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ABSTRACT

In this Letter, a multilayer-structured discharge (MSD) is reported in multipactor-coexisting plasma ionization breakdown by fully kinetic
particle-in-cell simulations. The observed multilayer structure is originated by the response of ions to an electric field. It is found that the
electron diffusion and multipactor discharge near the surface produce two opposite electric fields toward and away from the dielectric sur-
face, respectively. Thus, the ions form a locally high density profile, which is followed by electron density. The lighter electrons diffuse away
from the peak more quickly than the ions, resulting in an ambipolar field toward the bulk plasma region, which drives the ion density peak
to propagate toward the bulk plasma. Such a process is periodically repeated, and, finally, a MSD is formed.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0076519

Gas ionization breakdown and multipactor discharge near a
dielectric surface are of high importance in high power microwaves,
which are important to many fields, including low temperature plasma
processing of materials, space-based energy transmission and propul-
sion, cyclotron heating in fusion energy, and rf accelerators.1–6

Especially, at higher microwave power, a plasma discharge near the
microwave window can be easily triggered and negatively affects
microwave transmission. Additionally, energetic electron induced
multipactor, i.e., intense secondary electron emission, has been found
to be important in the process of the plasma–surface interaction.
Therefore, multipactor and gas ionization breakdown near a dielectric
surface have attracted substantial research efforts in recent years.7–13

In vacuum and less collisional regimes, the discharge is domi-
nated by the electron-surface multipacting process, during which ener-
getic electrons repeatedly strike the dielectric surface to yield an
electron avalanche.7–9,14,15 Meanwhile, the positive charge is left on the
surface and induces a normal restoring electric field, which forces the
electrons to return to the dielectric surface. In recent years, multipactor
susceptibility,13,16,17 its temporal physical dynamics,18–20 and possible
mitigation to improve breakdown threshold15,21–25 have been exten-
sively studied. With the presence of background gas or desorbed gas
from the surface due to electron bombardment, multipactor dynamics

can be significantly altered by electron–neutral collisions.26 With
increasing pressure to the near-atmospheric pressure, where the
electron–neutral collision frequency is much higher than the driving
frequency, the emitted secondary electrons lose a significant amount
of energy during flight, and the insufficient impact energy fully sup-
presses the surface multipacting process over time.27 In the intermedi-
ate pressure regime (hundreds of mTorr–to a few Torr), multipactor
and ionization plasma discharge can coexist.27 Even though the scaling
law of discharge formation time was studied by Neuber et al.28 and
Lau et al.,29 the transient volume physics of the multipactor transition
to ionization breakdown is barely studied in the literature and not well
understood.27 Moreover, it is of importance to understand the process
of plasma breakdown when the community tries to control or avoid
gas ionization breakdown near the dielectric window. Additionally,
the high-power microwave system has important applications in
space-based communication satellites, which usually locate in compli-
cated space environments, such as solar wind and a proton/electron
belt consisting of a vast number of electrons and helium (and pro-
tons).30–32 These particles can be adsorbed to the microwave window
surface initially and desorbed to gas around the window surface due to
later surface heating.33,34 Understanding the desorbed gas induced
ionization breakdown in helium or hydrogen is important for
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controlling or mitigating gas discharge near microwave windows for
space-based communication satellites.

In this Letter, we report a multilayer-structured discharge (MSD)
in multipactor-coexisting plasma ionization breakdown, and the
regime of MSD formation is also revealed. To present the main phys-
ics, a movie showing the evolution of the spatial electron and ion den-
sity profiles in time is provided in the supplementary material. The
present work is conducted by fully kinetic particle-in-cell (PIC) simu-
lations, which are well benchmarked against other codes in the litera-
ture35–37 and experimentally validated38 in plasma discharge. We
emphasize that the MSD is found for He in a certain range of electric
field amplitudes, gas pressure, and various secondary emission proper-
ties. To reveal the most important physics, we mainly present a typical
case at frequency 1GHz, gas pressure 1.5Torr, and rf electric field
amplitude E0 ¼ 3� 106 V/m, which was commonly adapted in pre-
vious works.18,27,29,39,40 The pressure chosen here is close to the pres-
sure suggested by a dielectric/vacuum gas ionization breakdown
experiment.15

The schematic of the discharge system is shown in Fig. 1, where
the discharge is bounded by a dielectric surface at x¼ 0. The right
boundary is semi-infinite. The rf electric field is in the y direction, tan-
gential to the surface. The interactions between charged and neutral
particles, including e-He elastic scattering, electron impact excitation
and ionization, backwards and isotropic portion of Heþ and He scat-
tering and charge exchange collisions are treated by a Monte Carlo
scheme incorporating the null collision method.41 The details about
the collision threshold and corresponding cross sections can be found
in Ref. 42. The charged particles flowing to the dielectric surface are
also instantaneously accumulated. Primary electrons induce secondary
electron emission from the surface, which is described by the well-
known Vaughn’s empirical formula43 for a dull surface with smooth
factor ks¼ 1 and the maximum secondary electron yield (SEY)
dmax0 ¼ 3:0 at the normal incidence for impact energy Emax0 ¼ 400:0
eV, similar to the treatment in previous works.18,19,25,27 An illustration
of the electron-induced secondary electron yield (SEY) in terms of the
impact energy is shown in the inset of Fig. 1. Both the space charge
and surface charge effects are included in our simulation.

The space-dependent transient physics is revealed by the spatiotem-
poral plot of normal electric field, Ex, electron density, ne, ion density, ni,

and electron–neutral ionization impact rate, Ri in Figs. 2(a)–2(d), accord-
ingly. At the beginning of the discharge, Ex increases rapidly due to sec-
ondary electron avalanche emission from the surface and then
periodically oscillates at twice the fundamental rf frequency (1GHz) for
the first three rf periods as shown in Fig. 2(a), similar to the multipactor
process in vacuum.18,20 Due to the residence of the net positive charge
on the surface after electrons are ejected, the normal electric field points
away from the surface everywhere and gradually decays in space under
the shielding of the electron space charge effect. The electron–neutral
ionization collisions result in the formation of the bulk plasma 4–60 lm
in front of the dielectric as shown in Figs. 2(b) and 2(c).

Most importantly, the physics, reported here is that remarkable
propagating multilayer-structured discharges are observed for the elec-
tric field, electron density, and especially ion density. This propagating
behavior is clear in the movie provided in the supplementary material.
The MSD expands into the bulk plasma region in time. In general, low
temperature discharge characteristics are determined by electron–
neutral collision dynamics, as the ion mass is too large to respond to
the very high frequency oscillating electric field, i.e., xrf � xpi.
However, for helium plasma breakdown near an emissive dielectric
window, the motion of ions is found to play an important role by ana-
lyzing the electron ionization impact rate distribution, which is
revealed in Fig. 2(d). As one can see, even though the ionization rate
Ri shows a locally high distribution near the surface, obviously, the
peak value of this locally high Ri is lower than that in the space range
of 10–100lm, implying that there would be a lower ion density near
the surface in the absence of ion motion. However, the ion density in
the multilayer structure near the surface (<10 lm) is much higher
than that in 10–100lm. Therefore, locally high ionization rate is not
the reason for the formation of propagating MSD. Indeed, for a driv-
ing electric field at 3MV/m, typically, the induced normal restoring
field can be as high as a few MV/m as shown in Fig. 2(a). For a normal
electric field of Ex ¼ 1 MV=m, a static ion of helium can pass through
a distance of a few lms without collisions in 1 ns due to the relatively
light mass, which is non-negligible in a typical discharge size of tens of
lm. Next, we will analyze the discharge dynamics, especially the
regime of MSD generation in the presence of ion motion.

The analysis of the nature of the propagating MSD is based on
ion mass reduction to proton mass with collision mechanics kept
the same as in helium gas. The electron-relevant processes, such as
electron–surface interaction (multipactor process) and electron–
neutral collision and transport dynamics, are kept unchanged. In the
proton system, the MSD is reproduced and more visible for analysis.

Figures 3(a)–3(i) exhibit spatiotemporal plots of the normal elec-
tric field, charged particle density, fluid velocity, and flux. The region
analyzed in detail is spatially confined within 1:75–30lm over the
time duration of 4–9 rf periods, in which the MSD is typically present.
The normal electric field starts showing the first propagating pattern
at t=T ¼ 6:15, as the red arrow shows in Fig. 3(a). The red vertical
dashed line labeled by phase 1 indicates a transition at t=T � 6:15 for
the three columns. Similarly, the ion density ni, net charge density q,
ion fluid velocity vi, and ion flux Ci ¼ nivi present the same behavior,
instantaneously [see Figs. 3(b), 3(d), 3(e), and 3(h), respectively].
However, the ionization electron density nie (impact ionization pro-
duced electrons), secondary electron density nse (surface emission elec-
trons), and the corresponding ionization electron fluid velocities vie, as
well as total ionization impact rate Ri have similar behavior only after

FIG. 1. Schematic diagram of the multipactor-coexisting plasma breakdown system
in He with inset illustrating the secondary electron yield vs the impact energy of pri-
mary electrons at normal incidence. Es represents the restoring field induced by the
multipactor discharge and Ea� and Eaþ represent the ambipolar field due to the
lighter electron diffusion toward and away from the dielectric surface, respectively.
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FIG. 2. Spatiotemporal plots of the multilayer structured discharge. (a) Normal electric field, (b) electron density, (c) ion density, and (d) ionization rate. T is the rf period.

FIG. 3. Transient plasma physics for MSD based on proton mass and helium chemistry. Spatiotemporal plots of the (a) electric field, (b) ion density, (c) ionization electron den-
sity, (d) net charge density, (e) ion fluid velocity, (f) ionization rate, (g) ionization electron velocity, (h) ion flux, and (i) secondary electron density. Phases 1, 2, and 3 represent
the moment t=T � 6:15; 8:13, and 8.16, separately. The black dashed line indicates the value of zero in (a), (d), (e), and (h).
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t=T � 6:5 [see Figs. 3(c), 3(f), 3(g), and 3(i)], i.e., the formation of the
ion pattern is prior to that of the electron pattern, suggesting that ion
dynamic is responsible for triggering the MSD.

The detailed ion dynamics is revealed by the ion density, ion flux,
net charge density, and normal electric field, whose normalized spatial
distributions at the moment when MSD is triggered, phase 1, are
shown in Fig. 4(a). As we mentioned above, the normal electric field,
Ex, is positive near the surface (purple region) due to multipactor in
region I, where the emitted secondary electrons make the net charge
negative [also see Figs. 3(a) and 3(d)]. In region II adjacent to the bulk
plasma, Ex is negative due to electron-ion ambipolar diffusion. Under
the action of Ex in region II, the ion flux Ci < 0 [also see Fig. 3(h)]
and decreases first and then increases with a transition at location
x¼ x2, where Ex¼ 0. Due to inertia, the ions still flow collectively
toward the surface within the region of x1 < x < x2 with x1, where
Ci ¼ 0. In the region x < x1, the ions flow away from the surface.
Therefore, the ion density is significantly enhanced at x1, giving rise to
a prominent ion peak as the red line shows in Fig. 4(a). Within T=2,
the multipactor discharge near the surface is further enhanced after

phase 1, since the transverse ac electric field increases, which causes a
higher electron impact energy and higher SEY. The normal electric
field in region I also increases and pushes the local ion density peak
away from the surface.

After the first locally high ion density wave is generated and grad-
ually moves away from the surface, the electrons are attracted by the
local ion potential well and follow the motion of ions. Therefore, the
locally high electron density for both ionization and secondary elec-
trons is also gradually formed as shown in Figs. 3(c) and 3(i). The
locally peaked electron density induces a local peak for electron-
neutral impact ionization rate [see Fig. 3(f)]. The locally high impact
ionization frequency produces a locally high plasma density for both
electrons and ions. Furthermore, the lighter electrons diffuse toward
the bulk plasma (away from the surface). The diffusion of electrons
toward the bulk plasma also drives the ion peak to propagate toward
the bulk plasma region. The detailed dynamics of propagation is
shown in Fig. 4(b) by tracing two adjacent instantaneous moments,
t=T ¼ 8:13 and 8.16, i.e., phase 2 and phase 3 as indicated by the red
dashed line in Fig. 3. Phase 2 and phase 3 are two moments that can
clearly show the multilayer structure. The total electron density ne, the
ion density ni, the electric field Ex, and the total charge density q are
plotted for phase 2 (solid line) and phase 3 (dashed line) vs x.
Compared to Fig. 4(a), region II, within which an electric field is nega-
tive due to electron diffusion, is still present but closer to the bulk
plasma. Region III with a local peak plasma density near x¼ x3
appears closer to the surface. Comparing phases 2 to 3, although the
peak electron density at x3 contributes to the locally high ionization
rate, the net gain of the electron density near x3 is much smaller than
that of both the left and right sides of region III. Hence the electrons
are diffusing toward both sides of region III. When the electrons dif-
fuse toward the left side, a net gain of the negative charge on the left
side (x < x3) will be obtained. Therefore, the electric field and net
charge density are more negative on the left side of region III. On the
other hand, when electrons diffuse toward the right side (x > x3), the
positive charge is left, and the electric field will become more positive.

The propagation of the positive electric field far away from the sur-
face will promote the ion density peak to further propagate toward the
bulk plasma in region III of Fig. 4(b). In addition to the ion density
propagating in space, the distribution of the locally high ion density will
be broader in time due to diffusion. As a result, only two remarkable ion
density peaks are observed near phase 2 [also see Fig. 3(b)]. The other
structures of the locally high ion density adjacent to the bulk plasma
during phase 1 and phase 2 in Fig. 3(b) are nearly invisible due to their
broader distribution [see the region between region III and region II in
Fig. 4(b)]. It is worth noting that both the secondary electron emission
from the surface and the electron impact ionization would not contrib-
ute to the net gain of charge, since ionization electrons and ions,
surface-emitted electrons, and resident positive charge on the surface
equally increase to keep overall charge neutrality in the system. The ligh-
ter electron diffusion induced ambipolar field toward the bulk plasma is
mainly responsible for the propagation of the multilayer structure.

In summary, we studied the formation of a MSD for the normal
electric field and plasma density in the early stage of multipactor-
coexisting plasma breakdown in helium gas, reported near a high-power
microwave window. The multipactor-ionization breakdown process
near the microwave window has been a key limiting factor in rf and
microwave devices, especially for the next generation of

FIG. 4. The normalized spatial normal electric field (black line), ion flux (green line),
net charge density (blue line), and ion density (red line), as well as the electron
density (cyan line) as a function of distance, x, from the dielectric surface, for (a)
phase 1 and (b) phase 2 (solid line) and phase 3 (dashed line). The normalized
parameters are jEjmax ¼ 1:03� 106 V/m, qmax ¼ 10:82 Cm�3; jCi jmax ¼ 2:2
�1023 m�2 s�1; and nimax ¼ 7:06� 1019 m�3 for (a) and jEjmax ¼ 1:03� 106 V/
m, qmax ¼ 10:82 Cm�3; and nimax ¼ 3:44� 1020 m�3 for (b).
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communication satellite design, which requires higher microwave
power. Therefore, understanding the transient breakdown process is
of importance for further optimizing and controlling signal genera-
tion in the complicated helium/hydrogen-containing space environ-
ment. By further investigation into a proton mass system, where the
multilayer structure is enhanced with electron-relevant processes for
He kept unchanged, the mechanism of the multilayer generation is
attributed to the local ion density enhancement under two neighbor-
ing electric fields acting in opposite directions. The electrons locally
diffuse away from the surface, resulting in a local ambipolar field
pointing toward the bulk plasma, which drives the ion density peak
toward the bulk plasma. Such a process is periodically repeated,
resulting in MSD formation. When a MSD is formed, the local den-
sity near the dielectric surface will be extremely high for a short
period of time. As a result, the discharge is locally enhanced near the
dielectric surface in this period and induces a faster ionization break-
down. The MSD reported in our work shows a fundamental mecha-
nism that prompts ionization breakdown within a few layers near
the rf window surface. The understanding of the breakdown mecha-
nism enables researchers to optimize space-based high-power
microwave systems. The MSD structures are expected to vary for dif-
ferent driving frequencies, dielectric surface materials, and ion
masses in space-based microwave systems. Comparative studies
under different conditions merit further investigation and will be
presented in the future work. In addition, experimental evidence on
the MSD is also expected in helium or hydrogen background gas,
and the MSD may be observed via nanosecond response intensified
charged-couple device cameras15 with high spatial resolution, where
a few discrete regions may show layered light intensity and the light
intensity would be more significant near the dielectric surface than
the plasma region away from the surface in the early stage of the
plasma breakdown.

See the supplementary material for the evolution of the spatial
electron and ion density profile in time and also for the propagating
behavior of a multilayer-structured discharge.
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