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Abstract 

The generation and evolution of artificial plasma clouds is a complicated process that is strongly dependent on 
the background environment and release conditions. In this paper, based on a three-dimensional two-species 
fluid model, the evolution characteristics of artificial plasma clouds under various release conditions were analyzed 
numerically. In particular, the effect of ionospheric density gradient and ambient horizontal wind field was taken into 
account in our simulation. The results show that an asymmetric plasma cloud structure occurs in the vertical direc-
tion when a nonuniform ionosphere is assumed. The density, volume, and expansion velocity of the artificial plasma 
cloud vary with the release altitude, mass, and initial ionization rate. The initial release velocity can change the cloud’s 
movement and overall distribution. With an initial velocity perpendicular to the magnetic field, an  O+ density cav-
ity and two bumps exist. When there is an initial velocity parallel to the magnetic field, the generated plasma cloud 
is bulb-shaped, and only one  O+ density cavity and one density bump are created. Compared to the cesium case, 
barium clouds expand more rapidly. Moreover,  Cs+ clouds have a higher density than  Ba+ clouds, and the snowplow 
effect of  Cs+ is also stronger. 
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Introduction
As early as the 1960s, the disturbance of electron den-
sity in the ionosphere during the rocket launching pro-
cess was first discovered. Due to its advantages of low 
ionization potential, easy gasification, and easy observa-
tion, barium (Ba) has become the most commonly used 
substance in space experiments (e.g., Foppl et  al. 1967; 
Rosenberg 1971; Haerendel et al. 1967; Valenzuela et al. 
1986; Huba et al. 1992). In recent years, lanthanide met-
als such as samarium have also been used in active space 
experiments because their ionization is independent of 
sunlight (Zhao et  al. 2016; Caton et  al. 2017). In sum-
mary, artificially created plasma clouds by the release of 
chemical substances in the ionosphere have important 

applications in studying related space physics problems, 
measuring wind fields and electromagnetic fields in the 
upper atmosphere, artificially modifying the ionosphere, 
and affecting the short-wave communication and satellite 
communication. (Pavlov et al. 1993; Oraevsky et al. 2002; 
Xie et al. 2015).

The main processes of the generation and evolution 
of artificial plasma clouds in the ionosphere include the 
expansion of neutral clouds, the photoionization process 
and the movement of charged particles bound by mag-
netic fields. The evolution characteristics of artificial 
plasma clouds have been studied for many years both 
experimentally and theoretically (e.g., Lloyd and Haer-
endel 1973; Morse and Destler 1973; Mitchell et al. 1985; 
Bernhardt et al. 1987; Zakharov 2002; Xie et al. 2014). In 
1967, Haerendel et  al. conducted a preliminary qualita-
tive discussion on artificial plasma clouds through a sim-
plified low-density perturbation model. Subsequently, 
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some one-dimensional, idealized cloud models were 
used to study the diffusion and classical effect of artifi-
cial plasma clouds (e.g., Scholer 1970; Samir et al. 1983; 
Schunk and Szuszczewicz 1988, 1991). Mitchell et  al. 
(1985) presented a two-dimensional, electrostatic model 
to simulate a plasma cloud injected transverse to the 
ambient geomagnetic field with high velocities. To com-
prehensively describe the expansion and three-dimen-
sional motion of artificial plasma clouds, more detailed 
three-dimensional models have been established (e.g., 
Rozhansky et  al. 1990; Drake et  al. 1988; Zalesak et  al. 
1988, 1990; Gatsonis and Hastings 1991; Ma and Schunk 
1991, 1993, 1994; Delamere et al. 2001; Xie et al. 2014), 
and the expansion characteristics of plasma clouds under 
the influence of background neutral wind, electromag-
netic fields, collisions between particles and inertia have 
been studied.

Previous studies have indicated that artificial plasma 
cloud evolution is complicated and strongly depends on 
the background environment and release conditions. In 
1990, a two-dimensional fluid model was used to study 
the motion of artificial plasma clouds under various geo-
physical and release conditions, such as the solar cycle, 
geomagnetic activity, release altitudes and injection 
velocities. (Ma and Schunk 1990).  After that, Ma and 
Schunk (1991, 1993) explored the effects of variable neu-
tral wind, cloud sizes, electron temperature, and release 
velocities on short-term (~ 10 s) plasma cloud expansion 
based on a three-dimensional model. Although signifi-
cant progress has been made in understanding the effects 
of release conditions on the evolution of plasma clouds, 
most of those models assumed a uniform background 
ionosphere and concentrated on relatively short time 
scales. In this paper, the background density gradient, 
temperature gradient, and ambient horizontal wind field 
were taken into account in our simulation, and the long-
term distribution of cloud expansion can be predicted 
through this model.

The photoionization of barium in the ionosphere 
relies on sunlight. As the element with the lowest ioni-
zation potential in the alkali metal group, cesium (Cs) 
can also be ionized through thermal ionization in addi-
tion to photoionization, breaking the restriction of 
light on experimental conditions. Therefore, cesium 
was used as the release substance in early active space 
experiments (Pressman et  al. 1960; Holmgren et  al. 
1981; Eliason et  al. 1988). Compared with studies of 
barium, simulation and experimental studies of cesium 
release are rarely reported and not sufficient. In gen-
eral, it is of great significance for the understanding and 
exploration of the Earth’s space environment to trans-
form and utilize the space environment with the release 
of chemical substances. Carrying out the comparative 

simulation of the evolution characteristics of released 
chemicals under different release conditions, and 
exploring the influence of different released substances 
on ionospheric disturbance are significant in guiding 
the selection of the release substances and conditions 
in active space experiments.

In this paper, based on a three-dimensional two-
species fluid model, the evolution characteristics of 
artificial plasma clouds under various release con-
ditions were studied through quantitative numeri-
cal simulations. The effects of the release altitude 
(220 km and 300 km), species (Ba and Cs), mass (1 kg, 
10  kg and 100  kg), initial ionization probability (0%, 
20% and 80%) and release velocity (parallel and per-
pendicular  to the magnetic field) were systematically 
analyzed.

Model description
Diffusion of charged particles
Due to the different spatial distributions between bar-
ium ions  (Ba+) and background ions, the different ions 
are treated separately. In addition, oxygen ions  (O+) 
are the dominant ion component of the ionospheric F 
region, so we considered a two-species model of  Ba+ 
and  O+. Ignoring the density change in background 
oxygen ions caused by chemical reactions and assuming 
that the generation of ion clouds is only from photoion-
ization, the density of charged particles is controlled by 
the continuity equation:

where the subscript p represents  Ba+ or  O+, np and up 
represent the number density and drift velocity, respec-
tively. ∇ •

(

npup

)

 is the convection term. Pp and Lp rep-
resent the generation term and loss term, respectively. 
For  O+, the density is assumed to be constant, that is, 
the generation term and loss term are set to be zero. 
For  Ba+, PBa+ = σns , where σ = 0.0357s−1 is the pho-
toionization generation rate of the ion cloud (Mitchell 
et al. 1985), and ns is the number density of the released 
neutral atoms. It is assumed that the photoionization 
generation rate is the net generation rate of  Ba+, that is, 
the charge exchange reaction ( Ba+ O+ → Ba+ + O ) 
and recombination reaction ( Ba+ + e− → Ba+ hv ) are 
ignored, so LBa+ = 0 . According to Eq. (1), as long as the 
drift velocities of  Ba+ and  O+ and the number density of 
neutral barium clouds are calculated, the number den-
sity of plasma clouds varies with time and space can be 
obtained.

The velocity of charged particles is calculated by the 
momentum equation:

(1)
∂np

∂t
= −∇ ·

(

npup

)

+ Pp − Lp,
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where d
dt

=
∂
∂t + (up • ∇) ; mp, qp and pp represent the 

mass, charge and pressure of charged particles, respec-
tively, E and B are the electric field and magnetic field, 
respectively; and δMp

δt  is the change in momentum. In an 
ideal gas, the pressure gradient term is ∇pp = ∇kTpnp , in 
which k is the Boltzmann constant and Tp is the ion tem-
perature. To solve Eq. (2), we replaced dup

dt
 with its zero-

order item dup0
dt

 (Ma and Schunk 1991), in which up0 is the 
dominant portion of up . Therefore, the first term on the 
left side of Eq.  (2) can be neglected. Then, the momen-
tum equation becomes:

The Cartesian coordinate system is established with 
the x axis in the eastern direction, y axis in the north-
ern direction, and z axis in the vertical direction, and 
it is assumed that the direction of the magnetic field 
−→s =

−→
z /sinI ≈

−→
z  at high latitudes. Therefore, Eq.  (3) 

can be written as the component form below:

where �p = qpB/mp is the cyclotron frequency of  Ba+ or 
 O+, upx , upy and upz are the components of up in three 
directions, and upz is implicit in the last formula of 
Eq. (4).

The momentum changes of  O+ or  Ba+ are as follows:

where νO+α and νBa+α are the collision frequencies 
between  O+/Ba+ and other particles α ( α represents 
charged particles and neutral particles), and us and ns are 
the velocity and number density of the neutral atoms, 
respectively. In addition to the change in momentum due 
to collision, momentum change due to the source term, 
m(Ba+)nsσ(us − u(Ba+)) , should also be included for bar-
ium ions. Due to the binding effect of the geomagnetic 

(2)npmp
dup

dt
+ ∇pp − npqp

(

E + up × B
)

=
δMp

δt
,

(3)
kTp

npmp
∇np −

qp

mp

(

E + up × B
)

=
1

npmp

δMp

δt
.

(4)















kTp

mpnp

∂np
∂x −

qpEx
mp

−�pupy =
1

mpnp

δMpx

δt
kTp

mpnp

∂np
∂y −

qpEy
mp

+�pupx =
1

mpnp

δMpy

δt
kTp

mpnp

∂np
∂z −

qpEz
mp

=
1

mpnp

δMpz

δt

,

(5)
δM(O+)

δt
= m(O+)n(O+)

∑

α
ν(O+)α

(

uα − u(O+)

)

,

(6)

δM(Ba+)

δt
=m(Ba+)n(Ba+)

∑

α
ν(Ba+)α

(

uα − u(Ba+)

)

+m(Ba+)nsσ
(

us − u(Ba+)

)

,

field, the difference between charged particles in velocity 
perpendicular to B is usually small, so the collision terms 
associated with it can be ignored (Schunk and Szuszcze-
wicz 1988), and the electron inertia is also ignored.

The electric field is calculated by E = E0 − ∇ϕ , where 
E0 is the constant electric field of the background, ϕ is the 
disturbance of the electrostatic potential, and ∇ϕ can be 
approximately calculated by the following formula (Ma 
and Schunk 1993):

where Te is the electron temperature, e is the Napie-
rian base, and the electron density ne is calculated by the 
quasi-neutral condition, ne = n(Ba+) + n(O+).

By substituting Eqs. (5, 6, 7) into Eq. (4), the drift veloc-
ities of charged particles in the three directions can be 
obtained.

Diffusion of neutral particles
After being released in the ionosphere, the photoioni-
zation and recombination reaction of neutral barium as 
well as the oxidation reactions will occur. The main reac-
tion process is described as follows:

where kc is the reaction coefficient.
Taking the photoionization and oxidation losses into 

account, the general equation satisfied by the neutral par-
ticles can be described as follows:

where Ls = σns + kcnO2
ns is the loss term, in which σns 

represents photoionization loss and kcnO2
ns represents 

oxidation loss. D is the diffusion coefficient, which can be 
calculated by the following formula (Bleecker et al. 2004):

where nO is the number density of atomic oxygen, and T  
is the neutral temperature. µsO =

mOms
ms+mO

 is the reduced 
mass, and ms , mO , rs and rO are the mass and atomic 
radius of released neutral and oxygen atoms, respectively. 

(7)∇ϕ = (kTe/e)∇ln(ne),

Ba+ hv
σ
→ Ba+ + e−

2Ba+ O2

kc
→ 2BaO

kc = 0.9× 10
−10cm3s−1

,

(8)
∂ns

∂t
+∇ · (usns) = ∇ · (D∇ns)− Ls,

(9)D =
3

16

(2πkT/µsO)
1/2

nOπ(rs + rO)
2
,
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The approximate solution of Eq. (8) has been derived (Hu 
et al. 2012):

where (x0, y0, z0) is the initial release center of the cloud, 
ux,uy and uz are the velocity components of us in three 
directions, r0 is the initial characteristic radius, N0 is the 
total number of released particles, and ε represents the 
shape factor.

In the ionospheric F region, the neutral barium cloud 
decelerates under the impact of collisions with the back-
ground particles, and its velocity changes with time can 
be approximately expressed as:

where v0 is the initial release velocity of the neutral cloud, 
un is the background neutral wind, and νs is the damping 
coefficient of the decelerating motion of the cloud due to 
collisions, which can be obtained according to elastic col-
lision theory (Zhang et al. 2019):

By time integrating Eq. (11), the change in the position 
of the cloud center can be obtained:

The spatial distribution of particles in the released 
region can then be obtained by solving Eqs. (1, 2, 3, 4, 5, 
6, 7, 8, 9, 10, 11, 12, 13) numerically.

Results and discussion
In this section, the evolution characteristics of artificial 
plasma clouds under various release conditions were 
investigated, including different release altitudes (220 km 
and 300  km), different release masses (1  kg, 10  kg and 
100  kg), different initial ionization rates (0%, 20% and 
80%), and different release velocities. The ionospheric 
disturbances of barium and cesium were also compared.

The ambient atmospheric density, ionospheric particle 
density, temperature, magnetic field intensity and other 
initial conditions can be obtained by the atmospheric 
model MSIS-E-90, International Reference Ionosphere 
model (IRI-2016), and International Geomagnetic Refer-
ence Field model (IGRF-13). An equivalent extrapolation 
boundary condition is used at all boundaries. The design 

(10)ns(r, t) =
N0

π3/2(4Dt + r2
0
)(4Dt + ε2r2

0
)1/2

×exp

(

−
(x − x0 −

∫

uxdt)
2
+ (y− y0 −

∫

uydt)
2

4Dt + r2
0

−
(z − z0 −

∫

uzdt)
2

4Dt + ε2r2
0

− σ t − kcnO2
t

)

,

(11)us(t) = (v0 − un)e
−νst ,

(12)νs = nO(rs + rO)
2π

√

8kT

πµsO

mO

ms +mO
.

(13)rc(t) = unt +

∫ t

0

(v0 − un)e
−νstdt.

flow of the numerical algorithm is shown in Fig.  1, and 
the simulation process can be summarized as follows:

1. The release parameters and background ionospheric 
parameters are set;

2. The distribution of neutrals is calculated according 
to the neutral diffusing model (“Diffusion of neutral 
particles” section);

3. The drift velocity is calculated according to the 
momentum equation (Eq. (2) in “Diffusion of charged 
particles” section);

4. The particle number density distribution can be 
obtained by solving the continuity equation (Eq.  (1) 
in “Diffusion of charged particles” section);

5. Steps 2–4 are repeated until the time limit is reached.

Effects of release altitude
The ambient temperature, magnetic field, and number 
density of neutral particles and charged particles in the 
ionosphere vary with altitude, so the collision frequency 
and diffusion coefficient vary with altitude. At low alti-
tudes, the diffusion coefficient of barium is small due to 
the high concentration of atomic oxygen, molecular oxy-
gen and other particles, and the chemical consumption 
of barium is high, resulting in a relatively small plasma 

Start

Parameter setting

Calculate distribution of
neutral atoms by diffusion

model

MSIS-E-90
Model

Calculate the drift velocity of
charged particles

Achieve the particle number
density distribution

IRI Model, MSIS-E-
90 Model and IGRF

Model

Next step

End

Reached the time
limit?

Solve the continuity equations
of charged particles

N

Y

Fig. 1 Flowchart of numerical simulation
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cloud. However, if the chemical is released at a very high 
altitude, rapid diffusion leads to a sharp reduction in the 
concentration of the released substance, and the back-
ground ionospheric particles cannot be significantly 
affected, which is not conducive to observation. For 
this reason, release altitudes of 220 km and 300 km are 
selected in our simulation, where the diffusion velocity 
is moderate and the disturbing effect on the background 
ionosphere is obvious, which is more convenient for 
experimental observation.

The distribution of the density and temperature of 
the ambient particles, and the diffusion coefficient and 
damping coefficient of barium atoms, and the meridional 
and zonal winds obtained in Horizontal Wind Model 07 
are shown in Fig. 2.

Figures  3a, 4a show the release results at 220  km and 
300 km, respectively. The profile of barium ions (Figs. 3a, 
4a), background oxygen ions (Figs.  3b, 4b) and electron 
number density (Figs. 3c, 4c) are shown in the subgraphs. 
Due to the binding effect of the geomagnetic field, the 
expansion of the plasma cloud across B is constrained. 
In the direction along the magnetic field, the movement 
of the barium ion cloud is not restricted, so the plasma 
cloud will be gradually tied to the magnetic field, and 
stretched into an elliptical structure along the direction 
of the magnetic field. The momentum of  Ba+ and  O+ are 
coupled together because of collision, and barium ions 
transfer the kinetic energy to oxygen ions, which pushes 
the oxygen ions to move along B, forming an oxygen ion 
density hole in the release center. On the other hand, 
the outflowing  O+ slows down under the effects of the 

background thermal and pressure gradients, which cre-
ates two density bumps on both sides of the  Ba+ cloud 
along B. This phenomenon is called the snowplow effect 
(Ma and Schunk 1991), which has been detected  by a 
high-resolution incoherent scatter radar in the Spacelab 2 
upper atmospheric modification experiment (Bernhardt 
et al. 1988).

Figures  3d, e, 4d, e show the number density and 
velocity of electrons as a function of altitude and time, 
respectively. Due to the high collision frequency at low 
altitudes, the expansion of neutral barium clouds is 
greatly restrained, and the plasma clouds expand more 
slowly, so the plasma clouds are mainly concentrated in a 
relatively small area. Furthermore, Figs. 3d, 4d show that 
the peak number density of electrons at the release center 
decreases more slowly at low altitudes.  At a high alti-
tude, with a lower collision frequency and higher diffu-
sion coefficient, the expansion of neutral clouds is faster, 
and the plasma clouds stretch faster along the magnetic 
field, so the plasma clouds have a larger radius than those 
at low altitudes. As can be seen from Figs. 3e, 4e, when 
barium is released at 220 km and 300 km, the maximum 
diffusion velocities of electrons that can be achieved at 
t = 30 s are 466 m/s and 965 m/s, respectively.

When considering a nonuniform ionosphere, the dif-
fusion coefficient and damping coefficient change with 
height, and the background density gradient also affects 
the ion motion. The motion of artificial ion clouds along 
the magnetic field and its snowplow effect on ambient 
oxygen ions are similar to previous simulation results 
in which the background ionosphere is assumed to be 

Fig. 2 The density of background neutral particles (left), the diffusion coefficient and damping coefficient of barium (middle), and the ambient 
wind (right)
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uniform (Gatsonis and Hastings 1991; Ma and Schunk 
1991, 1993). The difference is that the asymmetric struc-
ture of the artificial ion cloud appears in the vertical 
direction, which can be ascribed to the asymmetry of 
the collision frequency and diffusion coefficient, leading 
to a plasma cloud with a longer top and shorter bottom. 
In addition, the snowplow effect of  O+ is also asymmet-
ric on both sides of the expansion cloud due to the influ-
ence of the background density gradient. Based on the 
results without considering the ambient wind field (not 
shown), the effect of the ambient wind field is not sig-
nificant because the speed of the ambient neutral wind is 
approximately tens of meters per second, which is much 
smaller than the expansion velocity of the plasma cloud 
(on the order of kilometers per second). Qualitatively, the 
morphology and evolution characteristics of the artificial 
plasma cloud are in agreement with the observations in 
previous space experiments (Haerendel et al. 1967; Foppl 
et al. 1967; Bernhardt et al. 1987; Huba et al. 1992).

Effects of initial cloud density
In this section, we analyze the effects of different ini-
tial cloud densities on the evolution of artificial plasma 
clouds. Changes in release masses and initial ionization 
rates can both change the initial densities of the cloud.

For a fixed initial radius, different release masses mean 
different initial cloud densities. Qualitatively speaking, 
the results of ionospheric disturbances with different 
release amounts are similar. It can be seen from Fig.  5 
that with a larger release mass, the number density of the 
plasma clouds will be higher, and the enhanced pressure 
gradient enhances the expansion kinetic energy of neu-
tral clouds, leading to a stronger disturbance of back-
ground oxygen ions and electrons.  Additionally, a large 
release mass causes a larger ionospheric disturbance area 
and a longer duration of disturbance.

In an actual release experiment, it often takes some 
time for the cloud to reach the initial state of our simula-
tion (which is generally called the average collision time), 

Fig. 3 The plasma cloud distribution in the x–z plane (at t = 60 s) after 10 kg Ba release at 220 km, with no initial ionization (a, b, c), and the 
distribution of electron density and velocity over height at different times (d, e). The maximum densities at t = 5 s, 30 s, 90 s and 150 s are 
5.82 × 107 cm−3, 4.23 × 107 cm−3, 2.45 × 107 cm−3 and 1.87 × 107 cm−3, respectively (d)
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so that a few barium atoms may have been ionized before 
the beginning of the simulation, leading to a difference 
between the initial number of barium atoms and the 
total number of barium atoms released, which is called 
the initial ionization rate. In addition, due to the differ-
ent release techniques (thermal release, explosion release, 
etc.) used in the active release experiment, the ionization 
rates of neutral clouds at the beginning of release also 
vary greatly.

Figure 6 shows the simulation results with initial ioni-
zation rates of 0%, 20% and 80%. The plasma cloud con-
sists of two parts: one part is the high-density part due 
to initial ionization, and this part will become longer and 
narrower over time, because it has little movement across 
the magnetic field except for the initial inertial motion 
(e.g., the thermal expansion after release from the canis-
ter and the velocity generated by the suborbital motion of 
the sounding rocket), which is soon be captured by mag-
netic field. Another part of the plasma cloud comes from 

Fig. 4 The plasma cloud distribution in the x–z plane (at t = 60 s) after 10 kg Ba release at 300 km, with no initial ionization (a, b, c), and the 
distribution of electron density and velocity over height at different times (d, e). The maximum densities at t = 5 s, 30 s, 90 s and 150 s are 
1.05 × 107 cm−3, 4.17 × 106 cm−3, 2.11 × 106 cm−3 and 1.60 × 106 cm−3, respectively (d)

Fig. 5 The density of artificial plasma clouds at the release center 
varies with time under different release masses. The maximum 
densities of  Ba+ clouds are 5.93 × 106 cm−3, 6.06 × 106 cm−3 and 
6.84 × 106 cm−3 when 1 kg, 10 kg, and 100 kg of barium are released, 
respectively



Page 8 of 13Zhu et al. Earth, Planets and Space          (2020) 72:183 

the continual photoionization of expanding barium neu-
trals.  At the initial stage after release, a steeper density 
gradient results in a faster expansion of the plasma cloud 
along B. As seen from Fig. 6, with the increase in the ini-
tial ionization rate, the distribution of barium ion clouds 
become increasingly concentrated, and the numerical 
dissipation brought by the numerical simulation process 
decreases, so the highest density of  Ba+ increases, but the 
plasma density decreases faster. Figure  6d, e shows that 
the maximum  Ba+ cloud densities are 7.77 × 108  cm−3, 
2.02 × 108  cm−3 and 6.06 × 107  cm−3 with initial ioniza-
tion rates of 0%, 20% and 80%, respectively, and the diam-
eters of the plasma clouds with initial ionization rates of 
0%, 20% and 80% are 43 km, 50 km and 57 km at t = 60 s, 
respectively. At the same time, the steeper density gradi-
ent makes the barium cloud stretch faster along the mag-
netic field, so the vertical diameter of the plasma cloud 
also increases rapidly, and the sheet-like structure of 

the plasma cloud along the magnetic field is more obvi-
ous. As time passes, the density difference of  Ba+ at the 
release center caused by different initial ionization rates 
decreases.

Effects of release velocity
We also considered the evolution characteristics of 
released clouds with different initial release veloci-
ties.  The cloud evolution results with initial velocity 
perpendicular to B and initial velocity parallel to B were 
simulated, with a velocity of 2 km/s.  It should be noted 
that, for the release with initial velocity perpendicular to 
magnetic field, we take the release point located at [− 20, 
0, 0] km;  for the release with initial velocity parallel to 
magnetic field, we take the release point located at [0, 0, 
− 20] km.

Figure  7 shows the evolution result of a cloud 
released with an initial velocity perpendicular to 

Fig. 6 The density distribution of  Ba+ clouds in the x–z plane (at t = 60 s) after 10 kg Ba release at 220 km, with initial ionization rates (σ) of 0%, 20% 
and 80% (a, b, c), the maximum density of the  Ba+ cloud changes with time (d), and the vertical diameter of the generated plasma cloud changes 
with time (e). Note that the location where the barium ion number density is 1/e of the peak density is defined as the plasma cloud boundary, and 
the vertical diameter of the ionosphere hole is determined accordingly
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B.  The expansion of the plasma cloud along B and its 
snowplow effect on  O+ are very similar to those of a 
stationary release.  However, since the volume of the 
 Ba+ cloud is larger than that in the former case, the 
number density of the  Ba+ cloud is lower.  Due to the 
movement of neutral barium clouds, an ionic tail will 
be generated behind them from photoionization in the 
early stage, but the  Ba+ cloud still becomes a sheet-like 
structure eventually because the motion perpendicular 
to B is constrained. The  Ba+ cloud decelerated rapidly 
in response to the magnetic field, while the neutral bar-
ium cloud was not affected by the magnetic field; thus, 
the barium ion cloud was slowly separated from barium 
neutral clouds (not shown).  In addition, there are still 
two  O+ density enhancement regions and one  O+ den-
sity depletion region in the background ionosphere, 
and it can be seen that a small number of oxygen ions 
are pushed to the front of the cloud due to momentum 
transfer, forming  O+ density enhancement regions at 
both sides in front of the cloud.

As shown in Fig.  8, when the neutral barium cloud is 
released with a velocity along B, at the early stage, the 
snowplow effect of the ion cloud creates an  O+ density 
hole on the back side of the expanding  Ba+ cloud and an 
 O+ density bump at the front. Compared with the cases 
without injection velocity and with a release velocity 
perpendicular to B, this case features a much greater  O+ 
density enhancement in front of the plasma cloud, and no 
density enhancement appears behind the plasma cloud. 
While the initial velocity of the barium neutrals is par-
allel to the background magnetic field and although the 
movement of the barium ion cloud is not affected by the 
j × B  force, with the high concentration of background 
particles, the motion of the ion cloud still slows down 
due to collisions. At t = 20 s, the plasma cloud has moved 
approximately 12  km.  Moreover, because of the exist-
ence of Coulomb collision between charged particles, the 
damping coefficient of the ion cloud is higher than that of 
the neutral cloud, which eventually leads to the separa-
tion of the ion cloud and neutral cloud.

Fig. 7 The plasma cloud distribution in the x–z plane at t = 20 s (a, b, c) and 60 s (d, e, f) after 10 kg Ba release at 220 km, and the injection velocity 
us is 2 km/s perpendicular to B 
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Cesium release
Although the thermal ionization of cesium is prone to 
occur due to its low ionization potential, thermal ioniza-
tion is insignificant compared to photoionization under 
conditions of strong sunlight, so the thermal ionization 
process of cesium is not discussed here. The compari-
son of the diffusion coefficient and damping coefficient 
of barium and cesium is shown in Fig.  9. The diffusion 
coefficient of Ba is slightly larger than that of Cs, but its 
damping coefficient is smaller than that of Cs.

Figure  10 shows the simulation results of Cs with the 
same number of molecules released. Except for the type 
of material released, other parameters are the same as 
in Fig.  3. Qualitatively speaking, the expansion char-
acteristics of  Cs+ and  Ba+ and the disturbance effect 
on background  O+ are similar. Since the diffusion coef-
ficient of cesium is smaller, the barium cloud expands 
more rapidly and covers a wider area than the cesium 
cloud, but the ionization yield of cesium is higher than 
that of barium under the same release mass due to the 
higher photoionization rate of cesium. The cesium ion 
cloud is denser than the barium ion cloud, so the cesium 
ion cloud has a larger expansion speed, as seen from 

Figs.  3e, 10e. The maximum vertical velocities of elec-
trons at t = 5 s are 289 m/s and 613 m/s, respectively. At 
t = 60  s, the peak number density of cesium ion clouds 
reaches 4.48 × 107  cm−3, which is nearly one and a half 
times that of barium ion clouds (3.03 × 107 cm−3) under 
the same conditions. In addition, the collision frequency 
of  Cs+-O+ is greater than that of  Ba+-O+, and the snow-
plow effect of  Cs+ is stronger than that of  Ba+, resulting 
in larger oxygen ion density holes and bumps.

Conclusions
In this study, the evolution characteristics of artificial 
plasma clouds under different release conditions were 
systematically studied based on a three-dimensional two-
species model. The influences of different release alti-
tudes, masses, initial ionization rates, release velocities 
and release substances on the evolution of the artificial 
plasma cloud were discussed. Based on the simulation 
results, the conclusions can be summarized below:

1. When a nonuniform ionosphere with altitude  is 
assumed, the motion of artificial ion clouds along 
the magnetic field and their snowplow effect on 

Fig. 8 The plasma cloud distribution in the x–z plane at t = 20 s (a, b, c) and 60 s (d, e, f) after 10 kg Ba release at 220 km, and the injection velocity 
us is 2 km/s along B 
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Fig. 9 Comparison of the diffusion coefficient (left) and damping coefficient (right) of Cs and Ba

Fig. 10 The plasma cloud distribution in the x–z plane (at t = 60 s) after 10 kg Cs release at 220 km, with no initial ionization (a, b, c), and the 
distribution of electron density and velocity over height at different times (d, e). The maximum densities at t = 5 s, 30 s, 90 s and 150 s are 
9.27 × 107 cm−3, 6.44 × 107 cm−3, 3.59 × 107 cm−3 and 2.72 × 107 cm−3, respectively (d)
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background oxygen ions are similar to the results 
obtained when considering a uniform ionosphere. 
The difference is that an asymmetric structure of the 
artificial ion cloud appears in the vertical direction, 
which can be ascribed to the asymmetry in the col-
lision frequency. In addition, the snowplow effect 
of oxygen ions is asymmetric on both sides of the 
expansion cloud due to the influence of the back-
ground density gradient.

2. At high altitudes, due to the low collision frequency 
between particles, the neutral clouds expand rapidly, 
and the artificial ion cloud has a large volume and is 
stretched rapidly along the magnetic field.  The dis-
turbance to the background oxygen ions is strong, 
but the disturbance recovers rapidly.

3. Essentially, different release masses and initial ioniza-
tion rates can both change the initial density of the 
plasma cloud, and have a similar consequence on 
cloud evolution in the early stage. The difference is 
that the disturbance in the ionosphere will last longer 
with a larger release mass, while with higher initial 
ionization rates, the density gradient of the plasma 
cloud will be steeper,  so that the plasma stretches 
faster along B, leading to a plasma cloud with a more 
obviously elongated structure.

4. The initial release velocity can change the motion and 
overall distribution of the cloud. For a cloud released 
with an initial velocity perpendicular to B, the cloud 
becomes stretched in the same direction as the initial 
velocity without moving, and a small amount of oxy-
gen ions is pushed away in front of the cloud due to 
momentum transfer. When the initial release veloc-
ity is parallel to B, the  O+ density enhancement in 
front of the cloud is much greater than that behind 
the cloud, and the plasma cloud moves in same direc-
tion. Barium releases with initial velocities both per-
pendicular and parallel to B have a strong disturbance 
on background particles, eventually resulting in the 
separation of the ion cloud and the neutral cloud.

5. Qualitatively, the evolution characteristics of  Cs+ and 
 Ba+ and their effects on background  O+ are similar. 
Due to the large diffusion coefficient of barium, the 
expansion of barium clouds is more rapid, and the 
coverage area of  Ba+ clouds is wider, but the density 
of  Cs+ clouds is higher than that of  Ba+ clouds when 
the same mass is released because of the large pho-
toionization rate of cesium. Moreover, the snowplow 
effect of  Cs+ is stronger than that of  Ba+, and the 
oxygen ion density disturbance caused by cesium is 
stronger.

It is worth noting that the formation of striations, as 
observed in many experiments, does not appear in our 

simulation (Zalesak et  al. 1988; Goldman et  al. 1976; 
Kelley and Livingston 2003). The main reason is that 
we assumed that the density distribution of the neutral 
cloud is Gaussian and the overall density distribution 
is smooth, so that the E × B gradient instability did not 
occur, which is generally thought to be the main cause of 
striations. In addition, the lack of a varying background E 
field may be another reason for the absence of striations.
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