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Abstract: The development of plasma accelerators for spacecraft propulsion that can capture space
matter and energy shows great promise for spacecraft advancement. Such a technical approach
offers a viable solution to the challenges associated with traditional rocket fuel. In the present paper,
we explore the utilization of interplanetary matter as fuel for plasma thrusters on space vehicles,
specifically for flights within the vicinity of Earth. Herein, solar radiation is considered a source of
energy for the ionization and acceleration of particles captured from the space environment.
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1. Introduction

The exploration of even near-Earth space requires creating vehicles that accelerate to
high speeds. As was shown in Refs. [1–4], the maximum velocity for present-day chemical
engines is only roughly 103 m/s, with nuclear engines able to reach speeds around 104

m/s, and end-Hall thrusters demonstrate the capability to generate exhaust speed on a
scale of 5 × 105 m/s. Notably, the potential of chemical and nuclear engines is inhibited by
the energy produced during their respective reactions (as discussed in Refs. [3–7]). These
limitations for plasma thrusters, however, may, in principle, be evaded when external
power and matter sources are applied (see [8,9] and the references therein). Solar radiation
could be an energy source for ionizing and propelling the operational matter collected from
the interplanetary medium comprising cosmic dust and solar wind [10–23]. However, the
material captured from the space between planets falls short in quantity to produce the
necessary thrust for a spacecraft.

To illustrate these aspects regarding plasma thrusters, let us examine the common
thrust definition T =

.
muex, where

.
m is the rate of fuel consumption and uex represents

the effective exhaust velocity (this is a product of the specific impulse and the standard
gravitational force of Earth). As can be seen from this formula, higher flow rates require
less fuel to generate the desired thrust. For plasma thrusters, the highest achievable value
of exhaust velocity is only constrained by the acceleration process and the input energy. If
we use the Sun as an external energy source, then we will have an almost unlimited power
tank. Therefore, one may try to accelerate the plasma flow to ultrarelativistic speeds when
the effect of mass increases provides an acceptable value of thrust with a relatively small
number of particles that create this thrust.

A possible technical implementation for such a thruster scheme was initially described
in Refs. [8,9]; a diagram of this device is displayed in Figure 1 below. Although the principle
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of operation for the proposed device is clear from this figure, we shall briefly describe some
key points.
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Figure 1. Spacecraft diagram: 1—interplanetary dust; 2—particle trap; 3—the spacecraft’s move-
ment direction; 4—discharge chamber; 5—ship; 6—solar panel; 7—plasma flow creating the ship’s
thrust [9].

This scheme is a transfer of the Bussard ramjet to a plasma thruster. However, in the
present scheme, even at low values of

.
m extracted from outer space, we may increase the

engine thrust T due to an increase in the specific impulse. Such behavior is possible only in
a plasma accelerator and is a key difference from the Bussard ramjet that supposedly uses
a thermonuclear spacecraft engine (see [24–29]).

In principle, such open-type technical units can provide the exchange of energy
and matter of the interplanetary medium for a spacecraft’s momentum, which develops
ways to create space vehicles that do not require stores of fuel. However, the real technical
implementation of similar units strongly depends on the state of the interplanetary medium:
the flux densities of solar energy and the interplanetary substance. In the present paper, we
discuss this concept of a plasma thruster for near-Earth space.

2. Analysis of Astrophysical Data

Drawing on astrophysical research [10–23], we briefly delve into the physical proper-
ties of matter in near-Earth space that are required, analyzing the efficiency of the proposed
scheme. The primary constituents of interplanetary matter we focus on are the solar wind,
high-energy charged particles, interplanetary dust, and neutral gas [19–22].

Solar wind mainly comprises of hydrogen plasma, with a minute portion of helium ions,
generated from the transfer processes within the Sun’s corona. Direct observations [10–14,16,23]
suggest the formation of non-stationary, spherically asymmetric flows that vary significantly
over time depending on the solar corona’s state. Plasma expulsion creates non-stationary
shockwaves within the interplanetary space close to the Sun, exhibiting sudden changes in
velocity, density, and temperature when faster flows overtake slower ones. As these waves
move away from the Sun, they interact, resulting in a quasi-stationary plasma flow at a distance
of about one Astronomical Unit (A.U.) directly in near-Earth space.

This flow constantly contains a relatively slower part of the solar wind with typical
speeds of 300 ÷ 500 km/s and a density of 10 ÷ 15 cm−3 [19,23], originating from the
gas-dynamic expansion of the solar corona’s “quiet” portion (the so-called slow flow). The
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quasi-stationary flow (the so-called fast flow), with speeds of 700÷ 1000 km/s and a density
of 3 ÷ 4 cm−3, comprises particles emanating directly from the Sun’s surface [16,19,23].
This phenomenon appears within several months and repeats every 27 days.

Another component is the relativistic flow of protons generated during solar flares, but
this is typically short-lived and sparse; thus, its contribution is often disregarded [19,23]. As
a result, the quasi-stationary plasma flow’s average speed is vsw = 400 ÷ 500 km/s with a
density range of 10 ≤ nsw ≤ 20 cm−3, as observed in Earth’s orbit [10,19,23]. As was shown
in [10,23], both the pressure gradient and the Sun’s gravitational force can be ignored at a
distance of around 1 A.U. This implies that for distances r > 1 A.U., the wind speed can
be considered steady, and the flow’s density declines with the distance as a function, r−2,
whereas at a distance of r = 2 A.U., the density would fall within the 2 ≤ nsw ≤ 5 cm−3

range. Therefore, this nsw value can be utilized for approximate calculations within a
distance range of 1 ≤ r ≤ 2 A.U. Clearly, if r < 1 A.U., this value would increase as we
move closer to the Sun.

Now, we shall move on to discussing the component composition of cosmic dust. Ac-
cording to [14,15,17,19], interplanetary dust comprises three main chemical elements: mag-
nesium (Mg), silicon (Si), and iron (Fe). The present elements are included in approximately
equal proportions, and silicon has the highest ionization potential, εi = 8.15 eV [14,19];
this value will be used in subsequent estimations. One can expect that these components
create the main part of the thrust since they have the largest atom masses and the highest
percentages in the compounds of interplanetary dust. To simplify the present rude calcu-
lations, instead of all dust components, we introduce a “medial” dust particle with mass
µΣ =

(
µMg + µSi + µFe

)
/3 ≈ 60 × 10−27 kg, where µMg, µSi, and µFe are the molecular

weights of magnesium, silicon, and iron, respectively.
Proceeding from this point, we can approximate the density of dust particles by esti-

mating the annual influx of dust from the zodiacal cloud into Earth’s atmosphere as it orbits
the Sun. The observations in [17,20,22] indicate that approximately 25,000 to 45,000 tons
of interplanetary dust settles on Earth each year, corresponding to a mass flow rate of
Jd = 0.79 ÷ 1.42 kg/s. For our analysis, let us consider Jd = 1.11 kg/s a characteristic value
for the mass of the dust flow reaching the Earth’s surface. On the other hand, this dust flux
can also be estimated as a function of the cross-sectional area of Earth’s orbit around the
Sun and the density of interplanetary dust

Jd = µdndUSE, (1)

where µd is the mass of a dust particle, nd is the dust density, U is the speed of the dust
flow relative to the Earth, and SE is an effective cross-section of the Earth through which
the dust flow enters the Earth’s atmosphere. To determine the value of nd near Earth,
we shall proceed from the point that U coincides with the speed of the Earth’s rotation
around the Sun, vEh = 30 km/s. This assumption considers the dust to be stationary, and
the effective cross-section is considered to be a circle with a radius Re f = REh + h, where
REh ≈ 6371 km is the radius of the Earth and h ≈ 1000 km is the height of the atmosphere,
above which there are no collisions with particles. Using these astrophysical data and
setting µd ≡ µΣ, from Equation (1), we find nd ≈ 36 cm−3. Note that this result coincides
in its order of magnitude with the experimental values in [15,18,19] in which the density
nd = 10 cm−3 was observed in near-Earth space. Therefore, based on this information, we
can estimate the dust density in the near-Earth space to be 10 ≤ nd ≤ 36 cm−3.

According to experimental data [11,19,22], the density of neutral gas in the solar
system is much smaller than the density of the solar wind and dust. Therefore, as fuel for
plasma thrusters, one may consider only the solar wind and interplanetary dust as a fuel
medium. As can be seen from our estimations, in the near-Earth space (at a distance of about
1 A.U.), these components of the interplanetary medium provide the maximum density,
nΣ = nsw + nd

∼= 12 ÷ 41 cm−3. However, in order to use this value of density, we must
consider the magnitude and direction of the solar wind flow relative to the ship. To simplify
our estimations, we shall consider only a stationary, immobile interplanetary medium with
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a low density of nΣ = 10 cm−3. As a result, we shall obtain a rough assessment of the
process under study, as shown below.

To determine the possibility of using solar radiation for ionizing neutral atoms and
their subsequent acceleration we must take the solar radiation power distribution WC as a
function of the distance from the Sun. As a characteristic temperature of the Sun, we take
TS = 6000 K at a distance of RS = 6.9·108 m [11,16,23]. Then, using the Stephan–Boltzmann
law, we find

W =
σT4

S

(r/RS)
2 , (2)

where σ is the Stefan–Boltzmann constant. This dependence is sketched in Figure 2, and
for the convenience of perception, the distances from the Sun to the planets that fall inside
a sphere of radius RC are labeled, where RC is the distance from the Sun to the edge of the
asteroid belt since there is no dust beyond this boundary. In the present case, the value RC
is the natural boundary of the area in which the proposed scheme can be used. The results
presented in Figure 2 coincide with the experimental data [19,20]. So, it is possible to use
Equation (2) in order to make rude estimates in the near-Earth region.
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Figure 2. Dependence of solar radiation power as a function of distance between Sun and Ceres.
Here, 1 corresponds to the Earth orbit (RE = 1 A.U.) and 2—the Ceres orbit (RC = 2.76 A.U.) [8,9].

Again, we would like to emphasize that all values presented in this section must
be considered from the point of view of the rude estimate below, which only shows the
physical and technical feasibility of the present idea in principle.

3. Dynamics of Spacecraft Acceleration

We study the acceleration of a nonrelativistic object (i.e., for the spacecraft’s speed, we
have v � c) with an allowance for the particles collected from the interplanetary medium
ejected after acceleration to relativistic velocities. We focus on the case in which the effects
of external factors (e.g., frictional force in the atmosphere, gravitational fields near massive
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objects) on the movement of the spacecraft are negligible, i.e., we shall proceed from the
generalized Meshchersky equation [2,30]:

m
dv
dt

= (v+ − v)
dm+

dt
− (v− − v)

dm−
dt

, (3)

where m is the mass of spacecraft, v is the spacecraft’s speed in the laboratory frame
of reference, m+ and v+ are the respective mass and speed of particles captured by the
spacecraft, and m− and v− are the respective mass and speed of particles emitted into
space. Note that Equation (3) is valid only if the following conditions hold:∣∣∣∣dm+/dt

m+

∣∣∣∣ �
∣∣∣∣dv+/dt

v+

∣∣∣∣, ∣∣∣∣dm−/dt
m−

∣∣∣∣� ∣∣∣∣dv−/dt
v−

∣∣∣∣. (4)

We shall consider the simplest one-dimensional case in which the interplanetary
medium is immobile, i.e., we set v+ = 0, and the velocity v− of the ejected particles is
considered in a nonrelativistic way in a laboratory frame. This may be accomplished due
to the nonrelativistic spacecraft speed

v− =
v − uex

1 − (u exv)/c2 ≈ v − uex. (5)

Herein, the exhaust plasma flow may be relativistic so far as the value of uex is defined
by the absorption and dissipation of radiation flux, as well as the number of particles
trapped per unit time:

N = SvnΣ, (6)

where the cross-section of the trap, S = S(D), through which interplanetary matter is
captured by the spacecraft is defined by the inlet diameter of the trap, D (see Figure 1). In
this case, the attached mass is created only by an incoming flow of captured particles:

dm+

dt
= µΣN. (7)

Assuming all ejected mass dm−/dt is the accelerated flow of incoming particles, we
can write

dm−
dt

=
1√

1 −
( uex

c
)2

dm+

dt
. (8)

Note that the exhaust velocity uex depends on the solar radiation power W which, in
turn, is a function of the distance from the Sun to the spacecraft (see Equations (13)–(15)).
Such a consideration is necessary for flight over long distances (say, of the order of 1 A.U.)
when the radiation power varies greatly (see Figure 2). With allowance for immobile
interplanetary medium, substituting (5), (7) and (8) into Equation (3), in one-dimensional
geometry, we derive

dv
dt

=
µΣ

m
SnΣ

 uex√
1 −

( uex
c
)2

− v

v. (9)

To use this equation, we need to define the relationship between the kinetic energy of
the accelerating particles which form the outgoing plasma flux and the processes of the
absorption and dissipation of radiation. Generally, the kinetic energy of an exhaust particle
is determined by the expression

K = µΣc2

 1√
1 −

( uex
c
)2

− 1

. (10)
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If we consider only elastic head-on collisions with the spacecraft’s surface and assume
that the energy of the coming particles is spent on the deceleration of the spacecraft, one
can write the power balance relation for absorbed radiation as

ζWSsp − SvµΣnΣ
v2

2
= N (K + εi), (11)

where Ssp is the area of the solar panel and ζ is the conversion coefficient of solar radiation
into power going to the production and acceleration of plasma flow. We introduced this
factor to take into account some energy losses in solar batteries in the processes of ionization
and acceleration, etc. The use of such an integral value makes it possible to account for
all energy losses in a parametrical way without considering the physical essence of these
parasitic processes. On the other hand, the choice of ζ requires a detailed analysis of all
technical elements determining the operation of the plasma thruster. However, while this
question emerges from the framework of the present paper, we hope to discuss this point
later. Here, we shall limit ourselves to choosing some acceptable value for ζ.

As an example of using expression (11), we consider the analytically simplest case
when uex � v, which allows us to neglect the second term on left-hand side in Equation (11).
Also, we assume that K � εi, i.e., v �

√
2εi/µΣ, and the ionization losses are negligibly

small (in our case, this means v � 104 m/s). In this range of spacecraft speeds, setting
Ssp = S for simplicity, from Equation (11), we derive

K =
ζW
vnΣ

. (12)

Then, from (10) and (12), we arrive at

uex = c

√
1 − y2

(1 + y)2 , (13)

where
y = v/U∗ , (14)

and the value
U∗ = ζW/ (n ΣµΣc2

)
(15)

is the characteristic velocity scale for the problem under consideration and reflects the
dynamics of the transformation from radiation energy into the kinetic energy of the accel-
erated plasma flux. At this stage, we would again like to emphasize that uex is in fact the
specific impulse for the problem under consideration.

To understand the order of this value, we shall make a rough estimate for typical
conditions. Assuming that the energy conversion factor ζ is 10−3 (this value is used in all
further calculations), and if as a characteristic estimate of radiation flux near the Earth we
take W = (1 ÷ 2)×103 W/m2 (see Figure 2), then, using these values in Equation (15), we
obtain U∗ = (20 ÷ 40) m/s. In our further estimations we shall use the value U∗ = 20 m/s
as a characteristic magnitude. That is, the value U∗ is very small for the dynamic scales of
the problem under consideration.

The relation (13) shows how uex depends on the spacecraft’s velocity v and the char-
acteristics of the interplanetary medium via the parameter y. As an illustration of this,
Figure 3 presents a graph of βex = uex/c for relatively small values of y. As can be seen in
Figure 3, for greater values y � 103, a nonrelativistic case is realized in which βex < 10−1.
Such dynamics result from the growing number of particles captured N with an increase in
velocity v when the absorbed energy per particle falls.



Appl. Sci. 2023, 13, 13195 7 of 15Appl. Sci. 2023, 13, x FOR PEER REVIEW 7 of 15 
 

 

Figure 3. Dependence of 𝛽𝑒𝑥 = 𝑢𝑒𝑥 𝑐⁄  on 𝑦. 

We now return to the analysis of the generalized Meshchersky equation. Inserting 

(13) into (9), we derive 

𝑑𝑦

𝑑𝜏
= (1 + 2𝑦)1/2 − 𝛽∗𝑦

2. (16) 

written in the dimensionless form using (13), and 

𝛽∗ =
𝑈∗

𝑐
 , 𝜏 =

𝑡

𝜏0
,  

where the value 𝜏0 = 𝑚 (𝜇Σ𝑛Σ𝑐𝑆)⁄  plays the role of a natural temporal scale for the pro-

cess under study and may be considered the characteristic time of the spacecraft’s accel-

eration. Thus, Equation (16) completely describes the acceleration of the spacecraft with 

an allowance for the capture and ejection of interplanetary matter and forms the basis of 

the following analysis. 

However, in the present study, we restrict ourselves to the analysis of the initial stage 

of an acceleration when the last term in Equation (16) is a negligibly small quantity. Such 

approximation shall be realized if 

(1 + 2𝑦0)
1/2 ≫ 𝛽∗𝑦0

2,  

where 𝑦0 = 𝑦(𝜏 = 0) ≫ 1. So, from this inequality, it follows that 

𝑦0 ≪ √2 𝛽∗⁄3
. (17) 

In this case, Equation (16) transforms into 

𝑑𝑦

𝑑𝜏
= (1 + 2𝑦)1/2. (18) 

The solution of this equation is 

𝑦 =
[√1+2𝑦0+𝜏]

2
−1

2
. (19) 

Figure 3. Dependence of βex = uex/c on y.

We now return to the analysis of the generalized Meshchersky equation. Inserting (13)
into (9), we derive

dy
dτ

= (1 + 2y)1/2 − β∗y2. (16)

written in the dimensionless form using (13), and

β∗ =
U∗
c

, τ =
t

τ0
,

where the value τ0 = m/(µΣnΣcS) plays the role of a natural temporal scale for the
process under study and may be considered the characteristic time of the spacecraft’s
acceleration. Thus, Equation (16) completely describes the acceleration of the spacecraft
with an allowance for the capture and ejection of interplanetary matter and forms the basis
of the following analysis.

However, in the present study, we restrict ourselves to the analysis of the initial stage
of an acceleration when the last term in Equation (16) is a negligibly small quantity. Such
approximation shall be realized if

(1 + 2y0)
1/2 � β∗y2

0,

where y0 = y(τ = 0) � 1. So, from this inequality, it follows that

y0 � 3
√

2/β∗. (17)

In this case, Equation (16) transforms into

dy
dτ

= (1 + 2y)1/2. (18)



Appl. Sci. 2023, 13, 13195 8 of 15

The solution of this equation is

y =

[√
1 + 2y0 + τ

]2 − 1
2

. (19)

This relationship describes the initial transient stage for spacecraft acceleration as long
as condition (17) is satisfied. The use of Equation (19) makes it possible to estimate the char-
acteristic time τm for which our spacecraft shall reach its maximum velocity ym ∼ 3

√
2/β∗.

Substituting this value ym into (19), we obtain the following rude estimation:

τm ∼ β−1/6
∗

which can be rewritten for clarity in a dimensional form as

tm ≈ τ0β−1/6
∗ . (20)

As can be seen from this relation, there is a strong, linear dependence with respect to
the characteristic time τ0 and a very weak power dependence on the parameter β∗. In the
discussed case, the influence of varying parameters ζ and W on the acceleration time is
negligible. That is, the inaccuracy in determining these parameters shall have little effect
on the value of tm.

We now estimate the spacecraft thrust:

T = uex
dm−

dt
=

µ0Snduexv√
1 −

( uex
c
)2

. (21)

With allowance for (13)–(15), Equation (21) transforms into

T = (1 + 2y)1/2 ζWS
c

. (22)

For y � 1, by again setting (1 + 2y)1/2 ≈ (2y)1/2, we rewrite this relation in dimen-
sional form as

T = κSv1/2, (23)

where we denote κ = (2ζWµΣnΣ)
1/2, and the thrust T is defined in Newtons. As can be

seen from this relation, the thrust is increased with respect to an increase in v values. This
point is a fundamental otherness from chemical and nuclear thrusters for which there is no
dependence of spacecraft speed. Also, this dependence shows that the proposed scheme
shall be effective at high spacecraft speeds as well as increasing the effective capture area
S. The value of κ depends on both technical characteristics via the parameter ζ and the
interplanetary conditions.

It is clear that the set of these factors defines the technical implementation of the
proposed conception. On the other hand, the present dependence of spacecraft thrust is
brought about by the simplifying assumptions with respect to Equations (11) and (16). For
a more accurate estimate, we should analyze the exact version of Equation (16) with an
allowance for friction power. However, even the present rude estimate allows us to draw a
tentative conclusion about the implementation of the proposed scheme.

4. Implementation of Spacecraft Using Interplanetary Medium

Proceeding from the provided data regarding the distribution of the interplanetary
medium in the near-Earth region, it becomes apparent that the direct utilization of the
interplanetary medium as fuel for future plasma engines is impossible. So, we ought to
apply some technical means of providing the required characteristics of a spacecraft thruster.
For example, we should provide the required density of neutral gas n0 in the discharge
chamber (say, n0 = 1010 cm−3; this value will be used in the subsequent estimations).
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To enhance the efficiency of capturing the interplanetary medium for the designed
plasma engine out, a conical trap can be utilized. This trap is placed on a moving spacecraft
in the direction of its motion (see Figure 1), allowing for an increased density of neutral
particles in the narrow section of the trap compared to the area of the inlet trap. For
example, assuming the inlet diameter of the conical trap is = 200 m and the effective inlet
diameter of the discharge chamber is d = 20 cm, we can then achieve a density increase of
Γ = D2/d2 = 106 times solely through the geometric properties of the trap.

In this case, we assume that the entire process of capturing the interplanetary medium
occurs in a free molecular mode as long as the medium remains collisionless even in the
narrow region of the trap. In other words, the mean free path, calculated from the density
in the outlet chamber area, should be at least comparable to the characteristic size of the
device (e.g., the diameter d). An estimation for the mean free path can be obtained using
the following formula:

λ(n0 ) = 1/
(
σgn0

)
,

Considering the gas kinetic cross-section, σg = 10−16 cm2, we find that for the chosen
value of n0, the mean free path λ(n0) ∼ d is approximately equal to the chosen charac-
teristic dimension of the discharge chamber, d. Hence, the collisionless regime may be
maintained with the chosen geometric parameters of the discharge chamber.

Furthermore, the effective operation of this method requires a relatively high spacecraft
velocity. This is because the accumulation time of particles in the discharge chamber is
proportional to its volume, V, and inversely proportional to the spacecraft’s speed. To
illustrate these points, let us consider a specific example of a real discharge chamber that
could be utilized in the given context.

Similar to the concept of a space scavenger [9,31], we can take a cylindrical discharge
chamber with a volume of V = 105 cm3, operating at low pressure. Typically, radio
frequency fields can produce such discharges in different gas media at pressures of around
p ≥ 10−1 Pa [32–34]. This corresponds to particle densities inside the discharge chamber of
n0 ≥ 1010 − 1011. Then, based on the continuity condition of the flow, we conclude that
the flow of particles incident on the concentrator shall fill the selected volume V in time τn
up to a number of particles N = n0V:

τn =
4N

πD2vnΣ
=

n0

nΣ

d2

D2
Lc

v
, (24)

where Lc is the length of the discharge chamber and Lc = 3 m. At this stage, we want
to emphasize once again that the speed of particles entering the trap relative to the ship
coincides with the instantaneous speed of the spacecraft since only immobile interplanetary
dust was chosen as fuel. Figure 4 shows the characteristic particle accumulation times for
these values as a function of the spacecraft’s speed for different values of the geometric
parameter Γ, which provides an indication of the time scale of the process.

As seen from Figure 4, with allowance for the time scale of plasma production and thrust,
one may pay no regard to the time of capturing matter from space for Γ ≤ 10−6 and β ≥ 10−3.
In the first approximation, the process of plasma capture and acceleration can be considered a
continuous process for D ≥ 200 m when the space medium might serve as a matter tank for
the plasma thruster. In this regard, two questions immediately arise: Is there enough radiation
energy to create thrust? For how long shall the spacecraft accelerate?

As already mentioned, the energy required for the acceleration and ionization of
trapped particles is obtained from a solar battery situated on the surface of the device (as
depicted in Figure 1). The final plasma flow velocity is determined by the radiation flux
and the method adopted for plasma acceleration. For example, one can use the collective
acceleration method based on the momentum transfer of the external electromagnetic field
to the particles of the flow [35–38] or some type of Hall thruster (see [3–7,39–42]). However,
as our scheme necessitates various particle types of different masses, it is imperative to



Appl. Sci. 2023, 13, 13195 10 of 15

take into account the effects of mass and charge separation in crossed electric and magnetic
fields (see [43–45]).

Appl. Sci. 2023, 13, x FOR PEER REVIEW 9 of 15 
 

In this case, we assume that the entire process of capturing the interplanetary me-

dium occurs in a free molecular mode as long as the medium remains collisionless even 

in the narrow region of the trap. In other words, the mean free path, calculated from the 

density in the outlet chamber area, should be at least comparable to the characteristic size 

of the device (e.g., the diameter d). An estimation for the mean free path can be obtained 

using the following formula: 

𝜆(𝑛0) = 1/(𝜎𝑔𝑛0),  

Considering the gas kinetic cross-section, 𝜎𝑔 = 10−16 cm2, we find that for the chosen 

value of 𝑛0, the mean free path 𝜆(𝑛0)~𝑑 is approximately equal to the chosen character-

istic dimension of the discharge chamber, d. Hence, the collisionless regime may be main-

tained with the chosen geometric parameters of the discharge chamber. 

Furthermore, the effective operation of this method requires a relatively high space-

craft velocity. This is because the accumulation time of particles in the discharge chamber 

is proportional to its volume, 𝑉, and inversely proportional to the spacecraft’s speed. To 

illustrate these points, let us consider a specific example of a real discharge chamber that 

could be utilized in the given context. 

Similar to the concept of a space scavenger [9,31], we can take a cylindrical discharge 

chamber with a volume of 𝑉 = 105 cm3, operating at low pressure. Typically, radio fre-

quency fields can produce such discharges in different gas media at pressures of around 

𝑝 ≥ 10−1 Pa [32–34]. This corresponds to particle densities inside the discharge chamber 

of 𝑛0 ≥ 10
10 − 1011. Then, based on the continuity condition of the flow, we conclude 

that the flow of particles incident on the concentrator shall fill the selected volume 𝑉 in 

time 𝜏𝑛 up to a number of particles 𝑁 = 𝑛0𝑉: 

𝜏𝑛 =
4𝑁

𝜋𝐷2𝑣𝑛Σ
=
𝑛0
𝑛Σ

𝑑2

𝐷2 
𝐿𝑐
𝑣
, (24) 

where 𝐿𝑐 is the length of the discharge chamber and 𝐿𝑐 = 3 m. At this stage, we want to 

emphasize once again that the speed of particles entering the trap relative to the ship co-

incides with the instantaneous speed of the spacecraft since only immobile interplanetary 

dust was chosen as fuel. Figure 4 shows the characteristic particle accumulation times for 

these values as a function of the spacecraft’s speed for different values of the geometric 

parameter Γ, which provides an indication of the time scale of the process. 

 
Figure 4. The characteristic accumulation time τn as a function of β = v/c for different values of Γ.
Curve 1 corresponds Γ = 10−4; curve 2 corresponds Γ = 10−6; and curve 3 corresponds Γ = 10−8.

In the present work, we do not focus on these points in detail, limiting ourselves
to considering only the energy and material aspects of the discussed scheme (we hope
to touch on these questions in future works). Nevertheless, as an illustration, we now
consider one of possible technical approaches to the acceleration of the captured matter
sketched in Figure 5 [35–38]. As is seen from Figure 5a, the flow of collected particles is
injected into the acceleration section from the discharge chamber (if the captured matter is
neutral particles). Figure 5b explains the physical idea of this plasma accelerator for a flow
containing electrons, single-positive-charged ions, and heavy multiply charged negative
particles. In this configuration, an alternating axial magnetic field, Bz0(t), generates an
azimuthal component of the electric field Eϕ0(t) which, in turn, rotates the electron current,
jeϕ, the dust particle current, jdϕ, and the ion current, jiϕ, in different directions.
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plasma containing electrons, dust particles, and ions.

Herein, the acceleration effect depends on the ratio between Br0 and ∂tBz0, but it does
not depend on the magnitude of Bz0 itself. So, there is no need to create a large current
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in the solenoid, and one can expect to achieve significant acceleration of the plasma flow.
Unfortunately, the described method of creating the required configuration of magnetic
fields does not seem optimal since the ideal field distribution presented in Figure 5b can
hardly be fully realized in the scheme shown in Figure 5a.

However, one can say that this is a solvable issue from the technical and physical point
of view, and we hope to discuss this question later. In this regard, we consider the energy
losses associated with these factors via the parameter ζ, changes in which have a relatively
weak effect on the value tm. For example, by varying the D value in Equation (20), we
can estimate the characteristic time tm with respect to the conceivable characteristics of a
spacecraft actually used for near-Earth flight.

We shall proceed using information about Apollo 11, the first spacecraft that made
such a flight. As is known [2], the mass of Apollo 11 was 15 tons, of which 10 tons
were fuel. In our estimations, we take the characteristic spacecraft mass from the range
104 ≤ m ≤ 105 kg. Recall that for ζ= 10−3 and W = 103 W/m2, we have U∗ = 20 m/c,
which yields β∗ = 7 × 10−8. For the above-specified spacecraft geometry, we take S ≈ D2.
At the indicated values of nΣ and µΣ, Equation (20) is reduced to

tm ≈ 9·1010 m
D2

where the mass of the ship is defined in kilograms, and the trap diameter is defined in
meters. This dependence is presented in Figure 6.
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Figure 6. The dependence of tm on D for different conceivable values of spacecraft mass. Curve 1
corresponds m = 104 kg; curve 2 corresponds to m = 2× 104 kg; and curve 3 corresponds to m = 105 kg.

The value tm ≈ 107 s is approximately equal to 100 days. These graphs shows that one
may obtain the acceptable acceleration time ( tm ∼ 107 s) only for a spacecraft of relatively
light weight ( m ∼ 104 kg) with a trap diameter > 104 m. Such parameters are difficult to
achieve at the current technical level. However, we used obviously underestimated values
for ζ, W, nd, and especially the area of the solar panel which, for simplicity, was equal to
the area of the trap. In reality, the area of the solar panel may differ from that of the trap
by an order of magnitude. Therefore, the present results are preliminary, rough estimates
indicating the direction of further work.



Appl. Sci. 2023, 13, 13195 12 of 15

To display the potential possibilities of the discussed scheme using relation (22), we
calculate the thrust generated by the attached mass. Figure 7 shows the dependence of T
on v for different values of D. As can be seen from these graphs, we observe the increasing
thrust with respect to the spacecraft’s velocity. However, there is a stronger dependence on
D since ∼ v1/2, T ∼ D2, and this feature again returns us to the problem of the spacecraft’s
size. This aspect of the problem shall be discussed in our forthcoming works.
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5. Conclusions

The present study explored a possible scheme of a plasma thruster, utilizing high-
speed plasma flows comprising electrons, ions, and heavy multiply charged dust particles.
These high-speed particle flows are generated from captured matter by utilizing solar
radiation as the spacecraft follows a specific trajectory.

Certainly, it would be interesting to analyze this conception from the point of view of
long-range flights in the solar system. However, at present, the region of near-Earth space
is the most well-studied region. Therefore, using information about the interplanetary
medium near Earth, we considered the proposed scheme of a plasma engine for flights
only in near-Earth space. It should be noted that we greatly simplified our calculations; we
disregarded the contribution of solar wind and focused solely on stationary interplanetary
dust in a vicinity of approximately 1 A.U. As a result, the findings presented in this study
should be regarded as a lower rough estimate that highlights the potential for the technical
realization of the proposed scheme. Also, we would like to point out that there are many
technical applications and developments for the proposed idea (see [31,45,46]).

From graphs depicted in Figure 5, it follows that the use of the proposed scheme for
small velocities is impractical, as one requires a huge trap (D > 104 m). However, bearing
in mind the dependence (23), one can expect that the proposed approach shall be effective
at high spacecraft speeds. It is also worth noting that in the present estimations, we used
a very low-density value of captured matter, nΣ = 10 cm−3, whereas from the estimates
of Section 2, it follows that the real density value can be increased by at least four times,
which means the size of D may be reduced by a corresponding number of times.
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Note that the coupling of the trap and plasma accelerator chamber can be carried out
in various ways; this point strictly depends on the interplanetary medium composition, as
well as the method for plasma generation and the acceleration of plasma flow. A sample of
such coupling is presented in Figure 5a, where the neutral dust flow accumulated in the
trap is directly introduced into the discharge chamber through a set of inlet holes. If only
solar wind particles are used as fuel for a plasma thruster, one can abandon the conical trap
and replace it with a magnetic trap (see [24,29] and the references therein). The charged
particles can be collected in the proposed magnetic field (so-called magnetic mirrors [47])
and guided into an inlet of the plasma accelerator. In this case, we escape the problems
with the size and weight of the conical trap, and there is no need for a discharge chamber;
the magnetic trap shall act as a brake.

In this regard, we would again like to emphasize that in the discussed case, there is no
need for a large number of trapped particles to create acceptable thrust since the exacted
thrust value can be obtained owing the relativistic increase in the momentum of the rejected
particle flow.

Moreover, it is crucial to account for the energy losses associated with the implemen-
tation of low-pressure discharge and the method of plasma acceleration, along with the
transformation of solar energy within the solar cells. To abstract away from the considera-
tions of such points, we introduced an energy conversion factor ζ which accounts for the
impacts of these processes and for any unknown factors. In this context, we set ζ= 10−3.
One should expect that the value of ζ can be enhanced; hence, the current estimates should
only be viewed as preliminary. They principally exhibit the feasibility of implementing the
discussed scheme, and we intend to discuss these questions in our forthcoming works.
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