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One-dimensional particle simulations have been conducted to study the interaction between a radio-frequency elec-
trostatic wave and electrons with bouncing motion. It is shown that bounce resonance heating can occur at the first few
harmonics of the bounce frequency (nwy,n=1,2,3,...). In the parameter regimes in which bounce resonance overlaps with
Landau resonance, the higher harmonic bounce resonance may accelerate electrons at the velocity much lower than the wave
phase velocity to Landau resonance region, enhancing Landau damping of the wave. Meanwhile, Landau resonance can
increase the number of electrons in the lower harmonic bounce resonance region. Thus electrons can be efficiently heated.
The result might be applicable for collisionless electron heating in low-temperature plasma discharges.

Keywords: first few harmonics, bounce resonance, Landau resonance, resonance overlaps
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1. Introduction

Inductively coupled discharges and capacitively coupled
discharges have been broadly used in the past decades. In-
ductively coupled discharges are maintained by absorbing the
energy of a radio-frequency (RF) electric field excited from an
antenna, while capacitively coupled discharges are realized by
applying a voltage to the electrodes in contact with the plasma.
A large number of theoretical and experimental studies have
been carried out on the electron heating mechanism.!'~%! In re-
cent particle-in-cell simulations, the dominant heating mech-
anism can change under certain conditions even at low pres-
sures, and Ohmic heating may be more dominant./”8! How-
ever, collisionless electron heating plays an important role in
understanding electron power absorption in low-pressure RF
plasmas.[®-12]

The problem of collisionless plasma heating appeared
about half a century ago and has been extensively studied in
theoretical simulations and experiments. In the theory, ini-
tially collisionless electron heating as an anomalous skin ef-
fect in the half-infinite plasma has been studied by Weibel et
al. and the non-monotonic decrease in the RF field has been

13-151 Such an important collisionless electron heat-

observed. !
ing mechanism was first popularized by Turner ef al. and a
self-consistent simulation of the electron heating process was

performed by assuming that electrons are absorbed as they
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ULI6171 However, for bounded plasmas

reach the boundary.
such as inductively coupled plasma discharges, electrons are
reflected back into the plasma region at the plasma bound-
ary by the sheath potential formed between the plasma and
wall. For this reason, Shaing developed a kinetic theory to de-
scribe the collisionless electron heating in inductively coupled
discharges of a finite length.!"® The results show that both
the wave-particle resonance and bounce resonance can heat
electrons. In the limit that the anomalous skin depth is much
small than the plasma length, the wave-particle resonance ef-
fect dominates. For the case that the skin depth is comparable
to plasma length, the bounce resonance becomes dominant in
electron heating. Collisionless electron heating by bounce res-
onance in a bounded plasmas has been intensively investigated
in Refs. [19-24]. In these works, more attention has been paid
to the coupling between external RF coils and electric fields
induced in the plasma, where collisionless electron heating is
quantitatively characterized by the surface impedance. The
interaction between electrons and the wave in the presence of
both resonances is not clearly described. Besides, they only
considered that the waves were incident vertically and the in-
homogeneity of the plasma was assumed only in the direc-
tion of wave propagation. Subsequently, Angus et al. studied
the electron heating and transmission of an electromagnetic
wave obliquely incident on a bounded plasma,>! where the
electric field in the x-direction and the electric field in the z-
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direction are obtained. Meanwhile, some of the collisionless
effects have been observed in RF discharges by self-consistent

16.26] The simulation results show how the elec-

simulations. !
tromagnetic field and current density distribution are altered
as a result of the thermal motions of the electrons. In more
recent years, fluid, particle and hybrid models have under-
gone continuous refinements and have been adopted to sim-
ulate different aspects of the physics associated with RF dis-
charges. Electron bounce resonance was experimentally in-
vestigated by measuring the electron energy probability func-
tion (EEPF) distribution in a planar type inductively coupled
plasma, and the dependence of EEPF on various finite lengths
was presented. 327730 The electron energy distribution func-
tion (EEDF) of ballistic electrons was also measured in a
DC/RF hybrid capacitively coupled discharge. Landau damp-
ing of plasma waves is considered to be the main channel for
the growth of the high-energy tail of EEDF.?!]

Bounce resonance of charged particles with waves has
also been observed and discussed in other plasmas. For ex-
ample, in axis-symmetric mirror plasmas, where the electron
bounce resonance heating was confirmed and associated ra-

32331 In tokamaks, global gy-

dial transport was discussed.!
rokinetic particle simulation reveals that the enhancement of
the geodesic acoustic mode damping (GAM) rate is due to
resonance between the GAM oscillation and the trapped elec-
tron bounce motion.?*33! The electron bounce motion caused
by secondary electrons is presented in Ref. [36], where the
presence of high-energy ballistic electrons (HEBEs) originat-
ing form secondary electrons in a low-pressure RF plasma, as
well as the ballistic nature of HEBEs and their typical bounc-
ing characteristics between RF sheaths, were demonstrated by
full-kinetic PIC simulations.

Up to date, although different plasma-wave resonances
in bounded plasmas have been demonstrated, few cases have
been discussed when different plasma-wave resonances si-
multaneously exist. The simultaneous existence of differ-
ent plasma-wave resonances have been observed in tokamak
plasma. For example, the interactions between the electron
cyclotron resonance and Landau damping of a lower hybrid

[37-391 1 spite of the

wave, between two lower hybrid waves.
fact that the heating mechanisms of Landau resonance and
bounce resonance have been shown, the effect on energy trans-
fer between the electric field and charged particles when both
resonances are present is not clearly illustrated, especially how
the Landau damping is affected by the bounce resonance and
vice verse. In this paper, the interaction of an electrostatic
wave and electrons in a bounded plasma is investigated by
particle simulations when Landau and bounce resonance are
present simultaneously. The synergy effects of the bounce res-
onance and Landau resonance on collisionless electron heating

are discussed in detail. It is found that the Landau damping
and bounce resonance can be enhanced, and so electrons can
be heated efficiently.

The remainder of the paper is organized as follows. The
dispersion relation for waves propagating in parallel directions
is described in Section 2. In Section 3, the interaction between
the wave and electrons when the two resonance regions over-
lap is investigated by particle simulation. Finally, the main
results are summarized in Section 4.

2. Physical model

Our physical model assumes one-dimensional space,
three-dimensional velocity, slab geometry, and the isotropic
homogeneous plasma are confined in the region 0 < z < L.
The kinetic equation for electron distribution function f is

af e af

E‘*‘V'Vf—%E'W:C(f), (1)
where the collision operator is approximated using the Krook
model C(f) = —vf, where Vv is the electron collision fre-
quency. The classical analytical approach is to deal with per-
turbations of a uniform plasma by linearizing, and assuming
that the perturbed distribution fi (z,#) = fi (z)exp (i®t) and
the electric field E; (z,¢) = E (z)exp (iowt). In the Shaing et
al.’s model, '8! the response of the vertical electric field is in-
vestigated. Here we consider the response of the electric field
in the parallel propagation direction at low densities. The lin-
earized Vlasov equation for the perturbed electron distribution
in response to the z-direction wave electric field is

M _cpdh__yp, @

iofi +VZTZ m oV,
Zz

where fo= —Y— exp (—‘:—22) is the Maxwellian velocity dis-

(Vi)' t
tribution function, N is the plasma density, v is the electron

thermal velocity. We assume that the system length L is much
larger than the width of plasma sheath at z =0 and z = L,
so that the electrons are assumed to be specularly reflected,
the boundary conditions are expressed as fj (V; >0,z=0) =
fi(V;<0,z=0) and f1(V;>0,z=L) = f1(V;<0,z=L).
By the boundary condition, the perturbed distribution function

becomes
2D (V,,7
fi(z) = [/L %exp (avz/) dZ +G(V,) | exp(—ayz),
z
3)
where
eE; dfj io+v
DU =" 5w &=y
0D (V.,2)

exp (~av2') —exp (@)

1 —exp(—2ayL)

Extending the domain from 0 <z <L to —L <z <L, and
the wave electric field E;, (—z) = —E; (z). In order to perform

G(Vz)z/L =
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the velocity space integral, we adopt the spherical coordinates
(V,0,9¢) for the velocity space such that V, = V cos 6, and the
current density J; in the expanded domain can be calculated
by

4Ne* L
I ATy

where

K(lz—7]) = /Omx3exp(fx2) dx

x/()7©(|z—z' )

sin @ cos O
2ayL
1 —exp <_x(flose)
InEq. (5), x=} and ®(|z—7'|) = exp (—gikg |22 [) +

exp (7}(23#9) exp (-5 |z—2']). Since a RF electric field

can be decomposed into a series of plane waves, we assume

in expanded domain in the form of an odd Fourier series for
E.(z) =Y _oamsin (kyz). For a single plane wave with wave
number k,,, the corresponding dispersion relation can be ob-
tained in the collisionless limit v/ < 1

2 -
1— & / vizz exp _Vizz
VI Jo v? v?
2w 2k, V. sin (kL)
0* — K V2 (0% —k2z,V2)sin (“’71‘)

Z

X

dv; =0, (6)

where two types of resonance can occur by Eq. (6). The first
term in the square brackets of the equation contains Landau
damping. The electrons near the wave phase velocity inter-
act with the wave and gain energy from it. The second term
shows the bounce resonance that occurs when an electron tra-
verses across the length L in a time equal to a multiple of the
wave half period, where T = 27/ @ is the wave period. Bounce
resonance is directly related to the length L, and the electron
heating is mainly determined by bounce resonance electrons
with velocities V, = 2%, withn =1,2,3,....

In Eq. (6), the two resonances occur simultaneously in
a certain parameter region. In the following simulations, an
electrostatic wave with the form E, = Eysin (kz — ct) is as-
sumed in the low-density plasma and the wave amplitude is
constant in time. In the collisionless limit v/® < 1, the effect
of the two resonances is shown through the electron velocity
distribution function. The interaction between electrons and
the wave will be discussed in detail when the two resonances
overlap.

3. Simulation setup and simulation results

The particle simulation is carried out in one-dimensional
geometric space and velocity space, and initially Maxwellian
distribution of electrons and ions are uniformly loaded along

the z-direction. Only electron motions are traced, and ions are
regarded as an unvarying background.
The equations of motion in the wave field are given by

dV,
m—— = —eEysin (kz — ot), @)
dr
dz
— =V, 8
& z ®)

To preserve the area in the phase space, the symplectic
Euler method is used to solve the motion equations (7) and

®),

FEosin (kz,, — ot
Vorr = v, — CEosin (ks Jar, ©)
m

Zn+1 :Z11+Vn+1At- (10)

The simulation parameters are chosen as used in a plasma
discharge listed as follows. The spatial length of simulation
domain is L =21 cm and the electron temperatures 7. = 3 eV,
and @ =27 x 13.56 MHz.

To demonstrate how Landau damping is affected by
bounce resonance, four cases are simulated and discussed. An
electric field amplitude Ey = 40 V/m is used in the cases 1—
3 to investigate the effects of resonance overlaps on plasma-
wave interactions. Landau damping is shown in case 1, where
the wave number k = 36.5 m~! and the wave phase veloc-
ity @/ (kV;) = 3.2, where V, = \/T./m is the electron ther-
mal speed. The boundary conditions are periodic, and the in-
teraction of electrons with wave is only through the Landau
damping. In case 2, electrons are reflected at two boundaries.
The reduction of wave number k and the wave phase velocity
o/ (kV;) = 6.4 > 1, which results in few electrons can sat-
isfy the resonant condition w = kV,. As shown in Eq. (6), for
an electron at a velocity V,, the bounce resonance condition
® = nrL/V, and the corresponding bounce resonance veloc-
ity Vo/Vi =7.8/n, with n = 1,2,3,.... It indicates that elec-
trons can resonant with the wave only by bouncing motion. In
case 3, the phase velocity V}, = 3.2V, and the boundary condi-
tions are the same as in case 2, where electrons interact with
the wave by the Landau damping and bounce resonance. Since
the resonance half-width of two resonances is proportional to
the electric field amplitude, a small resonance overlap is ob-
tained in case 4 by reducing the electric field amplitude based
on case 3. These simulation results will be presented and ex-
plained in the next section.

3.1. Motions of electrons in the presence of Landau damp-
ing
In order to show how the Landau resonance is affected
by bounce resonances, we first show the plasma-wave interac-
tion when only Landau resonance is present. Landau damping
is caused by resonant interactions of particles with velocities

125202-3
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comparable to the wave phase velocity. In this process, these
resonant particles exchange energy with the wave. Electrons
slower than the phase velocity are accelerated, so the energy
of the wave is absorbed by the electrons. Conversely, electrons
fasters than the phase velocity are slowed down, so the energy
of the electrons is absorbed by the wave. Figure 1 shows the
contour plots of the electron distribution in the phase space
and the corresponding parallel velocity distribution function
(spatially averaged) at times #/T = 1.25,2.25,3.5,15, in which
electrons resonate with the wave only through Landau damp-
ing. The electron distribution in phase space gradually forms
a vortex structure around the phase velocity V, = 3.2V;, and

the resonance half-width is AV = 2\/% . The resonant width
is shown by black dashed lines in the phase space. As
time increases, the electron velocity distribution function de-
viates significantly from the initial Maxwellian distribution at
V./Vi > 0, and a plateau can be formed along the direction of
the wave propagation.

0.5
z/L

3.2. Motions of electrons in the presence of bounce reso-
nance

In Section 2, it is shown that the resonance between elec-
trons with bouncing motion and the wave in a collisionless
finite length system leads to electron heating. For a slab of
width L, the bounce period for an electron with velocity V; is
T, = 2L/V., and the harmonic bounce resonance occurs when
the wave frequency is equal to a multiple of the bounce fre-
quency (@ =nwy,n=1,2,3,...). In Fig. 2, cases 2 shows the
bounce resonance electrons with velocities V,, = 7.8V;/n and
few electrons can satisfy such a high phase velocity V,, = 6.4V;.
It indicates that electrons interact with the wave predomi-
nantly through bounce resonance. The evolution of electrons
in phase space and the corresponding parallel velocity distri-
bution functions at times ¢/T = 1.25,2.25,3.5,15 are shown.
The electron distribution in the phase space around the har-
monic bounce resonance velocity for n = 2 gradually forms

G
Z

., /

IOglo(f/fmax)
|

| |
oW

a
S

IOglo(f/fmax)
[’ w ll.') = o

F e e

—~
[~
N
= o

lOgIO(f/fmax)
Ly

=
Z

IOgIO(f/fmax)
[’ w ll.') = o

—r -z 0 2 4
Vi/Vi

Fig. 1. The contour plots of the electron distribution in the phase space (z,V;) and the corresponding spatially averaged parallel velocity distribution
functions (the red asterisks) at times /7 = 1.25,2.25,3.5,15. All distribution functions are plotted on a logarithmic scale and the electron velocity
is normalized to the electron thermal velocity. The black circles show the Maxwellian distribution functions, and the blue dashed lines show the

resonant phase velocity V,, = 3.2V,.
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a vortex structure similar to that in Fig. 1. Electrons with ve-
locities lower than V,, are accelerated to larger velocities and
the corresponding velocity distribution functions deviate sig-
nificantly from the initial Maxwellian distribution. Plateaus
are formed on both sides of the velocity distribution func-
tion due to the bounce motion. There are almost no electrons
around the harmonic bounce resonance velocity for n = 1,
which is not shown here. In Fig. 2(h), although there are more
particles around the harmonic bounce resonance velocity for
n =3, only a small plateau is formed, and it is difficult for
higher harmonic bounce resonances to appear. The particle
velocity distribution was experimentally measured by coher-
ent laser induced fluorescence (LIF) techniques, and a plateau
was also observed around the third harmonic bounce reso-
nance velocity.[*”) The simulation results show that bounce
resonance occurs preferentially at the first few harmonic fre-
quencies, while the response of higher harmonic bounce reso-
nances tends to be weaker.

To understand the dependence of the intensity of bounce
effect on the resonance velocity, the evolution of the electric
field and sz /V2 for two electrons with different initial con-

(a) 5

z/L

ditions are shown in Fig. 3. In Fig. 3(a), an electron with
initial velocity Vp = 3.6V, can be observed traversing length
L for a time equal to two times the wave half period, which
indicates that the electron can interact with the wave through
second harmonic bounce resonance. Meanwhile, the electron
with initial velocity Vy = 2.5V, is accelerated through third har-
monic bounce resonance, as shown in Fig. 3(b). The electron
in the second harmonic bounce resonance region have a longer
in-phase acceleration time and can be effectively accelerated.
For the electron with initial velocity Vy = 2.5V;, the in-phase
acceleration time becomes shorter when traversing the length
L, so the wave and electron interaction is very weak. Because
of this, the plateau near the third harmonic bounce resonance
velocity is not very obvious in Fig. 2(h). For the bounce reso-
nance with n > 4, although there are more resonant particles,
the in-phase acceleration time becomes less, resulting in these
resonant particles not gaining energy effectively. As a result,
electron heating is mainly contributed by bounce resonance of
the first few harmonics. This results agrees with that obtained
in the Ref. [41].

(b) 0 — .jl/.'.'... — ‘
I | T R g
é | ¥ ™, |
—92t st [ I
S BN
_3l I |
e 3 P
Sl I | |
R oo
- 1 I I I I I | - L.
—4 —2 0 2 4
V./V;
(d) 0 : — .
@ ~ 1
2 —1r I I " I
oF | T
= —2r s 1
= | | W
S _3l | T,
o0 3 1 | | 4,
| | | I
< — 4t I I [
Ll | 1 " " " " " | - |
—4 -2 0 2 4
V./V;
(f) 0 T T —
—~ R w1
 —1r 15 o, | |
o LT .
= -2 [ [
= L |
S 3L V./V; I i
51 o
— —4t I | l I
L | 1 I I I I I | L
—4 —2 0 2 4
V./V;
0 , :
(h) i e e, i
—~ | [t S | |
S | N
R B P
g o4 b
- —4} I | l I
Ol | 1 " " " " " | - |
—4 —2 0 2 4
V./Vi

Fig. 2. Resulting electron distributions at times 7/7T = 1.25,2.25,3.5,15 obtained from case 2. The red and black dashed lines on the velocity distribution
show the second harmonic bounce resonance velocity and third harmonic bounce resonance velocity based on the theoretical prediction, respectively.
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0 1 2 3
5 x10~*
®m 0 w‘,“, p AN N
-5 . . .
0 1 2 3

(V./V)?

/T

3.3. Interaction of electrons and wave in the presence of
bounce resonance and Landau damping

The particle simulation results for case 3 are shown in
Fig. 4, in which electrons interact with the wave through
Landau damping and bounce resonance. Figure 4 shows
the resulting electron phase space distribution and the cor-
responding parallel velocity distributions at times ¢/7T =
1.25,2.25,3.5,15. Since both the second harmonic bounce
resonance velocity (V) and the third harmonic bounce res-

z/L

S~

EZ

(V./V)?

t/T
Fig. 3. The evolution of the electric field and sz V2 for two electrons with different initial conditions.

onance velocity (V3) are in the Landau resonance region
(Vo — AV,V, + AV), the Landau resonance half-width is AV =

2\/% , which indicates that the two types of resonance over-
lap. Electrons accelerated through bounce resonance may be
affected by Landau damping. In Fig. 4(b), electrons inter-
act with wave only through Landau damping at t < T, re-
sulting in the velocity distribution function deviates from the
Maxwellian distribution on the V;/V; > 0 side, which is differ-
ent from those in Fig. 2(b).

(b) 0 T T T, T T T
— | [ S R
g —1r I 1 el 1
N )
_af L
3 i DT
S —3r L= ! b
s R
— =4 o I I
o - . Ll "
—4 —2 0 2 4
V./Vi
(d) 0 T T T T L T T
3 T e
g -1y 1 Tl 1
S ! A RN
=2 Lo 1
= —2f [ I
= I o
- | RES
- ! ! [T
— 4. 1 [
2 TR L L n A BN
—4 —2 0 2 4
V./Vi
() O~
g —1r } :._..'-';'.: .-i‘mll-_ i
= et 2
e I ]
= I 1 |
= Lo | | |
¥ -3 f ! I
—_ ol ] |
—4F | | J
" | Ll N L
—4 —2 0 2
V./Vi
(h) 0 T T e, T
"3 ! [ N N
El Dt AR
= cA L
S —9 - __.-T. 0 | .." .r’“
=) I | [
@ —3F Lo bl
2 S RS
—4r - ! [
| Ll . . . A BN N
—4 -2 0 2 4
VZ/‘/'Z

Fig. 4. Resulting electron distributions at times #/7 = 1.25,2.25,3.5, 15 obtained from case 3. Landau resonant width is shown by the black dashed
lines in the phase space. The resonant phase velocity, second harmonic bounce resonance velocity and third harmonic bounce resonance velocity

are shown by blue, red and black dashed lines, respectively.
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In Fig. 4(d), a plateau appears on both sides of the veloc-
ity distribution around the second harmonic bounce resonance
velocity. On the V,/V; > 0 side, the electron velocity distri-
bution function near phase velocity is significantly different
from that in Fig. 1(d). It can be seen that the resonance plateau
becomes lower, which means few electrons and weaker inter-
actions around the phase velocity. The reason for this differ-
ence is that electrons near the phase velocity do not interact
with wave through Landau damping when they are reflected
at z = L. Therefore, the number of resonant particles is re-
duced and the Landau damping is weakened. Meanwhile, a
small plateau appears on both sides of the velocity distribution
function near the second harmonic bounce resonance velocity,
which is similar to that in Fig. 2(d).

In Fig. 4(e), electron distribution in the phase space grad-
ually forms multiple vortex structures. Electrons interact with

-2

—4
L
—6

-8

(a) 5

P2 S0 S SNPGRS e e w;':wa-ce‘
. o e

V./V;
=]

" = ‘,:&E»‘%u\“é}:e‘(‘,g%}

|
0.5 1.0

o

0 0.5 1.0
z/L

the wave through Landau damping, second harmonic bounce
resonance and third harmonic bounce resonance are shown
in Fig. 4(f). A significant plateau around the third harmonic
bounce resonance velocity is formed, different from that in
Fig. 2(f). This phenomenon indicates that the resonant elec-
trons around the third harmonic bounce resonance velocity are
affected and the original bounce resonance orbits are gradu-
ally destroyed. Since Landau damping occurs only on the right
side, the reflected electrons at the boundary deviate from their
orbits and the phase space structure gradually changes, lead-
ing to the asymmetry of velocity distribution functions on both
sides. As time increases, it can be seen that in Fig. 4(g), the
low velocity electrons can be efficiently accelerated to higher
velocities, and the corresponding plateau of velocity distribu-

tion becomes almost flat, as shown in Fig. 4(h).

(b) 5

Y — s >
NN o~ S

Fig. 5. The evolution of the electron phase space distribution at times #/T = 0,3.5,7.5,15 obtained from case 2. The black circles show the

trajectory of electrons with initial velocity Vp = 1.8V in phase space.
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Fig. 6. The evolution of the electron phase space distribution at times #/T = 0,3.5,7.5,15 obtained from case 3. The black circles show the

trajectory of electrons with initial velocity Vp = 1.8V, in phase space.
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To demonstrate how electrons in the different resonance
regions are affected by resonance overlapping, we plot the tra-
jectories of electrons with different initial velocities. First, we
consider the electrons with a initial velocity Vy = 1.8V, that
are in the third harmonic bounce resonance region and outside
the Landau resonance region. As Landau damping is absent
in case 2, and the trajectory of electrons with initial veloc-
ity Vo = 1.8V, (the black circles) in phase space are shown in
Fig. 5. In Fig. 5(d), it can be seen that electrons with ini-
tial velocity Vo = 1.8V, are almost trapped in third harmonic
bounce resonance velocity frame. Considering the overlap be-
tween the third harmonic bounce resonance and the Landau
resonance in case 3, the corresponding trajectories of the elec-
trons with the same initial velocity are shown in Fig. 6. It is
significantly different from those in Fig. 5. In Fig. 6(b), the
electrons are initially accelerated by bounce resonance. As
time increases, the accelerated electrons move into the Lan-
dau resonance region and gradually deviate from their orig-
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e
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inal resonant orbits. More electrons are affected by Landau
damping, resulting in a longer in-phase acceleration time and
anet increase in the kinetic energy for these resonant electrons.
Therefore, when the third harmonic bounce resonance region
overlaps with the Landau resonance region, low-velocity par-
ticles can be accelerated to the Landau resonance region by
the bounce resonance and then accelerated by Landau damp-
ing. Such a process enhances the Landau damping of wave
and resonant particles are accelerated more effectively.

Secondly, the trajectories of electrons with initial velocity
Vo = 2.7V, (the black circles) in phase space can be obtained
from case 2 and case 3. In Fig. 7(d), the electrons with initial
velocity Vo = 2.7V, are almost trapped in the third harmonic
bounce resonance velocity frame, which indicates that these
electrons are not in the second harmonic bounce resonance re-
gion. In Fig. 8, these electrons with initial velocity Vy = 2.7V,

are in the Landau resonance region and are accelerated through
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Fig. 7. The evolution of the electron phase space distribution at times /T = 0,3.5,7.5,15 obtained from case 2. The black circles show the

trajectory of electrons with initial velocity Vo = 2.7V; in phase space.
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Fig. 8. The evolution of the electron phase space distribution at times #/7T = 0,3.5,7.5,15 obtained from case 3. The black circles show the

trajectory of electrons with initial velocity Vp = 2.7V, in phase space.
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Landau damping. Since the second harmonic bounce reso-
nance region also overlaps with Landau resonance region, the
electrons can also interact with the wave through second har-
monic bounce resonance. As shown in Fig. 8(d), the elec-
trons are accelerated beyond the Landau resonance region.
Therefore, when the second harmonic bounce resonance re-
gion overlaps with the Landau resonance region, the Landau
resonance can increase the lower harmonics of electrons in the
bounce resonance, resulting in a flattened velocity distribution
function and significantly enhanced electron heating.

The temporal evolution of the total kinetic energy of the
particles for the three cases is plotted in Fig. 9. For case 1,
the linear growth of total kinetic energy of the particles and
the subsequent nonlinear oscillations are consistent with the
predictions of O’Neil’s theory.!*?! For ¢ < T, the variation of
kinetic energy is the same for case 1 and case 3, which indi-
cates that the interaction between electrons and wave is mainly
through Landau damping. As time increases, the electron heat-
ing becomes more pronounced in the presence of the bounce
resonance and the Landau damping, as shown in cases 2 and 3
of Fig. 9.

TR e S

0.5
z/L

Ty o TS it
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e
]
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1.0 . .
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t/T

Fig. 9. The temporal evolution of the total kinetic energy of the particles for
the three cases. The red solid line in case 1, case 2 and case 3 are blue solid
lines and black solid lines, respectively.

3.4. Electron-wave interactions in the presence of weak
resonance overlap for bounce resonance and Landau
damping
In this case, the amplitude of the resonant wave is re-

duced to half of the previous amplitude compared to case 3,

which leads to a weak resonance overlap. Figure 10 shows

the resulting electron distributions from the small electric

field amplitude in the same format as plots (a)—-(h) in Fig. 4.
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Fig. 10. Resulting electron distributions obtained from the small electric field amplitude. Plots (a)—(h) are in the same format as those in Fig. 4.
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In Fig. 10(h), the velocity distribution function is not flattened,
which is different from those in Fig. 4(h). This difference is
due to the weak resonance overlap between the bounce res-
onance region and Landau resonance region, resulting in a
reduction in the number of electrons accelerated through the
third harmonic bounce resonance into the Landau resonance
region. The number of electrons accelerated through the Lan-
dau damping decreases, and the number of electrons in the
bounce resonance for n = 2 decreases accordingly. As a result,
for such a small electric field amplitude, the resonant width
becomes smaller and the overlap of the two resonances is also
reduced accordingly, resulting in the resonant electrons cannot
be effectively accelerated and electron heating process is not
pronounced.

The corresponding kinetic energy evolution is shown in
Fig. 11. It can be seen that the electron heating is weak at small
electric field amplitudes. Compared to Fig. 9, the oscillatory
behavior of the kinetic energy appears when the bounce reso-
nance and Landau damping occur simultaneously. The reason
is that when the wave amplitude is small enough, the overlap
of bounce resonance and Landau damping becomes smaller
and the low-velocity electrons cannot continue to be acceler-
ated through the bounce resonance and Landau damping as
before. For the decaying part of the kinetic energy, which is
due to nonlinear Landau damping.

1.15
——Landau
——bounce
—bounce and Landau
1.10
2
S
g
~
5]
1.05
1.00 - -
0 5 10 15

t/T

Fig. 11. The evolution of particle kinetic energy with time for the three
cases.

4. Summary

In this paper, the interaction between wave and electrons
with bouncing motion is investigated theoretically as well as
in one-dimensional particle simulation. The synergy effects
of the bounce resonance and Landau resonance on collision-
less electron heating are investigated, and the energy transfer
between electrons and wave as the two resonances overlap is
discussed. The results show that both Landau damping and
bounce resonance can be enhanced and so the electrons can be
heated efficiently.

First, the linearized kinetic equation for the perturbed
electron distribution is solved by considering the reflection

of electrons at the plasma boundary. The corresponding dis-
persion relations is obtained by combining Faraday’s law and
Ampere’s law. The analysis results show that both Landau
damping and bounce resonance can occur. Four cases are stud-
ied by particle simulations to show the electron-wave interac-
tions when two resonances are present simultaneously.

Our simulation results show that the distribution of elec-
trons in the phase space can gradually form a vortex structure
near each bounce resonance velocity, and the velocity distribu-
tion function forms a plateau near the corresponding bounce
resonance velocity. Electrons near each bounce resonance ve-
locity interact the wave and absorb the wave energy. Since
the in-phase acceleration time of electrons with higher har-
monic bounce resonance is short, so the bounce resonance oc-
curs preferentially at the first few harmonics. For the bounce
resonance with n > 4, resonant electrons are difficult to ob-
tain an effective acceleration. Thus, as the width L increases,
the corresponding first few harmonics of bounce resonance
velocity increases and the number of resonant electrons de-
creases, leading to a weaker bounce effect. When size L — oo
or ® > y, the bounce resonance effect can be ignored.

For such an overlap between the Landau resonance and
the bounce resonance, the motion of electrons in the resonant
region may be affected by both resonances. As the electrons
are reflected at z = L, the electrons initially in the Landau res-
onance region no longer interact with the wave through the
Landau damping, and the Landau damping is weakened. As
time increases, electrons near the third harmonic bounce res-
onance velocity will be accelerated by the bounce resonance.
Since the two resonances overlap, the electron orbits of higher
harmonic bounce resonance are significantly perturbed by the
Landau damping, and the resonant electrons can be effectively
accelerated. Meanwhile the Landau resonance can increase
the number of electrons in the lower harmonic bounce reso-
nant region, resulting in a net increase in the kinetic energy of
electrons in each resonant region. Such a process leads to a
longer in-phase acceleration time for this part of the resonant
electrons and significant change in the distribution function.
Eventually, the electron distribution functions on both sides
can be elevated. Since the resonant width is proportional to
the electric field amplitude, when the electric field amplitude
is reduced, the resonant width becomes smaller and the over-
lap of the two resonances is reduced. As a result, the num-
ber of particles interacting with the two resonances decreases,
leading to a weakening of the interaction.

Although the heating mechanisms of bounce resonance
and Landau resonance have been observed experimentally by
measuring the EEPF, the energy transfer between the electric
field and electrons has not been clear illustrated. The present
study demonstrates that the energy transfer between the elec-
tric field and electrons is more effectively when both reso-
nances are present simultaneously. Since the two resonance
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regions overlap, the higher harmonic bounce resonance can
accelerate the electrons whose velocity is much lower than

the wave phase velocity to the Landau resonance region, en-

hancing the Landau damping of the wave. At the same time,

more resonant electrons are accelerated to the lower harmonic

bounce resonance region by the Landau resonance.
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