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Abstract. The article proposes a method of dealing with space debris. This method is based on
the use of a large number of controlled space micro-robots, which are moving in a retrograde
near-earth orbit (towards the particles of space debris). Strategy of struggle space debris consist
in targeting micro-robots at large and medium-sized objects to change their orbit (in case of a
threat of collision). The task of such an impact is prevention the chain reaction of propagation of
space debris because of the collision of these objects. Destruction of small particles of space
debris will occur due at the expense of random collisions with micro-robots. The control system
makes it possible to divert the micro-robots away from the operating spacecraft’s. In addition,
each micro-robot is equipped with a self-destruct system, which helps prevent collisions with the
operating spacecraft in the event of a control system failure. It is shown that the new method
allows cleaning the space corridor from small particles of space debris for the safe movement of
spacecraft’s in a short time and at low cost. In parallel with the elimination of space debris, the
some additional possibilities of orbital grouping of micro-robots is being consider. For example,
the orbital grouping of micro-robots can be used for detection and to refine the orbital
characteristics of particles of space debris (i.e. perform the functions of an astronomical
instrument and navigation system). Micro-robots can perform functions of orbit correction,
deceleration, or acceleration of operating spacecraft. Considered the possibility of creating a
fundamentally new space engine (using micro-robots as a propellant). It is shown that the new
engine has high efficiency and can be used to launch spacecraft to Mars. This engine allows
recycling a large number of old micro-robots (which must be removed from Earth orbit).
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Nomenclature
R - circular orbit of radius
dR - infinitely small change in the radius of the circular orbit
Ri - initial radius of the circular orbit
R¢ - the final radius of the circular orbit
v - oncoming speed of a particle of space debris and micro-robot
v - average oncoming speed of a particles of space debris and micro-robots
dv - infinitely small change in counter speed
Vg - Space debris orbital speed
v1 - first cosmic velocity
V2 - second cosmic velocity
M; - mass of the micro-robot

My - mass of the particle of space debris
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t - period of time

dt - infinitely small period of time

n - average amount of measurements of the coordinates of particles of space debris
o - frequency of measurements of the coordinates of particles of space debris
L - micro-radar range

dE - infinitely small change in the total energy of the particle debris

dEx - infinitely small change in the kinetic energy of the particle debris

dE, - infinitesimal change in the potential energy of a particle of space debris
AS - debris particle cross-sectional area

X - ratio of the cross-sectional area AS of debris particle to its own mass Mg
N - concentration of micro-robots

V - orbital corridor volume

> M - total mass of micro-robots colliding with a particle of space debris

M - total mass of micro-robots inside the orbital corridor

dEx - infinitely small change in the kinetic energy of the particle debris

dEy - infinitesimal change in the potential energy of a particle of space debris
m - mass of the spacecraft

dm - infinitesimal change in the mass of the spacecraft

m; - initial mass the spacecraft

m¢ - final mass of the spacecraft

Vs - speed of the spacecraft

vi - initial oncoming speed spacecraft and micro-robots

v¢ - final oncoming speed spacecraft and micro-robots

dM - mass of the gas portion (supplied to the working chamber)

u - exhaust speed of the gas mixture (from the working chamber)

n - engine coefficient of efficiency

go - Standard acceleration due to gravity on the surface of the Earth

Isp - specific impulse (s)

n - coefficient of proportionality

Nopt - the optimal value of the coefficient of proportionality n

T, - orbital period (for an elliptical orbit)

a - semi-major axis (for an elliptical orbit)

A - gravitational parameter



Rp - orbit pericenter distance to the center of the Earth

1. Introduction

The increase of the amount of space debris can becomes a serious problem due to increased
collision frequency and of occurrence uncontrolled fission of particles of space debris [1]. This
leads to the intensification of work in the field of struggle with space debris. Currently used and
developed several main areas of the fight against space debris.

1.1. Transfer of large objects to graveyard orbit

After the operation is completed, the spacecraft is transferred to a graveyard orbit. This allows
long-term storage of non-performing spacecraft, which may become the object of study of
«space archaeologists». Over time, these burials can acquire greater value (material or cultural).
It can be predicted that in the future programs will be developed to preserve and protect ancient
space artifacts (in the form of remaining spacecraft and their parts).

The disadvantage of this method is the high costs of propellant for the transfer of the spacecraft
to the graveyard orbit. In addition, in the future burial orbits may be needed for some other
purpose. Prolonged accumulation of inoperative spacecraft’s can lead to a local Kessler effect
[1]. Therefore, eventually, the graveyard orbits can turn into another source of space debris.

1.2. Appearance prevention of new space debris

In many cases, after the operation is completed, the spacecraft can be braked by the propulsion
system. In addition, for braking, can be use an inflatable sphere [2], sail [3; 4], foam sphere [5],
electrodynamic tether [6; 7], electrostatic field [8] or others. As a result of braking, the orbit
height decreases and the spacecraft will burn in the atmosphere of the Earth. The advantage is
the complete elimination of the potential source of pollution of outer space.

1.3. Destruction of existing space debris

Currently, this area is developing most actively. There is a program for collecting garbage with
the help of special networks [9; 10], a thin membrane [11], and a harpoon [12]. There are
projects of impact on debris with the help of a laser [13; 14; 15], ion beam [16], and plasma flow
[17]. There are projects for the destruction of garbage with tungsten micro-particles [18]. There
are projects using space debris as a reactive mass [19] or energy source [20]. There is a project to
capture space debris using glue [21], manipulators or other capture devices [22], etc. All these
projects are workable and are of great interest. Practical application will allow comparing the
effectiveness of various methods of eliminating space debris.

1.4. Individual protection methods

Includes shielding of the most important parts of the spacecraft, as well as evasive maneuvers
(which is associated with the cost of the reactive mass). With the increasing amount of space
debris, of these methods of protecting a spacecraft will become increasingly important?.

1.5. Formulation of the problem

As of July 2013, = 29 thousand fragments more than 10 cm, = 670 thousand fragments from 1 to
10 cm, = 170 million fragments from 1 mm to 1 cm rotated around the Earth [23]. The size of a
single particle of space debris almost does not affect the probability of its entry into an operating

11t may be more cost-effective to insure spacecraft against colliding with space debris. Insurance can be attributed
to the methods of protection (non-physical). Some of the funds accumulated by insurance companies will be used
to implement large-scale space debris elimination projects (in order to reduce insurance payments). Another
method of financing the fight against space debris could be a tax on activities in outer space.



spacecraft. There are few large and medium-sized debris in orbit, they are clearly visible, their
orbits are easy to predict. Therefore, they pose a threat to astronautics mainly as sources of small
debris (because of collisions and fragmentation into small parts). At the same time, it is almost
impossible to keep track of small space debris (which makes him very dangerous).

This article discusses the universal method of dealing with space debris, which consists in the
correction of the orbits of cataloged debris and the destruction of unobservable particles of small
debris. These tasks are supposed to be solved with the help of the orbital grouping of controlled
micro-robots. Within the framework of this concept, some additional capabilities of space micro-
robots (orbit correction, braking or acceleration of spacecraft?) will be considered.

2. Materials and Methods

To combat space debris, it is supposed to use a large number of controlled micro-robots, which
are displayed in a retrograde orbit (against the direction of the Earth's rotation) 3. Because of a
collision with micro-robots, the particles of space debris will leave the near-earth orbit (and the
safety of the operating spacecraft’s will be provide with a number of protective measures). Each
micro-robot will have micro-engines, a power supply system (photocell, battery or other) and
microcomputer, self-destruct system (detonator, explosive charge), devices for receiving and
transmitting radio signals (radar, active transponder, and communications system), etc.

Micro-robots are made from highly volatile and combustible materials (and the explosive charge
contains an excess of oxidizer) 4. To activate the self-destruction system, a radio transmitter of
the spacecraft is used, which emits a weak radio signal (encrypted). This signal is fixed by a
micro-robot only at a very close distance (and then the micro-robot will turn into a harmless
cloud of gas). Another way is to equip the micro-robot with a micro emitter and an echo sensor.
If such a «radar» is sensitive enough, the micro-robot will undermine just before the collision.

An important precaution is to reduce the specific gravity of the micro-robot (for example, the
hull can be made of penografit or others). The impact pressure is proportional to the density of
the impactor [24]. Reducing the specific mass of the micro-robot minimizes possible harm in
case of hit with the spacecraft.

As a micro-jet engine, a micro-capacity with compressed gas and special adjustable orifices is
used. With the release of gas through these holes will create a jet thrust. Instead of gas, one-
component rocket fuel (for example, hydrogen peroxide) can be stored in this micro-capacity. In
this case, a catalyst is installed in the reactive micro-nozzles, and when hydrogen peroxide is
released, it decomposes with the release of heat (creating reactive thrust). Another way is to use
electric heating elements located on the surface of the micro-robot. These elements are coated
with a solid substance that is able to sublimate when heated. As a result, by passing an electric
current, jet thrust will be created. For testing, can be install different types of micro-jet engines
on different series of micro-robots.

2 With the help of a special engine, the principle of which is based on the capture of micro-robots.

3 The main method of launching micro-robots into outer space is the use of rockets. However, the small size of
micro-robots allows us to consider other methods (for example, a cannon scheme). In addition, at a high altitude
(mountain, airship, plane, etc.) can position the accelerator, and accelerate and launch micro-robots using
electromagnetic fields.

4 Part of the oxidizer may react with the matter of space debris (which will partially evaporate). In the course of
further research, it is necessary to model an ultrafast collision of an explosive micro-particle with a solid surface.



Figure 1. Schematic diagram of the micro-robot: 1 — hull; 2 — micro-jet engines; 3 — power supply system and microcomputer; 4 —
self-destruct system; 5 — devices for receiving and transmitting radio signals

To influence the cataloged objects of space debris, the micro-robots control system will be use.
This system directs micro-robot on a space object (for to change its orbit, partial or complete
destruction). Collisions of micro-robots with small space debris will occur randomly.

2. 1. Productivity calculation

Let us determine the effectiveness of the proposed system (without taking into account the
possibility of controlling micro-robots). The control will significantly increase the effectiveness
of the system (therefore, this calculation of efficiency is an estimate of the lower limit). Suppose
that a particle of debris moves in a circular orbit of radius R (deceleration of a particle of space
debris occurs very slowly, and its orbit can be considered as circular at any time). The oncoming
speed of a particle of space debris and micro-robot is equal to v. The mass of the micro-robot is
equal to My, the mass of the particle of space debris is equal to Mq. According to the law of
conservation of momentum (with an inelastic central collision), it is obtained:

Mydv = —vM, (D

For an infinitely small period of time dt, the counter speed changes by the magnitude dv. Using
equation (1) can be write the loss of total energy dE particles of space debris:

dv
dE = My, —vdt = —v2M, (2)
dt
When the orbit height decreases by dR, the change in Kinetic energy dEx is equal to:
1 dR
dEk = —EMdGMﬁ (3)

The change in potential energy dE, is equal to:

dR
dE, = MaGM - 4)

According to the law of conservation of energy, using equations (2; 3; 4) can be write:



1 dR ,
dE = dE, +dE, = EMdGMﬁ = —v*M, (5
Taking into account that v = 2vq = 2v1 (v1 — the first cosmic velocity), and using the equation of

the first cosmic velocity can be rewrite equation (5) in the form:

dR o M, ¢
R~ 8, (6)
Suppose that Ri — is the initial radius of the orbit, Rs — is the final radius of the orbit, Mr — 0.
Summing up the infinitesimal increments in equation (6) it will be obtained:
R; YM
In—* = .
an 8 M, (7)
Suppose the average counter speed is v, the debris particle cross-sectional area is AS. Over a
period of time t, micro-robots with a total mass of Y M, will collide with a particle of space
debris:
Z M, = ASNGtM, (8)
Suppose that micro-robots move within an orbital corridor of volume V, and have a total mass M:
M = NVM, (9)

Assume that the concentration of micro-robots N is constant (N = Const). To characterize a
particle of space debris, can be use the parameter x (the ratio of the cross-sectional area® AS of
particle to its own mass Mq):

_AS 10
=i (10)
Using equations (9; 10), it is obtained:
XM, M
M, —xvtv (11)
Using equations (7; 11), it is obtained:
R; e
—_—= |4
R, e (12)

2. 2. Using the orbital grouping of micro-robots as an astronomical instrument and navigation
system

Suppose the concentration of micro-robots is N, the radar range of a micro-robot is L. When a
particle of space debris and a micro-robot approaching the distance L «micro-radar» can react,
and transmit information to the control center on Earth. Can be consider as conditional
“collision” the convergence of a micro-robot and particles of space debris at a distance of L.
Using equation (8) can write the average amount of "collisions™ n?

XM,
M,

i~ = ASNwt (13)

5 The area of the projection of a particle of space debris on a plane perpendicular to the direction of its movement.



Considering that in this case conditional cross-sectional area of space debris particles AS = zL?,
using equation (13), it is obtained the frequency w of "collisions"” (or the frequency of
measurements of the coordinates of particle of space debris):

| 3

=nl*Nv = nl? M v (14)
VM

T

w =

According to the dynamics of changes in the reflected signal, it is possible to establish not only
the fact of approach, but also speed, minimum distance, etc. After receiving the information, the
control center connect with the micro-robot for clarify its orbit and coordinates (at the time of
signal transmission). Since the orbits of the cataloged particles are known, it is possible to
determine which of them could be in a given region of near-Earth space. Then the coordinates of
these particles are calculated (at the time of receiving the signal). Analysis of these data will allow
us to identify a particle of space debris, and to clarify its orbital data.

In the event of significant discrepancies between the calculations and observations, it can be
assumed that a new object has been discovered. In this case, the object is considered
unidentified, and the information obtained is entered into a separate database. As data is
accumulated in this database, an analysis is made that will allow determining the orbital data of
new objects. After that, information about new objects can be entered into a general directory.
Thus, systematic observation (with the help of the orbital grouping of micro-robots) will make it
possible to control the orbits of space debris particles, and to search for new objects (of artificial
and natural origin). This work will be most effective in cooperation with existing systems for the
search and control of particles of space debris (telescopes, radar, etc.).

2. 3. Method of disposal of old micro-robots (or using micro-robots for braking or acceleration a
spacecraft)

Micro-robots can be used to change the orbit of a spacecraft (and performing the function of
orientation engines) ®. For this purpose, a control system is used, with the help of which the
micro-robot is headed for the spacecraft’. Before the collision, the micro-robot turns into a
harmless cloud of gas, and the spacecraft will receive a soft push, which corrects its orbit.

Over time, there may be a problem of disposal of old micro-robots in Earth orbit. One way to
solve this problem is to create an engine that will use micro-robots to accelerate a spacecratft.
Such an engine consists of a chamber with an inlet (on which a controllable flap is installed)® and
an outlet with a jet nozzle. Suppose a spacecraft and micro-robot are moving along one straight
line (towards each other). Such an opportunity appears due to the use of the micro-robot control
system. Thus, a large number of micro-robots are located along calculated the flight path of the
spacecraft. The micro-robot gets into the inlet and explodes inside the working chamber. At the
same time, a portion of the gas is fed into the working chamber. A uniformly heated gas mixture
is formed, which flows to the right through the outlet (and the inlet is closed). Can show that the
thrust impulse can exceed the deceleration impulse, and the spacecraft will receive an increase in
the impulse to the left®.

6 After completion of operation by this method, can slow down the spacecraft in order to burn it in the
atmosphere of the Earth.

7 In fact, the orbital grouping of micro-robots can be used as an anti-satellite weapon (when the self-destruction
system is disabled).

8 The function of flap can perform solenoid. For this, it is necessary to add easily ionizable substances (for example,
alkali metals) to the gas.

9 The existing literature describes promising engines that use the same principle of acceleration of spacecraft due
to kinetic energy [25; 26].
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Figure 2. Schematic diagram of a jet engine using micro-robots: 6 — micro-robot; 7 — engine's working chamber; 8 —inlet; 9 —
flap at the inlet (e.g. solenoid); 10 — fireball (a cloud of gas formed during the explosion of a micro-robot); 11 — nozzles for
supplying gas to the working chamber; 12 — jet nozzle outlet

Consider this event in the coordinate system of the spacecraft. The mass of the spacecraft m, the
mass of the gas portion (supplied to the working chamber) is equal to dM, the exhaust speed of
the gas mixture (from the working chamber) is equal to u. The expiration of the gas mixture (jet
stream) occurs exactly along the tangent to the trajectory of the spacecraft. Engine efficiency is
n. Using the law of conservation of energy (taking into account the specific energy Qsp the
explosion of the micro-robot), it is obtained:

M, (v? + 2Qs,) = (M, + dM)u? (15)

Next, can be move into the coordinate system rigidly connected with the micro-robot. The
observed speed of jet stream in the coordinate system of the micro-robot is (v — u). According to
the law of conservation of momentum, it is obtained:

mv = (m—dM)(v+ dv) + (M, + dM)(v — u) (16)

Suppose, M = ndM (n — coefficient of proportionality), go - the standard acceleration due to
gravity on the surface of the Earth. Solving the system of equations (13; 14) obtain a specific
impulse Isp (S):

mdv 1 v 2Qsp
Isp—Wa—a \/7]7’1(1+ v2>(n+1)—n (17)

Using equation (17) can be write the condition of engine workability (Isp > 0) in the form:

(18)

The maximum specific impulse (Isp)max achieved in the case of n = nopt. Using the equation (17)
can write:
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Jnn (1 + ZQS") m+1)-n] =0 (19)

Solving an equation (19) for a variable n it is obtained:

( \

1 2
| -1 | on conditionn (1 + QSp) <1 (20)
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Consider the case when 2Qsp/v2 — 0. Suppose Vi — initial oncoming speed, vs — final oncoming
speed, m; — initial mass the spacecraft, ms — final mass of the spacecraft. Considering that dM = —
dm, and summing up the infinitesimal increments in equation (17), on condition = Const, get:

N| =

Nopt =

v _ (&)W—n 21)

Uf m;

As the height increases, the oncoming speed v decreases. Therefore, it is advisable to accelerate
the spacecraft in several stages, including the engine at the time of passage of the perigee. The
orbital period T, (for an elliptical orbit) depends on the semi-major axis a, and the gravitational

parameter u:
a3
T =2m |- (22)

The speed of the spacecraft vs at the pericenter depends on the distance R, and is equal to:

_ 2 1 23
%= MR T (23)
The second cosmic velocity is v2. Using equations (22; 23) can be write:
T, =2 ! 24
o T[.u' (U% _ vsz)g ( )

To determine the coordinates can be install navigation modules on micro-robots or use a
secondary surveillance radar. The secondary radar provides for installation of transponders on
micro-robots. RFID-tags (an element of the radio-frequency identification system) can be used as
transponders. The RFID-tag will transmit the unique identification number of each micro-robot.
Existing RFID-tags may have a characteristic size of = 0.05 mm [27]; cost = 5 cents per piece
[28]. However, for space more sophisticated and expensive FRID-tags will be need. Using a
secondary surveillance radar using RFID-tags will make it possible to determine the coordinates
and speed of micro-robots (and calculate the trajectory of motion). To increase the efficiency, it
is advisable to launch small probe-spotter equipped with secondary radar ahead of the spacecraft
(Fig. 3). Self-organization of micro-robots through the exchange of information (the concept of
smart dust) is also a promising direction. At the implementation of this concept, micro-robots
will be able to line up independently along the calculated flight path of the spacecraft.



Figure 3. Schematic diagram of the acceleration of the spacecraft, using the probe-spotter: 13 — probe-spotter (with a radar
system); 14 — spacecraft (also equipped with a radar system)

3. Results

3.1. Specifications orbital groupings of micro-robots and calculating her effectiveness (for
removing space debris and for detecting particles of space debris)

Suppose a micro-robot is a sphere with a radius of 2 mm and a mass of M, = 10 mg. Consider the
task of cleaning the orbital corridor with the following parameters: height ~ 600 — 1000 km,
width = 1 thousand km, circumference ~ 45 thousand km. Its volume is V =~ 1.8-10%° m®.

The value of the parameter x is significantly different for different particles of space debris. For
example, for a cataloged space object Ne 95334 x = 2.2 m?/kg, for a space object Ne 90073 X =
0.18 m?/kg [29]. Therefore, it is necessary to use the averaged value of the parameter x. Consider
a fraction of space debris with a size of 1 mm — 1 cm, as the most numerous according to the
ESA [22]. Assume an average characteristic particle size of =~ 5 mm. If simplified to consider a
small particle of space debris as an aluminum sphere, then its midsection section x = 0.11 m?/kg.

Suppose that t = 10 years, Ri = 7400 km, Rf = 7000 km, v = 14.9 km/s, x = 0.11 m?/kg. Using
equation (12) it is obtain the required mass of micro-robots M = 242 tons (for the almost
complete elimination of small space debris from the orbital corridor). The cost of delivering 1 kg
of cargo to a low earth orbit using the launch vehicle «Proton-M» is $ 2,826 [30]. With this in
mind, the launch cost of 242 tons of micro-robots can be approximately estimated at $ 684
million. However, this amount may be more, since the launch of micro-robots is carried out
against the direction of rotation of the Earth (which will reduce the payload of the launch
vehicle).

Based on the data obtained, can be determine the frequency of detection of particles of space
debris (or meteoroids). Supposing M = 242 tons, M = 10 mg, V = 1.8:10"° m®, v = 14.9 km/s.
Using equation (14) will get @ = 6.3-10° Hz (or about 5 - 6 measurements during the twenty-
four hours for each particles of space debris). It is obvious that such a measurement frequency
makes it possible with high accuracy and reliability to control space debris in Earth orbit. In
addition, such a system allows not only determining the coordinates of particles of space debris,



but also the coordinates of micro-robots. This simplifies the task of targeting micro-robots to
medium and large particles of space debris.

3. 2. Calculation of the efficiency of the engine using micro-robots

A significant part of micro-robots will not be able to collide with space debris. Over time, they
will end up at in low orbits (as a result, of braking by the upper layers of the atmosphere).
Consider an example the use of a new engine as a convenient disposal method of old micro-
robots. Suppose the orbit pericenter is located at a distance of 200 km to the Earth’s surface, the
first cosmic velocity vi = 7.8 km/s, the second cosmic velocity v> = 11 km/s, the Earth’s gravity
parameter u = 4-10* m®/s2. The acceleration impulse is carried out in the pericenter of the orbit
of the spacecraft. The total time spent consists of the total duration of the spacecraft moving in
elliptical orbits, according to equation (24).

Table 1

Dynamics of the acceleration of the spacecraft

Parameter The number of the acceleration pulse Overall

1 2 3 4 5 6 result
Speed increase, m/s 600 600 600 600 600 600 3600
Rotation period °, s - 6880 9694 15685 33977 - 66236

From Table 1 it can be seen that the overall speed increase of the spacecraft will be 3.6 km/s.
The final speed of the spacecraft vs = 11.4 km/s allows flight to Mars [31]. The total time spent
on the rotation of the spacecraft in elliptical orbits is > To = 18.4 hours. Cyclic engine operation
will reduce the heat load (due to the periodic cooling of the working chamber).

It is necessary to determine the specifications of the engine. The initial oncoming speed (micro-
robots and spacecraft) is equal to vi = 15.6 km/s (7.8 km/s + 7.8 km/s). The final oncoming speed
is vi =19.2 km/s (7.8 km/s + 11.4 km/s). Suppose that Qsp = 0, # = 0.6. Using equation (20) it is
obtained nept = 0.29. Using equation (21) it is obtained mi/ms = 3.1. Substituting this value into
the Tsiolkovsky rocket equation, it is obtained the equivalent value of the specific impulse Isp =
325 s (by the same procedure, provided # = 0.8, it is obtained Isp = 488 s). It should be noted that
with the use of such a way to accelerate the spacecraft near the giant planets, the specific impulse
would increase several times (due to the greater counter-velocity of the spacecraft and micro-
robots). It is possible that during the colonization of giant planets, there will also be a problem of
cleaning the near-planetary space (for example, from natural space debris). In this case, the use
of micro-robots can be a convenient method for solving two problems simultaneously:
eliminating natural space debris and accelerating spacecraft.

Such a specific impulse value is comparable to the specific impulse of the best liquid-fuelled
rocket engines. The principle of operation of the new engine makes it possible to use very dense
substances (for example, xenon) as the reactive mass. The density of liquid xenon is much higher
than the density of rocket propellant, which saves weight by reducing the size of tanks. In
addition, increased flight safety, due to the absence of a potential threat of rocket propellant.

Suppose the initial mass of a spacecraft is m; = 1000 kg, the initial speed is vi = 7.8 km/s (in the
coordinate system of the Earth), the kinetic energy is =~ 30.4 GJ. From the above example, it is

seen that the final mass of the spacecraft is ms = 323 kg (since mi/ms = 3.1), the final speed is vf =
11.4 km/s (in the coordinate system of the Earth), the kinetic energy is = 21 GJ. Thus, in the

10 The duration of acceleration is the time interval between the first and last acceleration pulses (therefore, the
duration of the first and last periods of rotation are not taken into account).



process of acceleration, the kinetic energy of the spacecraft decreased to 69% of the initial level.
This fact indicates that the new engine is not Perpetuum Mobile (as it may seem at first glance).

Let us assume that the velocity of propagation of a blast wave in an explosive is = 4 km/s. Since
the characteristic size of a micro-robot is 4 mm, the self-destruction time is approximately =~ 10
s. During this time, the micro-robot will fly = 2 cm (at a speed of 19.2 km/s). Thus, the use of
micro-robots does not impose significant restrictions on the minimum size of the working
chamber of the engine. In case of successful creation of a new engine, one of its main indicators
will be its clock frequency (the number of micro-robots that explode inside the working chamber
per unit of time).

Supposing, a probe-spotter moves in front of a spacecraft at a distance of 5 thousand km. To
overcome this distance with a medium counter speed of 17.6 km/s, the micro-robot needs time ~
284 s. Supposing, a micro-engines of a micro-robot provide acceleration of ~ 1 m/s2. Over the
specified time, the trajectory of the micro-robot can deviate in the right direction to a distance of
up to = 40.3 km, and the cross-sectional area (of space corridor from which micro-robots are
collected) will be AS = 5.1 thousand km?. Assume M = 242t,V = 1.8-10° m?, v = 17.6 km/s.
Using equations (8; 9), can be obtain the mass flow of micro-robots ~ 1.2 kg/s, the engine clock
frequency =~ 120 kHz. On condition Isp = 488 c, the average engine thrust force will be ~ 5745 N.

4. Conclusions

The article describes a new method of dealing with space debris, which consists in using
controlled micro-robots moving in a retrograde near-earth orbit towards space debris particles. It
is shown that the use of controlled micro-robots is an effective and safe method of dealing with
space debris. The use of space micro-robots allows you to eliminate small space debris from
near-Earth orbit and control the movement of medium and large particles of space debris. This
prevents the development of events according to the Kessler scenario (uncontrolled division of
space debris). In addition, the development and use of controlled space micro-robots is a
promising direction for the development of space technologies, which is at the junction of
several important problems of cosmonautics. For example, controlled micro robots can be used
to accelerate, decelerate, and correct the orbit of a spacecraft. Orbital grouping of micro-robots
can be used to search and refine the coordinates of space debris particles (or space particles of
natural origin). Based on controlled micro-robots, it is also possible to develop and create a new
engine to accelerate the spacecraft. Such an engine is highly efficient and can be used for flights
to other planets of the solar system (for example, to Mars).

On behalf of all authors, the corresponding author states that there is no conflict of
interest.
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