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This study explores the dynamic evolution of dust electrical potential and plasma particle number densities
with a focus on the charging of dust grains through electron and ion absorption, as described by the orbital
motion limited (OML) theory. The initial model, which does not account for plasma particle sources and sinks,
predicts that dust grains could eventually absorb all plasma particles, leading to a null electrical potential.
To address this, we introduced source and sink terms considering a finite region of space in order to simulate
real conditions. Our findings indicate that, with the inclusion of plasma particle flow into and out of the
region, dust grains reach a stable, non-zero equilibrium potential and the electron and ion densities reach
an equilibrium value. This equilibrium is dependent on the size of the region; larger regions result in lower
plasma densities and more negative equilibrium potentials. For extensive regions, the dust potential initially
mirrors the scenario without sources or sinks but eventually deviates, showing increasing negative values as
the region size grows. This behavior is attributed to the electron source term surpassing the combined sink
and absorption terms at certain intervals along time evolution.

I. INTRODUCTION

Dusty plasmas are common in astrophysical and lab-
oratory environments. They present several properties
which are different from those of conventional plasma
since the dust grains acquire an electrical charge and
change the collective behavior of the system1. Although
there are many processes by which dust particles acquire
electrical charge, one of the most important in astro-
physical environments is the absorption of plasma par-
ticles. Inelastic collisions between plasma particles and
dust grains result in the absorption of the particles’ elec-
trical charge by the dust. As a result, the dust particles
become negatively charged simply because their encoun-
ters with the swift electrons are more frequent than with
the ions2.
In addition to the absorption of plasma particles, dust

grains may acquire an electrical charge due to photo-
electric charging by electromagnetic radiation, secondary
electron emission, field emission, among others. The
charge and potential of the dust particle immersed in
a plasma will be ultimately determined by the balance
between the electron and ion current towards the dust
particle’s surface3,4.
The source of dust particles in space environments

can be diverse. In planetary environments, such as
the Earth’s magnetosphere, interplanetary dust particles
from the solar wind may be captured by the planet’s
gravity5. Also, the dust flux occasionally increases in
passages of meteoroids and comets closer to the Sun6,7.
Inside the heliosphere, dust particles have been de-

tected through infrared emissions, particularly during so-
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lar eclipses8,9, as well as by direct observations from mis-
sions like NASA’s Parker Solar Probe10.
The existence of dust grains in stellar winds of distant

stars has also been observed. Circumstellar dust in R
Coronae Borealis (RCB) stars causes their brightness to
drop up to 8 mag in visible light due to the presence of
dust in distances as close as 1.5 stellar radii11. In carbon-
rich stars, carbon dust particles play an important role in
the acceleration mechanism of their stellar winds, causing
the lost of a notable amount of their masses by way of
these powerful particle flows12,13.
When studying the characteristics of these dusty plas-

mas, it is common to consider the absorption of plasma
particles as the main dust charging process14–16. Al-
though it is well known that other mechanisms may also
play an important role in the plasma features, such as the
effect of photoionization in the propagation and damping
of electromagnetic waves17.
Allen, Boyd, and Reynolds 18 developed a charging the-

ory based on radial motion (ABR theory). It assumes
that the plasma ions are collisionless and cold, so that
ions initially far from the grain simply fall in straight
radial lines onto the grain through its attractive electric
field. ABR theory models the charging of a sphere in a
plasma with cold ions, leaving aside the question of how
a sphere charges in a plasma with ions of non-negligible
kinetic energy.
To address the issues with ABR theory, one may

use the most popular charging model, the orbit motion
limited (OML) theory of Mott-Smith and Langmuir 19 ,
which takes into account the kinetic motion of the ions.
The OML theory is known to predict accurately the dust
potential for a variety of applications, despite its simpli-
fying assumption of collisionless ion orbit that misses the
effect of absorption radius around the dust surface20.
More sophisticated models, such as the orbit motion

(OM) theory, can account for absorption radii and gen-
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erate expressions for dust potential and ion density as
a function of distance from the grain21. Naturally, this
comes with a more involved and less tractable algebra
and calculus than those of the OML model, and it does
not produce closed-form expressions for the dust poten-
tial.
Several works provide a comprehensive analysis of

ionization-recombination processes and dust charging dy-
namics and highlights the interplay between plasma ab-
sorption and other charging processes as key mechanisms
determining the charge and sign of grains both in labo-
ratory and space plasmas22,23. However, the literature
provides limited discussion on the plasma number den-
sity variations during the dust charging process.
Since most space plasmas are in a dynamical environ-

ment, it may be considered that a flow of plasma parti-
cles in the system maintains the plasma species densities
practically constant. In view of that, most of the stud-
ies on the potential of dust grains in a plasma do not
take into account the dynamical variation on the plasma
species number densities in the time period when the
dust grains are being charged, calculating the equilibrium
value considering constant electron and ion densities that
satisfy the quasi-neutrality condition24–26.
However, if one wishes, e.g., to study the dynamical

variation of the plasma distribution functions as the dust
grains are charging, it is necessary to consider the changes
of densities in each interval of momentum and position
space. Therefore, it is necessary to write equations that
describe the evolution of the distribution functions of
plasma particles.
In this work we begin to explore the changes in the

distribution functions related to the dust absorption of
plasma particles, considering the OML theory. As a first
approach, we study the evolution of the average densities
together with the potential of a dust population disre-
garding diffusion effects. We see that considering only
the absorption of particles described by the OML theory,
the plasma densities and the dust electrical potential tend
to zero after a large amount of time.
To address this issue, we propose a simple model for

the flow of plasma particles into and out of the considered
region. As we will see, the equilibrium dust potential and
plasma densities will ultimately depend on the size of the
dusty plasma region. This paper is written as follows:
in section II we introduce the dust charging model and
present the potential and densities evolution equations;
in section III we derive the source and sink terms for the
plasma particles; section IV show the numerical results
for the model; finally, the conclusions are presented in
section V.

II. THE CHARGING OF DUST GRAINS

For the model of dust charging, we consider a homo-
geneous dusty plasma composed of electrons, ions and
spherical dust grains with constant radius a and variable

electrical charge qd. The charging occurs due to the ab-
sorption of plasma particles via inelastic collisions, and
is described as an electric current incident on the grain’s
surfaces as follows14:

Iβ(qd) =

∫

d3pqβσβ(qd, p)
p

mβ
fβ, (1)

where qβ , mβ and fβ are, respectively, the charge, mass
and distribution function of the plasma species β, p is
the momentum of the plasma particles, and

σβ(qd, p) = πa2
(

1−
2qdqβmβ

ap2

)

H

(

1−
2qdqβmβ

ap2

)

(2)
is the charging cross section, with H(x) denoting the
Heaviside function. The quantity Iβ(qd) corresponds to
the fraction of the total current on the grain’s surface
due to the β species.
This charging model is derived from the OML theory

and does not take into account the presence of an ex-
ternal magnetic field. Such field would change the path
described by electrons and ions (in this case, cyclotron
motion around the magnetic field lines). However, for
weakly magnetized dusty plasmas, it has been shown27,28

that this model is valid when the relation a≪ rLe, with
rLe being the electron Larmor radius, is satisfied.
Considering only the absorption of plasma particles by

the grains, the time evolution of the dust charge is given
by

dqd
dt

=
∑

β

Iβ(qd). (3)

We now write equations (1) and (3) in terms of the
following dimensionless variables:

τ =
t

τc
, ψd =

eqd
akBTe

, χβd =
qβqd
akBTβ

, χe =
e2

akBTe
,

εβ =
nβ

n0
, εd =

nd

n0
, Ĩβ =

Iβ

2
√
2πa2en0vTe

,

(4)
where

τc =
√
2π

λ2De

avTe
(5)

is the characteristic charging time, kB is the Boltzmann
constant, Tβ, nβ and vTβ are the temperature, density
and thermal velocity of the plasma species β, e is the
elementary charge, n0 is the initial number density of
plasma particles and

λDe =

(

kBTe
4πn0e2

)1/2

(6)

is the initial electron Debye length.
In terms of these variables, and considering that the fβ

are described by Maxwellian distributions, the equation



3

−2.5

−2

−1.5

−1

−0.5

 0

10
−2

10
−1

10
0

10
1

10
2

10
3

10
4

10
5

ψ
d

τ

εβ constant

εβ variable

FIG. 1. Time evolution of the dimensionless dust poten-
tial considering constant plasma particles densities (contin-
uous lines) and variable densities (dashed lines), following
equations (12) and (13). Plasma parameters are as follows:
ne0 = ni0 = n0 = 109 cm−3, Te = Ti = 104 K, a = 10−4 cm
and εd = 10−5.

for the dust charge evolution is written as

dψd

dτ
=

∑

β

Ĩβ (7)

with

Ĩe = −ǫe

{

exp (−χed) ψd < 0

(1− χed) ψd ≥ 0
, (8)

Ĩi = ǫi
vTi

vTe

{

(1− χid) ψd ≤ 0

exp (−χid) ψd > 0
. (9)

To numerically solve these equations, we consider the
following plasma parameters, which are used throughout
this paper: ne0 = ni0 = n0 = 109 cm−3, Te = Ti =
104K, a = 10−4 cm and εd = 10−5. These parameters are
typical of stellar winds coming from carbon-rich stars29.
When we consider that the plasma densities are un-

affected by the dust absorption (i.e., εe = εi = 1), due
to some source of particles that compensate the ones ab-
sorbed by the grains, we get the result depicted by the
continuous line in Fig. 1. The grain will show negative
values of the normalized electrical potential ψd, given
that the collisions with electrons are more common. Af-
ter a certain value of the time τ , the grains achieve an
equilibrium potential value; at this point, the sum of the
currents on the grains’ surface is equal to zero.
Alternatively, we may consider that the plasma densi-

ties are affected as the particles are absorbed by the dust
particles, without any source adding electrons and ions
to the system. From the quasi-neutrality condition,

∑

β

nβqβ + ndqd = 0, (10)
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FIG. 2. Time evolution of the densities εβ = nβ/n0 for elec-
trons and ions following equations (7), (12) and (13) and same
plasma parameters as in Fig. 1.

we see that the variation in the dust charge will affect the
plasma densities. Taking the derivative with respect to
time, using equation (3) and the dimensionless variables
(4), we get

(

dεi
dτ

+ εd
1

χe
Ĩi

)

+

(

−
dεe
dτ

+ εd
1

χe
Ĩe

)

= 0. (11)

Since the ion and electron currents on the grains’ surface
will affect only the corresponding species density, we con-
sider that the sums within each parentheses in equation
(11) are equal to zero, so we write for the densities evo-
lution:

dεi
dτ

= −εd
1

χe
Ĩi, (12)

dεe
dτ

= εd
1

χe
Ĩe. (13)

The solution of the equations (7), (12) and (13) is de-
picted by the dashed line in Fig. 1 for the electric poten-
tial evolution, and in Fig. 2 for the densities evolution,
using the same parameters as before. We notice that the
electron and ion densities will diminish constantly with
respect to time. Since there is no source of plasma parti-
cles and the absorption model (1) does not have any re-
striction to how many particles the dust may absorb, the
grains will absorb the particles continuously such that,
for a sufficiently large time, there will be no more parti-
cles in the plasma.
As a consequence, the electrical potential in Fig. 1

will firstly diminish because of the more frequent elec-
tron collisions. However, at a given time, the ion current
becomes larger and the potential starts to increase to-
wards zero. After a large amount of time, the grains will
have absorbed all the plasma particles and their poten-
tial will go back to zero, which is the equilibrium value
in this case.
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This scenario is not believed to happen in space plas-
mas, since the grains achieve a non zero equilibrium value
while the plasma species densities are not affected in such
extreme manner25,30. These environments are not static
and generally there is a flow of plasma particles origi-
nated, e.g., from the stellar wind31. Additionally, the
OML model for plasma particle absorption does not limit
the amount of particles that can be absorbed by the dust
grains, and it will continue to happen as long as there
are particles present in the system. Therefore, the issue
presented when we study the density evolution together
with the dust potential must be addressed by considering
a flow of particles into the plasma or/and improving the
absorption model used. We use the former approach as
explained in the next section.

III. MODEL FOR SOURCE AND SINK OF PARTICLES

IN A FINITE REGION

The approach we use in this work considers a finite
region where dust grains are present and, consequently,
alter the plasma densities within it. This region is sur-
rounded by a dustless plasma with constant density,
which is the same as the initial density of the region
considered. The plasma particles at the borders of that
region will flow in and out, this flow will be proportional
to the density and thermal velocity of that species. As
a first approach, we simplify the model considering that
the particles will flow in and out along all volume of the
region and not only at the borders, not considering the
diffusion term that appears in the fluid equations.
Therefore, we consider that the density outside the

dusty plasma region is n0 and there is a flow of plasma
species β into that region of n0vTβ particles per unit area
per unit time. Multiplying this term by the region sur-
face area As will result in the total number of particles
flowing into the region. We also divide this term by the
region volume V to result in the density flow of parti-
cles per unit time. Hence, we write the source of plasma
particles as

dnβ

dt

∣

∣

∣

∣

source

= n0vTβ
As

V
. (14)

Similarly, we write a model for the flow to the outside
of the region, which will be proportional to the density
nβ(t). This flow is variable in time since the density in-
side the region will change due to the capture of plasma
particles by the dust grains. We call this term the sink
of plasma particles. Although the absorption of plasma
particles by the dust grains also configure a sink of par-
ticles, we refer to this term as ‘absorption’ term, and
the flow of particles to the outside of the region as ‘sink’
term. Therefore, we write the sink term as

dnβ

dt

∣

∣

∣

∣

sink

= −nβ(t)vTβ
As

V
. (15)
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FIG. 3. Time evolution of normalized dust electrical potential
for several dust region radii R. Gray lines represent regions
with normalized radius R/rd with an increment of 1×103 in
relation to the previous line. Same plasma parameters as in
Fig. 1.

Considering a spherical region of radius R and the

inter-grain distance as rd = 1/n
1/3
d = 1/(εdn0)

1/3, we
write the source and sink terms in terms of the dimen-
sionless variables (4) as

dεβ
dτ

∣

∣

∣

∣

source

= 3
√
2π
vTβ

vTe

λ2De

a(R/rd)
(εdn0)

1/3, (16)

dεβ
dτ

∣

∣

∣

∣

sink

= −3
√
2π
vTβ

vTe

λ2De

a(R/rd)
(εdn0)

1/3εβ. (17)

The absorption term is given by equations (12) and (13),
i.e.,

dεβ
dτ

∣

∣

∣

∣

abs

= −sgn(qβ)εd
1

χe
Ĩβ . (18)

Therefore, the total density variation is given by

dεβ
dτ

=
dεβ
dτ

∣

∣

∣

∣

abs

+
dεβ
dτ

∣

∣

∣

∣

source

+
dεβ
dτ

∣

∣

∣

∣

sink

. (19)

IV. NUMERICAL ANALYSIS

Now we solve numerically equations (7) and (19) for
the same plasma parameters considered in Fig. 1. The
time evolution of the normalized dust electrical potential
for a given region size is depicted in Fig. 3. The colored
lines show the curves corresponding to the ratio of the
dusty region radius over inter-grain distance with values
R/rd = 102, 103, 104 and 3×104; while gray lines repre-
sent regions with normalized radius with an increment of
1×103 in relation to the previous line. Given the numeri-
cal parameters, these R/rd values correspond to spherical
regions with radii ranging from a few centimeters to a few
meters.
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TABLE I. Numerical values for equilibrium dust potential
Ψd,eq, electron density εe,eq and ion density εi,eq achieved in
a time τeq, for different dusty region radius R/rd.

R/rd Ψd,eq τeq εe,eq εi,eq

102 −2.50591 300 0.99994 0.99729

103 −2.52436 1413 0.99938 0.97340

104 −2.69708 12699 0.99480 0.77714

3×104 −3.01591 27098 0.98873 0.51693

We observe that when a finite size for the dusty plasma
region is considered, with a source of plasma particles,
the dust potential tends to achieve an equilibrium value
ψd,eq. As the value of the region radii R increases, the
equilibrium potential tends to be higher in modulus. Fur-
thermore, the time needed for the potential to achieve
an equilibrium value also depends on the region size. As
shown in table I, the dust grains take longer to reach such
value of ψd,eq for higher values of R/rd.

In Fig. 4 we can see the time evolution of electron (top
panel) and ion (bottom panel) densities. Both plasma
species tend to achieve a lower equilibrium value for big-
ger regions. For the region sizes considered, the electron
density decreases by no more than 2% of its initial value.
On the other hand, the ion number density is much more
affected, with the value of equilibrium attaining nearly
50% of the initial value, for R/rd = 3×104.

The ion densities show always decreasing values for
higher time steps until the equilibrium value is numeri-
cally achieved. Meanwhile, the electron densities start
decreasing in time and reach a minimum value; after
this point, the densities increase to reach the equilib-
rium value. While the curves corresponding to R/rd =
102, 103 and 3×104 show always increasing values after
the minimum point, we see in the R/rd = 104 curve a
fluctuation of the densities between approximately τ =
102 and 103 before reaching the equilibrium value. This
behavior can be seen in some of the gray curves, which
show the results for an increment of 1×103R/rd in re-
lation to the previous line. These lines show a smooth
transition between the colored lines and indicate that this
fluctuation only happens in a given interval of R values.

Now we look at larger regions, ranging from tens of me-
ters to the order of 105 km, in Figs. 5 and 6. Fig. 5 shows
the time evolution of the dimensionless dust electrical po-
tential for several R/rd values (colored lines) and for the
case with no source or sink of plasma particles (black
line), i.e., considering an infinitely large dusty region. As
discussed before, the “no source” line will firstly show
decreasing values of the dust electric potential, since the
grains absorb more plasma electrons than ions. However,
for higher time steps, the electron density decreases suffi-
ciently for the ion absorption to become greater and the
dust potential starts to increase in value. Eventually, the
dust grains will absorb all the plasma particles and their
electrical potential will go back to zero, since there is no
source of electrons and ions.
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FIG. 4. Time evolution of electron (top panel) and ion (bot-
tom panel) dimensionless densities εβ = nβ/n0 for several
dusty region radii R. Gray lines represent regions with di-
mensionless radius R/rd increased by 1×103 in relation to
the previous line.

Looking at the colored lines of Fig. 5 we see that the
lines tend to follow the ‘no source’ case until a given
time step. For higher values of R/rd, the colored lines
follow the black line during a longer time interval. If we
tend the region radius to infinity, both the source and
sink terms in equation (19) would tend to zero and we
would get back the case with no source or sink of plasma
particles, as expected. However, we observe that after a
given instant, the potentials stop approaching zero and
start to become more negative, achieving an equilibrium
value further away from zero as R/rd increases.
This effect is related to the source of plasma particles,

as we can see in Fig. 6. While the electrons and ions
densities have ever decreasing values for the case without
source or sink of particles (black lines), the colored lines
show that when we consider a finite region, the electron
density will start to increase after it reaches a minimum
value, until it reaches its equilibrium. This rise in elec-
tron density, which can be of several orders of magnitude,
causes the dust potential to reach high negative values.
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In order to better understand the dynamics involving
the electric potential for large values of radii, we plot the
absolute values of the different terms in equation (19)
separately for R/rd = 109 in Fig. 7. Panel (a) shows the
evolution of the dimensionless electric potential. Panel
(b) shows the absorption term (dεβ/dτ)abs in equation
(19) for electrons (black line) and ions (colored line). The
source and sink terms, (dεβ/dτ)source and (dεβ/dτ)sink,
are shown in panel (c) for electrons and in panel (d) for
ions. Panels (e) and (f) show again the source term to-
gether with the sum of the absorption and sink terms,
i.e., the total subtraction of particles in the plasma, for
electrons and ions, respectively.
As we look at the results for a large value of R/rd,

we observe that the absorption terms in panel (b) are a
few orders of magnitude higher than the sink and source
terms, in panels (c) and (d), for low τ values. At the be-
ginning, the electron absorption term is higher than the
ion term, making the dust potential to increase in neg-
ative values. As the time passes, both absorption terms
are practically equal and the potential seems to achieve a
stable value, however, the ion absorption term becomes
higher and the potential starts to increase towards zero.
The electron and ion absorption terms then start de-

creasing together with their densities, however, around
τ = 104, the electron source term becomes higher than
the sum of the absorption and sink term, as seen in panel
(e), i.e., the electron density starts increasing and the
absorption term stops decreasing. Not long after that,
we see that the electron absorption term is once again
higher than the ion absorption term, and the electrical
potential starts moving towards higher negative values.
Since the potential becomes more negative, the electron
collision becomes more difficult and this term starts de-
creasing again until it reaches the same value of the ion
absorption term, at this point the dust potential is at
equilibrium.
As we see, the analysis of the electric potential dy-

namics reveals significant insights into the behavior of
absorption, source and sink terms as modeled in equa-
tion (19). There is a strong interdependence between the
dominance of each term and the instant value of the dust
potential and the plasma densities.

V. CONCLUSIONS

We studied the time evolution of the dust electrical
potential and plasma particles densities considering that
dust grains are charged by the absorption of electrons
and ions.
The initial model for the absorption of plasma parti-

cles is proposed following the OML theory. We noticed
that this absorption model does not limit the amount of
plasma particles that can be absorbed by the grains, so
that, if we do not consider a source of electrons and ions,
the dust grains will eventually absorb all the plasma par-
ticles of the system and their electrical potential will be
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FIG. 7. Time evolution of the absolute values of the terms in equation (19), for R/rd = 109. (a) Dust electrical potential. (b)
Absorption terms for electrons and ions. Source (dashed lines) and sink (continuous lines) terms for (c) electrons and (d) ions.
Source term (dashed lines) and total subtraction (continuous lines) of (e) electrons and (f) ions.

null.

To address this issue we modeled simple expressions
for the source and sink of plasma particles in a finite
region. Taking into account the flow of plasma particles

into and out of the considered dusty region, the dust
grain potential and plasma particle densities are able to
achieve non zero equilibrium values. These equilibrium
values will depend on the region size. As the region radii
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increase, the equilibrium plasma densities are lower and
the equilibrium potential tends to be more negative.
For larger regions, the time evolution of the dust poten-

tial tends to follow the case where no source nor sink of
plasma particles are considered. However, after a certain
time period, the potential curves deviate from the ‘no
source’ case and start showing increasing values in mod-
ulus, with the equilibrium values of the potential further
from zero as the radius increases. To better understand
this effect, we looked at the different terms in the time
evolution equation for plasma density and saw that at a
given time step the electron source term becomes higher
than the sum of the sink and absorption terms, causing
the electron density and absorption to increase taking the
potential to high negative values.
The investigation presented considered that the plasma

species follow Maxwellian distribution functions of mo-
menta, which are not affected, only the average densities
will change in time. This model can be improved consid-
ering that the absorption of plasma particles will depend
on their momenta, so that the initial distribution func-
tion may be deviated from the Maxwellian form. To do
this, it is necessary the use of the kinetic equations which,
instead of describing the time evolution of plasma densi-
ties, describe the time evolution of the particle velocity
distribution functions. We intend to follow this investi-
gation considering a model similar to the model utilized
in this work, and expect to publish the results in the near
future.
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