sizes equal to sy, radar are detectable at
an altitude fy,y radar- Considering all other quantities in the radar SNR equation as constant,
this amounts to giving a specific value for Gy and Gg. More specifically, the product of
these two quantities gives a practical description of a sensor representing the network.

Associated Weights for a 800km Altitude Fragmentation Associated Weights for a 1000km Altitude Fragmentation

— 1storder fit 14 —— 1st order fit
— 2nd order fit
-~ parametrized fit
—.- threshold line

ciated Weight
ciated Weight

Asso

sescsssssss 00 ssessssss

0123456789101 1213141516171819202122232425262/282 01234567 8910111213141516171819202122232425262/282
Fragment Size (cm) Fragment Size (cm)

Figure 2. Simulated w4, weights for fragments up to 30 cm in two different fragmentation cases
happening in an 800 km (left panel) and 1000 km (right panel) altitude orbit. A first-order fit
(green solid line) and the parametrized fit (green dotted line) performed as described in the text are
also displayed.
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3. Results

To test the new index formulation, we simulated a collision between a 2000 kg upper
stage in a circular orbit of high inclination with (ep, i,) = (0.00003, 80.3°) and a 15 kg piece
of debris, with a relative velocity of 10 km/s, using the NASA Standard Breakup Model [21]
as implemented in the SDM software, Version 4.0 suite [1]. Due to the size and velocity of
the projectile, the collision leads to a complete fragmentation of the target. The resulting
debris cloud is composed of 41,500 objects with sizes ranging from 0.08 cm to 176 cm.
The whole cloud was propagated for up to t,,; = 100 days. We conducted simulations
for four different fragmentation altitudes: h § =450 km, 800 km, 1200 km, and 1800 km.
For the sake of conciseness, we only present and analyze in detail the results obtained
for hy = 450 km and hy = 1200 km. For our study, we chose to model a network that
employs radars to probe the LEO environment up to 1200 km in altitude and telescopes
to detect objects at altitudes higher than 1200 km. In accordance with the definition of
W AR, this implies setting w4r = 0 for our simulations. As mentioned before, this division
between radar and optical regimes reflects the current routine of the SST services. Whereas
radars demonstrate superior performances compared to telescopes at lower LEO altitudes,
optical telescopes offer a cost-effective alternative for higher altitudes, where the use of
very powerful (hence expensive) radars would be necessary.

3.1. 450 km Altitude Fragmentation

Figure 3 shows the Gabbard Diagram of the 450 km altitude fragmentation. Since
hy = 450 km < 1200 km, it is considered that a pure radar network is in place, with all
sensors having an elevation angle of 30°. The minimum detectable size, s, of a fragment at
a given altitude fimax can be taken as a proxy for the network’s capabilities. We considered,
respectively: spmin = 20 cm, 15 cm, 5 cm at imax = 1200 km for radar sensors (these values
may represent the capabilities of currently deployed radars used by various entities and
companies worldwide for space surveillance and tracking; however, they are simply input
parameters, and the developed model allows users to customize this choice to test any
specific network).

- ._ - Apogee altitude
600 - LR - + Perigee altitude

2 500

20 02 o4 96 o8

Orbital period [min]

Figure 3. Gabbard diagram associated with the iy = 450 km fragmentation. Note the fading left
branches, due to the atmospheric drag cleaning effect.
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3.1.1. Global CSI

In the top panel of Figure 4, the computed effects of different networks on the compu-
tation of the overall LEO criticality (Global CSI) value as a function of time are shown. Note
that in this and all the following subsections, we will distinguish between “Global CSI”
and “Cloud CSI”. The former coincides with the overall LEO criticality E; o definition
as described in [5], while the latter represents the fragmentation cloud contribution to
the Global CSI. The value of the Global CSI in Figure 4 decreases as the capability of the
network increases, transitioning from radars with s, = 15 cm to a sensor characterized by
Smin = D cm. At first glance, it might seem like the Global CSI values remain constant over
time. However, the decay of fragments over time, caused by the atmospheric drag given
the low altitude of this event, can be noticed looking at the bottom panel of Figure 4, which
is a zoom-in on the red curve in the top panel, for the sj,ijn = 5 cm curve. The improvement
provided by the network with spin = 5 cm over the one with sy, = 15 cm is visually
captured by Figure 5, showing that the radar network of syi, = 5 cm produces a CSI that is
94% lower than the network of sp,;, = 15 cm.

Global Csi (on different radar networks) Cumulative CSI (radar, s_min = 5 cm)
o 5cm1200km
o 15cm L1200k
o 20cm 1200km
0.025 0.00101001 %,
o
.
0.0010075
0.020 4 s,
\'
_ 7 0.0010050 n,
g ¢ ™
= 0015 2 .,
] s 3
2 S 0.0010025 o,
° 3
G} £ oeny,
0.010 v ™,
. 0.0010000 - *-\.“‘"‘%
0.005 4 0.0009975 1 \\
0.0009950 o
0.000 1 T

- r T - - . T T T T .
0 20 0 60 80 100 0 20 40 60 80 100
Time From Fragmentation Epoch (Days) Time From Fragmentation Epoch (Days)

Figure 4. The left panel shows the Global CSI associated with a iy = 450 km fragmentation as a
function of time, for different radar networks (top panel). The right panel shows only the 5,;, = 5 cm
case to highlight the decreasing trend.

Radar 15 cm, h_frag = 450 km

0.01702 71 *
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Global csi
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0.00101 4
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Figure 5. Comparison of Global CSI values as given by two different networks (hy = 450 km).
Top: network with sy, = 15 cm; middle: network with sp,;, = 5 cm; bottom: percentage ratios
between the two produced CSIs.
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3.1.2. Cloud CSI

It is also interesting to take a look at the cloud’s contribution to the Global CSI
described in the previous subsection. In Figure 6, the cloud contributions for the three
different networks are compared. For reference, we also plot (blue dots) the cloud’s CSI
values in the scenario where no fragment is detectable (i.e., the blue dots correspond to
the case where all fragments have w4, = 1). From Figure 6, it can be noticed how
an improvement in network capability results in a reduction in the Cloud’s CSI value,
as one would expect. It is worth noticing also that a more advanced network will be more
sensitive to changes in the environment, making a specific cloud more noticeable. This is
demonstrated in Figure 7, where we observe an approximately 2.5% contribution of the
cloud to the overall LEO criticality in the case of a radar network described by spin = 5 cm,
one day after the fragmentation event (to be compared with ~0.4% at spin, = 15 cm
and ~0.3% at spin, = 20 cm). To further support this statement, notice how the cloud’s
contribution to the Global CSI is nearly zero in the case when w;,q,;y = 1 (represented by
the blue dots); in this scenario, the CSI associated with the background is very high, and the
cloud’s contribution becomes almost indistinguishable within it.

Cloud €Sl {on different radar networks)

Scm 1200km
15cm 1200km
20em 1200km
no weights

0.0007 7

/

0.0006

0.0005 | -

0.0004 4

Cloud sl

0.0003 4

0.0002 +

0.0001 4

0.0000 +

T T T
20 40 60 80 100
Time From Fragmentation Epoch (Days)

o4

Figure 6. Cloud’s CSI contribution (hy = 450 km) as computed using weights associated to different
radar networks. The blue dots correspond to the case in which no network is in place, and all
fragments are associated with a maximum weight of 1.

Cloud's Contribution to Global CSI {on different radar networks)
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2.5 -,

2.0

1.5

1.0

0.5
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Figure 7. Debris cloud’s contribution (h; = 450 km) to the global CSI, for different networks. The blue
dots correspond to the case where the same maximum weight of 1 is assigned to all fragments.
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3.1.3. FEI

The results of the FEI computation, performed as discussed in Sections 2 and 2.1, are
shown in Figures 8 and 9. Figure 8 displays the percentage FEI given by Equation (4) on
the smin = 5 cm network, at 1 (solid line) and 100 days (dotted line) after the fragmentation
event, respectively. Although the percentage FEI effectively identifies altitudes experienc-
ing significant stress from fragmentation, it lacks the ability to convey the magnitude of the
difference between pre- and post-fragmentation. It is possible for two distinct fragmenta-
tions, characterized by different values of E,,, and Eps, to result in the same Erp;_pgrc
ratio. This similarity arises because the denominator serves as a normalization factor,
preventing a clear understanding of the magnitude of the numerator. In order to solve this
degeneracy, we also compute the values of Zrg; as in Equation (3) and plot them in the
top panel of Figure 9. In this plot, it is evident that the lowest LEO shells are characterized
by a very low FEI, indicating that the difference between the post-fragmentation and pre-
fragmentation situations is very small. By multiplying the two functions Erg;_pgrc and
Erer, to keep track of the magnitude of the FEI as defined by the differences only, we obtain
the Modulated FEI, shown in the right panel of Figure 9, which shows a prominent bump
corresponding to the relevant fragmentation altitude. All three images provide an insight
into how the FEI evolves over time. A robust environmental index should also effectively
capture the overall risk at a specific time, essentially tracking the cloud as it propagates
and spreads within the LEO region. Observing the Modulated FEI plot in the right panel
of Figure 9, the impact of atmospheric drag, which acts as a sink for all the fragments, is
clearly visible.

Percentage FEI 1 and 100 Days After Fragmentation, (radar, 5cm)

Percentage FEI

— Day 1
= = Day 100
Fragmentation Altitude

T T T T T
400 600 800 1000 1200
Altitude (km)

Figure 8. Percentage FEI as computed on a network characterized by sy, = 5 cm at an altitude of
h = 450 km.
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Figure 9. Left panel: FEI as computed on a network characterized by sy, = 5 cm at an altitude of
hy = 450 km. Right panel: plot showing the Modulated FEI, namely, the product between the FEI
and the Percentage FEI values, as computed on a network characterized by spin, = 5 cm at an altitude
of hy = 450 km. The Modulated FEI resolves the ambiguity between fragmentations that have similar
relative impacts but differ in magnitude by combining normalized and absolute difference measures.

3.2. 1200 km Altitude Fragmentation

We now move to the fragmentation happening at our assumed radar observation
limit (we remember that the limiting altitude is a model parameter and we note that in
the operational environment within, e.g., the US surveillance network, very powerful
radars are used even above this 1200 km limit, used here as a test value.), characterized by
hy = 1200 km. At this regime, we switch to an optical network. Three different optical sen-
sors, characterized by smin = 20 cm, 15 cm, 5 cm at a maximum altitude of /imax = 2000 km
were tested. All telescopes are assumed to have an elevation of 30°.

3.2.1. Global CSI

The Global CSI value decreases as the network’s sensitivity increases, transitioning
from telescopes with spmin = 20 cm to a network characterized by syin, = 5 cm. The bottom
panel of Figure 10 specifically highlights this behavior for the network with sy, = 5 cm,
and analogous patterns emerge for the remaining two networks. The Cumulative Cloud
CSI plot is remarkably different from the one previously shown for a 450 km fragmentation,
as a small increase (of the order ~10~°) can be observed in the cloud’s CSI up to 40 days
after the fragmentation epoch. The behavior depicted in the bottom panel of Figure 10 is
most likely a consequence of the complicated interplay between (1) the breakup model
used and (2) the evolutionary dynamics of fragments spreading the cloud of fragments
over different altitude bands. The enhanced performance of the sy, = 5 cm telescope
network is again visually captured in Figure 11, indicating a CSI approximately 93% lower
than in the case of the s, = 20 cm network.
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Figure 10. Left panel: Global CSI associated with a iy = 1200 km fragmentation as a function of time,
for different optical networks. Right panel: detail for the s;;, = 5 case (black line in the top panel).
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Figure 11. Comparison of Global CSI values as given by two different optical networks
(hy = 1200 km). Top: network with sy, = 20 cm; middle: network with sy, = 5 cm; bottom: per-
centage ratios between the two produced CSIs shown in the top panels.

3.2.2. Cloud CSI

The plots depicting the evolution of the CSI exhibit a general pattern consistent with
those previously presented for the fragmentation of /iy = 450 km. The highest Cloud CSI
values are observed when all fragments are given equal weight (w; = 1), decreasing as
the optical network’s performance improves (see Figure 12). However, the most intriguing
result is illustrated in Figure 13. In particular, the spin, = 5 cm optical network demonstrates
remarkable sensitivity, with the cloud accounting for a significant 50% of the globally
computed CSI. In contrast, lower values of 10-15% are observed for less powerful networks,
with the percentage decreasing as the sensor’s capability diminishes.
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Figure 12. Cloud’s CSI contribution (7 = 1200 km) as computed using weights associated to different
optical networks. The blue dots correspond to the case in which all fragments are associated with a
maximum weight of 1.
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Figure 13. Cloud’s contribution (h; = 1200 km) to the global CSI, for different networks. The blue
dots correspond to the case where the same maximum weight of 1 is assigned to all fragments.

3.2.3. FEI

The FEI plots (Figures 14 and 15) once again show the ability of the index to localize
the altitude shells that are of most interest in fragmentation (in this case, 1y = 1200 km).
The atmospheric drag effect at high altitudes is not present. For this reason, no relevant
change in the FEl is observed at day 100 with respect to day 1. Similar plots were obtained
for the fragmentations at iy = 800 km and h; = 1800 km. Given that they basically share
the same trends and show the same results as the two cases already discussed, it is not
deemed necessary to present them here. Our results show how the improved FEI can be
used to characterize the effects on the space environment of a fragmentation, leveraged by
the performances of a given network of sensors. Additionally, it identifies specific altitude
shells that are expected to be particularly affected by the debris cloud in the short term.
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Figure 14. Percentage FEI as computed on a network characterized by sy, = 5 cm at an altitude of
hy = 1200 km.
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Figure 15. Left panel: FEI as computed on a network characterized by sp,;, = 5 cm at an altitude
of hy = 1200 km. Right panel: plot showing the Modulated FEI, namely, the product between
the FEI and the Percentage FEI values, as computed on a network characterized by sy, = 5 cm at
an altitude of iy = 1200 km. The Modulated FEI resolves the ambiguity between fragmentations
that have similar relative impacts but differ in magnitude by combining normalized and absolute
difference measures.

3.3. A Cumulative Index for Fragmentation Ranking

In the same line as performed in [5], by summing up the weighted CSI for all the
fragments in a debris cloud, it is possible to obtain a cumulative index, which, once
properly normalized, can give a ranking of the danger represented by a given fragmentation
leveraged by the observing capabilities of the underlying SST network. The two panels
of Figure 16 illustrate the cumulative cloud CSI for fragmentations at altitudes of 450 km
and 800 km (left panel, observed by a radar network) and 1200 km and 1800 km (right
panel, observed by an optical network). The indices are accumulated over 100 days and
normalized to the CSI value in the absence of any network (w; = 1 for all fragments).
For normalization, the reference fragmentation altitude corresponds to the higher altitude in
each pair: 800 km for the radar case and 1800 km for the optical case. Note how—for a given
fragmentation—the index value increases with both the network’s minimum detectable size,
Smin, and the fragmentation altitude, 1. It is important to note that the normalization factor



Aerospace 2025, 12, 483

18 of 20

Cumulative Cloud CSI

Cumulative Cloud CSI Over 100 Days (Normalized)

used here is the cumulative index value in the absence of any network. With this choice,
direct comparisons between different fragmentations are not feasible, as the normalization
factor depends on the fragmentation itself. However, if the aim is to have a global ranking
of fragmentation events for a given network, it is possible to normalize every event relative
to a “standard” reference event. This approach would enable the SST system to directly
compare different events.

Cumulative Cloud CSI Over 100 Days (Normalized)
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Figure 16. Left panel: Cumulative Cloud CSI cumulated over 100 days, associated with h = 450 km
and hiy = 800 km fragmentations, as a function of the radar network sensitivity. Right panel: same as
in left panel, for fragmentations at /1y = 1200 km, hy = 1800 km observed by optical networks with
different sensitivity.

4. Discussion and Conclusions

Exploiting the criticality index, previously developed by the authors in [4], a new
index, called FEI, was devised in [6]. The focus of the FEI index is to highlight the impact
of a given fragmentation on a space surveillance system. This is done by introducing
specific weighting factors to increase the importance, in the index computation, of objects
not visible from the considered network of sensors. While in [6], the weighting factors
were introduced ad hoc, in this work a thorough analysis of the observability of small
fragments, given the characteristics of the available SST network (either optical or radar),
was presented, leading to an improved index. Results for a few simulated fragmentations
show that the index is capable of characterizing the evolution of the fragment clouds and
their impact on the environment around the event location. Moreover, the risk associated
with a given fragmentation cloud is leveraged with the capabilities of a specific observation
network. This can also provide information on the stress posed by the fragmentation
event on a given SST system and on the capability of the system to properly monitor the
event. Moreover, the use of FEI can improve the performances of an SST fragmentation
service by providing timely information to the observing network about the resources to
devote to the characterization of a given event, according to the severity of its expected
consequences. The same information can help the collision avoidance service in raising the
level of alarm in the region of space affected by the fragmentation event, as identified by
FEI outcomes such as, e.g., Figures 8 and 9. By summing up the weighted CSI for all the
fragments within a cloud and normalizing the resulting values with respect to a reference
network performance, a cumulated index over a specific time span can be used to directly
classify and rank different fragmentation events on different regions of LEO. Further work
is planned for the extension of the index for other regions of the circumterrestrial space
above LEO. This also entails additional considerations in the formulation of the CSI index,
especially for the lifetime terms, £, in Equation (2). Namely, it worth stressing that for all
the objects whose lifetime is not affected by air drag (i.e., above ~1000 km), the CSI lifetime
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term, £, is saturated to the maximum normalized value. Finally, it is worth stressing that the
current work is concerned with what can be seen as the first step in the space surveillance
process, that is the detection capability of a given network. Determining the orbit of an
object requires several intermediate steps following its detection. These steps depend
on various factors, such as the sensor distribution, their availability, and the conditions
for observation (e.g., weather, lighting, etc.). While these aspects can be studied through
network simulation frameworks (see, e.g., [22]), such analysis is beyond the scope of this
paper. However, the indexes proposed here are specifically designed for straightforward
and effective integration into such comprehensive simulation environments.

Supplementary Materials: The source code for this project is made available on Github at the follow-
ing link: https://github.com/luigigisolfi/Updated_FEI_Computation (accessed on 22 May 2025).
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