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Key Points:
At PMSE (polar mesosphere summer echoes) altitudes, the bite-out condition contains high dust and low electron density.●

In the absence of the bite-out condition, the ion effects on conductivity and permittivity are not significant.●

In the presence of the bite-out condition, the ion effects on conductivity and permittivity are significant and cannot be excluded.●
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Abstract: For the first time, the effect of ions on complex conductivity and permittivity of dusty plasma at Polar Mesosphere Summer
Echoes (PMSE) altitude is analyzed. Because of ions higher mass and smaller thermal velocity, generally, their effects are not considered in
the study of electromagnetic properties of dusty plasmas. In this study, we modified the equations of conductivity and permittivity by
adding the effect of ions. In the PMSE altitude region between 80 and 90 km, a local reduction in electron density (i.e., an electron bite-
out), is produced by electron absorption onto dust particles. The bite-out condition contains high dust density and smaller electron
density. From simulation results in comparatively strong bite-out conditions, we found that the ion effects on conductivity become
significant with smaller dust size, lower electron temperature, and lower neutral density. For comparatively weak bite-out conditions, the
ion effects on conductivity become significant with larger dust size, higher electron temperature, and higher neutral density. On the
other hand, for different dust sizes, electron temperatures and neutral density, the ion effects on complex permittivity become significant
only in very strong bite-out conditions. Based on these simulation results, we conclude that, in the absence of electron bite-out
conditions, the effect of ions on complex conductivity and permittivity is not significant and can be ignored. However, during bite-out
conditions, the effect of ions becomes significant and cannot be ignored because it significantly changes the conductivity and
permittivity of dusty plasmas.

Keywords: PMSE; electromagnetic waves; collision and charging effect; conductivity and permittivity

 
 

1.  Introduction
The mesosphere  at  polar  latitudes  is  a  highly  dynamic  and  com-

plex  region  where  chemical  and  physical  processes  take  place,

where the  disintegration of  meteors  between 50  and 90  km alti-

tude  forms  natural  dusty  plasmas.  Human  activity  and  climate

change  cause  an  increase  of  methane  concentration,  leading  to

elevated water  vapor  content  and lowered mesospheric  temper-

atures  (Rapp  and  Lübken,  2004). During  summer,  the  temperat-

ure of the polar mesopause region falls to about 130 K (Von Zahn

and Meyer, 1989; Lübken, 1999). Due to this low temperature, ice

particles form and grow to produce noctilucent clouds (NLC).

NLC provide  direct  evidence  of  the  formation of  ice-coated met-

eoric dust particles from the freezing of water vapor, with radii ex-

ceeding  20  nm.  At  polar  latitudes,  nanometer-size  dust  particles

produce remarkably  strong radar  echoes  due to  electron density

irregularities,  called  polar  mesosphere  summer  echoes  (PMSE)

(Lübken,  1999),  and  NLC  can  even  be  observed  optically  below

the  PMSE  layer  (Von  Zahn  and  Bremer,  1999).  In  the  D-region  of

the ionosphere, one possible reason for electron density irregular-

ity and hence for PMSE might be the extra ionization produced by

highly energetic particle precipitation (Rauf et al., 2018). Recently,

Ge et al. (2020) presented the effect of energetic particle precipit-

ation on modulated PMSE. The dust particles are supposed to be

involved in the creation of PMSE, although the layer is not visible,

it can be observed by strong radio reflections with radars operat-

ing  between  50  MHz  and  1.3  GHz.  Interest  in  the  study  of  dusty

plasmas  in  the  mesosphere  has  significantly  expanded  due  to

their possible connection with the Earth global warming process.

PMSE have been intensively studied for more than 30 years; a de-

tailed review of theory and observations of PMSE can be found in
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Rapp and Lübken (2004).

In-situ measurements have contributed significantly to the under-
standing  of  the  polar  mesosphere  region  chemical  and  physical
processes, using multi-range radar with time-space spectral meas-
urements.  Moreover,  artificial  electron heating experiments  have
been  used  as  an  alternative  approach  to  investigate  the  dusty
plasma  parameters  in  the  mesosphere  region.  Using  the  EISCAT
(European  Incoherent  SCATter)  heating  facility, Chilson  et  al.
(2000) discovered that PMSE strength was modulated by heating
the  mesosphere  with  powerful  high-frequency  (HF)  radio  waves
(Chilson et  al.,  2000),  further  studied by Rapp and Lübken (2000)
and  later  explained  by Havnes  et  al.  (2003) and Havnes  (2004).
Theoretical models  successfully  explained  the  PMSE  heating  ef-
fect for HF radar (VHF 224 MHz and UHF 930 MHz) (Næsheim et al.,
2008; Biebricher et al., 2012).

The  study  of  heating  effects  at  low  frequencies  includes Scales
(2004), Chen  C  and  Scales  (2005), Biebricher  and  Havnes  (2012)
and Senior  et  al.  (2014).  In  the  study  of  PMSE, Havnes  (2004) ex-
tended the use of radar by introducing a theory about the role of
dust particles in PMSE formation. The dust particles become elec-
trically  charged  through  the  attachment  of  free  ionospheric
plasma particles and photo-emission of electrons, where the dust
size, solar  radiation,  and  plasma  parameters  determine  the  aver-
age  dust  charge.  Depending  on  the  balance  of  electron  and  ion
currents at  the dust surface,  a pure dust particle acquires a small
negative charge and a high photoelectric work function. At PMSE
altitudes, this effect produces a local reduction in electron density
in the surrounding plasma called an electron bite-out (Kassa et al.,
2005). However,  significant  photoionization  due  to  metallic  spe-
cies  on  the  dust  surface  results  in  an  increase  of  free  electron
density,  and  the  dust  particle  may  become  positively  charged
(Weingartner  and  Draine,  2001).  Rocket  observations  confirmed
both positive and negative dust charges (Havnes et al.  1996; Blix,
1999).

It is now commonly accepted that the creation of PMSE is due to
the combination of  neutral  atmospheric  turbulence and charged
dust particles, however, at polar latitudes the transition of electro-
magnetic (EM) waves in dusty plasmas is still an open question. In
summer  conditions  at  polar  latitude,  dust  particles  play  a  crucial
role  in  the  balancing  of  charge  in  the  mesopause  region.  Within
the  PMSE  layer,  comparatively  large  concentrations  of  dust
particles  produce  the  electron  bite-out  condition.  Given  high
enough dust density, the local electron density is significantly re-
duced due to electron absorption by dust particles (Ulwick et al.,
1988). The existence of dust particles is strongly supported by the
local reduction in electron density (bite-out). So far, in the vicinity
of  PMSE,  electron  bite-outs  have  been  observed  routinely  with
rocket-borne  sensors  as  well  as  occasionally  with  ground-based
radars (Friedrich et al.,  2009; Singer et al.,  2011). The correspond-
ing rocket measurements during the STATE (Structure and Atmo-
spheric  Turbulence  Environment)  campaign  in  1983  have  shown
that the electron number density may be depleted by as much as
a factor of 10 in the presence of PMSE (Ulwick et al., 1988).

It is revealed that the presence of dust particles are necessary for
the creation of  PMSE (Chen and Scales,  2005).  Thus,  to  study the
mechanics  of  PMSE,  it  is  of  great  importance  to  start  with  dusty

plasmas, which are relevant for a number of applications in labor-

atory  plasmas  and  modern  plasmas  technologies,  as  well  as  in

space plasmas and plasma of the Earth’s environment (Havnes et

al.,  1992). Due  to  the  presence  of  charged  dust  particles,  the  dy-

namical behaviors of dusty plasma are different from that of ion-

electron plasma. Scattering of electromagnetic waves in plasma is

a  powerful  diagnostic  method  which  has  been  successfully  used

in the laboratory and active geophysical experiments (Blix, 1999).

Electrical  permittivity  and  conductivity  can  be  used  to  describe

the  electromagnetic  properties  of  plasma,  with  properties  of

dusty  plasmas  being  different  from  that  of  ion-electron  plasma.

Shi YX et al. (2007) calculated the conductivity and permittivity of

weakly-ionized  dusty  plasmas,  while Duan  JZ  et  al.  (2012) repor-

ted the effect of dust size distribution on complex conductivity of

dusty  plasmas.  Due  to  higher  mass  and  smaller  thermal  velocity,

the  effect  of  ions  was  not  considered  in  the  previous  study  of

dusty  plasma  electromagnetic  properties,  since  the  presence  of

ions in the equations did not significantly affect  the conductivity

and  permittivity.  The  PMSE  region  (80–90  km)  acts  as  a  natural

dusty plasma  laboratory  where  the  dust  density  sometimes  in-

creases,  and  the  electron  density  decreases  to  form  the  electron

bite-out  condition.  In  the  case  of  high  dust  density,  the  electron

density is much smaller than the ion density. Until now, the ion ef-

fects  on  electromagnetic  properties  of  dusty  plasmas  in  bite-out

conditions has not been studied. For this analysis, we chose a bite-

out condition at PMSE altitudes because we expect that the char-

ging response factor of ions, plasma-ion frequency, effective colli-

sion  frequency  of  ions,  and  thermal  velocity  of  ions  may  change

significantly.  Therefore,  in  this  study,  we  consider  the  effect  of

ions on  complex  conductivity  and  permittivity  in  the  PMSE  alti-

tude region between 80 and 90 km in the presence and absence

of electron bite-out conditions for the first time. This may yield ad-

ditional  information  about  the  role  of  ions  in  the  equations  of

conductivity and permittivity of dusty plasmas. 

2.  Effect of Collisions
Considering weakly-ionized dusty plasma consisting of electrons,

ions, neutral  atoms and charged dust  particles,  the  kinetic  equa-

tion for ions can be written as (Ginzburg, 1970):

∂f
∂t

+ υ ⋅ ∇rf +
e
mi

(E) ⋅ ∇υf + S = 0, (1)

where f, e, mi and υ are the ion distribution function, charge, mass

and  speed,  respectively; E is  the  electric  field,  and S is the  Bhat-

nagar Gross  and  Krook  (BGK)  collision  term  describing  the  func-

tion of the variation of ion distribution. We suppose that from the

combination of weak electric field and collision terms, a deviation

of f1 occurs,  as  a  result,  the  ions’  distribution  function f can  be

written as:

f(υ) = f0(υ) + υ ⋅ f1(υ)
υ , (2)

f0 = Ni(mi/2πkTi)3/2 ⋅ e−miv
2/2kTi

where f0 is  the  Maxwellian  distribution  function  of  ions,  which  is

equal  to  here; Ni and Ti are  the  ion

density  and  temperature,  respectively; k is the  Boltzmann  con-

stant (1.38 × 10−23J·K−1). The perturbation f1(υ) is the vector distri-

bution  function  of  ion  speed  with  a  direction  parallel  to E and
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∣f1∣ ≪ f0magnitude . Substituting Equation (2) into (1) and neglect-

ing the second-order terms, we obtain:

∂f1
∂t

+
eE
mi

∂f0
∂υ

+ v(υ)f1 = 0. (3)

The solution of Equation (3) can be written as

f1(υ) = eENi

2miπ3/2[iω + v(υ)] (mi

kTi
)2

ue−u2

. (4)

u =
√
mi/2kT j′

In the above equation, ω is the angular frequency of the EM wave

and . The relation of current density ( ) with distribu-

tion function can be written as:

j′ =
8e2NiE

3
√
πmi

⎧⎪⎪⎪⎨⎪⎪⎪⎩∫
∞

0

ν(u)u4e−u2

du
ω2 + ν2 (u) − iω∫ ∞

0

u4e−u2

du
ω2 + ν2 (u)⎫⎪⎪⎪⎬⎪⎪⎪⎭ . (5)

The current density and electric field are also related by Ohm’s law

(Ginzburg, 1970):

j′ = σcomplexE = (σi + iωε0 χ) E. (6)

σi χ
All terms in Equation (5)  are already defined in the text.  In  Equa-

tion (6)  and  are the ion conductivity and electric susceptibil-

ity,  respectively.  Comparing Equations  (5)  and (6),  we can obtain

the ion conductivity and permittivity as:

σi = ε0

ω2
piνeff

ω2 + ν2
eff

, (7)

εi = ε0 (1 −
ω2

pi

ω2 + ν2
eff

) . (8)

ωpi

νeff = νen + νei + νed

σi εi

νeff = νin

In the above equations,  is the ion-plasma frequency.  For con-

venience, ν(υ)  is  replaced  by  the  effective  collision  frequency

( ).  The  effective  collision  frequency  is  the  sum

of electron–neutral,  electron–ion and electron–dust particle colli-

sion frequencies. However, in this study the effective collision fre-

quency  for  and  refers  to  the  collisions  of  ions  with  neutral

particles ( ). 

3.  Effect of the Charging Process
The  direct  collisions  of  electrons  or  ions  with  charged  dust

particles  are  often  referred  to  as  the  charging  process  of  dust

particles. In  dusty  plasmas,  the  dust  charging  process  by  elec-

trons and ions is also different from that of ion–electron plasmas.

Before  the  incident  EM  wave  strikes  the  dusty  plasma,  the  dust

particles  are  in  equilibrium with  charge qd0.  At  equilibrium state,

the  ion  and  electron  currents  are  equal,  so  no  current  is  flowing

onto  the  surface  of  dust  particles.  However,  when  the  incident

wave strikes the dusty plasma, the external electric field destroys

the original equilibrium by changing the charge on dust particles

from qd0 to qd0 + qd1(Jia JS et al., 2015). The charging equation of

the dust particles is given as (Shukla and Mamun, 2002):

∂qd1

∂t
+ νchqd1 = Ie1 + Ii1, (9)

νchwhere  is  the charging frequency (charge relaxation rate),  and

Ie1 and Ii1 are the electron and ion charging currents, respectively

(Jana et al., 1993). Charging current is related to the number dens-

ity  of  electrons  and  ions,  quantity  of  charge,  and  temperature.

Equation (9) can be written as:(iω + νch)qd1 = Ie1 + Ii1. (10)

The charging  current  and  electric  field  are  related  by  the  follow-

ing equation:

jd1 = σd1complexE = (σd1 + iωε0χd1)E. (11)

Considering the external EM field is:

E = E0e
iωt−ik⋅r (12)

according  to  the  orbit-limited  motion  (OLM)  approach  (Shukla

and Mamun, 2002):

Ndqd1 =
Nd(iω + νch) (Ie1 + Ii1) = ρd1, (13)

where ρd1 is the charge density. Consider the Maxwell equation:

∇ ⋅ jd1 = ∂
∂t
∇ ⋅ D = −

∂ρd1

∂t
, (14)

where jd1 is the charging current of electrons and ions which adds

the  charge qd1 on  a  dust  particle.  The  number  of  electrons  and

ions  determines  the  charge  on  a  dust  particle,  and  it  is  assumed

that the size and charge of each dust particle are the same. Using

Equations (11), (12) and (13) into (14) we then obtain:(σd1 + iωε0χd1) kE =
ωNd(iω + νch) (Ie1 + Ii1) . (15)

We  further  assume  that  the  velocity  distribution  of  the  plasma

species  is  Maxwellian.  The  electron  and  ion  charging  currents

caused by the electric field are given as (Ma JX and Yu MY, 1994):

Ie1 = −e∫ ∞

vm
vσd

efedV = −
8e2NeE

3
√
πme

∫ ∞

um

σd
eu

4e−u2

du
iω + νe(u) , (16)

Ii1 = e∫ ∞

0
vσd

i fidV = −
8e2NiE

3
√
πmi

∫ ∞

0

σd
i u

4e−u2

du
iω + νi(u) , (17)

Substituting the solution of Equations (16) and (17) into Equation

(15), we obtain the following equations:

(σd1 + iωε0 χd1) kE = −
ωNd(iω + νch) 8e2NeE

3
√
πme

∫ ∞

um

u4e−u2

σd
edu

iω + νe (u)
−

ωNd(iω + νch) 8e2NiE

3
√
πmi

∫ ∞

0

u4e−u2

σd
i du

iω + νi(u)
(18)

σd
e σd

i

where um is  the minimum value of electron velocity at which the

electron  hits  the  dust  particle,  and  are  the  collision  cross-

sections of charging given as:

σd
e = πr2

d (1 −
2eϕd

mev2
e
) , (19)

σd
i = πr2

d (1 +
2eϕd

miv2
i

) . (20)

ϕd

2eϕd/mev
2
e 2eϕd/miv

2
i ≪ 1

σd
e = σd

i = πr2
d

Here rd is  the  dust  radius  (a  spherical  dust  particle  is  assumed),

and  is the potential  difference between the particle and back-

ground plasma. If  and  are  then collision

cross-sections  of  charging  and um =0.  The  real  and

imaginary  parts  in  both  sides  of  the  Equation  (18)  are  equal  and

can be written as:

198 Earth and Planetary Physics       doi: 10.26464/epp2021016

 

 
Ullah S and Li HL et al.: Effect of ion in PMSE

 



σd1 = ηed

(ω2 − νchνeff)(ω2 + ν2
eff) (ω2 + ν2

ch) νϕ + ηid

(ω2 − νchνeff)(ω2 + ν2
eff) (ω2 + ν2

ch) νϕ, (21)

εd1 = ε0χd1 = ηed
νch + νeff(ω2 + ν2
eff) (ω2 + ν2

ch) νϕ + ηid
νch + νeff(ω2 + ν2
eff) (ω2 + ν2

ch) νϕ,
(22)

ηjd = e2πr2
dNjNd/mj

νϕ = ω/kwhere  is the  charging  response  factor  for  spe-

cies j and  is the phase velocity of radio waves in weakly-

ionized dusty plasmas which is  equal  to the speed of  light.  Now,

the  complex  conductivity  and  permittivity  of  the  weakly  ionized

dusty  plasma  containing  both  the  collision  and  charging  effects

can be written as:

σc =σe + σi + σd1 = ε0

ω2
peνeff

ω2 + ν2
eff

+ ε0

ω2
piνeff

ω2 + ν2
eff

+ ηed

(ω2 − νchνeff)(ω2 + ν2
eff) (ω2 + ν2

ch) νϕ + ηid

(ω2 − νchνeff)(ω2 + ν2
eff) (ω2 + ν2

ch) νϕ
⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎭
,

(23)

εc =εe + εi + εd1 = ε0 (1 −
ω2

pe

ω2 + ν2
eff

−
ω2

pi

ω2 + ν2
eff

)
+ ηed

νch + νeff(ω2 + ν2
eff) (ω2 + ν2

ch) νϕ + ηid
νch + νeff(ω2 + ν2
eff) (ω2 + ν2

ch) νϕ
⎫⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎭
.

(24)

Neglecting the effect of ions, Equations (23) and (24) can be writ-

ten as:

σc =σe + σd1

=ε0

ω2
peνeff

ω2 + ν2
eff

+ ηed

(ω2 − νchνeff)(ω2 + ν2
eff) (ω2 + ν2

ch) νϕ
⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭ , (25)

εc =εe + εd1

=ε0 (1 −
ω2

pe

ω2 + ν2
eff

) + ηed
νch + νeff(ω2 + ν2
eff) (ω2 + ν2

ch) νϕ
⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭ . (26)

Equations (25) and (26) are used in common dusty plasmas where

the effect of ions is not considered. 

4.  Numerical Results

νϕ = ω/k = C

In  the mesosphere,  the plasma and dust  parameters between 80

and 90 km were set  as:  the mass of  an electron, me = 9.1 × 10–31

kg; the mass of an ion, mi = 50 × mp = 8.3631 × 10–26 kg, where mp

is  the  mass  of  a  proton;  electron  charge, e =  1.6  ×  10–19 C;  and

neutral  density, Nn =  1  ×  1020 m–3.  Phase  velocity  of  radio  waves

 where C is  the  speed  of  light  equal  to  3  ×  108 m/s.

Further  detail  of  mesospheric  parameters  is  shown  in Table  1.

Note that in Table 1, case 1 corresponds to Equations (23) and (24)

where the ion effect is considered. In contrast, case 2 corresponds

to Equations (25) and (26) where the ion effect is not considered.

In the mesosphere,  the typical  values of  dust  and plasma densit-

ies  are Nd = Ne = Ni =  109 m−3 (Mahmoudian  and  Scales,  2012).

However, at PMSE altitudes, ion, electron and dust densities vary,

which  gives  rise  to  different  mesospheric  conditions,  including

the bite-out condition.  During the summer months at  polar  latit-

ude,  the temperature drops,  reaching a mean summer minimum

temperature of ~130 K. This extremely low temperature allows the

≪

dust particles to form at altitudes between 80 and 90 km and thus

increases  the  dust  number  density  at  PMSE  altitudes  (Rapp  and

Lübken, 2004; Scales and Mahmoudian, 2016). In favorable condi-

tions,  the  dust  size  grows  ranging  from  ~5−50  nm  (Rapp  and

Lübken,  2004; Routledge  et  al.,  2011). Free  electrons  from  sur-

rounding plasma attach to these dust particles and hence a local

reduction in free electron density is produced which is called the

electron  bite-out.  Increasing  the  dust  number  density  and  dust

size  strengthens  the  bite-out.  The  presence  of  dust  is  necessary

for  the  bite-out  condition,  however,  it  has  no  threshold  of  dust

density at which it occurs necessarily. At different PMSE altitudes,

it  occurs  at  different  dust  density;  for  example,  at  one  height  it

may occur at Nd =1010 m−3, then at another height, it is not neces-

sary  that  there should be a  bite-out  at  the same dust  density.  At

another  height,  the  bite-out  may  occur  at  a  smaller  dust  density

than Nd =1010 m−3 or maybe occurs at a higher dust density than

Nd =1010 m−3. In any case, the dust density should be high to sink

enough  free  electrons  to  produce  a  reduction  in  free  electron

density, and hence make Ne  Ni. 

4.1  Complex Conductivity Without the Bite-Out Condition
Figure  1 shows  the  effect  of  different  mesospheric  parameters

and  EM  wave  frequency  on  complex  conductivity  without  the

electron bite-out condition, for cases 1 and 2 as shown in Table 1.
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Figure 1.   The effect of different parameters on complex conductivity

without the bite-out condition (Ne ≈ Ni) of Table 1. Left panels:

corresponds to case 1 of Table 1; right panels: corresponds to case 2

of Table 1. First row: shows the effect of dust size on conductivity.

Second row: shows the effect of enhanced electron temperature due

to HF heating on conductivity. The unheated background electron

temperature is assumed as Te = Ti = 150 K. Third row: shows the effect

of neutral particle density on conductivity. The legends are shown at

the right side of each row. Dust size is nm, temperature is in K, and

neutral density is in m−3.
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The first row of Figure 1 presents the numerical results for differ-
ent  dust  sizes.  It  is  clear  that  in  both cases  complex  conductivity

increases  with  increasing  wave  frequency  and  dust  size.  The

second  row  presents  the  results  for  different  values  of  electron
temperatures.  Before  the  HF  heater  switched  on,  the  pre-heated

electron  temperature  is  assumed  to  be  equal  to  neutral  or  ion

temperature Tn = Te = Ti = 150 K (Kassa et al., 2005). The enhanced
electron  temperatures  due  to  heating  were  assumed  as Te =  2Ti

and Te = 4Ti. It is clear that in both cases, complex conductivity de-

creases  with  increasing  electron  temperature  for  the  frequency
range f ≤ 4 GHz, however for comparatively larger frequencies (f ≥
5 GHz), the conductivity for different values of electron temperat-
ures shows no variation. The third row of Figure 1 indicates that in

cases  1  and  2,  conductivity  decreases  with  increasing  neutral

particle density. 

4.2  Complex Conductivity in the Bite-Out Condition
Similar to Figure 1, Figure 2 shows the effect of different paramet-
ers on  complex  conductivity  but  for  the  electron  bite-out  condi-

tion of Table 1. For the bite-out condition, the dependence of con-

ductivity  on  dust  size,  electron  temperature  and  neutral  density
shows similar behavior as the absent bite-out condition of Figure 1.

However, unlike Figure 1, the results of cases 1 and 2 are different

in the first row for the frequency range f ≤ 2 GHz. The increase in

charging  response  factor  of  ion  (ηid)  and  plasma-ion  frequency

(ωpi) due  to  high  dust  density  and  the  increase  in  effective  colli-

sion frequency of ions (veff_ion) due to increase in dust size makes

the  difference  in  the  results  of  cases  1  and  2.  In  the  second  and

third rows, the results between cases 1 and 2 show no clear differ-

ence. 

4.3  Complex Conductivity Dependence on Nd/Ne

In  both  mesospheric  conditions  of Table  1, the  densities  of  elec-
trons, dust and ions are constant. Figure 3 shows the dependence
of  complex  conductivity  on  different  parameters  for  the  dust  to
electron density ratio. Here, we consider the quiet condition when
there  is  no electron precipitation,  and thus  no free  electrons  will
reach  the  PMSE  altitudes  between  80−90  km,  consequently,  the
electron density will  remain constant as Ne = 1 × 105 m−3. For in-
creasing dust  density  (Nd) the values  of  ion densities  were calcu-
lated and are shown in Table 2; it is clear that for constant Ne the
ratio Nd/Ne and Ni increases  with  increasing Nd,  consequently
Ne/Ni decreases. In Figure 3, at any value of Nd/Ne when the diver-
gence arises between the results of cases 1 and 2, it means that at
this value and onward the effect of ions on complex conductivity
is  now  significant  and  cannot  be  ignored.  The  first  and  second
rows of Figure 3 indicate that in cases 1 and 2, for both dust sizes
(10  and  20  nm)  and  electron  temperatures  (Te = Ti and Te =  4Ti),
complex  conductivity  increases  with  increasing Nd/Ne. Further-
more,  in  case  1  the  complex  conductivity  is  greater  than  that  in
case 2. The difference between cases 1 and 2 appears early for lar-
ger dust size (20 nm) and higher electron temperature (Te = 4Ti). It
is clear that for smaller dust size (10 nm) and low electron temper-
ature  (Te = Ti)  at  ratio Nd/Ne ≥ 105,  there  is  a  difference  between
the results of cases 1 and 2. Table 2 indicates that for ratio Nd/Ne =
105, the corresponding Ne/Ni = 0.99 × 10−5. On the other hand, for

Table 1.   Details of different mesospheric conditions and cases.

Conditions Ne (m−3) Nd (m−3) Ni (m−3) Ne/Ni

without bite-out 1×1010 1×106 1.0001×1010 Ne ≈ Ni

bite-out 1×106 1×1010 1.0001×1010 ≪Ne  Ni

Case 1: corresponds to Equations (23) and (24)

Case 2: corresponds to Equations (25) and (26)
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Figure 2.   As for Figure 1 but for electron bite-out condition

(Ne  Ni) of Table 1.
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Figure 3.   Dependence of complex conductivity on dust–to–electron

density ratio (Nd/Ne) for different parameters and cases.
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larger dust size (20 nm) and higher electron temperature (Te = 4Ti),

the difference between the results of cases 1 and 2 starts at ratio

Nd/Ne ≥ 104. Table  2 shows  that  for  ratio Nd/Ne =  104 the corres-

ponding Ne/Ni = 0.99 × 10−4. This means that for smaller dust size

and low electron temperature at the comparatively smaller value

of ratio Ne/Ni (0.99 × 10−5), and for larger dust size and high elec-

tron temperature at the comparatively greater value of ratio Ne/Ni

(0.99 × 10−4), the effect of ions for complex conductivity becomes

significant. Row 3 indicates that for both cases at neutral densities

1020 m−3 and 1023 m−3, conductivity increases with increasing ra-

tio Nd/Ne.  For  both  neutral  densities  in  case  1,  conductivity  is
greater than that in case 2. It is clear that for lower neutral density
(1020 m−3)  there  are  growing  differences  between  the  results  of
cases 1 and 2 at ratio Nd/Ne ≥ 105. Table 2 indicates that for Nd/Ne =
105 the corresponding value of ratio Ne/Ni is 0.99 × 10−5. Whereas
for  higher  neutral  density  (1023 m−3),  the  divergence  arises
between  the  results  of  cases  1  and  2  at  ratio Nd/Ne ≥ 102.  From
Table  2 it  is  clear  that  for  ratio Nd/Ne =  102 the  corresponding
value of ratio Ne/Ni is 0.99 × 10−2.  This means that for low neutral
density  at  the  comparatively  smaller  value  of  ratio Ne/Ni (0.99  ×
10−5),  and  for  high  neutral  density  at  the  comparatively  greater
value  of  ratio Ne/Ni (0.99  ×  10−2),  the  effect  of  ions  on  complex
conductivity can be considered. 

4.4  Complex Permittivity Without the Bite-Out Condition

εc < ε0

Figure  4 shows  the  effect  of  different  parameters  and  EM  wave
frequency  on  complex  permittivity  without  the  electron  bite-out
condition for cases 1 and 2 as shown in Table 1. Figure 4 indicates
that in cases 1 and 2,  the complex permittivity  increases with in-
creasing dust size, electron temperature and neutral density. Fur-
thermore, it is clear that for each parameter, the increase in com-
plex  permittivity  is  smaller  than  the  permittivity  of  free  space
( ). 

4.5  Complex Permittivity in Bite-Out Condition

ε

As in Figure 4, Figure 5 shows the effect of different mesospheric
parameters on  but for the electron bite-out condition of Table 1.

Table 2.   Numerical values of Ne, Nd and Ni used in Figures 3 and 6.

Ne (m−3) Nd/Ne Ni (m−3) Ne/Ni

1×105 101 1.1×106 0.90×10−1

1×105 102 1.01×107 0.99×10−2

1×105 103 1.001×108 0.99×10−3

1×105 104 1.0001×109 0.99×10−4

1×105 105 1.00001×1010 0.99×10−5

1×105 106 1.000001×1011 0.99×10−6

1×105 107 1.0000001×1012 0.99×10−7

1×105 108 1.00000001×1013 0.99×10−8

1×105 109 1.000000001×1014 0.99×10−9

1×105 1010 1.0000000001×1015 0.99×10−10
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Figure 4.   The effect of different parameters on complex permittivity without the bite-out condition (Ne ≈ Ni) of Table 1. Left panels: correspond

to case 1 of Table 1. Right panels: correspond to case 2 of Table 1. First row: shows the effect of dust size on . Second row: shows the effect of

enhanced electron temperature due to HF heating on . Third row: shows the effect of neutral particle density on . The legends are shown at the

right side of each row. Dust size is nm, temperature is in K, and neutral density is in m−3.
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For the bite-out condition, the results shown in Figure 5 are simil-
ar  to  those shown in Figure  4.  However,  unlike Figure  4, the  res-
ults  of  cases  1  and  2  are  different.  In  the  second  and  third  rows,
the results of cases 1 and 2 show no clear difference. 

4.6  Complex Permittivity Dependence on Nd/Ne

Figure 6 shows the dependence of complex permittivity using the

same parameters  as  in Figure  3. The first  and second rows indic-

ate that for both values of dust sizes (10 and 20 nm) and electron

temperatures (Te = Ti and Te = 4Ti), complex permittivity in case 2

shows  no  variation  with  increasing  ratio Nd/Ne,  however,  for

Nd/Ne ≥ 109 it decreases in case 1. For both values of dust sizes and

electron temperatures, the difference between the results of cases

1  and  2  start  at  ratio Nd/Ne ≥ 109. This  means  that  at  PMSE  alti-

tudes between 80 to 90 km at  ratio Nd/Ne ≥ 109, the ion role  be-

comes significant.

The third row of Figure 6 indicates that in case 2, for both neutral

densities  (1020 and 1023 m−3),  the complex permittivity  shows no

variation with increasing Nd/Ne. However, for both neutral densit-

ies in case 1, the complex permittivity decreases. It is clear that for

low neutral  density (1020 m−3)  there is  a divergence between the

results  of  cases  1  and  2  at  ratio Nd/Ne ≥ 109.  Whereas  for  high

neutral  density (1023 m−3),  the divergence between the results of

cases 1 and 2 at ratio Nd/Ne ≥ 1010.  As from Table 2 it is clear that

for Nd/Ne =  109 the  corresponding Ne/Ni =  0.99  ×  10−9 and  for

Nd/Ne =  1010 the  corresponding Ne/Ni =  0.99  ×  10−10.  This  means

that  for  low  neutral  density  (1020 m−3)  at  comparatively  greater

values  of  ratio Ne/Ni (0.99  ×  10−9),  and  for  high  neutral  density

(1023 m−3)  at  comparatively  smaller  values  of  ratio Ne/Ni (0.99  ×

10−10), the contribution of ion effects for complex permittivity be-

comes significant.
 

5.  Discussion
In  this  study  we  present  modified  equations  of  conductivity  and

permittivity  with  ion  effects  in  a  weakly-ionized  dusty  plasma,  in
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≪Figure 5.   Same as for Figure 4 but for electron bite-out condition (Ne  Ni) from Table 1.
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Figure 6.   Dependence of complex permittivity on dust–to–electron

density ratio (Nd/Ne) for different parameters and cases.
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low and high dust density. Relatively high dust density causes the

electron bite-out condition because the dust particles act as an ef-

ficient sink for electrons (Rapp and Lübken, 2004). Figure 7 shows

the  reproduced  experimental  result  recorded  during  the  ECT-02

sounding rocket campaign (Havnes et al., 1996), with two distinct

layers of  electron  bite-out  centred  at  87.5  km  and  85.5  km  alti-

tudes  with  two  corresponding  distinct  layers  of  charged  dust

particles exactly at the same altitudes (Havnes et al., 1996).

Considering  only  the  ion  parameters  from  complex  conductivity

and permittivity Equations (25) and (26), respectively:

vTi =
√
KTi/mi

νeff_ion = Nnπrd
2vTi

ωpi =
√
e2Ni/ε0mi

ηid =
e2πrd

2NiNd
mi

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
, (27)

vch

σi εi

≪
ωpi

ηid

σi εi

due to very small effects, the charging frequency of ion  is not

considered in  this  set  of  parameters.  These parameters  are  smal-

ler  than  their  corresponding  electron  parameters  because  of  the

high mass  of  ions.  In  the absence of  the electron bite-out  condi-

tion, where the dust density (Nd) is low and Ne ≈ Ni, the changes in

all the parameters in set of Equations (27) are insignificant. There-

fore,  in  this  case,  the  ion conductivity  ( )  and permittivity  ( ) ef-

fect can be ignored. However, in the presence of the electron bite-

out condition, where the dust density (Nd) is high and Ne  Ni, the

plasma-ion  frequency  ( )  and  charging  response  factor  of  ions

( )  increases.  Therefore,  in  the  bite-out  condition,  the  presence

of  and  significantly affects the results.

Our results indicate that even in the presence of the electron bite-

out condition, the ion effect on complex conductivity and permit-

tivity is  significant.  However,  for  different dusty plasma paramet-

ers,  the  response  of  the  bite-out  condition  is  not  the  same  (see

Figures 1−2 and 4−5).  In Figure 1 there is  no bite-out whereas in

Figure  2 there is  bite-out  yet  we  still  see  that  the  results  are  al-
most the same. Similarly, in Figure 4 there is no bite-out, whereas
in Figure  5 there  is  bite-out,  and  still  we  see  that  the  results  in
Figure 4−5 are almost the same. This is because the bite-out con-
ditions shown in Table 1 and used in Figures 2 and 5 are limited.
Therefore,  the  increase  in  charging  response  factor  and  plasma-
ion  frequency  is  comparatively  small,  and  consequently,  the  ion
effect  on  complex  conductivity  and  permittivity  also  remains
comparatively small. On the other hand in Figures 3 and 6, the res-
ults  of  cases  1  and 2  show variation that  grows more obvious  as
long  as  the  ratio Nd/Ne increases. In  this  case,  due  to  comparat-
ively  high  dust  density,  the  increase  in  charging  response  factor
and plasma-ion  frequency  is  comparatively  high,  and  con-
sequently the ion effect on complex conductivity and permittivity
is also very clear. This means in the absence of the bite-out condi-
tion, the ions have no effect on conductivity and permittivity be-
cause  the  increases  in  charging  response  factor  of  ions,  plasma-
ion  frequency  and  effective  collision  frequency  of  ions  are  very
small.  In  limited  bite-out  conditions,  the  contribution  of  ions  in
the equations of conductivity and permittivity may have even less
significance. In contrast, with increasing dust density (ion density)
and  decreasing  electron  density,  the  bite-out  becomes  stronger,
and  the  ion  effect  on  conductivity  and  permittivity  becomes
clearly significant due to the increases in charging response factor
of ions, plasma-ion frequency, and effective collision frequency of
ions,  which  are  high  enough  to  contribute  in  the  equations  of
conductivity and permittivity of dusty plasmas. 

6.  Conclusions
In this study, the effect of ions on complex conductivity and per-
mittivity  for  dusty  plasmas  in  the  PMSE  region  (80−90  km)  were
studied, and  the  equations  of  complex  conductivity  and  permit-
tivity  were  modified  as  a  result.  Due  to  mesospheric  changes  in
the  PMSE  altitude  region,  an  electron  bite-out  is  formed  which
contains high dust density as compared to electron density. From
simulation  results,  we  found  that  the  ion  effect  on  conductivity
becomes significant  in  the  comparatively  strong  bite-out  condi-
tion for smaller dust size, smaller electron temperature, and smal-
ler neutral density. The ion effect on conductivity becomes signi-
ficant in the comparatively weak bite-out condition for larger dust
size,  higher  electron  temperature,  and  higher  neutral  density.
Moreover,  for  different  dust  sizes,  electron  temperatures  and
neutral densities, the ion effects on complex permittivity become
significant only in the very strong bite-out condition.

Based  on  the  simulation  results,  it  is  concluded  that  without  the
electron bite-out condition, the effect of ions on conductivity and
permittivity  is  not  significant  and  can  be  neglected.  However,  in
the bite-out condition, the effect of ions on conductivity and per-
mittivity shows significant effects which cannot be ignored. 
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