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Abstract:
The current filamentation instability is one of the important instabilities in the ionosphere which
plays a significant role in the amplification of magnetic fields in the ionosphere, particularly
when a solar wind electron beam encounters a weakly ionized plasma. In this paper, the current
filamentation instability of the interaction of an electron beam with F region of the ionosphere and
the growth rate of instability has been investigated. By solving the fluid description in the presence
of binary collision terms between charged and neutral particles and using the local approximation
method, the dispersion relation of unstable mode has been obtained and the effect of magnetic
field driven-destabilization and current-driven stabilization on the growth rate of instability has
been studied. Results show the magnetic threshold for the current filamentation instability in the
collisional magnetized ionosphere, in which the instability will disappear for a larger magnetic field
than one. Studies show that the value of the magnetic threshold increases by increasing electron
beam current density. These results could be important in the explanation of many phenomena that
happened in the ionosphere.
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1. Introduction

The ionosphere is a region of Earth’s upper atmosphere,
which is composed of a plasma consisting of positively
charged ions, negatively charged electrons, and neutral par-
ticles [1]. This region of the atmosphere which extends
from about 60 kilometers to over 1,000 kilometers from the
Earth’s surface, plays a critical role in radio communica-
tions and navigation systems, and its conditions can have
significant effects on satellite positioning systems, radio
antennas, and radar systems. Due to the complex interplay
between various physical processes, such as solar winds,
lightning discharges, radio waves, and high-energy particles,
the ionosphere is susceptible to a wide range of plasma insta-
bilities that can cause fluctuations in density, temperature,
and electric field. Therefore, to understand the behavior
of the ionosphere and improve the performance of radio
communication and navigation systems, it is essential to
investigate the various plasma instabilities that occur in this

region [2–5].
One such important instability of the ionosphere is the
current filamentation instability, a type of current-driven
plasma instability that usually occurs in the F region of the
ionosphere. When an electron beam penetrates a plasma,
provided that the electron current is much higher than the
Alfven limiting current, a return current is produced to
neutralize the beam current, leading to various current in-
stabilities in the beam-plasma system [6–13]. Current fila-
mentation instability (CFI), which is excited by transverse
perturbations perpendicular to the electron beam, a mag-
netic repulsion between the two oppositely directed currents
tends to reinforce the initial transverse perturbation. Conse-
quently, a magnetic field is produced and grows exponen-
tially in time. The current filamentation instability plays
a significant role in the amplification of magnetic fields
in astrophysical systems, particularly when a solar wind
encounters a weakly ionized plasma such as ionosphere.
Therefore, the behavior of this instability under different
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conditions in the astrophysical plasmas has been considered
in recent years [14–18].
Hajisharifi et al. [15], considering collisions between
charged particles and neutrals, studied the interaction of a
diluted warm electron beam and weakly ionized plasma. By
choosing an inhomogeneous density profile for the electron
beam, the equilibrium state was satisfied. Then, the growth
rate of CFI in the presence of thermal effects was obtained
[15]. Their results demonstrated that increasing the beam
current density expands the unstable wavelength region
and increases the growth rate of CFI. Kumar et al. inves-
tigated the magnetic field amplification caused by Weibel
instability in a spatially uniform, initially unmagnetized,
counter-streaming electron-positron plasma beam [17], and
contrasted it with the magnetic amplification in nonuniform
sub-relativistic counter-streaming electron-positron pairs
[18]. The findings indicated that the magnetic field pro-
duced by an inhomogeneous density distribution sustains
longer than a uniform density distribution. The magnetic
field energy’s behavior is directly related to the density per-
turbation in upstream plasma flow, and the amplification
of the magnetic field in the inhomogeneous distribution is
attributed to temperature anisotropy. This specific density
distribution is frequently reported in Gamma-ray bursts.
As it is known, according to recent experimental and theo-
retical studies, many astrophysical plasmas are magnetized
[14, 18] and the presence of external magnetic field in cur-
rent instabilities has a significant role. It can be said that
in the interaction of the electron beam with the plasma,
magnetization is one of the parameters to weaken the CFI.
The interplay between kinetic effects and magnetic fields
is crucial for determining the impact on the growth rate of
CFI in magnetized plasma. This competition plays a sig-
nificant role in either decreasing or increasing the growth
rate of CFI in magnetized plasma. Recently, Malik studied
a magnetic nozzle, where a nonuniform magnetic field is
created and an ion beam is employed to provide thrust to
the propulsion device having nonuniform plasma [19–21].
However, there has been limited research on the effects of
density gradient, pressure distribution, and external mag-
netic field in magnetized astrophysical environments such
as the ionosphere. Therefore, in this paper, the current fila-
mentation instability of the interaction of a diluted electron
beam having nonuniform density with the F region of the
ionosphere (solar wind/ionosphere) and the growth rate of
instability have been investigated. By solving the fluid de-
scription in the presence of binary collision terms between
charged and neutral particles and using the local approx-
imation method, the dispersion relation (DR) of unstable
mode has been obtained and the effect of magnetic field
driven-destabilization and current-driven stabilization on
the growth rate of instability has been studied.

2. Model description
We consider a long and warm diluted electron beam with
density n0

eb and non-relativistic velocity V 0
eb in the x direc-

tion passing through weakly ionized plasma region of the
ionosphere in the presence of an external magnetic field
B0 = B0x with cyclotron frequency ωc = eB0/cme. Adopt-

ing the multi-fluid approach as well as considering the beam
temperature and collisional effects, the time evolution of the
system can be investigated by the continuity, momentum,
and Maxwell equations, (for simplicity, hereafter on, we
used the subscripts b, e, i, and n for beam, electron plasma,
ion plasma, and neutral background respectively.)

∂

∂ t
n j,n +∇ · (n j,nV j,n) = 0, ( j = b,e, i) (1)

m jn j

(
∂

∂ t
+V j ·∇

)
V j = q jn j

[
E+

V j × (B+B0)

c

]
−

∇Pj −ν jnm jn j(V j −Vn),

(2)

mnnn

(
∂

∂ t
+Vn ·∇

)
Vn =−∇Pn −Σ jνn jmnnn(Vn −V j),

(3)

∇×E =− ∂

∂ t
B, (4)

∇×B =
4π

c
J+

1
c

∂

∂ t
E, (5)

In Eqs. (1)-(5), q j is the charge of species j, C is the speed of
light in vacuum, and m j,n, n j,n, Pj,n, V j,n are the mass, num-
ber density, pressure, and fluid velocity of charged species j,
and neutral respectively. E and B are the electric and mag-
netic fields and ν jn (νn j) is the elastic collision frequency of
charged species j (neutrals) with neutrals (charged species
j). As seen in these equations, the ionization and recom-
bination terms have been ignored. In the momentum equa-
tion, the pressure gradients of cold background species and
neutrals are negligible, ∇Pn ∼= ∇Pi ∼= ∇Pe ∼= 0, which the
pressure gradient of beam electrons can be expressed as
∇Pb = γbTb∇nb where Tb is the temperature expressed in
units of energy and γb is the heat capacity ratio.
In the equilibrium state, considering the beam density pro-
file as n0

b(x) = n0
b(x = 0)e−x/l , the charge and current neu-

trality condition is provided in the beam momentum trans-
formation equation at any point in the steady state, where
l =V 2

T b/(νbn∥V 0
b ) is the length of the system under consider-

ation in the x-direction, VT b = (γbTb/mb)
1/2 is the electron

beam thermal velocity, and νbn∥ is the collision frequency
of the beam-neutral in the direction parallel to the beam.
On the other hand, regarding the higher plasma density than
the beam density, n0

b(x)≪ n0
p, the local current neutrality

allows us to ignore the return drift velocity of background
plasma electrons at every point, V 0

p (x) = (n0
b(x)/n0

p)V
0
b ∼ 0.

In this regard, neglecting the collision term of neutrals with
warm electrons due to the small density of electrons, the
total forces acting on the unmagnetized cold plasma are
equal to zero in the equilibrium state [15, 16].
Assuming quantities perturbed according to exp[ikyy− iωt],
with wave vector k perpendicular to the beam velocity,
k = kyŷ, and magnetic field parallel to the z-axis and electric
field E = Exx̂ and using local approximation method, we
find the linearized equations,

−iωn1
j + ikyn0

jV
1
jy = 0, ( j = b,e, i,n) (6)
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(−iω +νbn∥,⊥)V1
b =−

∇P1
b

men0
b
− e

me

(
E1 +

V0
b ×B0

c

)
+

νbn∥,⊥V1
n −νbn∥V0

b
n1

b

n0
b
,

(7)

(−iω +νen)V1
e =− e

me
(E1 +

V1
e ×B0

c
)+νenV1

n, (8)

(−iω +νin)V1
i =

e
mi

(E1 +
V1

i ×B0

c
)+νinV1

n, (9)

(−iω +νn)V1
n = νniV1

i +νneV1
e , (10)

where νbn∥,⊥ is the effective collision frequency of beam to
neutral particles in the parallel and perpendicular direction
to the beam velocity, and νn = νni + νne is the effective
frequency of the neutral collisions.
The following linearized Maxwell equations complete the
description of the system:

iω
c

B1 = ik×E1 (11)

ik×B1 =
4π

c
J1 −

iω
c

E1 (12)

where the perturbed current density is

J1 = ∑
j

q jn jV j = e(n0
i V1

i −n0
eV1

e −n0
bV1

b −V0
bn1

b). (13)

By obtaining the densities from Equations (6) as well as the
perturbed velocity of neutral particles from Equation (10)
and putting them in Equations (7) to (9), the components of
the perturbed velocities are obtained as

(−iω +νbn∥)V
1
bx +

e
me

E1x −
νbn∥νne

(−iω +νn)
V 1

ex−

νbn∥νni

(−iω +νn)
V 1

ix +
νbn∥V 0

b ky

ω
V 1

by = 0,
(14)

(−iω +νbn⊥+
ik2

yV 2
T b

ω
)V 1

by +ωcV 1
bz −

e
me

V 0
b B1z−

νbn⊥νne

(−iω +νn)
V 1

ey −
νbn⊥νni

(−iω +νn)
V 1

iy = 0,
(15)

(−iω +νbn⊥)V 1
bz −ωcV 1

by −
νbn⊥νne

(−iω +νn)
V 1

ez−

νbn⊥νni

(−iω +νn)
V 1

iz = 0,
(16)

(−iω +νen −
νenνne

(−iω +νn)
)V 1

ex +
e

me
E1x−

νenνni

(−iω +νn)
V 1

ix = 0,
(17)

(−iω +νen −
νenνne

(−iω +νn)
)V 1

ey,z ±ωcV 1
ez,y−

νenνni

(−iω +νn)
V 1

iy,z = 0,
(18)

(−iω +νin −
νinνni

(−iω +νn)
)V 1

ix −
µe
me

E1x−

νinνne

(−iω +νn)
V 1

ex = 0,
(19)

(−iω +νin −
νinνni

(−iω +νn)
)V 1

iy,z ∓µωcV 1
iz,y−

νinνne

(−iω +νn)
V 1

ey,z = 0,

(20)

In the above equation, µ = me/mi is the ratio of the electron
to ion mass. By obtaining the electric field from Equa-
tion (11) and putting it in Ampere’s equation, Equation (12)
is obtained as follows:

iky

(
1− ω2

c2k2
y

)
B1z −

4πen0
e

c
[(1+α)V 1

ix −V 1
ex −αV 1

bx−

αky

ω
V 0

b V 1
by] = 0,

(21)

where α = n0
b/n0

e is the ratio of the unperturbed beam to
plasma electron number density. The dispersion relation,
Dr, describing the linear dynamics of current filamentation
instability of the electron beam-magnetized ionosphere un-
der consideration can be easily derived from the coupled
Equations (14) to (21) as follows:

Dr = {K4
β

2
tbB0 + iC0ω̄

2(αB3 + ω̄B1 + ν̄bn∥B2)−K2
ω̄

[β 2
tb(ν̄bn⊥− iω̄)(αB3 + ν̄bn∥B2)− (ν̄in − iω̄)(ν̄en − iω̄)(
αβ

2(iν̄bn⊥+ ω̄)−C0(iν̄bn∥+ ω̄)

)
]}{ν̄

2
inC1 +C2 +2ν̄in

[−iω̄C1 + ν̄ni(ω̄
2A+ ν̄ne(ν̄enω̄

2 − iω̄u+µνenΩ
2))]}.

(22)

where the expressions of u, A, w, B0,1,2,3, and C0,1,2 are

u =ω̄
2 −Ω

2

A =(ν2
en −2iνenω̄ − ω̄

2 +Ω
2)

w =(1− iνenω̄ − ω̄
2)

B0 =(ν̄bn∥− iω̄)(ν̄bn⊥− iω̄)(ν̄in − iω̄)(νen − iω̄)

B1 =ν̄ne +µ(ν̄en − iω̄)− iω̄w− iν̄niν̄enω̄ + ν̄inw

B2 =iν̄ne + iαν̄ne + ω̄w+ ν̄niν̄enω̄ +µ(iν̄ni +(1+α)

(iν̄en + ω̄))+ iν̄inw

B3 =(ν̄en − iω̄)(iν̄in +(1+µ)(iν̄ni + ω̄))

C0 =(ν̄2
bn⊥−2iν̄bn⊥ω̄ −u)

C1 =ν̄
2
neu+ ω̄

2A+2ν̄neω̄(ν̄enω̄ − iu)

C2 =(ω̄2 −µ
2
Ω

2)[2iν̄neω̄(iν̄enω̄ +u)+ ν̄
2
niA+2ν̄neω̄

(ν̄enω̄ − iu)−2iν̄ni(ν̄ne(ν̄enω̄ − iu)+ ω̄A)−C1]

The obtained DR has been expressed in terms of the follow-
ing dimensionless variables:

K =
cky

ωp
, β =

V 0
b
c
, βT b =

VT b

c

ω̄ =
ω

ωp
, Ω =

ωc

ωp
ν̄ =

ν

ωp

where ωp = (4πn0
ee2/me)

1/2 is the background plasma fre-
quency.
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3. Numerical discussion

In this section, the results of numerical analysis of the dis-
persion relation solutions Dr = 0 of the collisional current
filamentation instability in the ionosphere are presented. In
the F region of the ionosphere, at a distance of 150−1000
km from the earth’s surface, the electron density is in the
range of 105 − 106 1/cm3 and the ionization degree is up
to a maximum of 1%. Experimental observations indicate
that the ratio of the density of penetrating electron beams
to the plasma electron number density in different layers of
the ionosphere can vary from 10−2 to 10−4 [1]. To analyze
the current filamentation instability, by solving the disper-
sion equation Dr = 0, the normalized growth rate of the
most unstable normal mode (γ/ωp) versus normalized wave
number (cky/ωp) has been depicted in Fig. 1 for magne-
tized ionosphere with an approximate cyclotron frequency
of Ω = ωc/ωp = 0.015 and non-magnetized ionosphere
with Ω = 0. Fig. 1 also demonstrates the instability growth
rate for neglecting the collision term in a non-magnetized
system (ν = 0, Ω = 0) to ensure the accuracy of our calcu-
lations. Appropriate physical parameters of the ionosphere
are the ratio of unperturbed beam to plasma electron num-
ber density α = n0

b/n0
e = 4×10−3, electron beam temper-

ature Tb = 3 eV, initial electron beam velocity V 0
b = 0.4c,

Te = Ti = 0.02 eV, neutral density nn = 1010 1/cm3, and the
ionization degree i = n0

e/n0
n = 10−3.

As seen from the dot-dashed curve of this figure, in a
non-magnetized system, neglecting collision term (ν = 0,
Ω = 0), the instability growth rate of CFI increases continu-
ally with wave number until saturation at small wavelength
values, in agreement with previous results reported by [15–
18]. However, in magnetized and non-magnetized plasmas,
collision terms result in a cut-off wave number, which is
caused by the collision effects. The magnetic field can
reduce the instability growth rate, in agreement with our
previous results [16]. Physically, the growth rate of the
instability is proportional to the deviation of the filament
currents in the increase of the static magnetic field of the
input disturbance. The presence of an external magnetic
field in the direction of the beam prevents the deviation of
electrons and excludes the increase of the filament current
density, which in turn reduces the growth rate of the current
filamentation instability. For further investigation, the vari-
ation of the maximum growth rate in terms of the reduced

Figure 1. The growth rate of the CFI in the magnetized (Ω =
ωc/ωp = 0.015), unmagnetized (Ω = 0) and collisionless
unmagnetized (ν = 0, Ω = 0) regimes for α = 4× 10−3,
V 0

b = 0.4c, plasma density n0
e = 106 1/cm3 and i = 10−3.

Figure 2. 3D plot of the evaluation of the normalized growth
rate γ/ωp in terms of normalized wave number cky/ωp and
cyclotron frequency Ω.

vector and counterplots of the growth rate versus Ω and
normalized wave number is displayed in Fig. 2 and Fig. 3
for uniform magnetic field intensity Ω = ωc/ωp from 0 to
0.03. The other parameters are the same as Fig. 1.
It is found from these figures that increasing the magnetic
field intensity decreases the cut-off wave number, i.e., reduc-
tion of unstable wavelength region, to stabilize the system
at large Ω. Also, Ω reduces the maximum growth rate of
instability at any given wavelength. On the other hand, there
exists a threshold cyclotron frequency where the instability
disappears for Ω > Ωth. This threshold value depends on
various parameters of the beam, including the ratio of the
number density of the beam to the plasma, α , and the beam
velocity, β . Thus, the maximum growth rate of instability
for various admissible α values and various β have been
investigated in Fig. 4 and Fig. 5.

Figure 3. Contour plots of the normalized growth rate γ/ωp
versus cyclotron frequency Ω, and normalized wave number
cky/ωp.
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Figure 4. Dimensionless growth rate γ/ωp in terms of (a) di-
mensionless wave number cky/ωp, (b) cyclotron frequency
Ω for three values of α = 5×10−2, 5×10−3, and 5×10−4.
The other parameters are the same as Fig. 1.

It is evident from Fig. 4 (a), as the ratio of beam to plasma
density increases, the electron beam becomes denser, and
the instability growth rate increases. Therefore, for a fixed
value of magnetic field, the system becomes more unstable.
Fig. 4 (b) shows that increasing α results in an increase
in the cut-off wave number, which causes a broadening of
unstable wavelength region, as well as an increase in the
maximum growth rate of instability for any arbitrary un-
stable wavelength because of growing the magnetic field
fluctuation with current density. The present results can be
compared with the theoretical/numerical findings of Kumar
[17, 18] in the competition of kinetic effects and magnetic
fields. The magnetic field grows without constraint and
leads to the rearrangement of particles in space. Results
have shown that the magnetic pressure gradient formed
during the quasilinear evolution of the CFI generates an
electrostatic field component, and both the electrostatic and
magnetic fields work together to redistribute particles within
the spatial domain. The electromagnetic fields contribute
to the thermalization of electrons. The filamentation insta-
bility demonstrates efficient mechanisms for accelerating
electrons to high energy levels. On the other hand, it is
found from Fig. 5 that increasing the velocity of beam, β ,
enhances the maximum growth rate due to the increase in
current density, the main factor of instability. So, as both
α and β increase, the threshold value of the magnetic field
Ωth also increases. Hence, larger magnetic fields are needed
to prevent the excitation of current filamentation instability
at high current densities and beam velocities.

4. Conclusion
In this paper, the current filamentation instability is studied
in the ionosphere. The incoming solar wind electron beam

Figure 5. The plot of CFI growth rate versus cyclotron
frequency for β = 0.2, 0.3, and 0.4.

interacts with different layers of the ionosphere and gives
rise to several plasma unstable modes, especially the CFI.
By analyzing the dispersion relation of unstable mode,
the effect of magnetic field driven-destabilization and
current-driven stabilization on the growth rate of instability
has been studied. Results show there is a magnetic field
threshold for the current filamentation instability in the
collisional magnetized ionosphere, in which the instability
will disappear for a larger magnetic field than ones. One can
deduce that the value of the magnetic threshold increases
by increasing electron beam current density, indicating
that the presence of a magnetic field stabilizes the current
filamentation instability. Furthermore, decreasing the
magnetic field increases the unstable wavelength region as
well as the maximum growth rate of the instability. On
the other hand, in the magnetized ionosphere, with the
increment of the velocity and density of electrons beam, the
growth rate of instability becomes larger, and the system
is more unstable for a fixed magnetic field. These results
could be important for understanding the many phenomena
that occur in the ionosphere.
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