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Spacecraft components working in a complex plasma environment in space environment, and the 
dielectric modules in the components face the important issue of surface charging. In this work, we 
quantitatively study the surface potential evolution for dielectrics. The results show that continuous 
irradiation by the electron beam causes the dielectric surface to reach a balance state, and the balance 
surface potential is significantly affected by the initial surface potential, the primary electron energy 
of the incident electrons, and the second critical energy (Ep2) of the dielectric. Calculation results show 
that irradiating uncharged Al2O3 sheet continuously with an electron beam of 15,000 eV energy can 
reach a surface potential of − 9501.01 V, which is a risky high potential. While the balance potential 
of MgO sheet under the same irradiation condition is only − 1632.34 V, indicating that dielectrics with 
higher Ep2 are more favorable for mitigating surface charging. Besides, at electron landing energies 
below Ep2, the surface potentials due to irradiation are too low to induce electrostatic discharge. 
Multipacting simulations for coaxial filters filled with Al2O3 sheets show that the first critical energy 
(Ep1) of the dielectric is affected by the surface potential and further influences the device multipacting 
threshold. A surface potential of + 20 V/− 80 causes the Ep1 of Al2O3 sheets to drop/increase from 
40 eV to 20 V/120 eV, resulting in a decrease/increase in the filter multipacting threshold from 173.4 
to 145.3 W/318.4 W. The work is valuable for researching the dynamic charging behavior of dielectric 
surfaces, and for the engineering application of dielectric multipacting in microwave devices.
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Dielectric surface charging in space environment originates from the interaction between insulating materials 
and the complex space plasma. When spacecraft components are exposed to charged particles, incident particles 
penetrate and accumulate within the material due to its low electrical conductivity. Simultaneously, secondary 
electron emission (SEE) and photoemission further modulate the charge balance1,2. Dielectric charging 
and discharging phenomena in the space environment can lead to a number of reliability problems for the 
spacecrafts, including electrostatic discharges2–5, material degradation6, false telemetry signals, multipacting 
risks7,8, electrostatic attraction9–11. These effects collectively threaten the reliability of the various spacecrafts.

Among the many scenarios in which dielectric surface charging is induced, the behavior of dielectric surface 
charging induced by electron irradiation is a very important part. This is not limited to spacecraft environments, 
in fact, many dielectric surfaces working in plasma environments suffer the charging process induced by electron 
irradiation, and further face some serious reliability issues. For instances, in Hall thrusters, the SEE phenomenon 
on the ceramic surface of the discharge cavity BN leads to surface charging, which affects the stability of the 
plasma in the discharge cavity, as well as the rate at which the ceramic cavity is subjected to ion sputtering12–15. 
In electron multipliers, surface charging affects the multiplication efficiency of the electrodes and may cause 
reliability problems such as ion feedback16–18. In RF systems, charged dielectrics lower the multipacting 
threshold by enhancing SEE yield, potentially triggering resonant electron avalanches in microwave components 
like waveguides or filters19–21. In reality, multipacting is one of the important mechanism for the performance 
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degradation or failure of high-power microwave (HPM) components operating in space environment. As well as, 
multipacting has also received extensive attention in the fields of aerospace microwave equipment, high-energy 
particle accelerators, and vacuum electronics22–27. Unlike multipacting on metal surfaces, the phenomenon of 
multipacting on dielectric surfaces is significantly affected by charge accumulation. In fact, accumulated charges 
suppress electron emission barriers, increasing effective SEE yield through field-assisted emission. For example, 
in 2010, Chang’s magnetic suppression study showed SEE yield increases by 0.2–0.5 per 1 kV surface potential on 
SiO₂, directly lowering multipacting thresholds28. Besides, internal charging fields (about 106 V/m) vectorially 
add to RF fields (about 104  V/m), creating localized electric field hotspots exceeding dielectric breakdown 
limits. For instances, in 2005, Sazontov’s modeling identified 200% field intensification at material defects under 
combined fields29. Furthermore, time-varying surface potentials during multipacting introduce stochastic phase 
shifts in electron avalanches. This disrupts traditional susceptibility diagrams, enabling multi-band discharge 
regions as observed by Rasch in wideband satellite payloads in 201230. In addition, scholars are also committed 
to studying the process of charge accumulation on dielectric surfaces31, surface potential evaluation32,33, surface 
charge mitigation and charging protection34, which are all closely related to the SEE process from dielectric 
surfaces. Based on these discussions, it is essential to investigate the dynamic evolution of surface potential on 
dielectric materials under electron beam irradiation and its impact on multipacting phenomena, which is crucial 
for a deeper understanding of multipacting behaviors on dielectric surfaces.

In this work, by analyzing the dielectric surface charging behavior in the case of electron beam incidence 
with constant energy, the dielectric surface charging process and the final balance state of the system under 
different conditions are investigated in detail. The influence regularity of the dielectric surface charging on 
surface potential is calculated and discussed. Besides, the occurrence of the electron multiplication phenomenon 
is elucidated by evaluating the effect of surface potential on SEE process, and a coaxial filter is employed to 
evaluate the effect of surface potential on multipacting threshold. The work provides a theoretical basis for the 
study of the multipacting effect from the dielectric surface charge, and has certain theoretical guidance value for 
the future exploration of new dielectric surface multipacting suppression methods.

Calculation of surface charging and surface potential
Secondary electron emission leads to surface charging
When the electron beam interacts with the dielectric surface, the effects of many factors need to be considered, 
such as the electron beam energy, the dielectric surface potential, and environmental factors. Here, the 
relationship between the outgoing electron flux and the incident electron flux is investigated when the electron 
beam acts continuously with the dielectric surface. In this process, a constant energy electron beam stream 
is considered to continuously bombard the dielectric surface, and it is assumed that the electron beams are 
parallel and there is no energy diffusion. Ep and Ei are employed to represent the primary electron energy and 
the electron collision energy respectively, the potential of the dielectric surface is denoted as Vi, and e is the 
elementary charge (-e for single electron). When the electron interacts with the dielectric surface, the following 
relationship expresses the relationship among the above parameters:

	 Ei = Ep + eVi� (1)

It should be noted here that the irradiation induced by ion beam on the dielectric surfaces also induces SEE 
processes and surface charge accumulation. However, it is well known that the mass of ions is much larger than 
the mass of electrons, resulting in the specific charge of ions being much smaller than the specific charge of 
electrons. Therefore the ion flux is much smaller than the electron flux in the usual irradiation scenario, which 
leads to negligible surface charging induced by ion irradiation compared to the surface charging behavior due 
to electron irradiation. Therefore, here, we focus our discussion only on the phenomenon of dielectric surface 
charge accumulation induced by electron irradiation.

After the interaction of electrons with the dielectric surface, there will be three cases: emitting backscattered 
electrons, emitting secondary electrons, and absorbed by the material, as shown schematically in Fig. 1.

Here, δ and η are employed to be the true secondary electron emission coefficient and the backscattered 
electron emission coefficient, respectively. The physical meanings of δ and η are the ratio of the number of 
outgoing true secondary electrons and backscattered electrons to the number of incident electrons, respectively. 
Then the total electron emission coefficient (TEEY, also denoted as σ), can be expressed as:

	 σ = δ + η� (2)

A typical TEEY curve of neutral dielectric is shown in Fig. 2. There are two special points on the curve making 
the TEEY equal 1, corresponding to the incident energy Ep1 (the critical point in the low-energy region, so-
called the first critical energy) and Ep2 (the critical point in the high-energy region, so-called the second critical 
energy), which satisfy the requirement that the number of electrons emitted is equal to the number of electrons 
incident. As shown in Fig. 2, the two critical energy points, Ep1 and Ep2, divide the curve into three regions. When 
Ep1 < Ei < Ep2, σ > 1, the flux of the emitted electron is larger than the flux of the incident electron, indicating that 
compared with too low or too high incident energy, the incident electron with energy in this energy range can 
excite more secondary electrons. On the contrary, when Ei < Ep1 or Ei > Ep2, σ < 1, the flux of the emitted electron 
is smaller than the flux of the incident electron, indicating that too low or too high incident energy will be likely 
adsorbed by the material bulk, and thus reduce the probability of electron emission from the dielectric surface.

Due to the high insulating properties of the dielectric, when the electron beam interacts with the dielectric 
surface, the charge induced by SEE cannot flow away in the form of electric current. Then, charge accumulation 
will be produced on the dielectric surface, and the accumulated charge will induct the corresponding strength 
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Fig. 2.  Typical TEEY curve of dielectric surface without surface charge.

 

Fig. 1.  Interaction between electron and dielectric surface.

 

Scientific Reports |        (2025) 15:21487 3| https://doi.org/10.1038/s41598-025-07418-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


of the electric field, which affects the subsequent energy and trajectory of the incident electrons. When the 
electron beam collision dielectric surface, there will be secondary electrons and backscattered electrons emitted, 
and some electrons will be trapped inside the dielectric. In order to reveal the evolution of surface charging 
in different scenarios, we consider the following three initial potential cases of dielectric surface, uncharged, 
negatively charged and positively charged (namely Vi = 0, Vi < 0 and Vi > 0), as well as, three kinds of constant 
energy electron beam flow (namely Ep1 < Ei < Ep2, Ei < Ep1 and Ei > Ep2) continued bombardment of the dielectric 
surface. And we are going to discuss the evolution regularity of surface charging and surface potential when the 
system reaches balance state.

Charge accumulation and surface potential calculations
A theoretical method is used to calculate the surface potential when there is charge accumulation on the 
dielectric surface. First of all, to give the dynamic process of the dielectric surface potential under electron beam 
irradiation, it is necessary to know the relationship between the level of charge accumulation and the surface 
potential. According to the literature35, when a beam of electron current bombards the surface of a dielectric 
sample, the level of charge accumulation and the magnitude of the surface potential generated are related to 
the permittivity, the density of the incident beam current, the TEEY, the size of the beam spot, and the beam 
action time. Here, Jin is set as the incident beam current density, d is the beam spot diameter, ε0 is the vacuum 
permittivity with a value of 8.854 × 10–12 F/m, εr is the relative permittivity of the dielectric sample, t is the beam 
current action time with the sample, and Q is the surface charge density. Then the variation of surface charge 
density, ΔQ(t), for the dielectric sample after irradiation by the electron beam is reported as:

	 ∆Q(t) = Qin − Qout(t) = Jint − Jintσ(t) = Jint [1 − σ(t)]� (3)

It should be noted in Eq. (3) that the surface potential Vi varies at different moments, as a result, the electron 
collision energies Ei also varies according to Eq. (1), further leading to the fact that TEEY is also a time-varying 
parameter. So in Eq.  (3), we use σ(t) to indicate that TEEY is a time-varying physical parameter. Then the 
variation of surface potential, ΔVi(t), for the dielectric sample is:

	
∆Vi(t) = 2d · ∆Q(t)

(1 + εr) · ε0
� (4)

If the intensity of the incident beam current is assumed to be IP, then we have:

	
Jin = IP

π (d/2)2 = 4IP

πd2 � (5)

Therefore, the variation of surface potential, ΔVi(t) can be calculated by:

	
∆Vi(t) = 8IPt [1 − σ(t)]

πd(1 + εr)ε0
� (6)

Then the surface charge amount Q and surface potential Vi can be calculated by:

	
Q =

∑
∆Q� (7)

	
Vi =

∑
∆Vi� (8)

On the basis of the above theoretical Eqs. (3)–(8), it is possible to calculate the charge on the dielectric surface as 
well as to monitor changes in the surface potential in real time.

Procedure for calculating dielectric surface potentials
To further verify the effect of electron beam irradiation on the surface potential of the dielectric, we carried 
out the dynamic simulation of the dielectric potential evolution by MATLAB. The calculation of the dielectric 
surface charge can be carried out in the case of obtaining TEEY fitting curves for the dielectric materials. For the 
simulations presented in the following section, the irradiation source used was an electron beam stream with 
the following parameters: the sample was irradiated with a pulsed electron beam stream with a beam intensity 
of 1 × 10–6 A, a spot diameter of 1 × 10–3 cm, and a duration of a single pulse of 1 × 10–9 s. Two typical dielectrics 
are chosen as research object, MgO and Al2O3. The relative permittivity of MgO is 9.8, and that of Al2O3 is 7.2. 
Here, the experimental TEEY data of MgO and Al2O3 in References36–39 are employed, and the TEEY data of 
MgO and Al2O3 are fitted by the SEE theory developed by Dionne in 197340 ensuring that we can compute the 
TEEY value at any electron collision energy Ei. The flow of surface potential calculation used in the simulation 
process in the later section is shown in Fig. 3. And the process of calculating the surface potential can be briefly 
described as follows. At first, set j as the matrix counting unit, for the initial moment, j = 1. According to the 
irradiation energy Ep, surface charge Q(j) and surface potential Vi(j) at t(j) moment, we are able to calculate the 
electron collision energy Ei(j) = Ep + eVi(j) at t(j) moment. Based on the dielectric’s TEEY curve, we need to judge 
whether the collision with electron energy of Ei(j) will induce the dielectric positively or negatively charged after 
SEE process. Then we can calculate the surface charge change ΔQ and surface potential change ΔVi according to 
Eqs. (3)–(6) and record Q(j + 1) = Q(j) + ΔQ, Vi(j + 1) = Vi(j) + ΔVi at t(j + 1) moment, and so on. After that, we can 
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calculate the surface charging state at the moment of t(j + 2), t(j + 3)…until the irradiation time t(j) reaches the 
cut-off value tend. Finally, the surface potential evolution regularity under irradiation time variation is obtained.

It should be noted that for the case of calculating the positively charged surfaces, the attraction of outgoing 
secondary electrons by the positive surface potential needs to be considered. For example, a positive surface 
potential of 10 V means that the electrons with energies less than 10 eV cannot escape due to the attraction by the 
positive surface potential, these electrons are confined on the surface and decrease the positive surface potential. 
Therefore, when calculating the positive charge cases, firstly, it is necessary to determine the energy distribution 
of the secondary electrons, and secondly, it is needed to perform a twice calculation of the surface potential in 
order to obtain the true positive surface potential at a given moment.

Surface charging induced by secondary electron emission
Electron beam collides with uncharged surfaces
When the original surface potential is 0, the dielectric surface is neutral and electron incidence is unaffected. In 
this case, depending on the energy of the incident electrons, three scenarios occur when electrons continuously 
bombard the dielectric surface. These three scenarios can be summarized simply in the form of Fig. 4. In the 
following, we discuss the three scenarios.

If Ep1 < Ei < Ep2, the outgoing electron flux is greater than the incident electron flux, the surface potential 
increases and remains positive, but the typical value of the outgoing secondary electron energy is only a few 
electron volts, and the number of backscattered electrons is small. At this point, the positive surface charge 

Fig. 3.  The flowchart for calculating the surface potential variation process.
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attracts secondary electrons, preventing most of the very low-energy secondary electrons from leaving the 
dielectric surface. Eventually the above process reaches balance when the surface potential reaches a few positive 
volts. The final potential of the dielectric surface is stabilized at a few positive volts, and the incident beam 
current increases the final beam collision energy by a few electron volts as it reaches the surface. In most practical 
applications, a surface potential of a few volts is not significant and is usually approximated as zero. This scenario 
corresponds to case #1 in Fig. 4.

If Ei < Ep1, the outgoing electron flux is less than the incident electron flux, indicating that the surface will 
produce an electron accumulation, the accumulated electrons make the surface of the dielectric charged to 
a negative potential. The negatively charged dielectric surface will reduce the collision energy of the incident 
electron beam, and the collision energy after reduction is still less than Ep1, so it will make more electrons 
accumulate on the dielectric surface. When the dielectric surface charged to a negative potential making the 

Fig. 4.  Three balance scenarios of electron beam bombarding a dielectric surface when the surface potential is 
0.
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electron beam collision energy be 0, the process reaches balance, and the final potential of the dielectric surface 
making the final energy of the beam be a specific negative value. This scenario corresponds to case #2 in Fig. 4.

If Ei > Ep2, the outgoing electron flux is less than the incident electron flux, the dielectric surface will produce 
the electron accumulation, and the dielectric surface is so that charged to a negative potential. The negatively 
charged surface of the dielectric will weaken the energy of the incident electrons, causing the beam collision 
energy to gradually decrease and approach to Ep2. When the negative potential of the dielectric surface continues 
to increase to a specific value making the final energy of the beam is equal to Ep2, then the incident electron flux 
is equal to the outgoing electron flux, the process reaches balance, the final potential stabilizes at a certain value 
that makes the beam final energy be Ep2. This scenario corresponds to case #3 in Fig. 4.

By using the algorithm in Fig. 3, we calculated the potential evolution when a uncharged dielectric surface 
is irradiated by an electron beam, results are shown in Fig. 5. Vf in Fig. 5 represents the final surface potential 
value. Figure 5 reveals that the variation of surface potential is diverse when the electron beam irradiation energy 
is located in different regions, which is consistent with the analyzed results in Fig. 4. For example, Fig. 5a shows 
that when the initial electron energy Ep is 40 eV, after several hundred electron pulses of irradiation, the surface 
potential gradually converges to − 40  V which decelerates the incident electron energy to 0. For the case of 
irradiation-induced positively charged surfaces, the surface potentials of the two dielectrics eventually converge 
to several tens of V, making the system externally exhibit a TEEY of 1, as shown in Fig. 5b. For the case of 
electron beam irradiation with higher energy, as shown in Fig. 5c, the magnitude of Ep2 directly determines the 
final surface potential, e.g., for electron irradiation with an energy of 15,000 eV, the final surface potential of 
Al2O3 with a small value of Ep2 is − 9451.01 V, while that of MgO with a large value of Ep2 is only − 1632.34 V. 
This indicates that the dielectric with higher Ep2 value help to mitigate the surface charging.

Electron beam collides with an initially negatively charged surface
When the original surface potential is negative, the incident electrons are decelerated by the electrical field 
repulsive force. In this case, depending on the energy of the incident electrons, four scenarios may occur when 
electrons continuously bombard the dielectric surface. These four scenarios can be summarized simply in the 
form of Fig. 6, and in the following, we discuss the four scenarios.

If Ep1 < Ei < Ep2, the electron outgoing flux is greater than the incident flux, the surface accumulates a positive 
charge so that the surface potential increases. After continuous bombardment, the final potential of the dielectric 
surface will return to a few positive volts that making the low-energy secondary electrons not escape, and the 
final beam collision energy will be a small increase. In this case, the outgoing flux of electrons is equal to the 
incoming flux, and the system comes to an balance steady state. This scenario corresponds to case #4 in Fig. 6.

Merely, another special balance state exists when Ep1 < Ei < Ep2. That is, in the surface positive charge 
accumulation process, the electron beam collision energy gradually increased. If the potential increase just 
makes Ei = Ep2, then the surface potential of the dielectric has not reached enough to confine the low-energy 
secondary electrons of a few positive volts. However, due to the outgoing electron flux is equal to the incident 
electron flux in this case, the process has reached balance at this time, the final beam collision energy is Ep2, and 
the ultimate surface potential is a particular value that makes Ei = Ep2. This scenario corresponds to case #5 in 
Fig. 6.

If Ei < Ep1, the incident electron flux exceeds the outgoing electron flux, so that more electrons accumulate 
on the surface of the dielectric, the surface is charged to a higher negative potential. Due to the effect of the 
higher negative potential, the energy of the electron beam colliding with the surface decreases. This process will 
continue until the negative potential increases to a specific value making the collision energy eventually becomes 
zero, and then the process equilibrates and reaches its final state. This scenario corresponds to case #6 in Fig. 6.

If Ei > Ep2, the incident electron flux is greater than the outgoing electron flux. As the electron beam continues 
to bombard the surface of the dielectric, electrons accumulate on the dielectric surface, charging the surface to a 
higher negative potential, which in turn causes the beam collision energy to decrease. This process will continue 
until the final beam collision energy Ei is reduced to equal Ep2, then the incident electron flux is equal to the 

Fig. 5.  Surface potential evolution when the dielectric surface is uncharged, (a) Ep = 40 eV, Vi = 0 V; (b) 
Ep = 400 eV, Vi = 0 V; (c) Ep = 15,000 eV, Vi = 0 V.
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outgoing electron flux, and the potential of the surface will no longer change. In this case, the final potential is a 
specific value that makes Ei = Ep2. This scenario corresponds to case #7 in Fig. 6.

Figure 7 shows the surface potential variation when the dielectric is negatively charged, which is consistent 
with the analyzed results in Fig.  6. The potential evolutions in Fig.  7a,b,d are very similar to the results in 
Fig. 5a–c, suggesting that the original surface potential in the ordinary case, does not have a significant effect 
on the potential evolution during the electron beam irradiation. However, the result in Fig. 7c is a special case, 
if the collision energy of the incident electron beam is between Ep1 and Ep2 (more closer to Ep2) and the surface 

Fig. 6.  Four balance scenarios of electron beam bombarding a dielectric surface when the surface potential is 
negatively charged.
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negative potential is relatively higher at this time, then the surface negative potential may continue to decrease in 
this case, and the electron collision energy, Ei, continues to increase until the system reaches a steady state when 
the electron collision energy Ei is equal to Ep2, which corresponds to case #5 in Fig. 6.

Electron beam collides with an initially positively charged surface
When the initial surface potential is positive, the incident electrons are accelerated by the electrical field 
attraction force. In this case, depending on the energy of the incident electrons, five scenarios may occur when 
electrons continuously bombard the dielectric surface. These five scenarios can be summarized simply in the 
form of Fig. 8, and in the following, we discuss the five scenarios.

If Ep1 < Ei < Ep2, the TEEY of the surface is greater than 1, the outgoing flux of electrons is greater than the 
incoming flux. In this case, the positive surface potential of more than a few volts attracts more low-energy 
secondary electrons back to the surface. As a result, most of the secondary electrons fail to leave the surface 
because of the attraction of the positively charged surface, and then the surface potential decreases a little. When 
it comes to the balance state, the final potential will be a few positive volts, and the final beam collision energy 
will vary depending on the surface potential. This scenario corresponds to case #8 in Fig. 8.

Nevertheless, if Ei continues to decrease to less than Ep1 with the surface potential being still greater than a 
few positive volts, the flux of outgoing electrons will be less than the flux of incoming electrons. This case will 
result in the surface potential continuing to decrease in the direction of the negative potential, and the beam 
collision energy of the incoming electrons continues to decrease until the final beam collision energy is equal to 
0, then the process reaches balance. At this time, the final surface potential of the dielectric for the final beam is 
a particular value that makes collision energy be 0. This scenario corresponds to case #9 in Fig. 8.

Fig. 7.  Surface potential evolution when the dielectric surface is negatively charged, (a) Ep = 40 eV, Vi = − 10 V; 
(b) Ep = 350 eV, Vi = − 50 V; (c) Ep = 5600 eV, Vi = − 100 V; (d) Ep = 15,000 eV, Vi = − 1000 V.
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If Ei < Ep1, the flux of outgoing electrons cannot compensate for the flux of incoming electrons, as a result, 
the surface potential decreases in a negative direction and the beam collision energy continues to decrease. 
Eventually, the process reaches balance when the beam collision energy is 0, and the final potential of the surface 
decreases to a specific value that makes the beam collision energy be zero. This scenario corresponds to #10 in 
Fig. 8.

Fig. 8.  Five balance scenarios of electron beam bombarding a dielectric surface when the surface potential is 
positively charged.
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If Ei > Ep2, the electron accumulation is achieved on the surface, making the surface potential drop, beam 
collision energy gradually decreased. The process reaches balance until the beam collision energy is equal to Ep2, 
at which time the final surface potential is a specific value that makes the final beam collision energy equal Ep2. 
This scenario corresponds to case #11 in Fig. 8.

Merely, there is another case for the steady situation of Ei > Ep2, namely, the initial surface potential of the 
dielectric is slightly greater than a few positive volts. Under the circumstances, the outgoing electron flux is 
greater than the incident electron flux, most of the secondary electrons will be confined by the positive charged 
surface due to their low energy. If the beam energy drops to reach Ep2, and the surface potential is still slightly 
greater than a few positive volts, the process will continue until the surface potential is lower than a few positive 
volts, close to 0, namely balance state, at which the secondary electrons are able to escape. This scenario 
corresponds to case #12 in Fig. 8.

Figure 9 shows the surface potential variation when the dielectric is positively charged, which is consistent 
with the analyzed results in Fig. 8. Here, the potential evolutions in Fig. 9a,b,d are also similar to the results in 
Fig. 5a,b,c. However, the result in Fig. 9c,e are two special cases. To be specific, if Ep1 < Ei < Ep2 (more closer to 
Ep1), the surface potential may continue to decrease in this case, and the electron collision energy, Ei, continues 
to decrease until the system reaches a steady state when the electron collision energy Ei is 0, which corresponds 
to case #9 in Fig. 8. If Ei > Ep2 (more closer to Ep2), the surface potential may continue to decrease in this case, 
and the electron collision energy, Ei, continues to decrease until the surface potential reaches a few positive volts 
making TEEY = 1, which corresponds to case #11 in Fig. 8.

Overview of surface charging after electron beam collision
From the analysis in Sections “Electron beam collides with uncharged surfaces”–“Electron beam collides with 
an initially positively charged surface”, it can be seen that different surface charging situations as well as initial 
incident energies will likely lead to different charging behaviors for the dielectric surface. As shown in Fig. 10, 
the arrows in the Fig. 10 graphically depict the final steady state of the system after the continuous interaction 
of a single-energy electron beam with the dielectric surface for the 12 initial cases. And in Table 1, we conclude 
the results of the balance state analysis of the dielectric surface charged in different energy regions. The charging 
behavior shown in Fig. 10 indicates that the critical energies, Ep1 and Ep2, have significant effects on the charging 
balance state, but the two critical points have different properties for the system stabilization. For the first critical 
energies Ep1, the beam collision energy at the stabilization time does not stabilize at Ep1, no matter how the initial 
collision energy and the initial surface potential change. However, for the second critical energies Ep2, most cases 
will have a tendency that the final collision energy gradually decreases (or increases) to Ep2 to achieve the system 
stabilization. By comprehensive analyzing the charging behavior of the dielectric surface, it shows that the final 

Fig. 9.  Surface potential evolution when the dielectric surface is positively charged, (a) Ep = 30 eV, Vi = + 10 V; 
(b) Ep = 350 eV, Vi = + 50 V; (c) Ep = 40 eV, Vi = + 20 V; (d) Ep = 15,000 eV, Vi = + 1000 V; (e) Ep = 13,000 eV, 
Vi = + 1000 V.
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stable state of the system can be divided into three types. Case (1), the surface potential reaches a specific value 
that makes the final beam collision energy 0, this case indicates that there is no electron incidence on the surface, 
and therefore there is no longer electron ejection and charge accumulation. Case (2), the surface potential is 
finally stabilized at a state slightly larger than 0 (which can be approximated to be 0), in which case the electrons 
will be ejected from the surface, but because the ejection energy is very small, it will be taken away by the surface. 
Since outgoing energy is very small for the most of secondary electrons, they will be attracted by the surface of a 
small positive potential and cannot escape, forming a state of “confined electron cloud” on the dielectric surface. 

Fig. 10.  The summary chart, 12 balance scenarios of electron beam bombarding a dielectric surface when the 
surface potential is charged in three cases. Case (1), the surface potential reaches a specific value that makes 
the final beam collision energy 0; Case (2), the surface potential is finally stabilized at a state slightly larger than 
0; Case (3), the surface potential equals a specific negative value that makes the final electron beam collision 
energy be Ep2.
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Case (3), the surface potential equals a specific negative value that makes the final electron beam collision energy 
be Ep2. The negative surface potential will be accelerated by the ejected electrons so that it is easier to escape, at 
this time the amount of incident electrons is the same as the amount of and outgoing electrons. Then the system 
reaches balance, and no further charging and discharging occurs. However, the analysis for Case (3) shows that 
the final surface potential is determined by the difference between the primary electron energy and Ep2, namely, 
final stable potential equals (Ep-Ep2)/e. This indicates that a large difference between the primary energy of the 
electron beam and the surface Ep2 leads to a high level of charging at the dielectric surface. Therefore for Case 
(3), dielectrics having high Ep2 values can reduce the surface charging level. Typically, MgO and Al2O3 are two 
typical dielectrics with high Ep2 value36–39, and they may be useful in this regard.

Effect of dielectric surface charging on the multipacting
From the analysis in Section “Surface charging induced by secondary electron emission”, it can be seen that 
different surface initial potentials and collision energies dominate the process of current balance, and also affect 
the final balance state of the system. In addition, the critical energy and collision energy also show different 
effects on the system balance. Figure 10 shows that Ep2 affects the final beam collision energy of the system, 
while Ep1, which is the critical energy for determining TEEY, does not have any significant effect on the system 
balance. However, Ep1 is a key factor to determine whether the electrons satisfy the multipacting condition. 
Here, multipacting on the dielectric surface is qualitatively analyzed by taking the dielectric-filled microwave 
component as an example. A typical structure of a dielectric-filled microwave component is shown in Fig. 11. 
In contrast to the double-sided metal plate structure, there is a DC field induced by the charge accumulation on 
the dielectric surface in addition to the RF field. The two fields simultaneously exert a field force on the particles 
located between the two plates. Compared with a single electric field, the energy and trajectory of particles 
(including initial electrons and secondary electrons) under the action of the double electric field are not only 
affected by the electromagnetic wave, but also by the electrostatic field produced by the surface charge, and thus 
the surface charge must affect the threshold of the occurrence of multipacting on the surface of the dielectric.

Constant energy electron beam incident dielectric surface
The TEEY is a key indicator of whether or not the multipacting effect can occur, in addition to the resonance 
conditions. Multiplication at resonant conditions is only possible if the incident electron beam on the collision 
surface produces a TEEY greater than 1. Here we consider the electron beam with constant energy incident on 
the dielectric surface, and evaluate the influence of the surface potential on multipacting for dielectric surface in 
the case of low-energy and high-energy electron incidence respectively.

Fig. 11.  Electron multiplication between dielectrics under the effect of RF electric field.

 

Energy region

Irradiation condition: IP = 1 × 10–6 A, d = 1 × 10–3 cm, t = 1 × 10–9 s

Charging type Potential at balance state Duration to reach balance state Discharge risk

Ep < Ep1 Negative Dozens of volts Hundreds of ns Very low

Ep > Ep2 Negative More than thousands volts Thousands of ns High

Ep1 < Ep < Ep2 Positive Several volts Several to dozens of ns About 0

Table 1.  Banlanced process comparision for the dielectric surface potential when the primary electron energy, 
Ep, locates in various ranges.
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Influence of surface potential on Ep1
When the incident energy of electrons is low (around Ep1), the size of the critical energy in the low-energy 
region, which makes the TEEY of 1, determines the threshold conditions for the occurrence of the multipacting. 
When the electron interacts with the surface of the dielectric, there exists a specific primary function 
relationship between the initial energy of the electron, the collision energy, the charge and the primary surface 
potential, just as described in Eq.  (1). If it is assumed that the initial electron energy Ep is equal to the first 
critical energy Ep1, consider the magnitude of the collision energy in the two cases of negatively and positively 
charged initial dielectric surface, respectively: (i) If Vi < 0, Ei = Ep + eVi < Ep, Ei < Ep1, non-balance, σ < 1; (ii) if 
Vi > 0, Ei = Ep + eVi > Ep, Ei > Ep1, non-balance, σ > 1.

It is worth noting that the surface potential Vi in the above scenarios do not change the electron energy too 
much. In other words, the following two scenarios are neglected: (1) Vi << 0, the electrons are so strongly repelled 
by the surface potential that they cannot reach the dielectric surface; (2) Vi >> 0, the electrons are so strongly 
attracted by the surface potential making Ei > Ep2. From the above analysis, it can be seen that in the case when 
the dielectric surface is negatively charged, Vi < 0, there is an obvious repulsive force on the electrons, and the 
electron collision energy decreases compared to the initial energy. From another perspective, we can consider 
the surface potential makes Ep1 increase to Ep1 + eVi. Since the energy range of σ < 1 is extended, we can consider 
that the negatively charged surface is more conducive to inhibit the occurrence of the multipacting effect on 
the dielectric surface. When the dielectric surface is positively charged, Vi > 0, the change in electron energy is 
just opposite. Positively charged dielectric surface for the electron has an attractive force, the electron collision 
energy compared to the initial energy increased, from the perspective of the change, it can be considered that 
the first critical energy, Ep1, has been reduced, and at this time there is a TEEY is greater than 1 to meet the 
conditions of electron multiplication, there is a risk of generating multipacting effect.

Influence of surface potential on Ep2
Similar analysis can also be applied to the surface potential on the influence of the law. If it is assumed that the 
initial energy of the electron is equal to the second critical energy Ep2, consider the magnitude of the collision 
energy in the two cases of negatively and positively charged initial dielectric surface, respectively: (i) If Vi < 0, 
Ei = Ep + eVi < Ep, Ei < Ep2, non-balance, σ > 1; (ii) if Vi > 0, Ei = Ep + eVi > Ep, Ei > Ep2, non-balance, σ < 1.

From the above analysis, it can be seen that in the case of the negatively charged surface of the dielectric, 
the collision energy of the electrons compared to the initial energy decreases when the surface has a significant 
repulsive force on the electrons. From the perspective of Ep2 change, if the assumption that the collision energy 
of the electron is the initial energy, it can be considered that Ep2 was raised to Ep2 + eVi. In this case, the TEEY 
is greater than 1, which meets the conditions of the electron multiplication. On the contrary, when the surface 
of the dielectric is positively charged, it has an accelerating effect on the electrons, the electron collision energy 
compared to the initial energy increased. At this time, the TEEY is smaller than 1, there is no risk of generating 
multipacting effect.

Continuous energy electron beam incident on the dielectric surface
The considerations in Section “Constant energy electron beam incident dielectric surface” are based on a case 
of constant electron beam energy irradiation. However, in the actual space environment, the energy of the space 
particle beam changes all the time. The result of the space charged beam interacting with the dielectric surface 
is often a superposition of the above states, including the effect on the dielectric surface potential, Ep1, Ep2, and 
the final collision energy of the electron beam. It is worth noting that although the surface potential affects the 
critical energy, the energy range that makes the TEEY greater than 1 does not change. When the surface of the 
dielectric is negatively or positively charged, Ep1 and Ep2 are increased or decreased by eVi, and this change has a 
significant effect on multipacting occurrence.

If the energy of the incident electron beam is continuous, the effect of surface charging on the multipacting 
is significantly different from that of a constant electron beam incident. Here we assume that the energy of the 
incident electron beam is continuous and its quantity is uniformly distributed between the upper and lower 
energy limits, and set Ex and Ey as the upper and lower limits of the energy region, respectively. By dividing the 
result of the integration using the TEEY of a particular energy interval by the width of the energy interval, we can 
obtain the average TEEY within that energy interval. Here we integrate the SEE curves from Ex to Ey, and we set 
the integration result of the interval (Ex, Ey) to be Y, and the average electron emission coefficient to be y, then 
there exists the following relationship between Y and y:

	
y = Y

Ey − Ex
� (9)

Considering that parameter y is a statistical physical quantity, if y < 1, then the electrons do not multiply and 
do not satisfy the conditions for multipacting, and conversely if y > 1 then there is a risk of multipacting. In 
this case, if a certain potential exists at the surface, the upper and lower limits of the electrons are shifted in the 
same direction by an equal amount, as shown in Fig. 12. Here, we set the following parameters: when there is 
no surface potential, the total integral area of the interval (Ex, Ey) is Y; when there is surface potential, the total 
integral area of the interval (Ex + eVi, Ey + eVi) is Y0, and at this time, the resulting integral area offsets at Ex and 
Ey are Yx and Yy, respectively. Besides, σmax is the maximum of TEEY, and Epmax is the Ep corresponding to σmax.

Effect of negative surface potential
When the surface potential is negative, Ex and Ey are shifted to the left, and for the integral increase, at this time, 
there is a relationship between Y0 and Y as follows:
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	 Y0 = Y + Yx − Yy� (10)

Considering that there is no risk of multipacting if Y0 < 1, the following discussion does not take into account 
the case that makes Y0 < 1.

	 (i)	 If Ey < Epmax, then Yx < Yy, according to Eq. (8), Y0 < Y, and the risk of multipacting is reduced.
	(ii)	 If Ex > Epmax, then Yx > Yy, makes Y0 > Y, and the risk of multipacting is increased.
	(iii)	 If Ex < Epmax < Ey, then there are three possibilities, namely, Yx < Yy, Yx > Yy, and Yx = Yy. In this case, accord-

ing to Eq. (10), the change of the Y0 depends on the relationship between the area of Yx and Yy. At this 
time, if Yx > Yy, then Y0 increases, the risk of occurrence of multipacting increases; vice versa, the risk of the 
occurrence of multipacting decreases.

Effect of positive surface potentials
When the surface potential is positive, Ex and Ey are shifted to the right, and for the integral increase, at this time, 
there is a relationship between Y0 and Y as follows:

	 Y0 = Y − Yx + Yy� (11)

In this case, there are also three cases (the following discussion does not consider the case that makes Y0 < 1):

	 (i)	 If Ey < Epmax, then Yx < Yy, according to Eq. (9), Y0 > Y, and the risk of multipacting is increased.
	(ii)	 If Ex > Epmax, then Yx > Yy, makes Y0 < Y, and the risk of multipacting is decreased.
	(iii)	 If Ex < Epmax < Ey, then there are three possibilities, namely, Yx < Yy, Yx > Yy, and Yx = Yy. In this case, accord-

ing to Eq. (11), the change of the Y0 depends on the relationship between the area of Yx and Yy. At this time, 
if Yx > Yy, then Y0 decreases, the risk of occurrence of multipacting decreases; vice versa, the risk of the 
occurrence of multipacting increases.

The above analyses show that the dielectric surface charging will largely change the energy range of the incident 
electron beam, thus affecting the occurrence of multipacting. In this process, the average electron emission 
coefficient, Y0, is an important indicator of the occurrence of multipacting, as well as the increase or decrease of 
multipacting risk.

Fig. 12.  Electron energy shifting induced by surface potential.
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Effect of surface potential on multipacting
The above discussion shows that dielectric surface charging has a significant effect on TEEY, next we discuss the 
effect of surface charging on multipacting. Here, to investigate the effect of dielectric charging on multipacting, 
we apply a low-pass filter as the study object, as shown in Fig. 13. The device model was built by Vague et al.41. 
The centermost part of the device was filled with two alumina dielectric sheets. The gap width between the two 
alumina sheets is 1 mm, which is the most multipacting prone gap structure in the device. Before the simulation, 
the device model built in CST needs to be imported into SPARK3D. Then the simulation area is defined, and 
the parameters such as material TEEY data, input power, number of seed electrons and solution accuracy are 
set. After the above settings are finished, the simulation is started, and the variation of the electron number with 
duration is obtained under different parameter values. During the simulation, the TEEY peak value, σmax, of the 
alumina sheet was kept at 4.3 and the number of seed electrons was set to 3000. Depending on the level of surface 
charging, we set the value of Ep1 in the TEEY curve from 20 to 120 eV.

Figure 14 illustrates the results of the electron number evolution with microwave power duration. Here, by 
observing the simulation results of the electron number evolution corresponding to the six sets of Ep1 values, we 
are able to extract the multipacting threshold values of the low-pass filter, as shown in Table 2. The simulation 
results show that the multipacting threshold of the filter is 173.4 W when the alumina surface is not charged, 
at which time the Ep1 value corresponding to the TEEY curve of the alumina sheet is 40 eV. When the alumina 
surface is positively charged, the electron landing energy increases, which can be relatively considered as a 

Fig. 14.  Simulation results of the electron number evolution with different Ep1 values, (a) Ep1 = 20 eV, (b) 
Ep1 = 40 eV, (c) Ep1 = 60 eV, (d) Ep1 = 80 eV, (e) Ep1 = 100 eV, (f) Ep1 = 120 eV.

 

Fig. 13.  Multipacting simulation device, a 5 GHz coaxial low-pass filter model.
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decrease in Ep1. For example, when the surface potential is + 20 V, it can be considered that Ep1 decreases by 
20 eV, at which point the simulation yields a filter multipacting threshold of only 145.3 W. On the contrary, if the 
alumina surface is negatively charged, the incident electrons are repulsed by the surface potential, resulting in 
a decrease in the landed energy, and it can be relatively considered that the value of Ep1 increases. For example, 
when the surface potential is − 40 V, it can be considered that Ep1 increases by 40 eV to 80 eV, at which time 
the simulation obtains the multipacting threshold of the filter is raised to 208.6 W. When the negative surface 
potential rises to − 80 V, Ep1 increases by 80 eV to 120 eV, at which time the simulation obtains the multipacting 
threshold of the filter is raised to 318.4 W. From the above analysis, it is clear that the negatively charged alumina 
surface contributes to the increase in Ep1 value, which leads to an increase in the multipacting threshold for the 
alumina-filled region in the filter as well.

Conclusion
In this work, we have analyzed the evolution of the surface potential and electron collision energy of a dielectric 
irradiated by an electron beam of constant energy. The conditions for the irradiation system to reach balance, as 
well as the electron collision energy and the surface potential of the dielectric at balance, are derived from the 
analyses and calculations. In addition, by using a bilateral ideal dielectric as an example, we have analyzed the 
effect of surface charging on the critical energy of TEEY and the probability of occurrence of multipacting. Two 
important conclusions can be drawn from the analyses in this work, as follows. (1) When the dielectric surface is 
irradiated with low energy electrons (less than Ep1), the system will eventually make the collision electron beam 
energy converge to 0; in the case of high energy electrons (more than Ep2) irradiation, the system will eventually 
make the collision electron beam energy converge to Ep2. (2) Charging of the dielectric surface due to electron 
irradiation induces a shift in the incident electron beam energy, which causes a change (higher or lower) in 
the average TEEY corresponding to the energy range in which the beam is located, which further affects the 
probability of multipacting occurring on the surface of the bilateral dielectric under the RF field (higher or 
lower). The work is of engineering significance for quantifying the surface charging state of dielectric surfaces 
in the space environment, and is of guidance value for improving the protection level of space dielectrics against 
electric charges.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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