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Abstract: Space-energy driven laser-ablation debris removal is a feasible way to address the worsen-
ing space debris environment. Energy analysis is crucial for the design and run of a space-energy
driven laser-ablation debris removal system. This study details the energy analysis of a space-energy
driven laser-ablation debris removal system as affected by laser energy, frequency and range. The
results show that the laser irradiation time and energy efficiency are decreased with increases in the
laser energy and frequency, and the energy efficiency in the case of different planes is significantly
lower than that in the case of coplanar. However, laser range has no effect on the perigee changing
and energy efficiency. The results can effectively guide the removal scheme design and evaluation.
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1. Introduction

By the end of January 2021, the total weight of space debris had reached 8400 tons, with
128 million debris with a size of 0.1-1 cm, about 90,000 debris with a size of 1-10 cm and
34,000 debris with a size greater than 10 cm [1]. The has been a rapid increase in the amount
of space debris and the increasingly serious space debris environment poses a serious
challenge to the sustainable development of space activities [2-7]. Active removal of space
debris has become a common consensus [8]. Among the currently proposed active debris
removal technologies [9,10], space-energy driven laser-ablation debris removal technology
has attracted extensive attention because of its wide removal range, fast response speed,
adaptability to multiple scale debris and high cost-effectiveness ratio. This method has
high requirements for lasers and mainly involves the problems of laser energy storage,
instantaneous release and rapid heat dissipation. The controllability of laser energy and
the high conversion rate of space energy make space-energy driven laser systems more
advantageous [11-13]. The perigee of space debris is reduced under the irradiation of
high-energy laser and finally the space debris falls into the atmosphere to be removed.

Since the proposal of a space-energy driven laser-ablation removal scheme in 1989, scholars
have designed a variety of removal schemes for different removal requirements [14,15], debris
orbit [16,17], shape [18,19] and attitude characteristics [20,21]. Removal processes and effects
under different removal scenarios through different orbit change models [22] and relative
position relationships have been fully studied [23].

Laser energy efficiency is a comprehensive index to evaluate the debris removal
process. It is a key parameter to be considered in system design and mission planning.
However, the efficiency of laser during the removal process has yet to be considered. The
objective of this paper is to analyze the energy efficiency of a space-energy driven active
laser-ablation debris removal system. The specific objectives are: (a) to detail the energy
efficiency of the space-energy driven active laser-ablation debris removal system, and (b)
to study the effects of laser energy, laser frequency and laser range on the energy efficiency.
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2. Analysis Methods
2.1. Physical Model

Debris removal system with laser-ablation driven by space-energy mainly includes
debris detection, identification, tracking, irradiation, and removal evaluation. Among
them, debris detection mainly extracts the target debris from the star background through
the visible light characteristics of debris. It obtains the location, velocity and rough orbit
information of debris. According to the information obtained from debris detection, the
aim of a tracking system is to accurately determine the debris orbit, and to ensure that the
far-field spot can accurately reach the debris surface. When the debris enters a certain range,
the laser starts to emit the laser pulses, which reach the debris surface through the tracking
system.After the space debris is irradiated by pulsed laser, the surface melts, vaporizes and
plasmas, and the ablation products are sprayed outward to obtain an impulse, which can
change the orbit of debris and finally remove it. Based on the measurement information of
the detection system, the removal system evaluates whether the laser driving has achieved
the expected effect. The process is shown in Figure 1.
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Figure 1. Work flow of a space-energy driven laser-ablation debris removal system.

Without considering the influence of orbital perturbation, the laser ablation affects the
motion state of debris in the above process. The laser energy, frequency, pulse width and
wavelength all affect the size and direction of velocity increment in the driving process [24-26].
The existing lasers usually have fixed pulse width and output wavelength. Due to the laser
energy density threshold (108 W/cm?) of laser ablation at a given laser energy, a longer
distance means a larger field spot area, which results in the rapid decline of laser energy
density. Therefore, there is an effective laser range where debris can obtain the velocity
increment caused by laser irradiation. To sum up, the key parameters of the removal system
affecting the motion state of debris are the laser energy, frequency and range powered by
space energy.

2.2. Mathematic Models

Position and velocity information of the space debris and removal system can be
obtained by giving initial orbital elements. The process of debris removal by a space-energy
driven laser-ablation system is as follows:
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Position and velocity of

the removal system and
debris

Perigee of debris is obtained according to the initial debris orbital elements, if the
perigee is lower than 200 km, the debris can be removed by itself. Otherwise, we go
to step 2.

The position and velocity of debris and removal system are obtained from initial
orbital elements. According to the current position and velocity information of debris
and removal system, determine if the debris can be in the range of the laser. If the
debris can be in the laser range, the speed increment will be obtained after being
irradiated by the laser. Otherwise, the removal system cannot ablate and drive the
debris. For the debris, which can be in the laser range, we further proceed to step 3.
For the debris in a laser range at a certain time in the future, the relative position and
distance at each time are obtained through the orbital evolution of the debris and the
removal system. When the relative distance is less than the laser range R, it indicates
that the debris is within the laser range, and then the orbital elements are changed by
laser ablation.

When the distance between the debris and the removal system is greater than laser
range R, it indicates that the laser cannot ablate and drive the debris. In this case, go
to step 1 and analyze the perigee of the debris.

When the debris is in the laser range again, follow the steps 1-4 until the debris is not
in the laser range or it has been removed. The above process is shown in Figure 2.
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Figure 2. Removal procedures of the debris.

2.3. Irradiation Time Window

Given orbital elements of the debris {hp, ep, ip, QOp, wp, Op} and removal system {hy,

er, ir, Qp, wr, 01}, the period of the removal system is:

3
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The period of the debris is:

3
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The nearest distance between the debris and removal system is the smallest relative
distance within T = Max(Ty,Tp) period. It can be obtained by calculating the relative
distance between debris and removal system at each time within T. The irradiation time

window is determined by comparing it with laser range R. If the nearest distance is less
than R, it means that debris can be irradiated by laser at some time.

2.4. Laser Ablation

The velocity increment Av of the debris with mass m ablated by a laser pulse with
energy E with the impulse coupling coefficient C,, is:
_ E N Cm
o om

Av

®)

The instantaneous velocity of debris after the ablation is v; = vy + Av, where vy is the
initial velocity of debris before ablation. At this position, the change of orbital elements
caused by the change of velocity is obtained from the conversion relationship between
position velocity and orbital elements.

2.5. Orbit Evolution

When the position ry and velocity vy at the initial f) time are known, the position r
and velocity v at given time can be obtained from the Lagrange coefficient and its first
derivative according to the following expressions [27]:

¥ = fro+guo (4)
U = fro+ $vg 5)

The Lagrange coefficients expressed by using global variable x and Stamf function are
as follows:

X 2
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where « is the reciprocal of long half axis:
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For elliptical orbits, « > 0.
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2.6. Perigee of Debris

After being ablated many times until the debris cannot enter the laser range, the orbital
elements of debris are {hp1, ep1, ip1, Qp1, wp1, Op1}, and the perigee of debris is:

2
th

u(l+ep1) (11)

Tmin =
The orbital descent effect of debris can be evaluated by the perigee changing of debris
before and after laser ablation.

2.7. Energy Efficiency

The energy efficiency effi; is defined as the ratio of the currently lowered perigee
height to the consumed laser energy, which mainly represents the dynamic change trend
of laser energy efficiency with time in the process of debris removal. That is, the perigee
descent height AH; divided by the total energy ) E; at time t:

ef fir = é—l};}; (12)

If the energy efficiency is negative, it indicates that the perigee increases gradually
driven by the laser.

3. Results and Discussion

Taking the space debris with the perigee of with 800 km, located in the densest distribu-
tion of space debris, as an example, the removal process and influence of the key parameters
of the system on the energy efficiency were studied from two different running planes. It is
assumed that the velocity increment of laser ablation pointed to the direction of space debris
along the removal platform without considering the influence of orbital perturbation.

The orbital elements of space debris are shown in Table 1.

Table 1. Orbital elements of the space debris.

Item Value
Perigee (km) 800
Apogee (km) 810
Inclination (°) 95

The orbital elements of the removal system under two removal circumstances are
shown in Table 2. In the initial state, the removal system is located 1 km in front of the
debris running direction.

Table 2. Orbital elements of the removal system under two removal circumstances.

Item Value
Same plane Different planes
Perigee (km) 800 800
Apogee (km) 810 810
Inclination (°) 95 80

In a large number of experimental studies on impulse coupling of laser ablation target,
a variety of experiments with different lasers (continuous laser, pulsed laser), different
pulse widths (ns, ps, and fs) and different wavelengths (1064 nm, 532 nm) have been
carried out [28]. Based on this, there are many debris removal schemes under different laser
parameters. Referring to the previous experimental data and the current debris removal
scheme design [29], in order to simplify the research, the laser ablation parameters are
selected as Table 3.
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Table 3. Parameters of laser ablation.

Item Value
Width (ns) 10
Quality M? =2
Laser Pulsed energy (J) 10, 100, 500, 1000
Frequency (Hz) 1,10, 100, 500, 1000
Range (km) 500, 1000
Debri Mass (g) 50
ebris Impulse coupling coefficient (Ns/]) 5x 1073

3.1. Effect of Laser Energy
3.1.1. Same Orbital Plane

1. Perigee changing

The perigee of space debris with time under different laser energies when the removal
system is coplanar with space debris is shown in Figure 3. The perigee of space debris does
not change significantly when irradiated by 10 J within 100 s. Perigee below 200 km allows
for space debris to finally be removed within 76 s when irradiated by 100 ]. However, space
debris cannot be removed when irradiated by 500 ] and 1000 ], even if the irradiation lasts
almost 32 s and 22 s, respectively.

1000 T T T T T T
800 : -
E
= 600 —
@
O
o
'E 400 - -
o 10 ——
| 100 ] —»— ]
200 500J
1000 J
0 I | | | I I

0 15 30 45 60 75 90 105
Time (s)

Figure 3. Perigee changing of the debris at the same orbital plane.

Figure 3 shows that less irradiation time with higher laser energy, which resulted in a
greater decline of the perigee per unit time. It is indicated that a greater velocity increment
was obtained by space debris under a single laser shot with higher laser energy, while there
was less time for the space debris to be located in the laser range. Despite the rapid decline
in the perigee of space debris, the cumulative velocity increment obtained does not meet
the requirements of debris removal.

2. Energy efficiency

The energy efficiency with time under different laser energy when the removal system
is coplanar with space debris is shown in Figure 4. The energy efficiency gradually increased
from —1.5 km/J to 0 km/] when laser energy is 10 J, which means the perigee of space
debris is increasing. The energy efficiency gradually increased from —0.2 km/]J to 7.8
km/J within 76 s when the energy is 100 J, from 0 km/]J to 3.8 km/] within 32 s with 500
J and from 0 km/J to 2.9 km /] within 22 s with 1000 J respectively. The trend shows that
lower laser energy means less energy efficiency in the initial state. A higher energy density
would lead to a rapid increase in the energy efficiency. It indicates that a greater velocity
increment is obtained by space debris under single driving with higher laser energy, which
results in less time for space debris to be located in the laser range. The cumulative velocity
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increment gradually increases when it is driven by multiple times with lower laser energy,
and the perigee changing per unit time is faster than before.
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Figure 4. Efficiency of the laser system when debris is at same orbital plane.

3.1.2. Different Orbital Planes

1. Perigee changing

The perigee of space debris with time under different laser energy when the removal
system is not coplanar with space debris is shown in Figure 5. Perigee is at 192 km within
4800 s with 10 J, 195 km within 2880 s with 100 J, 226 km within 3050 s with 500 ] and
198 km in 2800 s with 1000 J. The perigee presents an oscillated process despite the perigee
finally going down. The energy efficiency was significantly lower than the coplanar case.
It indicates that in the case of different planes, relative position of space debris and the
removal system change with time, and the direction of incremental velocity is inconsistent
with the plane of space debris movement. The direction of cumulative velocity increment
is changed from time to time, which results in the oscillation trend of perigee.

1000
e e VA
£ AT
£ 600 - -
[+1]
Q
o
'E 400 | ]
o 103 —— \
1003 —— | i
200 500 J
1000 J
u | | | |

0 1000 2000 3000 4000 5000
Time (s)

Figure 5. Perigee changing of the debris at different orbital planes.

2. Energy efficiency
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The change of energy efficiency with time under different laser energy when the removal
system is not coplanar with space debris is shown in Figure 6. The energy efficiency gradually
oscillates from —0.1 km/J to 1.4 km/] within 4800 s with 10 J. During this period, the energy
efficiency is changed repeatedly in the positive and negative directions. When the laser energy
is 100 J, the energy efficiency gradually increases from —0.01 km/J to 0.25 km /] within 2880 s.
The energy efficiency always oscillates around 0 km/] when the laser energy is 500 ] and
1000 J. It shows that less irradiation time and low energy efficiency are obtained with high
laser energy. It is indicated that the varying relative position between removal system and
space debris leads to the continuous change of the velocity increment obtained by the space

debris, which results in the oscillation of energy efficiency.

15
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Figure 6. Efficiency of the laser system when debris are at different orbital planes.

3.2. Effect of Laser Energy
3.2.1. Same Orbital Plane

1. Perigee changing

The perigee of space debris under different laser frequencies when the removal system
is coplanar with space debris is shown in Figure 7. Space debris cannot be removed under
the frequency of 1 Hz and 10 Hz. The perigee is at 198 km within 78 s with 100 Hz, 185 km

within 31 s with 100 Hz and 199 km within 21 s with 1000 Hz.

1000 T T T T | T
800 TR 2R E R 2 ettt
T
< 600 - i
m
&
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Figure 7. Perigee changing of the debris at the same orbital plane.
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Figure 7 shows that the amplitude gradually increases with the increase in time, and
the decline of perigee presents an obvious cumulative effect. Higher frequency meansless
driving time which results in more perigee descent. It indicates that a greater velocity
increment is obtained per unit time with higher frequency.

2. Energy efficiency

The energy efficiency with time at different laser frequencies when the removal system
is coplanar with space debris is shown in Figure 8. The energy efficiency is negative when
the frequencies are 1 Hz and 10 Hz, which indicates that the perigee gradually increases
with time. When the frequencies are 100 Hz, 500 Hz and 1000 Hz, the energy efficiency
increases gradually with the increase in time. It indicates that the greater velocity increment
is obtained per unit time at high frequency.

0.0008 T T T T T
— 1Hz —+—
) | 10 Hz —%— ]
z 0.0006 100 Hz
= 500 Hz
3\ 0.0004 1000 Hz -
S
'S 0.0002 — .
=
(1]
- 0
= o PN
E -0.0002 —/W -
w

_0_0004 | | | | | |

0 15 30 45 60 75 90 105
Time (s)

Figure 8. Efficiency of the laser system when debris at are same orbital plane.

3.2.2. Different Orbital Planes

1. Perigee changing

The perigee of space debris at different frequencies when the removal system is not
coplanar with space debris is shown in Figure 9. When the frequency is 1 Hz, the perigee
of space debris gradually increases within 4850 s. The perigee is at 190 km within 4600 s
with 10 Hz, 195 km within 2850 s with 100 Hz, 199 km with 3150 s with 500 Hz and 194 km
within 2800 s with 1000 Hz. The perigee change shows an oscillatory downward trend
when the removal system is not coplanar with space debris. It indicates that a greater
velocity increment is obtained per unit time with higher frequency. However, the direction
of cumulative velocity increment in different planes changes because of the relative position
between removal system and space debris. The magnitude of velocity increment in the
direction of debris velocity changes from time to time, which results in the oscillation of
perigee descent.

2. Energy efficiency

The energy efficiency at different frequencies when the removal system is not coplanar
with space debris is shown in Figure 10. When the frequency is 1 Hz, the energy efficiency
is negative and it increases gradually with time, indicating that the perigee is increased
gradually with time. The energy efficiency oscillates around 0 km /] with time when the
frequencies are 10 Hz, 100 Hz, 500 Hz and 1000 Hz, which are consistent with the downward
trend of perigee oscillation in the Figure 9. It indicates that the velocity increment generated
by high energy is inconsistent with the velocity direction, resulting in low energy utilization.
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Figure 9. Perigee changing of the debris at different orbital planes.
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Figure 10. Efficiency of the laser system when debris is at different orbital planes.

3.3. Effect of Laser Range

0

1000 2000 3000 4000 5000
Time (s)

3.3.1. Same Orbital Plane

1. Perigee changing

The perigee of space debris in the range of 100 km and 500 km when the removal system
is coplanar with space debris is shown in Figure 11. It shows that the perigee of space debris
is decreased from 800 km to 198 km within 78 s. In the two ranges, the trends of perigee
are completely consistent. It indicates that the change of velocity increment in the process of
debris removal is mainly related to the laser driving process. When the debris is within the
range of the laser, distant range of the laser has no effect on the laser driving process, but only
the number of debris can be removed by the removal system. Therefore, there is no effect on
the perigee changing of space debris with different laser ranges.
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Figure 11. Perigee changing of the debris at the same orbital plane.

2. Energy efficiency

The energy efficiency with time in the removal range of 100 km and 500 km when the
removal platform is coplanar with space debris is shown in Figure 12. In the two removal
ranges, both the energy efficiencies are gradually increased from —0.5 km/]J to 7.5 km/J. The
increase in time leads to energy efficiency increasing significantly, which is completely consistent
with the results in Figure 11. It shows that the laser range has no effect on energy efficiency.
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Figure 12. Efficiency of the laser system when debris are at same orbital plane.

3.3.2. Different Orbital Planes

1. Perigee changing

The perigee of debris in the removal range of 100 km and 500 km when the removal
system is not coplanar with space debris is shown in Figure 13. At the two states, the perigee
of debris is decreased from 800 km to 195 km in 2800 s, and the change trend is completely
the same. It shows that the laser range has no effect on the perigee change of debris.
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Figure 13. Perigee changing of the debris at different orbital planes.

2. Energy efficiency

The energy efficiency with time in the removal range of 100 km and 500 km when the
removal system is not coplanar with space debris is shown in Figure 14. In the two removal
ranges, the energy efficiency gradually increases from —0.03 km/]J to 0.22 km/]J, and the
trend is completely consistent. With the increase in time, the energy efficiency shows an
oscillatory change, which is completely consistent with the results in Figure 6. It shows
that the laser range has no effect on energy efficiency.

0.25 T

T T T
100 km

0.2 500 km —»— -
0.15

0.1

0.05

Energy efficiency (km/J)

-0.05 | | | | |
0 500 1000 1500 2000 2500 3000
Time (s)

Figure 14. Efficiency of the laser system when debris are at different orbital planes.

4. Conclusions

In this paper, system configurations and working processes of a space-energy driven
laser-ablation debris removal system are introduced, and an orbit transfer model is es-
tablished to study the perigee change and energy efficiency under various laser energies,
frequencies and ranges. Some conclusions have been reached.

When the space debris is coplanar with the removal system, the space debris cannot be
removed with 10 J energy, despite the driving time being 100 s, and the energy efficiency is
between —2 km/J and 8 km/J. In the case of different planes, the driving time is 4800 s and
the energy efficiency is from —0.5 km/]J to 1.5 km/J. Space debris cannot be removed at the
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frequency of 1-10 Hz, and the energy efficiency is between —0.0004 km/]J and 0.0008 km/]
under coplanar and out of plane conditions, which is significantly lower than the energy
change. When the laser ranges are 100 km and 500 km, the removal process and energy
efficiency remain unchanged.

At the coplanar state, there is a cumulative effect on the perigee and energy efficiency
with different energies and frequencies. The variation increases gradually with the increase
in time. At the different plane states, the perigee and energy efficiency under different
frequencies and energy show an oscillation, the variation fluctuates up and down, but
the overall increase or decrease trend remains unchanged with the increase in time. The
laser range does not affect the perigee change and energy efficiency of space debris in both
coplanar and different plane situations.
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