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The nature of two dusty plasma clouds appearing because of the impact of a meteoroid on the surface of the
Moon has been discussed. It has been shown that one of the clouds is formed by particles (or fragments) of
regolith ejected into free space by a shock wave induced by the meteoroid impact on the surface of the Moon
and the second cloud is formed by solidified melt droplets. The main characteristics of these clouds, includ-
ing the cloud expansion rates, the characteristic sizes of particles in both clouds, and the concentrations and
charges of particles, have been calculated. The calculated cloud expansion rates are in qualitative agreement
with the observational data.

DOI: 10.1134/S0021364018180091

Dust and dusty plasma over the Moon are actively
studied now [1–8]. The Luna-25, Luna-26, Luna-27,
etc., missions are under preparation in Russia. The
landers of the Luna-25 and Luna-27 spacecrafts will
assumingly be equipped with instruments for the study
of the properties of dust and dusty plasma over the sur-
face of the Moon [9–11]. The NASA mission LADEE
(Lunar Atmosphere and Dust Environment Explorer)
[12, 13] launched in 2013 studied the dusty plasma in a
wide range of altitudes above the Moon by means of
observations from orbit.

Important sources of dust over the surface of the
Moon are meteoroid impacts, which result in the ele-
vation of dust particles, in particular, to high altitudes
(see, e.g., [14, 15]). Works [14, 15] concerned the situ-
ation where the density of dust particles over the
Moon is determined by the f lux of meteoroids collid-
ing with the surface of the Moon. However, single
impacts of sufficiently large meteoroids on the Moon
also affect the state of a dusty plasma system. The
effect of single impacts of large meteoroids on the pos-
sibility of formation of dust over the Moon was only
estimated in [16] within the study of transient atmo-

spheres formed near atmosphereless celestial bodies, in
particular, the Moon. Correspondingly, the features of
dusty plasma clouds formed at impacts of large mete-
oroids on the surface of the Moon were not discussed.

The observations of short-term optical f lashes,
seismic waves, and concentration of Na in the lunar
exosphere usually indicate collisions of meteoroids
with the Moon. The direct study of the properties of a
dusty plasma cloud is usually impossible. However, at
21:35:22.871 (  0.010 s) UT February 26, 2015, using
a 125-mm refractor (Gordola, Switzerland) equipped
with a Watec 902H2 Ultimate video camera, M. Iten
detected an optical f lash from a meteoroid impact on
the dark part of the surface of the Moon near the ter-
minator. The observation of the meteoroid impact on
the dark part of the surface of the Moon near the ter-
minator implies that this phenomenon is rare. How-
ever, this allowed detailed observations of the evolu-
tion of luminescence induced by the impact. Indeed,
the f lash from the meteoroid impact is characterized
by thermal radiation, whereas luminescence observed
in subsequent times is due to the scattering of solar
light by dust particles rising over the surface of the
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Fig. 1. Photographs of the region where the meteoroid col-
lides at the point (0, 0) with the surface of the Moon taken
at 0.25 s before the collision and at 4, 8, 12, 16, and 20 s
after the collision. The axes present distances in kilome-
ters. Arrows 1 and 2 indicate the fast large and slow small
dust clouds, respectively.
Moon because of the meteoroid impact. Lumines-
cence associated with the scattering of solar light by
dust particles can be reliably observed only when the
meteoroid impact occurs on the dark part of the Moon
near the terminator. Otherwise, either the illumina-
tion of the surface of the Moon hinders observation or
solar light is not incident on dust particles rising over
the Moon.

It is noteworthy that the monitoring of optical
f lashes on the Moon revealed several hundred lunar
optical f lashes induced by meteoroid impacts [17].
According to the statistics, the observation of impact-
induced flashes and formed dusty plasma clouds near
the lunar terminator could be expected. However, the
observation of such f lashes has not been reported.
Thus, the formation of dusty plasma clouds after the
incidence of a large meteoroid near the lunar termina-
tor is considered for the first time in this work. Such
phenomena have not yet been discussed. For this rea-
son, the study of the parameters of formed dusty
plasma clouds is topical in view of the possibility of
observation of similar events in the near future.

Figure 1 shows photographs of the region where the
flash occurs taken at 0.25 s before the f lash and at 4, 8,
12, 16, and 20 s after the f lash. It is seen in Fig. 1 that
the luminescence region formed by the meteoroid
impact expands. The luminescence picture shown in
Fig. 1 is related to the dust distribution over the surface
of the Moon after the meteoroid impact, and the
information on the behavior of dust over the Moon
can be obtained from photographs taken after the
flash. All five photographs taken after the f lash
demonstrate a large expanding cloud. Beginning with
12th second, a small (slow) cloud is clearly seen in the
form of a light spot at the point (0, 0). This cloud dom-
inates in brightness already at the 20th second.

The aim of the further calculations are, first, to
reveal a mechanism responsible for the formation of
two dusty plasma clouds because of the impact of a
sufficiently large meteoroid on the surface of the
Moon and, second, to estimate the characteristics of
the dusty plasma clouds. The method proposed in [18]
to reconstruct the kinetic energy of an impactor from
the maximum flash brightness makes it possible to
estimate the range of possible kinetic energies of the
meteoroid from 6 × 108 to 1.7 × 109 J. The calculations
were performed for the impactor mass mi = 4.7 kg and
its velocity ui = 27 km/s, which corresponds to the
upper bound (1.7 × 109 J) of this range of possible
kinetic energies. It was found that the use of the char-
acteristics of the meteoroid corresponding to the lower
bound of this range cannot explain the observation of
two (fast large and slow small) dusty plasma clouds.
Consequently, it is necessary to consider a sufficiently
large fast meteoroid whose kinetic energy much higher
than 6 × 108 J.
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The parameters used make it possible to assume
[15] that the specific energy of the impactor  is
much higher than a value of 10 МJ/kg characteristic of
the binding energy of atoms and molecules in the
impactor and lunar regolith (which consists of frag-
ments of lunar rocks and minerals whose sizes range
from dust particles to several meters in diameter,
glasses, lithified breccia, fragments of meteorites,
etc.). In this case, the meteoroid impact on the surface
of the Moon results in the strong compression and
heating of the materials of the impactor and target. In
view of a high pressure, a strong shock wave is formed
and propagates with weakening from the epicenter of
the meteoroidal explosion. Finally, the weakened
shock wave is transformed to a linear acoustic wave.

The calculations were performed for the situation
where the impactor consists of continuous gabbroid
anorthosite, whereas the material of the target is
porous gabbroid anorthosite. It is assumed that the
densities of the impactor and target before the colli-
sion are  g/cm3 and  g/cm3, respec-
tively. The radius of the impactor is  cm and
the porosity of the target is . It is

2
i /2u

ρ =i0 3 ρ = .t0 1 4
= .i 7 2a

= ρ ρ = .i0 t0/ 2 14k



358 POPEL et al.
also assumed that the relation between the velocity of
the strong shock wave  and the mass velocity u
behind the shock front is linear: .
Here, the subscripts i and t specify the materials of the
impactor and target, respectively;  km/s;

;  km/s; and
. The velocity of the

shock wave and the mass velocity unambiguously
determine the equation of state in terms of the well-
known Hugoniot equations. The linear relation
between these velocities usually describes experimen-
tal data fairly well (see [19]).

To determine the size distribution of dust particles
in lunar regolith, we used data from [20] for sizes of
dust particles from 20 to 500 μm. These data allow
obtaining the distribution of dust particles in lunar
regolith, which are in good agreement with the Kolm-
ogorov distribution [4] for the probability  of
finding a particle of lunar regolith with the radius
(characteristic size) smaller than L for the case of mul-
tiple fragmentation. This fact is in agreement with the
conclusion made in [20] that the surface of the Moon
is regolith evolving because of multiple fragmentation
caused by meteoroid impacts. This Kolmogorov dis-
tribution is used in subsequent calculations.

The considered impact of a sufficiently large fast
meteoroid on the surface of the Moon results in the
formation of zones (cf. [14, 15]) of various processes
around the equivalent center of the meteoroid explo-
sion located at the depth

(1)

under the surface. Here, θ is the angle of incidence of
the meteoroid on the surface of the Moon. These
zones are the (I) material evaporation zone; (II) mate-
rial melting zone; (III) zone of destruction of lunar
regolith particles and their irreversible deformations;
(IV) zone of nonlinear elastic deformation of regolith,
where pressures in a nonlinear acoustic wave are below
the dynamic elasticity limit; and (V) zone of linear
elastic deformations of regolith, where the acoustic
wave can be considered as linear. The boundaries of
zones are parts of spheres whose center coincides with
the equivalent center of the meteoroid explosion. In
the considered situation and under the condition that
the speed of sound in unperturbed regolith is 
300 m/s, the radii of the outer boundaries of zones I,
II, III, and IV under the surface of the Moon are
approximately , , 

, and , where the velocity ui is
given in kilometers per second. The substitution of
the radius of the impactor ai = 7.2 cm and its velocity
ui = 27 km/s gives  cm,  cm, 
60.3 cm, and  cm.
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Zones III–V are sources of dust particles, which
are regolith particles or their fragments, over the sur-
face of the Moon. The greater part of dust escaping
from the surface of the Moon owing to meteoroid
impacts originates from zone V of linear elastic defor-
mation of regolith. Indeed, the mass of dust particles
from zone V rising over the surface of the Moon at alti-
tudes above 10 m (1 km) is 80 (6) times larger than the
mass of matter rising from other zones (I–IV) [15].
Zones I and II are sources of evaporated and melted
material of the impactor and regolith. The material
ejected by the shock wave into free space from the
material melting zone II is a liquid decaying into frag-
ments. Liquid material droplets are formed, solidify,
and rise to altitudes of about 100 km and higher [15].
Rising over the surface of the Moon, both regolith
particles (or their fragments) and melt droplets
become charged because of the interaction, in partic-
ular, with electrons and ions of the solar wind, as well
as with solar radiation. As a result, two dusty plasma
clouds are formed: the first formed by regolith parti-
cles (or fragments) and the second formed by solidi-
fied melt droplets. These clouds have different charac-
teristics, e.g., the expansion velocity, and, conse-
quently, can be observed individually.

The velocity and amount of material rising over the
surface of the Moon can be calculated for zone V of
linear elastic deformations of regolith and material
melting zone II. In fact, since the greater part of dust
particles leaving the surface of the Moon because of
meteoroid impacts originate from zone V, these calcu-
lations are sufficient to reveal the main characteristics
of dusty plasma clouds.

In zone V of linear elastic deformations of regolith,
fragments of lunar rock located in the surface layer
with the depth (so-called spallation [15])

(2)

are separated from the surface of the Moon because of
the interaction with a compression wave. Here,  is
the time of the positive phase ( ) in the shock
wave and ur is the horizontal component of the mass
velocity in the shock wave. To determine the depth of
the spall layer in zones I–IV, we use the linear interpo-
lation

(3)

At  cm and  km/s, the depth of the spall
layer in zone V is cm. When the shock wave
propagates along the surface of the Moon from the
epicenter of the meteoroid explosion, a rarefaction
wave is formed in the surface layer and the vertical
component  of the mass velocity appears behind the
shock front. At ,  [21]. The cal-
culations were performed at  (cf. [14, 15]).
Using expressions for the depth of the spall layer w and
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the size distribution of regolith particles on the surface
of the Moon, one can find the amount and character-
istic sizes of dust particles rising over the surface of the
Moon per unit time because of the meteoroid impact.

The material ejected by the shock wave from the
material melting zone II into free space is a liquid
decaying into fragments. Equilibrium drops are
formed when the volume occupied by vapor in the
drop–vapor f lux becomes comparable to the volume
of the liquid [15]. The equilibrium radius of a drop (at

) formed (owing to the meteoroid impact) in
the material melting zone II has the form [22]

(4)

Here, adr is the characteristic radius of the drop, σ is
the surface tension of the liquid drop (the usual value
for silicate particles is  N/m), CD is the drag
coefficient at the motion of the drop in the vapor f low,

 is the drop material density, a is the length of the
acceleration vector , ρ is the density of
the drop–vapor mixture, and is the gradient of the
pressure P.

Calculating the gradient of the pressure with the
parameters of the shock wave appearing because of the
impact of a fast meteoroid, setting  (see [22]),

 g/cm3,  N/m, and taking into account
that most of the melt drops rise from the part of
zone II close to the outer boundary of this zone, we
obtain the characteristic radius of the drop

(5)

where  and  are measured in centimeters. The sub-
stitution of  cm into Eq. (5) gives  μm.

The velocity of the ejected material at the boundary
between zones II and III is given by the expression

 km/s, whereas the velocity of the
ejected material at the boundary between zones I and
II is  km/s. Here,  МJ/kg is
the specific threshold internal energy of complete
melting of continuous gabbroid anorthosite and

 MJ/kg is the specific threshold internal
energy of complete evaporation (under the conditions
of fast adiabatic mechanical unloading). Thus, only
drops formed in the material melting zone II are
ejected by the shock wave from the meteoroid explo-
sion from the surface of the Moon at a high velocity
(1.5–6 km/s) and rise to a high altitude. Regolith par-
ticles or their fragments from zones III–V have char-
acteristic sizes of about 10–100 μm (the maximum of
the size distribution is in the range of 50–70 μm) and
rise to lower altitudes at velocities lower than the
velocities of droplets.

The dynamics and charging of a dust particle over
the Moon are described by the equations [9]
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(6)

(7)

Here, h is the altitude over the surface of the Moon; 
and  are the mass and charge of a dust particle,
respectively; E is the electric field strength;  is the
gravitational acceleration near the surface of the
Moon;  and  are the microscopic currents
of electrons and ions of the solar wind to the dust par-
ticle, respectively;  is the photoelectron current
from the dust particle caused by its interaction with
solar radiation; and  is the photoelectron cur-
rent to the dust particle. These currents are given by
the expressions

(8)

(9)

(10)

(11)

Expressions (8)–(11) are valid for positively charged
dust particles. Here, a and  are the size and charge
number ( ) of a dust particle, respectively; e is
the elementary charge;  and  are the density
and temperature of electrons (ions) of the solar wind,
respectively;  and Mi are the masses of the electron

and ion, respectively; ; 
 is the thermal velocity of ions of the solar

wind;  is the velocity of the solar wind; and 
( ) is the density (temperature) of photoelectrons
from the surfaces of dust particles (it is taken into
account that dust particles are located over the dark
part of the Moon, but are illuminated by solar light).

= − ,
2

d d d M2
d hm q E m g
dt

,= + − +d
d i d ph d ph d( ) ( ) ( ) ( ).e e

dq I q I q I q I q
dt

dm
dq

Mg

d( )eI q d( )iI q

ph d( )I q

,ph d( )eI q

⎛ ⎞
≈ −π + ,⎜ ⎟π ⎝ ⎠

2
2 S d

S
S

8 1e
e e

e e

T Z eI a en
m aT

≈ π
π

2 iS i
i iS

i iS2
TT uI a en

m u

⎧ ⎛ ⎞+ −× −⎨ ⎜ ⎟
⎩ ⎝ ⎠

2
iS 0 iS 0

2
i i

( )exp
2T T

u u u u
u u

⎛ ⎞⎫− ++ − ⎬⎜ ⎟
⎝ ⎠⎭

2
iS 0 iS 0

2
i i

( )exp
2T T

u u u u
u u

⎧ ⎛ ⎞++ π ⎨ ⎜ ⎟
⎩ ⎝ ⎠

2 iS iS 0i
iS

i iS i

erf
4 2

T

T

T u uua en
M u u

⎛ ⎞⎛ ⎞⎫−+ + + ,⎬⎜ ⎟⎜ ⎟
⎝ ⎠⎭⎝ ⎠

2 2
iS 0 d iS

2
iSi i

2erf 1
2 T T

u u Z e u
aTu u

,

, ,

⎛ ⎞ ⎛ ⎞
≈ −π + − ,⎜ ⎟ ⎜ ⎟π ⎝ ⎠ ⎝ ⎠

2 2
2 ph d d

ph 0
ph ph

1 exp
2

e

e e e

T Z e Z eI a eN
m aT aT

,
, ,

,

⎛ ⎞
≈ −π + .⎜ ⎟π ⎝ ⎠

2
2 ph d

ph ph
ph

8
1e

e e
e e

T Z eI a en
m aT

dZ
=d dq Z e

(i)Sen (i)SeT

em

= 2
0 d i2 /u Z e aM =iTu

iS i/T M
iSu ,phen

,pheT



360 POPEL et al.

Fig. 2. Dynamics of layers of the dusty plasma cloud formed by solidified melt droplets at the altitudes h = (a) 0.1–0.11, (b) 1–
1.1, (c) 10–11, and (d) 100–110 km. Time dependences of (R) the radius characterizing the size of the layer in the direction parallel
to the surface subjected to the meteoroid impact, (M) the total mass of dust particles in the layer, and (n) the volume-average dust
particle density.
Expression (10) for the current  does not include a
factor with the characteristics of radiation spectra
because the surfaces of dust particles and the surface of
the Moon have the same photoelectric properties
(work function and quantum yield). In this situation,
this factor can be expressed in terms of the photoelec-
tron density  from the illuminated surface of the
Moon at , which depends on the work function
and quantum yield of lunar soil [10].

Below, we report the results of calculations for alti-
tudes above 100 m over the surface of the Moon. In
this case, the effect of electric fields from the charged
surface of the Moon and from neighboring dust parti-
cles (in view of their low density) on the dust particle
can be neglected. In this situation, dust particles
acquire significant charges in quite small times. The
charges of particles at altitudes above 100 m are deter-
mined primarily by the microscopic current of elec-
trons of the solar wind and by the current of photo-

phI

0N
→ 0h
electrons from a dust particle, which is due to its inter-
action with solar radiation. The magnitudes of these
currents hardly depend on the altitude above the sur-
face of the Moon. Consequently, the charges obtained
for particles with the same size are the same at differ-
ent altitudes. For the typical work function  eV
and the quantum yield taken from [23], which was
experimentally obtained for lunar dust samples deliv-
ered to the Earth by the Apollo-14 and Apollo-15 mis-

sions, typical parameters are  cm–3 and
 eV [10]. For these values and the following

parameters of the solar wind,  cm–3,
 eV,  eV, and uiS = 4.68 × 105 cm/s, the

charge numbers of particles in the cloud formed by

regolith particles (or fragments) reach 
(for  μm) in a time of about 0.5 s. At the same
time, particles in the cloud formed by solidified melt
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Fig. 3. Dynamics of layers of the dusty plasma cloud formed by particles (or fragments) of regolith at the altitudes h = (a) 0.1–
0.11, (b) 1–1.1, (c) 10–11, and (d) 100–110 km. Time dependences of (R) the radius characterizing the size of the layer in the
direction parallel to the surface subjected to the meteoroid impact, (M) the total mass of dust particles in the layer, and (n) the
volume-average dust particle density.
drops acquire charge numbers of  in a time of
about 10 s. The times of charging of dust particles are
much smaller than the evolution times of these clouds.
Thus, the expansion of clouds of charged dust particles
is observed in the considered situation.

Figures 2 and 3 show the results characterizing the
dynamics of different dust layers for the dusty plasma
cloud formed by solidified melt drops and that formed
by regolith particles (or fragments), respectively.

It is also noteworthy that the mass of the melt
ejected from the surface of the Moon into free space by
the shock wave from the meteoroid impact is two
orders of magnitude smaller than the mass of ejected
regolith particles. The number of droplets (several
microns in size) into which the melt decays is several
orders of magnitude larger than the number of large
(several tens of microns in size) ejected regolith parti-
cles. Thus, the discussed dusty plasma clouds are
strongly different from each other. In the plan view

∼

4
d 10Z
JETP LETTERS  Vol. 108  No. 6  2018
(corresponding to the real observation), these clouds
expand in the horizontal plane. The calculated time
dependences of the radius R of the cloud characteriz-
ing its boundary in the horizontal plane, the altitude
H(R) of the boundary of this cloud over the surface of
the Moon, and the dust particle density n(R) at this
boundary are shown in Fig. 4 (for the cloud formed by
solidified melt droplets) and Fig. 5 (for the cloud
formed by regolith particles (or fragments)). The data
presented in Figs. 4 and 5 allow the determination of
the expansion velocities of dust clouds . The
expansion velocity of the cloud formed by solidified
melt droplets appears to be about 2 km/s, whereas the
expansion velocity of the cloud formed by regolith
particles (or fragments) is about 1 km/s. Correspond-
ingly, the expansion of the cloud of solidified droplets
is much faster than that of the cloud of regolith parti-
cles. This conclusion is in agreement with the observa-
tional data presented in Fig. 1, according to which the
expansion velocity of the fast cloud is several kilome-

/dR dt
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Fig. 4. Time dependences of the radius R of the cloud
formed by solidified melt droplets, the altitude H(R) of the
boundary of this cloud over the surface of the Moon, and
the dust particle density n(R) at the boundary of the cloud.

Fig. 5. Time dependences of the radius R of the cloud
formed by particles (or fragments) of regolith, the altitude
H(R) of the boundary of this cloud over the surface of the
Moon, and the dust particle density n(R) at the boundary
of the cloud.
ters per second, whereas the expansion velocity of the
slow cloud is most probably below 1 km/s.

Calculations similar to those performed in this
work but for a minimum energy of 6 × 108 J (from the
range of possible kinetic energies of a meteoroid) give
quite close expansion velocities of both clouds. This
circumstance prevents the observation of two (fast
large and slow small) dusty plasma clouds. Thus, the
event on February 26, 2015, was apparently induced
by a sufficiently large fast meteoroid. We also note
that, within the presented theoretical model and for
the considered parameters of the materials of the
meteoroid and lunar soil, at the velocity of the incident
meteoroid below 7.5 km/s, only the material in an
unmelted state was ejected from the surface of the
Moon by the shock wave. In this case, only one cloud
consisting of regolith particles is formed.

The propagation of the dust cloud is accompanied
by the appearance of asymmetry with respect to the
point (0, 0) (see Fig. 1) because the surface of the
Moon is inclined to the horizon. If the meteoroid is
incident on the surface of the Moon inclined at the
angle  to the horizon, the formed dust cloud expands
in the horizontal direction asymmetrically with
respect to the point of incidence. In this case, observ-
ing the cloud from above, one can identify the maxi-
mum  and minimum  distances from the
point of incidence to the boundary of the cloud. These
distances can be represented in the form

(12)

α

maxR minR

= α + α,
= α − α.

max

min

( )sin cos
( )sin cos

R H R R
R H R R
Here, R is the radius of the boundary of the dust cloud
caused by the meteoroid impact on the horizontal sur-
face and  is the altitude of this boundary over the
surface of the Moon (see Figs. 4 and 5). The factor of
asymmetry was disregarded in the calculations
because of the absence of information on the relief of
the surface of the Moon in the region unperturbed by
the meteoroid impact. In reality, the surface of the
Moon can have valleys and hills. Thus, there is a large
uncertainty in the angle of ejection of the material with
respect to the horizon. For this reason, detailed quan-
titative agreement between the calculations and obser-
vational data should not been expected.

To summarize, we have presented a mechanism
explaining the appearance of two dusty plasma clouds
because of the meteoroid impact on the surface of the
Moon observed on February 26, 2015. The main char-
acteristics of these clouds have been calculated. It has
been shown that the shock wave from the meteoroid
impact ejects lunar regolith particles (or fragments)
and melt from the surface of the Moon into free space.
Rising over the surface of the Moon, both regolith
particles (or fragments) and melt droplets become
electrically charged because of the interaction, in par-
ticular, with electrons of the solar wind and with solar
radiation. As a result, two dusty plasma clouds appear.
The first cloud is formed regolith by particles (or frag-
ments) and the second cloud is formed by solidified
melt droplets. These clouds have different characteris-
tics (cloud expansion velocity, total mass of the parti-
cles in a cloud, characteristic sizes of the particles in
the cloud, number densities and charges of the parti-
cles, etc.). Consequently, the clouds can be observed

( )H R
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separately. Qualitative agreement has been achieved
between the calculated expansion velocities of clouds
and observational data. It has been shown that the
event observed on February 26, 2015, was most likely
induced by a fairly large fast meteoroid with the
parameters corresponding to the upper part of the
range of possible kinetic energies of meteoroids, which
was obtained by calculating the kinetic energy of the
impactor from the maximum brightness of the f lash.
Events similar to that on February 26, 2015, signifi-
cantly change the properties of the dusty plasma sys-
tem over the Moon. In particular, a noticeable amount
of dust lunar regolith particles (or fragments) with
sizes of about 10–100 μm, whose amount in the exo-
sphere is usually small, is ejected into the exosphere of
the Moon [14].
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