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Abstract: In this study, we investigate the generation of parametric decay instability, Langmuir turbulence formation, and electron
acceleration in ionospheric heating via a two-fluid model using the Fokker–Planck equation and Vlasov–Poisson system simulations. The
simulation results of both the magnetofluid model and the kinetic model demonstrate the dynamics of electron acceleration. Further, the
results of the Vlasov–Poisson simulations suggest the formation of electron holes in phase space at the same spatial scale as the
Langmuir wave, which are shown to be related to electron acceleration. In addition, electron acceleration is enhanced through the
extension of the wavenumber spectrum caused by strong Langmuir turbulence, leading to more electron holes in phase space.
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 1.  Introduction
Ionospheric heating experiments are performed with high-power,

high-frequency modification facilities (Djuth et al.,  2005),  and the

F  layer  of  the  ionosphere  is  shown  to  be  modified  (Weinstock,

1975). A great variety of plasma phenomena are observed during

these  ionospheric  modifications:  artificial  ionospheric  layers

(Sergeev et al., 2013), out-shifted plasma lines (Isham et al., 1999),

high-frequency enhanced plasma lines (Carlson et al.,  1972; Feng

T  et  al.,  2020),  and  stimulated  electromagnetic  emissions  (Thidé

et al., 1982; Wang X et al., 2019). For several decades, high-power

radio waves have been well known to accelerate electrons, causing

excited optical emissions and so-called artificial enhanced airglow

(Djuth  et  al.,  1999; Dang  T  et  al.,  2017). Djuth  et  al.  (1999) also

stated  that  the  630.0  nm  emissions  resulting  from  the  inelastic

collisional excitation of oxygen atoms require a minimum of only

1.96 eV for excitation. Further, Sergeev et al. (2013) observed that

the  accelerated  electrons  can  ionize  neutral  gas  if  their  energy

exceeds 12−18 eV.  Recently, Mishin et  al.  (2016) investigated the

accelerated  suprathermal  electrons  and  descending  artificial

plasma layers excited by plasma turbulence.

ωp = ωL + ωIA kkkp = kkkL + kkkIA

As early as 1971, Perkins and Flick proposed the theory that elec-

trons  are  accelerated  in  ionospheric  modifications,  which  are

thought to be caused by parametric  decay instability  (PDI; Wein-

stock and Bezzerides, 1974). Parametric decay instability is one of

the  most  important  physical  processes  in  ionospheric  heating

(Perkins  et  al.,  1974),  in  which  Langmuir  waves  and  ion-acoustic

waves can be excited just below the reflection region of ordinary

(O-mode)  polarization  pump  waves  and  directly  observed  as

plasma  lines  and  ion  lines  in  incoherent  scatter  radar  spectra

(Robinson,  1989).  Two  indispensable  conditions  are  needed  for

PDI  stimulation:  one  is  the  PDI  excited  threshold  (Bryers  et  al.,

2013); another is  the frequency and wavevector matching condi-

tions  and ,  where p, L,  and IA denote

pump waves,  Langmuir  waves,  and  ion-acoustic  waves,  respec-

tively.  Therefore,  PDI  is  also  called  a  three-wave  interaction

governed  by  the  matching  conditions  (Fejer,  1979).  If  the  two

conditions mentioned above are both satisfied, the secondary PDI

can be excited, in which the Langmuir wave decays into a daughter

Langmuir  wave  and  an  ion-acoustic  wave  as  a  pump  wave,

namely,  initiating  a  cascade  process.  This  cascade  process  can

subsequently induce  Langmuir  turbulence  (LT),  which  can  effec-

tively accelerate ionospheric electrons (Isham et al., 1999). Eliasson

and Stenflo (2008) have presented a generalized Zakharov model

for  electron  acceleration.  In  that  model,  the  PDI  process  and  LT

generation are studied by a two-fluid model, and electron acceler-
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ation  is  calculated  by  the  quasilinear  diffusion  coefficient.

Recently, Najmi et al. (2017) also presented the electron accelera-
tion near the upper hybrid resonance height by using a combina-

tion of Vlasov and test particle simulations.

Fluid and kinetic models are widely used to investigate the forma-

tion  and  dynamics  of  nonlinear  processes  excited  in  ionospheric
heating (Eliasson and Shukla,  2006),  in  which LT  can further  lead

to the formation and development of electron holes. An electron
hole  is  a  vortex  distribution  assigned  to  a  population  of  trapped

electrons. Eliasson  and  Shukla  (2004) added  perturbation  to  the
initial  condition  for  electron  holes  and  found  that  they  are

attracted  by  ion  density  maxima  but  repelled  by  ion  density
minima by means of the Vlasov code.

Even though the knowledge of electron acceleration in ionospheric

heating  has  been  a  subject  of  intense  research  in  the  past  few
decades,  details  of  the  time  evolution  remain  to  be  understood.

Unlike the research mentioned above, in this paper, we investigate
electron  acceleration  by  LT  via  the  two-fluid  model  with  the

Fokker–Planck equation to  examine electron acceleration via  the
effective  diffusion  coefficient  and  the  Vlasov–Poisson  code.

Further,  the  simulation  results  of  the  Vlasov–Poisson  system  will
help  in  understanding  the  nonlinear  dynamics  of  electron  holes,

which will provide a potential explanation for electron acceleration
by LT.

 2.  Electron Acceleration in the Two-Fluid Model for PDI

ĒEEh

ẼEEh

First, the two-fluid model presented here is utilized to analyze the
excitation  of  PDI  and  the  subsequent  LT  in  ionospheric  heating.

We  assume  that  a  large-amplitude  electromagnetic  wave  is
injected  vertically  into  the  ionosphere  and  that  the  constant

geomagnetic field B0 is considered. In the vertical z direction, elec-
tromagnetic wave propagation is governed by Maxwell equations

with  a  Coulomb  gauge.  We  separate  the  process  into  high-
frequency equations (Equations (1a) and (1b)) and low-frequency

equations  (Equations  (2a)  and  (2b)),  referring  to  the  model
presented by Eliasson and Stenflo (2008). The difference between

Eliasson’s  model  and  our  model  is  that  the  slowly  varying  high-
frequency field is obtained by averaging the electric field  over a

fast timescale instead of the slowly varying envelope of the high-
frequency field  (Eliasson, 2008). Ponderomotive force is consid-

ered in the ion momentum in Equation (2),

∂neh
∂t

= −
∂nsvezh
∂z

, (1a)

∂vvveh
∂t

= −
e
me

[EEEh + vvveh × BBB0] − 3v2Te
ne

∂neh
∂z

zzz − υevvveh, (1b)

∂ns
∂t

= −
∂(n0vs)
∂z

, (2a)

∂vs
∂t

= −Cs
2 ∂ns
∂z

− υivs −
1
4

e2

mimeω2
0

∂∣Ẽh∣2
∂z

, (2b)

vTe = (kBTe/me)1/ 2

Cs = [kB(Te + 3Ti)/mi]1/ 2

where n is the density, v is the velocity, m is the mass of the parti-
cle, z is the vertical spatial coordinate, subscripts h and s represent

the  high-frequency  process  and  the  low-frequency  process,
subscripts e and i represent  electrons and ions, 

is  the  electron  thermal  speed  and  is  the

ion-acoustic speed, kB is Boltzmann’s constant, and Te and Ti are

the electron and ion temperatures. The oxygen ions are assumed

to  be  immobile  in  high-frequency  equations.  The  effect  of  the

geomagnetic field on ions is neglected because of the large mass

of  ions  compared with that  of  electrons (mi/me =  29,500).  Quasi-

neutrality is assumed in the low-frequency equations.

BBB = B0[xxxcos(θ)−
zzzsin(θ)]

The  simulation  parameters  are  as  follows.  The  altitude  range  is

200−320 km. The ionospheric electron density profile is assumed

to have a Gaussian shape with the formula of n0(z) = nmaxexp[−(z −

zmax)2/L2], where nmax = 1.436 × 1011 m−3 is the electron density at

the F2 peak located at zmax = 300 km, and L = 31.62 km is the iono-

spheric  scale  length.  The  pump  frequency  is  set  as fh =  3.2  MHz,

which  is  smaller  than  the  critical  frequency f0F2 =  3.41  MHz.  The

pump wave is ordinarily polarized (O-mode) and the initial electric

field is set to be E0 = 1 V/m. The electron temperature Te and the

ion temperature Ti are both 2,320 K (0.2 eV). The electron and ion

collision  frequencies  are  set  as  the  typical  values  of υe =  103 s−1

and υi =  2  ×  103 s−1.  The  geomagnetic  field  is 

, where B0 is the geomagnetic field strength at ionosphere

height B0 = 4.8 × 10−5 T in the case of the EISCAT (European Inco-

herent  Scatter  Scientific  Association)  heating  facility  in  Tromsø,

Norway.  The  corresponding  geomagnetic  inclination θ is  about

78.1°.

Figure 1 shows the simulation results  at  time t = 15,000 fh−1.  The

standing wave pattern of the electric field can be seen marginally

below  the  reflection  height.  Between  287.5  and  287.7  km,  small-

scale Langmuir waves can be seen, and their maximum magnitude

reaches  50  V/m.  In  addition,  Langmuir  cavitons  can  be  found

between  287.55  and  287.56  km,  which  are  derived  from  ion

density  cavities  trapping  Langmuir  waves. Figure  1 presents  the

initial  stage  of  PDI  in  which  the  wave–particle  interaction  can

accelerate  the  electrons  by  resonant  effect.  In  the  PDI  process,

Langmuir  waves  are  excited,  which  could  consequently  transfer

energy to electrons because of Landau damping. With the simula-

tion results  described  above,  the  electron  acceleration  is  investi-

gated by a Fokker–Planck equation with effective diffusion coeffi-

cients  calculated from the Langmuir  wave spectrum as  shown in

Equation (3) (Eliasson et al., 2012):

∂fe
∂t

+ v
∂fe
∂z

= ∂
∂v

(D(v)∂fe
∂t

) , (3)

where fe is  the  velocity  space  distribution, D(v)  is  the  diffusion

coefficient calculated by

D(v) = πe2

m2
e

Wk (ω, ωv )∣v∣ , (4)

Wk (ω, ωv ) = ΔE2/Δk
Δk ΔE2

where  is  the  spectral  energy  density  of  the

electric  field  per  wavenumber ,  and  is  the  differential

squared  electric  field.  The  simulated  Langmuir  wave  spectra

obtained in the height range of 287.5−287.7 km, which are shown

in Figure  1,  are  taken  to  solve  Equation  (4).  The  initial  electron

distribution is assumed to be a Maxwell distribution.

Wk (ω, ωv )
Ek = ∫ ∞

−∞
Wkdk

Figure  2 shows the spectral  energy density ,  the energy

of the electric field, the spatially , the spatially aver-

530 Earth and Planetary Physics       doi: 10.26464/epp2023001

 

 
Liu MR and Zhou C et al.: Electron acceleration by Langmuir turbulence in ionospheric heating

 



aged electron distribution <fe>, and the spatial electron tempera-

ture <Te> versus time t, where Te is calculated by

Te =
∫ ∞

−∞
v2fedv

∫ ∞

−∞
fedv

−

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
∫ ∞

−∞
vfedv

∫ ∞

−∞
fedv

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
2

. (5)

At t =  10,000 fh−1,  a  significant  enhancement  of  the  Langmuir

wave  amplitude  (compared  with  the  standing  waves)  at k =  0.8/

(2π) m−1 can be found, as shown in Figure 2a, which demonstrates

the excitation of small-scale waves (wavelength of 1.125 m) in the

initial  PDI  stage.  In  this  stage,  the  pump  wave  decays  into  the

daughter Langmuir wave, which will become a mother wave and

decay. This  is  the so-called cascade process.  Afterward,  the spec-

trum is enhanced at integer multiples of k,  that is, 2k and 3k.  The

appearance  and  enhancement  of  the  spectral  amplitude  at

discrete k indicate  the  generation  of  the  cascade.  Note  that

because  of  the  generation  of  ion  cavities,  this  cascade  illustrates

the  energy  enhancements  at  discrete  wavenumbers  instead  of

continuous  ones,  as  presented  in  previous  literature  (Hanssen

et al., 1992). The enhanced spectra at integer multiples of k reveal

the existence of harmonic cavitons. Changes in the energy Ek, the

electron distribution <fe>,  and the electron temperature <Te> are

evident  until  the  LT  stage  begins  at  about t =  12,500 fh−1.  The

enhanced spectrum expands to larger k = 10/(2π) m−1, which indi-

cates  the  collapse  of  cavitons  and  the  generation  of  strong  LT
(DuBois et al., 1988), and Ek begins to increase rapidly with time. In
Figure  2c,  the  tail  enhancement  of  the  electron  distribution  is
proof that electrons are accelerated in the LT stage, during which
the  corresponding <Te> rises  versus  time.  In Figure  2a,  the
wavenumber  spectra  are  continuously  enhanced  during  the  LT
period,  and  after  about t =  17,500 fh−1,  the  enhanced  spectrum
narrows.  The  electric  field  energy  decreases  until  it  reaches  a
steady state at t = 22,500 fh−1. Meanwhile, the enhanced spectrum
width  stabilizes  and  the  electron  temperature  is  saturated.  The
electron temperature increases to about 5.0 eV in this simulation.

Our  simulation  results  show  that  the  waves  with  limited k in  the
initial PDI stage do not accelerate electrons effectively. The gener-
ation  of  LT  leads  to  the  extensive  wavenumber  spectrum
enhancement,  and  the  corresponding  diffusion  coefficient  will
increase to a broader velocity space. The pump energy is injected
into  large-scale  (small-wavenumber)  Langmuir  waves,  which
transfer parts of the energy to small-scale waves. Electrons absorb
energy  from  electrostatic  waves  in  the  LT  process  by  the
wave–particle resonant  effect.  Consequently,  the  energy  of  elec-
trostatic  waves  dissipates  into  smaller  scale  waves  because  the
viscosity contributes to the saturation stage.

Figure  3 shows the  power  spectra  of  the  electric  field Ez and the
corresponding  diffusion  coefficients  at  three  moments  (t =
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Figure 1.   Simulation results of the parallel electric field and ion density structures at time t = 15,000 fh−1.
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12,500 fh−1,  15,500 fh−1,  22,500 fh−1)  which  represent  the  typical

points  in  the  initial  PDI  stage.  LT  stage,  and  saturation  stage,

respectively.  The  power  spectra  in  the  top  row  appear  to  be

power-law shapes. In the LT stage (middle column in Figure 3), the

electric  field  generally  fits  to  a  double  power-law  spectrum  well,

with the slope of the red fitting line β = −2.054 below the break at

k =  3  m−1 and  with  the  index β =  −6.12  above  the  break.  The

wavenumber k = 3 m−1 corresponds to the wavelength of  0.3 m,

which is close to the scale length of the ion cavity. The index β =

−2.054  close  to  the  Kolmogorov  power-law  index  indicates  that

turbulence  occurs  within  the  ion  cavities.  The  corresponding

diffusion  coefficient  at  the  LT  stage  is  much  larger  than  at  the

other  two  stages;  therefore,  we  can  observe  the  most  evident

electron  acceleration  in  the  LT  stage  in Figure  2.  The  processes

presented above indicate that ion cavities play an important role

in electron acceleration.

 3.  Electron Acceleration in the Vlasov–Poisson System
The two-fluid model  presents the results  of  electron acceleration

in  ionospheric  heating  with  a  spatial  scale  of  kilometers  to

hundreds  of  kilometers.  The  aforementioned  model  is  not  self-

consistent,  and  the  nonlinear  wave–particle  interaction  has  not

been  discussed  in  detail.  To  further  investigate  these  processes,

we study the LT numerically with the spatial scale on the order of

the  Langmuir  wave,  modeled  by  the  direct  kinetic  1  ×  1-dimen-

sional  (one  spatial  and  one  velocity  dimension)  Vlasov–Poisson

system. Another prominent difference between these two models

is  the  electron  distribution  function,  where  the  Vlasov–Poisson

system  can  show  the  phase  density  to  lower  values  to  give  the

time  development  of  electron  holes  in  phase  space.  The  Vlasov
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Figure 2.   The time evolutions of (a) the spectral energy density,

(b) the energy of electric field Ek, (c) the spatially averaged electron

distribution, and (d) the spatially averaged electron temperature. PDI,

parametric decay instability; LT, Langmuir turbulence.
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Figure 3.   The power spectra (upper panels) and the corresponding diffusion coefficients (lower panels) at the initial parametric decay instability

stage, Langmuir turbulence stage, and saturation stage, respectively.
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equations of electrons and oxygen ions are as follows:

∂fe
∂t

+ ve
∂fe
∂x

− [Ep(t) + E(x, t)] ∂fe
∂ve

= 0, (6)

∂fi
∂t

+
√
μαvi

∂fi
∂x

+

√
μ
α [Ep(t) + E(x, t)] ∂fi

∂vi
= 0. (7)

By  considering  the  ionospheric  component,  the  oxygen  ion  is
included in this model. The Poisson equation for a self-consistent
electric field is as follows:

∂2ϕ
∂x2

= −(ni − ne), (8)

E = −
∂ϕ
∂x

, (9)

vTe =
√

kBTe
me

vTi =
√

kBTi
mi

(n0e
ε0

λ2
De)

f−1
pe

λDe fpe =
1

2π

√
n0e

2

ε0me

λDe =
√

ε0kBTe
n0e2

μ = me/mi

α = Ti/Te

where fe (x,ve,t)  and fi (x,vi,t)  are  the  electron  and  ion  distribution
functions, ve and vi are the electron and ion velocities in units (vTe)

and  (vTi),  respectively,  and  and  are  the

electron  and  ion  thermal  velocities.  The kB is  the  Boltzmann
constant, Te and Ti are  the  initial  electron  and  ion  temperatures,
me and mi are the electron and ion mass, E (x,t) is the self-consistent

electric field in units , and Ep(t) is the pump electric field in

the same units as E(x,t). The units of time t and space x are  and

,  where  is  the  electron  plasma  frequency  and

 is  the  electron  Debye  length.  The  parameter μ is

the mass  ratio  defined as ,  and α is  the  temperature
ratio defined as .

fe,i(x, ve,i, t) = 0 ve,i < ve,i,min ve,i > ve,i,max ve,i,min

ve,i,max ve,i,min ve,i,max

The  initial  electron  and  ion  temperatures  are  both  chosen  as
2,320  K  (0.2  eV),  and  the  temperature  ratio  is α =  1.  The n0 =
1.2705 ×  1011 el/m3,  which  is  the  same  as  that  in  the  two-fluid
simulation. Thus, the Debye length can be calculated as 0.0093 m.
The alternating direction implicit algorithm is used to solve Equa-
tions  (4)  to  (7).  Periodic  boundary  conditions  are  used  in  space
coordinates,  and  the  cutoff  boundary  is  used  in  velocity  space:

,  for  or ,  where  and
 are  the  cutoff  velocities.  Here,  the  and  are

chosen as −35 and 35.  The initial  electron and ion velocity distri-
butions are assumed to be Maxwell distributions. The initial elec-
tron density profile is expressed as ne0 (x) = 1 + 0.001 cos(kLx). The
parameter kL =  0.03 λDe−1 is  the  system  wavenumber,  which
matches  the  initial  Langmuir  wave  scale  in  the  two-fluid  model
simulation.  The  pump  electric  field  is  assumed  to  be  uniform  in
space  because  the  wavelength  of  the  standing  wave  is  much
larger than that of Langmuir waves.

Figure  4 presents  the  time  evolution  of  spectral  energy  density,
the  self-consistent  electric  field  energy,  the  electron  and  ion
temperatures, and the electron and ion velocity distributions in a
similar scheme as Figure 2. The main result of Figure 4 is that elec-
tron  acceleration  is  accompanied  by  an  increase  in  Langmuir
wave  intensity  and  the  extension  of  wavenumber  spectra.
Precisely,  the Ek is  strongly dependent on a prominent extension
of the wavenumber spectrum k. When the wavenumber spectrum
extends,  the  electric  field  energy  increases,  and  the  electron
temperature  then  rises  with  the  decrease  in  the  electric  field

resulting  from  the  wave–particle  interaction.  Nonlinear  Landau
damping  is  the  main  physical  mechanism  in  this  wave–particle
interaction. In  this  case,  we  observe  that  the  wavenumber  spec-
trum begins to appear at k = kL = 0.03 m−1 and extends to larger k.
We can also observe two obvious enhanced periods of Langmuir

wave  intensity,  as  marked  by  the  two  red  rectangles  in Figure  4.
One is at about t = 8,600 fh−1, which is exactly at the beginning of
where the spectrum begins to broaden from low k to higher ones.
At the same time (t = 8,600 fh−1),  the electron temperature edges
up slightly. The other enhanced period of Langmuir wave intensity
is observed at t = 12,200 fh−1, at which the wavenumber spectrum
diffuses to the extensive spectrum range. Meanwhile, the electron
temperature  increases  from  0.5  eV  to  about  3  eV.  However,  the

Langmuir wave energy at t = 12,200 fh−1 is much smaller than that
at t =  8,600 fh−1.  Electron acceleration is  more effective  at t =  12,
200 fh−1 than at t = 8,600 fh−1 because the wavenumber spectrum
is  more  wide  ranging.  The  increase  in  electron  temperature  is
from 0.2 eV to 3.2 eV, whereas that of the ion temperature is from
0.2  eV  to  0.21  eV,  and  the  latter  is  very  minute.  The  complete
Landau  damping  contains  an  ion  contribution.  The  ion  damping
at  high  frequencies  is  small  compared  with  electronic  Landau

damping (Baumjohann and Treumann,  2012, Chapter  10).  There-
fore,  the  ions  are  slightly  accelerated  (the  ion  temperature
increases by less than 5%), as shown in Figure 4d. The time evolu-
tion  of  the  electron  velocity  presents  tail  acceleration  at  about
t = 8,400 fh−1.

ve = ω/k
Figure 5 presents the electron hole structures in phase space and
the  related  space  average  distribution  at  different  times.  We  can
find  discrete  wavenumbers  (namely  2k,  3k,  and  4k)  of  electron
holes in phase space at t = 5,000 fh−1, t = 7,500 fh−1,  and t = 7,500

fh−1, corresponding to the different velocities ( , where k =

2kL,  3kL,  4kL)  in  the left  column of Figure  5.  In Figure  5f,  the blue

line is smooth, suggesting the original state at t = 0. The red line (t =
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5,000 fh−1) shows a sudden increase at k = 2kL, consistent with the

two electron holes in Figure 5a. The black line likely presents two

reflection  points  (k =  2kL and  3kL)  at  different  velocities  (about

11.5 and 16.3), and the three electron holes corresponding to 3kL

are  shown  in Figure  5b.  The  sudden  increase  in  points  of  the

space average distribution indicates the electrons are being accel-

erated.  Therefore,  the electron holes  in  phase space occurring at

different  velocities  at  the  same  spatial  scale  as  Langmuir  waves

demonstrate the acceleration of electrons in the initial  PDI stage.

However, the electron temperature does not increase significantly

at  the  corresponding  time  in Figure  4 because  of  wavenumber

spectrum  enhancements  at  limited k and  the  corresponding

space average distribution enhancements at limited velocities. At

t = 8,600 fh−1 and t = 12,500 fh−1 (Figures 5d and 5e), the electron

holes  in  phase  space  are  explosive,  with  a  scale  like  that  of  the

wide-ranging  Langmuir  wavenumbers,  and  an  evident  electron

temperature  enhancement  can  be  observed  at  the  same  time  in

Figure 4. This means that (1) electrons with a definite velocity can

be  trapped  in  the  hole  with  the  corresponding  wavenumber

( ),  contributing  to  the  existence  of  the  phase  space  hole

structure  at  the  related  time,  and  (2)  the  development  of  the

wavenumber spectrum from discrete to continuous because of LT

generation is very important for effective electron acceleration.

 4.  Discussion and Summary
Both the two-fluid model and the Vlasov–Poisson model demon-

strate that effective electron acceleration corresponds to a chang-

ing of the wavenumber spectrum, which means that the genera-

tion of LT is very important in the process. The results of the two-

fluid simulation present the PDI generation and caviton formation.

The  velocity  distribution  of  electrons  calculated  by  the

Fokker–Planck equation, which is based on the results of the two-

fluid model, helps describe the time evolution of electron acceler-

ation by LT. However, the simulation results of the Vlasov–Poisson

model present the dynamics of electron acceleration in detail. The

collapse  and  nucleation  of  cavitons  can  lead  to  an  extension  of

the  wavenumber  spectrum  (Doolen  et  al.,  1985).  Meanwhile,  the

electric field energy increases, and the electron temperature then

rises  with  the  decrease  in  the  electric  field  because  of  the

wave–particle interaction,  in which nonlinear Landau damping is
the main physical mechanism. When a wave develops into a large-
amplitude wave, collisionless damping with trapping does occur.
The  amplitude  of  the  wave  fluctuates  during  the  decay  as  the
trapped  particles  bounce  back  and  forth  in  the  potential  wells
(Chen FF, 1984). These trapped electrons contribute to the occur-
rence of electron holes in phase space, with scales like the corre-
sponding  Langmuir  wavenumbers.  The  electron  holes  in  phase
space  are  excited  at  different  velocities,  and  the  related  space
average  distribution  increases  at  the  corresponding  velocity,
revealing the acceleration of electrons. The increasing wide-rang-
ing  wavenumber  spectrum  in  strong  LT  may  give  rise  to  the
number  of  electron  holes  in  phase  space  at  greater  velocities,
which results in further acceleration of electrons.

In  general,  our  results  support  the  formation  of  LT,  in  which  the
electrons  are  more  effectively  accelerated  and  more  electron
holes exist at related velocities; thus, this process is important for
electron acceleration in ionospheric heating. Moreover, the simu-
lation  results  could  be  beneficial  for  understanding  the  physical
process  of  electron  acceleration  during  ionospheric  heating
experiments.
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