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Abstract

The growing issue of space debris poses a critical challenge as Earth’s orbits become increasingly con-
gested due to expanding space activities. Low Earth Orbit (LEO) is particularly affected, with an estimated
900 000 debris fragments ranging from 1 to 10 cm in size. These objects are large enough to penetrate space-
craft shielding yet too small to be effectively tracked, creating a severe and unpredictable collision risk.
Existing mitigation strategies, such as end-of-life de-orbiting and graveyard orbit transfers, have proven
insufficient in preventing debris accumulation. Consequently, Active Debris Removal (ADR) has emerged
as a key research focus. Among proposed ADR techniques, laser ablation presents a promising solution,
enabling remote, contactless trajectory alteration. This research investigates the feasibility of a laser-based
ADR mission utilizing a constellation of satellites dedicated to debris detection and removal. Each satellite
is designed with an advanced payload capable of autonomously identifying debris, assessing its trajectory,
and engaging targets using a high-power pulsed laser system. The laser operates in the nanosecond pulse
regime, with beam propagation characteristics analyzed for an effective operational range of approximately
100 km. A detailed study of laser-material interactions is conducted using a surface energy balance ap-
proach, complemented by a 3D heat conduction model that simulates the thermal response of debris under
realistic conditions. This allows for the evaluation of the ablation area, the forces exerted on the debris
surface, and the efficiency of the laser-induced momentum transfer. Based on the outcomes of this study,
a dedicated satellite constellation is proposed, operating within an altitude range of 250 to 1000 km and
an inclination range of 60 to 105 degrees. The final architecture consists of approximately 20 satellites
strategically positioned to maximize debris removal efficiency. Simulation results indicate that this system
could successfully remove around 25% of small-sized debris within a 25-year timeframe, aligning with the
guidelines set by the Inter-Agency Space Debris Coordination Committee (IADC).

The accumulation of space debris in Earth orbit has
become a critical challenge for the safety and sus-
tainability of space operations. Since the dawn of the
space age, the number of debris objects has consis-
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Introduction tently exceeded that of active satellites. This grow-

ing population poses a severe collision risk, particu-
larly in LEO, where the density of operational assets
is highest. The risk is amplified by the Kessler Syn-
drome [1], in which collisions between objects gener-
ate more debris, increasing the probability of further
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impacts in a self-sustaining chain reaction. While
catastrophic events such as the Iridium—Cosmos col-
lision [2] have significantly increased debris levels,
the main contributors to the long-term growth of
space debris are large, inactive objects left in orbit.
Over time, these derelict satellites and upper stages
degrade due to environmental factors, such as ther-
mal cycling and radiation. Residual fuel or pressur-
ants can lead to overpressure and explosions, further
fragmenting these objects [3]. The resulting frag-
ments, influenced by nodal precession, tend to spread
into dense debris shells around Earth [4]. To address
this, the IADC introduced mitigation guidelines in
2002, identifying two Protected Regions [5]: Region
A (LEO), extending up to 2000 km altitude, where
post-mission disposal must ensure atmospheric reen-
try within 25 years; and Region B (GEO), spanning
35 586-35986 km, where spacecraft are to be trans-
ferred to graveyard orbits. ESA’s MASTER model
[6] estimates the orbital debris population at over
34000 objects larger than 10 cm, 900 000 between
1 and 10 cm, and more than 128 million fragments
between 0.1 and 1 cm. The most hazardous altitudes
lie between 700 and 1000 km, particularly at incli-
nations from 60° to 105°. Among these, debris in
the 1-10 cm range presents a critical challenge: too
small for consistent tracking by current radar or op-
tical systems, yet large enough to disable or destroy
spacecraft. Effective mitigation of this population is
essential to preserve the long-term viability of space
activities.

To mitigate the growing risk posed by space de-
bris, particularly in LEO, various regulations and
passive de-orbiting strategies have been introduced.
These include designing satellites to autonomously
reenter Earth’s atmosphere within 25 years of mis-
sion completion, as per international guidelines.
While such passive measures have reduced the ad-
dition of new debris, they do not address the existing
population of hazardous objects in orbit. This limi-
tation has led to the development of ADR technolo-
gies, which are essential for long-term orbital sus-
tainability. Among the proposed methods are robotic
arms, nets, and harpoons, and support satellites [7].
Each offers specific advantages depending on the de-
bris type, but they often share key limitations: they
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typically target large objects, involve direct contact,
require complex rendezvous operations, and usually
result in the destruction of the chaser satellite af-
ter a single use. In contrast, laser ablation presents
a promising non-contact solution, particularly well-
suited for small debris (1-10 cm) that is too small to
track yet large enough to endanger operational space-
craft.

First proposed in the early 1990s [8], this tech-
nique involves directing high-energy laser pulses at
debris to vaporize material on its surface, producing
a plasma jet. This reaction imparts a recoil force that
alters the debris’s orbit, eventually causing it to reen-
ter Earth’s atmosphere due to enhanced atmospheric
drag. Laser-based systems can be deployed from
either ground-based or space-based platforms, with
the latter offering major advantages: no atmospheric
interference, shorter distances to targets, and better
control over impulse direction [9]. Importantly, the
required energy is far less than that needed for full
vaporization, since only a small reduction in orbital
velocity is needed to trigger reentry via a Hohmann-
like transfer [10], as illustrated in Fig. 1.

Space-based
platform

Figure 1: Laser debris removal basic working princi-
ple.

However, this technique is not without challenges.
Delivering sufficient peak power in orbit places con-
siderable demands on the satellite’s electrical power
system. Moreover, accurately predicting the result-
ing trajectory change is difficult, especially for ir-
regularly shaped objects. As Sharring et al. [11]
show, slight variations in orientation or geometry can
lead to significant divergence in post-ablation tra-
jectories. Nonetheless, targets with cooperative ge-
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ometries, such as spheres, demonstrate predictable
responses, reinforcing the method’s viability for se-
lected debris types. Given these advantages, laser
ablation emerges as one of the most scalable and
promising technologies for reducing the critical pop-
ulation of small, untrackable debris in LEO. It is
therefore the primary focus of this study.

This study addressed key aspects of laser ablation
for active debris removal in LEO. A nanosecond-
pulsed laser was selected as the optimal compro-
mise between energy efficiency and system feasibil-
ity. Laser-material interaction was analyzed through
a 0D surface energy balance model and validated us-
ing a 3D thermal response simulation. The impact
of plasma shielding and debris geometry was inves-
tigated, confirming that sufficient momentum trans-
fer (AV of 50-100 m/s) can be achieved with short-
duration laser activation. Different mission architec-
tures are analyzed to identify the most suitable con-
figuration for the case study. The region of interest
spans 350—1 000 km altitude and 60°-105° inclina-
tion, defining the reference parameters. A study of
debris populations in the 340—1 000 km range and
their inclination distribution enables estimation of the
time required for a single satellite to de-orbit all tar-
gets and the corresponding satellite count for each ar-
chitecture.

2. Background Theory

Laser ablation is the process of removing material
from a surface using high-energy laser pulses. De-
pending on pulse duration, removal occurs via ther-
mal mechanisms (melting, vaporization, boiling) or
non-thermal processes (e.g., electrostatic disruption).
The interaction produces vapor, plasma, and par-
ticulates, and requires precise energy delivery, effi-
ciently achieved with pulsed lasers. Compared to
continuous-wave (CW) sources, pulsed lasers pro-
vide higher peak power and reduced thermal load,
improving control and energy efficiency for mo-
mentum transfer applications such as debris removal
[12].

The process develops in three stages [13]: (1)
bond breaking and plasma formation, where ab-
sorbed energy initiates material removal; (2) plasma
expansion and cooling, involving shock waves, non-
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equilibrium thermodynamics, and laser—plasma in-
teractions (diffraction, shielding) that affect cou-
pling; (3) ejection and recondensation, where va-
porized material cools and condenses into particu-
lates. These stages span femtoseconds (10715 s) for
absorption to milliseconds (10~ s) for recondensa-
tion.

Pulse duration critically determines ablation dy-
namics. Nanosecond pulses drive thermal abla-
tion with phase transitions and plasma shielding,
while femtosecond pulses favor non-thermal pro-
cesses such as Coulomb explosion, reducing diffu-
sion and collateral damage. Thus, pulse width con-
trols plume expansion, momentum coupling, and
thermal effects.

Irimiciuc et al. [14] studied metals ablated with
nanosecond (ns), picosecond (ps), and femtosecond
(fs) pulses. All regimes exhibited plume splitting into
fast (electrically driven) and slow (thermally driven)
components. Nanosecond pulses produced broad, lu-
minous plumes with higher velocities, while ps/fs
pulses generated narrower, collimated plumes along
the normal axis. For ultrashort pulses, plume veloc-
ity showed an inverse trend with heat of vaporization,
confirming non-thermal dominance. fs-LIBS plumes
also displayed narrower angular spreads and direc-
tional emission, improving control of momentum
transfer and limiting secondary debris [15].

The momentum coupling coefficient quantifies
momentum transfer efficiency:

Cm = —- )

where Ap is imparted momentum and FEp the laser
energy. Sharring et al. [11] identified three fluence
regimes: (i) sub-threshold (no ablation), (ii) vapor-
ization (rapid ¢y, increase), and (iii) plasma (shielding
reduces ¢y, ). Shorter pulses lower ablation thresholds
and reach peak cp, at lower fluences, enhancing effi-
ciency. Beam incidence also affects local fluence,
®d1 = ¥ cos b, introducing losses on irregular sur-
faces.

Sharring et al. [16] further distinguished two mi-
cropropulsion regimes. Short pulses (= > 100 ps)
provide higher specific impulse (/5p) due to faster ab-
lation jets, while ultrashort pulses (7 < 100 ps) of-
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fer smoother surface removal and lower thrust noise.
Mass removal differs: short pulses promote vapor-
ization, ultrashort pulses spallation or phase explo-
sion. Although ¢, values are comparable, I, for
short pulses is about an order of magnitude higher.
However, ultrashort pulses may allow higher optimal
fluences ®,p(, enhancing momentum coupling under
specific conditions.

In summary, short pulses appear more effective
for momentum-focused debris removal, whereas ul-
trashort pulses may offer benefits in precision and re-
duced noise.

For high-power debris removal, two laser ar-
chitectures are viable: bulk solid-state lasers (e.g.,
Nd:YAG), with proven space heritage but thermal
lensing issues, and fiber lasers, which offer up to
45% efficiency, excellent beam quality, and modular
scalability [17, 18, 19]. Both can generate nanosec-
ond pulses via Q-switching in the near-infrared.
While bulk systems dominate current missions, fiber
and diode-pumped architectures are increasingly pre-
ferred for their size, weight, power (SWaP) advan-
tages and reduced complexity.

The most common wavelengths for space-based
ablation are 1064 nm and its frequency-doubled 532
nm [20, 21, 22, 23]. In this study, A = 1064 nm
was selected for its proven ablation efficiency, strong
flight heritage, and compatibility with both solid-
state and fiber systems. Operating at 1064 nm also
avoids the inefficiencies of frequency conversion,
making the system more compact and robust.

Nanosecond pulses were chosen for their well-
characterized thermal mechanisms and broad re-
search basis, simplifying laser—matter interaction
modeling. Prior micropropulsion studies [16] con-
firmed that ns pulses achieve optimal I, per-
formance, reinforcing their suitability for thrust-
oriented applications. In this work, pulses of 100 ns
duration and 100 kHz repetition rate were selected.
This corresponds to a duty cycle of D = 1%, consis-
tent with high-power laser requirements for efficient
cooling and high pulse energy [24].

Beam propagation is modeled with a Gaussian
profile to minimize divergence losses. A mobile opti-
cal system (mirrors and lenses) places the beam waist
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at the debris, neglecting defocusing or self-focusing
effects, though these may become relevant in extreme
regimes [25]. This configuration maximizes energy
delivery to the target.

For the orbital dynamics studies of this work, the
Gauss planetary equations are employed to model
perturbations on debris orbits [26]. They link pertur-
bative accelerations in radial, tangential, and normal
directions to orbital element variations. For nearly
circular orbits (e =~ 0), only the tangential compo-
nent fr affects the semi-major axis:

da 2

a
— =2fr—V. 2
7 fr . (2)
Atmospheric drag contributes:
1 A o Vr V
fr1 = ——pCq—Vid — - —, 3
T T R e] V] )

where Vg = V —w x Riis the relative velocity to the
rotating atmosphere.

Solar radiation pressure adds:

ARg V
fro=—-PK—— — 4
with Rg = Res + R.
The combined perturbation is:
da a®
(%)

— =2 —V.
i (fra+ fr2) p

Laser ablation adds thrust through material ejec-
tion [27]:

Ehrust = QbeffAtargetCmfa (6)

where ¢eir = T accounts for system losses, Atarget
is the illuminated area, Cy, the thrust coefficient, and
f the repetition frequency. Laser fluence is:

E
pulse
= —_—, 7
6= T )

with Epysc the pulse energy and w(L) the beam ra-
dius at 1/¢? intensity.

This thrust produces a AV opposing the orbital ve-
locity, reducing the semi-major axis. For initial ve-
locity:

/ w
Vi=4 | —=———, vi=wv;— AV, 8
Rearth + hsat ! ( )
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the final orbital energy and semi-major axis
are:

G ou__n
2a¢’ 2¢r’

€))

(10)

This framework enables quantification of laser-
induced semi-major axis reduction under realistic or-
bital conditions.

da = af — q;.

3. High-power laser payload design

Model overview. A synthetic, steady-state 0D model
is developed to evaluate the temperature evolution
and ablation dynamics of space-debris surfaces under
laser irradiation. The model employs surface energy-
balance principles, incorporating laser heating as the
primary source while accounting for losses via vapor-
ization latent heat and radiative dissipation to space.
Thermal conduction effects are excluded from the
current formulation, and material thermal properties
are assumed temperature-independent for computa-
tional efficiency.

Laser—plasma interaction and parameter search.
The model incorporates laser—plasma interaction ef-
fects, particularly plasma shielding phenomena that
attenuate laser intensity at the target surface [28, 13,
29], providing more realistic energy-deposition esti-
mates. Comprehensive simulations are used to iden-
tify optimal laser parameters (pulse duration, repeti-
tion rate, and power density). Additionally, prelimi-
nary force estimates on debris surfaces and required
laser firing durations are obtained.

Materials and properties. Although four materials
were considered in the property database, detailed re-
sults are presented here for aluminum as a represen-
tative case, given its prevalence in orbital debris. The
selected material properties used in this study are re-
ported in Tab. 1.

Power balance. To estimate the necessary laser peak
power, a target temperature sufficient for material
vaporization is imposed. In a steady-state regime,
with constant temperature over time, the system
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Table 1: Material properties for aluminum, copper, ti-
tanium, and silica.

Property Aluminum Copper Titanium Silica
Lyap [J/kg] 10.5-10% 4.73.106 9.105 10-10°
kcond [W/mK] 237 380 21.9 2

p [kg/m?3] 2700 8930 4500 2242.6
Tnett [K] 933 1358 1941 1983
Tyap [K] 2793 2836 3560 3000
R [kg] 0.3 0.3 0.3 0.3

is governed by the following power-balance equa-
tion:

Qlaser = Qloss = €0 (Tv4v - Ténv)
Ty — T,
+ vaavaap + kcond = I o
c
(11)

where the irradiation term is modeled with the
Stefan—Boltzmann law for radiative heat transfer be-
tween the object and deep space, the vaporization
term is modeled considering the Langmuir formula
where Ly,p is the latent heat of vaporization of the
debris material and ¢y,, is the evaporation mass
flux computed through the Knudsen—Langmuir for-
mula, and the last term represents heat-conduction
loss.

The source term is modeled as follows:

Qlaser = (1 - (12)

where I,y is the laser irradiance averaged over one
period. The exponential term accounts for plasma
shielding. Quantity R represents the material reflec-
tivity, where ¢ = 1 — R. The incident intensity [
splits into an absorbed fraction I,ps = €l and a re-
flected fraction I,y = RI [30].

R)Ige™,

Neutral plume model. For the plume, a model for
neutral-plume expansion in free-molecular flow is
implemented. The plume number density n is ob-
tained from a code developed at VKI [31], which im-
plements the method proposed by Cai and Boyd [32].
The number density decreases with distance from the
target surface. To estimate the number density at each
axial distance z, the mean value is computed by av-
eraging over the laser-beam cross-section.
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lonization and absorption. The degree of ionization
in the plasma is derived from the Saha—Eggert equa-
tion [33]:

Meli1 _ , (13)
7o n

where 7., 71, and 7y are the molar fractions of
electrons, singly charged aluminum ions, and neu-
tral atoms, respectively (Eq. 14) [34]. Second- and
higher-order ionization is neglected. Additionally,
me 18 the electron mass, h is Planck’s constant, and

n is the number density.
n; . . .
m= with j =e,1i,0. 14)
Additionally, by considering particles’ conserva-

tion:

n:an:n0+ni1+ne, (15)
o + M + 7 = 1. (16)

and considering a neutral plasma:
i1 = Ne- A7)

Thus, Eq. 13 can be solved for 1, and 79 to obtain the
degree of ionization in the plume, under the assump-
tion of thermodynamic equilibrium.

Once the ionization fractions are known, the
plasma absorption coefficient can be calculated.
During ablation, plasma absorbs part of the laser en-
ergy (plasma shielding). The IB absorption coeffi-
cient, ayg, has two contributions: ion (g e.i) and
neutral (B en) [34, 28, 29]:

he
alB,e-n — []‘ - exp (_ )\k‘BT

>}<Qneno (18)

a1 —exn [ — he 4e5X\3n,
1Be-i = P\ " NesT ) | 3hctme

o 1/2
nj
3mekBT

where n; is the ion number density and e is the ele-
mentary charge in statcoulombs.

(19)

The absorption coefficient thus contributes to the
required laser peak power, because the on-surface
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power is reduced by surface reflectivity and plasma
optical thickness, as in Eq. 20:

Lyps = 6106_T7 (20)

with 7 the plasma optical thickness, i.e., the portion
of laser power absorbed by the plume via IB and not
reaching the surface. It is calculated as

L
7‘:/0 amp(z) dz. (21)

Irradiance sizing. The laser power can be designed
for each material following this scheme:

* the required irradiance, averaged over one pe-
riod:

_ Qloss

Love = .
& ee” T

(22)

* the peak (in time) irradiance needed to maintain
the vaporization temperature is obtained by in-
verting: ;

-

Iavg _ peak{,;1 pulse, (23)
where the period T is the inverse of the laser
frequency. This I,eqx ¢ 1s assumed to be the mean
irradiance of the Gaussian beam, such that Iy =
21,cakt, While Py is then calculated from

2P,
Ip=".
Tw

24

Maps and results. The ionization degree as a func-
tion of the distance x from the target surface for four
plume temperatures is reported in Fig. 2.

05

0.1
— Te=03ev
Te=0.6eV
Te=1.0ev
0.0 — Te=30ev

0.00 025 050 0.75 1.00 125 150 175 2.00
X[m]

Figure 2: lonization degree for varying distance from
the target surface, for different plume temperatures.
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The aqg trend for increasing plume temperature
is reported in Fig. 3. Here, the reference value for
the plume number density is taken as the equilibrium
number density at the surface.

g (M

0 10000 20000 30000 40000 50000 60000

Temperature T, (K)
Figure 3: Aluminum oyp values for varying T,.

A calculation of g is conducted by solving the
Saha equation for different plume temperatures while
incorporating the exact vapor number-density distri-
bution within the plume. Representative T, values
are 0.3, 0.6, 1, and 3 eV (approximately 3 480, 6 960,
11 600, and 34 800 K). The plume temperature is im-
posed; a detailed study of temperature determination
from laser—plume coupling is not pursued here. The
ionization degree is computed for each fixed T, al-
lowing the calculation of o ¢-n and g ¢-i. The vari-
ation of g with axial distance is shown in Fig. 4 for
each Ts.

— Te=03eV
10* Te=0.6eV

Te=1.0eV
— Te=30ev

1072 107t 10°
X[m]

Figure 4: oyp as a function of the distance from an alu-
minum target surface.

Aluminum case: absorption and power. In Tables 2
and 3, the results for aluminum are reported in terms
of plasma absorption and the resulting required laser
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Table 2: Results for various electron temperatures T,
of aluminum with ablation radius 7.5 = 2.5 cm.

Aluminum, 7,5 = 2.5 cm

T.(€V) T e ™ Abs. Coeff. Iy, (MW/m?) Py (MW)
0.3 0.13541 0.8734 0.61135 961.63 188.82
0.6 0.08379 0.9196 0.64374 913.26 179.32
1.0 0.05217 0.9492  0.66442 884.83 173.74
3.0 0.01411 0.9860 0.69019 851.79 167.25

Table 3: Results for various electron temperatures T,
of aluminum with ablation radius 7., = 1.25 cm.

Aluminum, 7, = 1.25 cm

T. (V) T e~ 7 Abs. Coeff. Iy, (MW/m?) Py (MW)
0.3 0.05210 0.9492 0.66446 884.77 43.43
0.6 0.03224 0.9683 0.67779 867.37 42.58
1.0 0.02007 0.9801 0.68609 856.88 42.06
3.0 0.00543 0.9946 0.69621 844.42 41.45

power. All results assume r,,; = wq (the entire area
affected by the laser reaches the vaporization tem-
perature) and two ablated areas: 7441 = 2.5 cm and
Tabl,2 = 1.25 cm.

Preliminary force and on-time. The forces obtained
on the debris can be estimated assuming the worst-
case absorption (7, = 0.3eV) and a uniform tem-
perature distribution equal to the vaporization tem-
perature over the ablated surface. The ablated area
is

Agpl = T2 (25)

The force acting on the debris is calculated us-
ing

Febris = ¢vapvvapAablv (26)

where ¢yap describes the number of particles escap-
ing per unit area and time, vy, is the vapor flow
speed (average speed of the Maxwellian), and A,y
is the ablated area [29]. The corresponding on-time
to achieve a target AV follows

AV

Fiepris = mdebrisgon- (27)
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Table 4: Estimated force and activation times for dif-
ferent aluminum debris shapes and ablation radii.

Shape F (N) AV =50m/s AV =100m/s
Aton (s) Ablated mass [%] At (s) Ablated mass [%]
Aluminum, r,p = 2.5cm
Cube  81.00 0.2100 6.81 0.4000 12.97
Plate 81.00 0.1700 6.89 0.3200 12.97
Sphere 81.00 0.1100 6.81 0.2100 13.01
Aluminum, r,p = 1.25cm
Cube  20.25 0.8100 6.57 1.5600 12.65
Plate 20.25  0.6500 6.59 1.2500 12.67
Sphere 20.25  0.4300 6.66 0.8200 12.70

Results for aluminum are reported in Tab. 4. A
more precise calculation will be reported in Section 4
based on 3D simulations, which resolve the surface-
temperature distribution and thus the force.

4. 3D time-dependent simulations of space
debris thermal response

A 3D time-dependent model is implemented in
COMSOL Multiphysics to simulate heat distribution
on the debris surface as it reaches the ablation thresh-
old. The inputs for this model are the laser parame-
ters obtained from the analysis in Section 3. Thanks
to this model, a more precise temperature distribu-
tion is obtained. From this, the forces on the debris
can be calculated. Aluminum is chosen as the test
material for these simulations and the debris is ap-
proximated with different shapes: a cube, a flat plate,
and a sphere.

Boundary conditions for radiation towards space,
vaporization, and the incoming laser beam are imple-
mented. The loss due to vaporization is accounted for
by introducing an outward heat flux. The heat flux
calculation is based on the formula in Eq. 28 while
the laser is modeled with a Gaussian beam propaga-
tion:

Qvap = ¢vavaap~ (28)
— s, / (s Ty 2
¢vap Ny o (29)

The chosen heat transfer interface is the Heat
Transfer in Solids module, which is used to model
heat transfer by conduction, convection, and radia-
tion. By default, a solid model is active on all do-
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mains, and functionality for including other domain
types, such as fluid domains, is also available. For
the cube, the temperature evolutions in point A (max-
imum temperature on the surface) and B (1 = ry =
1.25 cm) until £ = 0.5 s are reported in Fig. 5. In

H
o
3
3

,_.
5
S
3

S
S
3

L L L L L L L L
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
Time (s)

Figure 5: Temperatures in the aluminum cube.
Fig. 6, the visual representation of the cube tempera-

ture distribution is shown, with the heated zones dis-
played on the cube using color gradients. The visual

(@t=0.01s (b)t=0.15s
(©t=035s (d)t=050s

Figure 6: Temperature distribution on the aluminum
cube at different time instants.

representation of the temperature distribution is also
reported for the plate and sphere debris, respectively,
in Figs. 7 and 8.

It is possible to obtain the effective forces exerted
on the debris thanks to the precise surface temper-
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(@)t =0.01s

()t =0.35s (dt=050s

Figure 7: Temperature distribution on the aluminum
flat plate.

ature distribution. As the temperature continues to
rise over time, including in areas outside the direct
laser beam, the force is computed as a function of
time through the following procedure: VTK files
containing unstructured grid information and associ-
ated temperature data are exported from COMSOL
at each time step, subsequently processed in Python
to calculate mean temperature values for each com-
putational cell, and finally used to determine the in-
finitesimal force contribution from each cell, consid-
ering its vector components in the x, y, and z direc-
tions. In Fig. 9, the evolution over time of the three
force components is shown for the sphere debris. A
representation of the forces inclined with respect to
the beam direction is shown in Fig. 10.

By considering the variation of the force over time,
it is possible to calculate the AV achieved on the de-
bris surface by integrating the force over time:

te
AV = / £10) 4
t

i) 30

The evolution in time of the AV for the aluminum
sphere is reported in Fig. 11.

5. Orbital Analysis

To estimate mission duration and the required num-
ber of satellites, the debris population is character-
ized across altitude and inclination ranges. In the

IAC-25,A6,5,6,x97884

(b)t=0.15s

(dt=0.50s

(©t=035s
Figure 8: Temperatures in the aluminum sphere.
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Figure 9: Evolution of force components over time for
the aluminum sphere.
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Figure 10: Vector representation of particle emission
from the surface of the sphere.

protected LEO region, approximately 9 x 105 ob-
jects of 1-10 cm exist [35]. Direct simulation of
satellite—debris interactions are computationally in-
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Figure 11: Evolution of AV components over time for
the aluminum sphere.

feasible; therefore, a geometric probability approach
is adopted.

For altitudes h = 350-1 000 km, the debris dis-
tribution is derived from a triple integral, yielding
~ 2.1 x 10° objects (about 23% of the total). The
operational visibility range is set to Ah = £19 km.
For instance, at h = 981 km the relevant interval is
[962, 1000] km.

Inclination analysis shows that most debris lies
within ¢ = 60°-105°, divided into three sub-
ranges:

o Ai; = 60°-75° (15%),

o Aig = 75°-90° (25%),

o Aiz = 90°-105° (40%).

The remaining 20% is located below i = 60°.

To ensure coverage, the orbital spacing is set to
Ai = +7.5° and ARAAN = £9°. The full range
1 = [0°,180°] is divided into 10 RAAN intervals.
Each interval hosts three orbital planes, one per in-
clination band, giving a total of 30 planes.

Geometric probability framework. Debris density is
evaluated over a spherical shell between radii r; and
r9, With mean radius:

rL+ 7o
5

(€1))

T'sat =

The volume of this spherical shell is:

27 latmax o
Viond = / / / r?singdrdodl, (32)
0 1 [

altmin
where the latitude bounds depend on the inclina-
tion.

IAC-25,A6,5,6,x97884

The satellite’s visibility cone, of radius Ah,
sweeps a toroidal volume during one orbit:

Vior = 2m°ra AR (33)
Debris density within the n-th range is:
Ndeb n
= ——. 34)
fn Vi)ond,n (

where Nyep, 5, 1s the total number of debris estimated
in the n-th range. The expected number of debris en-
countered per orbit, within the n-th range, is:

Wor,n
-
N, orbit

Ndevlon = (35)

The required number of orbits to engage all debris,
within the n-th range, is:

Naeb,n
Ndeb/o,n

N TotalOrbits,n — (3 6)

Hence, the mission time, for the n-th range, is ob-
tained as:

ttot,n =N TotalOrbits,nTorbit,m (37)
with orbital period
rgat,n
Torbit,n =2 T (38)

Mission duration estimates. For the altitude interval
[350, 1000] km, estimated durations are:

* Inclination range 60°-75°: 20 years,
* Inclination range 75°-90°: 21 years,
* Inclination range 90°-105°: 27 years.

Constellation architecture. The proposed architec-
ture employs LiDAR-based debris identification, en-
abling detection and tracking within +19 km of the
satellite altitude. A total of 40 satellites is foreseen.
The required AV for changing the semi-major axis
is computed with a Hohmann transfer:

AVror = AV + AVs, (39)
with
2
AV; = “( "2 —1>, (40)
1 r1+ 12
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2
N (1— Tl) (41)
) 1+ T2
The Hohmann transfer time is:
3
ty = mva® (42)

N

This configuration balances performance, cost,
and flexibility, and provides nearly equal operational
times across inclination ranges:

* 60°-75°: 20 years,
e 75°-90°: 21 years,
* 90°-105°: 27 years.

Sensitivity to object properties. Results are pre-
sented for debris with different geometries: thin
aluminium plates and aluminium spheres. Plates
are analyzed for multiple drag coefficients (Cy =
0.47,0.92,2.0). Two spherical reference cases are
considered (R; = 0.5 cm, Re = 1.5 cm).

Tables 5, 6, and 7 show that de-orbiting times vary
significantly with object properties. For the highest
altitude bin [962—1000] km, natural decay exceeds
800 years. Increasing Cy reduces this to 308 years,
while applying AV = 100 m/s lowers the time fur-
ther to only 25.6 years, demonstrating the effective-
ness of the proposed approach.

Table 5: De-orbiting time (years) — Thin plate 5 x
5cm?, Cy = 0.47, aluminium

Altitude range [km]  Tyo|Av=om/s Tdo|av=s50m/s Tao|AV=100m/s

354-392 0.5-0.8

392-430 0.8-1.2

430468 1.2-1.9

468-506 3.0-4.8

506-544 4.8-7.5 1.1-1.6

544-582 7.5-11.8 1.6-2.6

582-620 11.8-19.1 2.6-4.0

620-658 19.1-29.3 4.0-6.2 1.4-2.2
658-696 29.3-50.0 6.2-9.4 22-34
696-734 50.0-76.6 9.4-15.1 3.4-54
734-772 76.6-124.3 15.1-21.8 5.4-8.2
772-810 124.3-142.7 21.8-43.3 8.2-12.6
810-848 142.7-298.6 43.3-56.0 12.6-20.0
848-886 298.6-532.0 56.0-90.7 20.0-29.1
886-924 532.0-800+ 90.7-129.4 29.1-42.7
924-962 800+ 129.4-287.2 42.7-67.1
962-1000 800+ 287.2-685.7 67.1-132.8

IAC-25,A6,5,6,x97884

Table 6: De-orbiting time (years) — Thin plate 5 x
5 cm?, Cy = 0.92, aluminium

Altitude range [km] Ty Av=om/s Tdo|av=50m/s Tdao|AV=100m/s

354-392 0.3-0.4

392-430 0.4-0.7

430468 0.7-1.0

468-506 1.0-1.6

506-544 1.6-2.5

544-582 2.5-3.9

582-620 3.9-6.2 1.3-2.1

620-658 6.2-9.4 2.1-33

658-696 9.4-16.0 3348

696-734 16.0-25.4 4.8-8.0 1.9-2.7
734-772 25.4-34.2 8.0-12.7 2.7-4.0
772-810 34.2-54.6 12.7-17.4 4.0-6.7
810-848 54.6-94.9 17.4-30.2 6.7-10.1
848-886 94.9-165.3 30.2-40.1 10.1-14.6
886-924 165.3-228.5 40.1-77.8 14.6-25.5
924-962 228.5-491.6 77.8-136.9 25.5-41.8
962-1000 800+ 136.9-183.0 41.8-63.7

Table 7: De-orbiting time (years) — Thin plate 5 x
5 cm?, Cy = 2.0, aluminium

Altitude range [km] Ty av=om/s Lao|av=s0m/s Lio|AV=100m/s

354-392 0.1-0.2

392430 0.2-0.3

430468 0.3-0.5

468-506 0.5-0.8

506-544 0.8-1.2

544-582 1.2-1.8

582-620 1.8-2.8

620-658 2.8-4.7

658-696 4.7-6.9 1.5-2.3

696-734 6.9-10.9 2.3-3.6

734-772 10.9-15.8 3.6-5.5

772-810 15.8-27.2 5592

810-848 27.2-42.7 9.2-14.0

848-886 42.7-69.5 14.0-21.2

886-924 69.5-86.5 21.2-31.3 7.1-10.5
924-962 86.5-201.8 31.3-553 10.5-18.7
962-1000 201.8-308.2 55.3-81.2 18.7-25.6

Population-level estimate. Finally, a representative
debris population is assumed with the following dis-
tribution:

* thin plate (5 x 5 cm), Cy = 0.92: 25%;

* thin plate (10 x 10 cm), Cy = 0.92: 10%;

* sphere (R = 1.5 cm), Cy = 2: 60%;

* thin cylinder (R = 0.5 cm, H = 2 cm), Cy =
0.72: 5%.
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The weighted average leads to a minimum opera-
tional altitude of 563 km, higher than the previously
assumed 373 km. Thus, the effective constellation
operational range extends from 544 to 1 000 km. For
this updated range, mission durations are:

* 60°-75°: 16 years,

e 75°-90°: 17 years,

* 90°-105°: 17 years.

The orbital analysis demonstrates that a purely
geometric—probabilistic framework can yield consis-
tent estimates of debris encounter rates, constella-
tion sizing, and mission duration. The results con-
firm that the debris population is highly concentrated
in the 60°-105° inclination band, requiring a multi-
plane architecture to ensure uniform coverage. Sen-
sitivity studies highlight that object properties such
as shape and drag coefficient significantly influence
natural de-orbiting times, making active intervention
essential, especially above 800 km where lifetimes
can exceed centuries.

By integrating the debris population model, ge-
ometric visibility, and orbital mechanics, the pro-
posed constellation of 40 satellites achieves a bal-
anced trade-off between operational lifetime, altitude
coverage, and cost. The analysis also underscores the
effectiveness of modest orbital maneuvers, which re-
duce de-orbiting times by more than an order of mag-
nitude.

6. Conclusion

This study demonstrated the feasibility of a space-
based laser ablation constellation for active debris
removal in LEO. Through combined modeling, 3D
simulations, and orbital analysis, key design param-
eters were identified, confirming that a 20—40 satel-
lite system could reduce the critical 1-10 cm debris
population by approximately 25% within 25 years.
While the concept shows strong potential, future
work should focus on experimental validation and
system integration to ensure readiness for operational
deployment.
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