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Abstract

Electron beam fluorescence technology is an advanced non-contact measurement in rarefied
flow fields, and the fluorescence signal intensity is positively correlated with the electron beam
current. The ion bombardment secondary emission electron.gunnis suitable for the technology. To
enhance the beam current, COMSOL simulations and analyses were conducted to examine plasma
density distribution in the discharge chamber under the effects of various conditions and the electric
field distribution between the cathode and the 'spacer.gap. The anode shape and discharge pressure
conditions were optimized to increase plasma density. Additionally, an improved spacer structure
was designed with the dual purpose of'enhancing the electric field distribution between the cathode-
spacer gaps and improving vacuum differential effects. This design modification aims to increase
the pass rate of secondary electrons. Both simulation and experimental results demonstrated that the
performance of the optimized electron.gun was effectively enhanced. When the electrode voltage
remains constant and the discharge gas pressure is adjusted to around 8 Pa, the maximum beam
current was increased from 0.9 mQto 1.6/mA.

Keywords: air plasma, secondary emission electron gun, electron beam, performance optimization
(Some figures may appear in coelour only in the online journal)

1 . Introduction

Electron beam fluorescence (EBF) technology is an advanced non-contact method for measuring
parameters in hypersonic flow fields. Its principle is based on the interaction between gas molecules and
high-energy:electrons under rarefied conditions, where ground-state gas molecules are excited and emit
fluoreseence as they return to a stable ionic ground state. The flow field can be displayed by fluores-

cence. Additionally, the rotational temperature can be obtained by analyzing the rotational spectral

https://mc03.manuscriptcentral.com/pst
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lines in the fluorescence, while the vibrational temperature can be derived from the vibrational bands.

Furthermore, the density can be resolved through the fluorescence intensity, and the velocity canbe
determined by the pulsed electron beam fluorescence [1]. Compared with traditional measurement
techniques such as Pitot tubes [2], Particle Image Velocimetry (PIV) [3] and Interferemetric Ray=
leigh Scattering (IRS) [4], EBF technology has the advantages of not contaminating,or disturbing
the flow field and enabling multi-point measurements within the boundary layer [5], making it suit-
~
able for hypersonic flow field parameter measurements [6]. As the core component of EBF technol-
ogy, the secondary emission electron gun (SEEG), based on the principlerof secondary electron
emission, offers advantages over traditional thermionic and field emission‘electron guns [7] in terms
of compact structure, suitability for low-pressure environments in.rarefied flow field [8] and longer
&

performance life [9], meeting the requirements,for lightweight'electron gun equipment for rarefied
flow field parameter testing. According to the principles,of EBF technology, the intensity of the
fluorescence signal is related to the electrontbeam current that excites the gas molecules in the rar-
efied flow field [10]. The improvement of the signal-to-noise ratio, and consequently the enhance-
ment of measurement accuracys; can be facilitated by a stronger fluorescence signal. Therefore, in-
creasing the beam current of .the secondary emission electron gun has become one of the key areas
of focus in its performance optimization.

In 1995, Cherenshchikov et al [11] proposed a secondary emission magnetron gun, which uti-
lizes crossed. fields to accelerate the spiral motion of electrons in the discharge region and continu-
ously bombard the copper cathode to generate secondary electrons, and these electrons are eventu-

ally extracted to achieve a high-current electron beam. To further enhance the beam current, they

also investigated the secondary electron emission coefficients of electrodes made from different
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materials. However, it is unsuitable for directly application in EBF technology because the gun
requires operation at several hundred kilovolts and produces a beam with annular cross-sectionadn
2002, Chalise et al [12] developed a SEEG for the treatment of nitrous oxide gases. To achieve
higher beam current, they used a wire ion plasma source (WIPS) to generate ions, which were ac=
celerated by a grid to bombard a cathode plate and to form a large-area electron‘beam. However,
the required accelerating voltage is 100 kV and the energy density of the electron beam'is relatively
~
low. In 2014, Kui et al [13] designed a micro-pulsed SEEG, which is based on the principle of
secondary electron multiplication. By applying a radio-frequency electric field between discharge
plates, electrons continuously oscillated at high frequency between,the plates, gaining energy and
exciting the gas between the plates to generate more secondarys.electrons, thereby increasing the
&
electron beam current. However, due to the high vacuum requirements of the electron gun (10°° Pa),
there is a significant difference compared to the low-pressure working environment (100 Pa) re-
quired for hypersonic rarefied flow field testing, which are the challenges for the construction of the
EBF testing system. In summary, oventhe past decades, researchers have attempted to increase the
beam current of SEEGs by using J;Qetal electrode materials with higher secondary electron emission
coefficients and introducing,higher discharge voltages. Nonetheless, to meet the requirements of
EBF testing, the critical challenge remains how to reduce the power consumption and vacuum re-
quirements of the SEEG while increasing its beam current. In 2022, the Institution of Electrical
Engineering Chinese Academy of Science (IEECAS) completed the development of a model and

experimental platform for an ion bombardment SEEG. To meet the requirements for EBF testing,

further optimization research is needed for the beam current of the ion bombardment SEEG.

https://mc03.manuscriptcentral.com/pst
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The emission performance of an ion bombardment SEEG based on gas discharge theory and
vacuum simulation theory was analyzed in this study. COMSOL Multiphysics software simulations
were conducted to study the impact of parameters such as plasma density and spacer structure size
on the beam current of existing electron guns. Verification experiments were designed.to determine
the feasibility of the optimization schemes, providing a reference for the structural design of ion

bombardment SEEGs with higher beam current.

2 Optimization simulation principle of electron gun
2.1 Structure and principle of electron gun

The structure of the ion bombardment SEEG is showmin figure 1..The positive high voltage is
connected to the discharge anode (R = 100 k), which undergoesT)C glow discharge in the lower
discharge chamber (R2 = 2 MQ), with plasma being,generated in a low vacuum environment (5-10
Pa). Positive ions in the plasma are accelerated and migrate upward into the upper accelerating
chamber due to the combined effects of the cathode electric field and the pressure differential be-
tween the two chambers. The cathode of the, SEEG is made of aluminum, a metal with a high sec-
ondary electron emission coefficawt[14], which readily forms a dense layer of aluminum oxide in
air (with an even higher. coefficient), effectively resisting ion bombardment and thus extending its
service life. The discharge anode is annular and made of tungsten, while the rodlike anode is made
of stainless steel: These electrons are then accelerated in the opposite direction to produce the de-
sired glectron beam. This electron beam is further accelerated by the electric field between the neg-
atively charged cathode and the spacer aperture, passing through the spacer aperture, discharge
chamber, the focusing magnetic lens and the pressure differential tube. A high-energy electron beam

is ultimately formed.
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Figure 1. Schematic of ion bombardment secondary emission electrongun.

The factors influencing the beam current of the ion bombardment SEEG are mainly:

(1) lon quantity. In terms of electron beam generation,process, the factors influencing second-
ary electron yield [15] include the material of the solid surface, the’angle of incidence, ion energy,
and ion quantity [16]. With the cathode potential and the structure of the electron gun remaining
unchanged, the secondary electron yieldiis;primarilysinfluenced by the quantity of ions bombarding
the cathode. The plasma generated by the low-pressure DC glow discharge in the discharge chamber
(in figure 1) serves as the ion source. Nearthe central axis of the discharge chamber, ions are accel-
erated and migrate upward/due to%e combined effects of the cathode electric field and the pressure
differential induced by the spacer.Therefore, the plasma density at the axis position indirectly af-
fects the final beam current.intensity of the electron gun.

(2) The shape of the spacer. In the electron beam transmission process, secondary electrons are
constrained by theelectric field distribution between the cathode and anode, accelerating and pass-
ingrthrough the apertures of the spacer. The shape and size of the spacer directly affect the final

beam current of the electron gun.
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Based on the above analysis, the main factors influencing the beam current of electron gun are
low plasma density near the central axis of the discharge chamber, and secondary electrons’ ability

to efficiently pass through the spacer aperture.
2.2 Principle of plasma simulation

Plasma simulation based on COMSOL uses the fluid model [17] to computesthe gas.discharge
process. The state of direct current discharge plasma can be described by thedrift-diffusion module,
~
the heavy particle transport module [18], and the electrostatic module;which are all coupled within
COMSOL [19].

The drift-diffusion module [20] is primarily described by the electron continuity equation and

the electron energy conservation equation: 'S

d

() ¥Vl = Re

; .

= (M) + VoI RE - T = Sy @)

In the formula, n. represents the electron density, n. represents the electron energy, Re rep-
resents the electron source term, characterizing the change in electron density caused by inelastic
collisions. Sen represents the loss\of electron energy due to inelastic collisions. Iz represents the

A S

electron flux vector, expressedé@s:
L= neue = —(Ue - E)ne — V(Dene). )

In the equation, »u.«represents the electron drift velocity. u. is the electron mobility, and D,
is the electron diffusion coefficient. The first term on the right side of the equation represents the
drift flux, and the second term represents the diffusion flux. The electron continuity equation indi-
cates that the change in electron density is equal to the change in density caused by electron drift

and diffusion, plus the change caused by electron source terms due to inelastic collisions, etc.
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I, represents the electron energy flux vector, expressed as:
re = _(.us ' E)ns - V(Dsns)- 3)

In the plasma simulation, the initial number of electrons is set to ng = 10° m™3, and the.initial
average energy of the electrons is set to 4 eV. The set of equations indicates that.the change in
electron number density ne and energy equals the sum of changes due to electrondrift diffusion and
external electric field, plus changes in electron source terms due to inelasticieollisions, among other

~
factors

The heavy species transport module is primarily described by the heavy particle mass conser-

vation equation:
] ~ 4
p o (@) + p(u- Vo=V i+ Ry “)

In the equation, ji represents the diffusion flux vector, Rk denotes the reaction rate of the k-th
species (in kg/(m3X)), u is the mass-averaged.velocity vector (in m/s), p indicates the density of the
mixture (in kg/m3, and «x represents the mass fraction of the k-th species. The “mixture-averaged
model” is chosen for the diffusion@odel in the heavy ion transport module for higher accuracy [21] .
The advantage of the mixture-averaged model is that it fully satisfies mass conservation. It has
significantly lower-computaticnal costs than solving the full Maxwell-Stefan equations (which can-
not be used in.the heavy particle transport module) [22]. The electrostatic module is mainly de-

scribed by'the/Poisson equation:

-V (SOSrVV) = Pq- 5)

https://mc03.manuscriptcentral.com/pst



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PST-2024-0254.R4

In the equation, V is the potential, &, is the vacuum dielectric constant, &, is the relative di-
electric constant, and p is the space charge density. The Poisson equation describes the distribu-
tion of electric potential, and by combining it with the definition of electric potential, the glectric

field distribution in the discharge chamber can be calculated.
2.3 Calculation of conductance through spacer aperture

As shown in figure 1, the accelerating chamber and the discharge chamber are divided by a
~

spacer aperture, with the pressure difference between the two chambers maintained by the gas re-
sistance of the central aperture in the spacer. The diameter of the aperture can be increased to im-
prove the secondary electron transmission rate, but the pressure in‘the accelerating chamber will
also be raised, potentially causing cathode arcing and/breakdown. Fherefore, the length of the aper-
ture needs to be increased to stabilize the pressure difference, but the risk of breakdown between
the cathode and the spacer gap may alse.be increased. Hence, it is crucial for a reasonable spacer
structure to be designed to balance conductance.and electric field requirements. The two vacuum
chambers are connected by a pipeline that:can be simplified as a cylindrical straight pipe. According
to the principle of vacuum pipeli% conductance, the conductance of the pipe is related to the state
of gas flow, the pumping speedefthe vacuum pump, and the pressure difference between the two

chambers, which‘can be expressed as:

P1—DP2= % (6)

In the equation, p1 and p2 represent the pressures at the high-pressure and low-pressure ends of
the pipeline (in Pa). Q is the gas flow rate through the pipeline, which is the product of the pumping

speedand pressure, expressed as: Q = S P (in Pa L/s). The gas flow rate characterizes the amount
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of gas passing through a given cross-section per unit time and is related to the pumping speed of the
vacuum pump. C represents the gas conductance, which is a constant related to the state of gas flow,
the geometric parameters of the duct (or aperture), gas temperature, and the type of gas (in L/s).
Using the Knudsen criterion [23], the gas flow state in the pipeline is identified as viscous-molecular
flow. Substituting pipeline length (L) = 5 mm, the conductance of the planar aperture spacer is
calculated to be C =5.55 L/s.
~

The spacer aperture structure is optimized to ensure the pressure difference between the two
chambers of the electron gun while the aperture diameter is expanded. In this way, a sufficiently
low pressure in the accelerating chamber is maintained to prevent breakdown and sparking between
the cathode and the spacer gap. As shown in figure 2, the'actual dimensions and machining precision

&

of the accelerating chamber are considered, the spacer structure with an aperture of D = 8 mm and

L = 12 mm was chosen, so that the flow conductance can,be reduced to 4.29 L/s. The reduction in

conductance helps to prevent discharge phenomena in the accelerating chamber where the cathode

is located.
A
25} Part of the Pa
_D=wm i Acceleratln{(:‘hamber 5.53
| =
j—D=8.0mm j H 5.0
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20 v 42 | 4.0
( — } 12 mm 135
1 i 3.0
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Figure/2. The relationship between the length of the tube and air resistance at different sections.
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In summary, the optimization method for the beam current of the ion bombardment S
EEG in this paper includes: enhancing the plasma density near the central axis of the“disc
harge chamber by altering the discharge anode shape and discharge pressure conditions thr
ough plasma simulation; and improving the secondary electron transmission ratesby optimiz
ing the spacer structure and electric field distribution through vacuum simulation, conducta

nce calculations, electric field and particle simulations.

3 Optimization simulation

3.1 The impact of discharge chamber pressure on plasma density

According to Paschen’s law [24], with the chamber dnner didmeter of 70 mm and the actual
discharge pressure in the range of 5-10 Pa, the higher the discharge pressure in the chamber, the
lower the breakdown voltage, which4makes:the occurrence of the DC glow discharge facilitated.
Therefore, the breakdown voltage can be lowered,and the cost of the DC excitation source can be
reduced by increasing the discharge chamber pressure.

On the other hand, the disch;ge pressure in the chamber affects the plasma density of the gas
discharge, as shown in figure 3:"at lower pressures, the distance between gas molecules is greater,
which is reduced in the callision probability between electrons and gas molecule. Simultaneously,
with the increment of the. mean free path of electrons, the ionization efficiency per collision is en-
hanced, which-makes electrons gain more energy on average. As the pressure increases, the density
of gas molecules is increased, which results in more frequent collisions between electrons and gas
molecules. This increase in collisions leads to an increased ionization probability and aids in plasma

formation. However, if the pressure continues to rise, electrons will lose Kinetic energy more quickly

https://mc03.manuscriptcentral.com/pst
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due to frequent collisions with the dense gas molecules, which reduces the electron energy and

affects ionization efficiency.

oNOYTULT D WN =
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Figure 3. Comparison of plasma establishment process under different pressures (lengitudinal cross-sectional view).

.
The simulation results of the plasma density establishment process under different pressures,

32 as well as the spatial distribution of the glow, are.illustrated in figures 4 and 5. The results indicate
35 that when the discharge pressure is in the range 0f5=8.5 Pa, the number of particles participating in
37 plasma chemical reactions is increased. Consequently, the plasma density within the discharge
40 chamber increases with the rise in,pressure. Additionally, the maximum plasma density is observed
41 A S

at the center of the discharge chamber, with a uniform distribution in the vertical direction. The

45 simulation results of plasma density are consistent with the experimental observations.

,‘“]I!
47 1.0/ —%— p=5.0Pa ||
48 Discharge Voltage:+1400 V - o p=5.5Pa
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60 Figure 4. Comparison of ion density simulation results under different pressure along the chamber’s height.
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DC Glow Discharge Rodlike Anode

Figure 5. Side view of the spatial distribution of glow discharge.

3.2The impact of discharge anode geometry on plasma density
~

In gas discharge processes, the shape of the anode determines the spatial distribution and den-
sity of the DC glow discharge plasma. Different anode shapes.lead to.varying electric field distri-
butions, thereby affecting plasma formation and maintenance. In the simulations, the discharge
chamber pressure is set to 6 Pa, with an anode voltage of4400 Vﬁ'he discharge chamber features
a rod-shaped anode, offset 10 mm from the central'axis, with a diameter of 3 mm, made of stainless
steel, and a thin ring-shaped electrode encircling.the central axis, with a diameter of 0.2 mm, made
of tungsten. The simulation results.of plasma density are shown in figures 6 and 7.

The results indicate that the curvature radius is decreased when the rod-shaped electrode is

A S

replaced with a ring-shaped tungstenwire electrode. A more significant charge accumulation effect
is brought about near.the.electrode, which in turn enhances the local field strength. During the initial
discharge phase, more kinetic energy is gained by electrons near the anode, which facilitates gas
discharge and the plasma,density within the discharge chamber can be increased. Additionally, a
more‘uniform overall spatial distribution of plasma is achieved by the thin ring-shaped tungsten
electrode compared to the rod-shaped electrode. The maximum particle density appears near the

axissAsthe plasma serves as the ion source for ion bombardment of the cathode, under the discharge

of the thin ring-shaped electrode, more ions will pass through the upper spacer aperture and are
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accelerated toward the cathode. This process yields more secondary electrons, ultimately the beam

current of the electron gun is enhanced.

oNOYTULT D WN =
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39 3.3The Simulation of cathodic-spacer gap electric field and particle

41 N
42 The cathode is connected t0 —30 kV DC high voltage. The potential distribution between the

45 cathode and the spacer gap under two different spacer structures is shown in figure 8. Under the
47 curved spacer structure (curvature radius: 125 mm), the curvature of the potential line near the ap-
50 erture region is reduced, which results in an electric field that is more converged. The acceleration
of secondary electrons through the spacer aperture is facilitated by this configuration under the in-

55 fluence of the electric field, which leads to the formation of an electron beam.
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Figure 8. Comparison of electric field structures under two types of spacer structures.

The electron trajectories under the two spacer structures are shown'in figureé*9. The electronic
trajectory is calculated through the electrostatic field module and charged particle tracking module
in COMSOL. The particle simulation results indicate that the.curved spacer experiences higher gas
resistance and higher cathode partial pressure. Consequently, secondary electrons not only converge

4

under the electric field force but also gain more energy. As a result, the energy of the final electron

beam is increased.
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137 W T . — 777
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Figure 9. Comparison of particle trajectories under two types of spacer structures.
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4 Experimental verification of the electron gun
4.1 Construction of the electron gun experimental platform

The experimental platform is shown in figure 10. To meet the requirements of electron gun
ionization and lightweight design, the gun body is made entirely of aluminum, weighing 4.kg. The
discharge chamber pressure is regulated through a feedback system, which involves a pressure con-

trol module and an intake proportional valve. During the electron gun beamrexperiments, a Faraday

~
cup is placed in the lower vacuum chamber to receive the electron beam.
cathode
accelerating
chamber
pressure control vacuum
module discharge pump
chamber
vacuum
proportional
control valve
anode
focusing coil

Figure 10. Electron gun-experiment platform.

4.2 Experimental results of beam current under different pressures

In the experiment, the vacuum gauge and pressure regulation system were used to measure the
pressure in the two chambers in real time. The discharge voltage was set at 1400 V, and the cathode
voltage was adjusted to —27 kV, the electron gun beam current was measured under different dis-
charge” chamberpressures using the Faraday cup and the paperless recorder (MIK-R600C). The
results-are.shown in figure 11. The experimental results indicate that when the discharge pressure
isiin the/range of 5-8.5 Pa, the electron gun beam current is positively correlated with the plasma

density in the discharge chamber. The formation of the electron beam is ultimately facilitated by the

https://mc03.manuscriptcentral.com/pst
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increase in plasma density, which results in more ions being accelerated towards the cathode and

leads to a higher yield of secondary electrons. The experimental results are consistent with the 'sim-

ulation results.

Beam current (mA)

Faraday Cup

5.5 6 6.5 7 75 8 8.5
Discharge chamber pressure (Pa)

Figure 11. Comparison of beam current under different pressures.

&
When the discharge chamber pressure is furtherincreased, although the plasma density in the

discharge chamber is increased, the final beam current.is decreased. This phenomenon is observed
due to the pressure rises within the discharge chamber, which results in a corresponding rise in
pressure within the accelerating chamber. Consequently, the ionization of the gas within the cath-
ode-spacer gap is enhanced, with the density of charged particles and the conduction current through
A S
the cathode increased. The cathode is connected with a 100 kQ resistor. When the voltage was 1400
V, the current in circuit ofanode and ground was 10.84 mA (real-time measurement value from the
high-voltage power supply), the anode voltage measured by the multi-meter was 316 V [25]. Ac-
cording to Ohm’s law, as the conduction current in the circuit is increased, the negative high-voltage

on the cathodetblock is decreased. This ultimately weakens the electric field between the cathode

and the spacer gap. Consequently, secondary electrons are unable to acquire sufficient energy to
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1
2
3
4 traverse the separator and form the electron beam. The beam current measurement results are shown
5
6 .
7 in figure 12.
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28 Figure 12. Comparison of beam current and cathode voltage results under different pressure.

32 In summary, there is a constrained relationship between the discharge chamber pressure and
35 the final electron gun beam current, determined by factors such as the discharge circuit structure
37 and the geometrical dimensions of the electron gun. When the discharge chamber pressure range is
40 further expanded to 12 Pa, the beam current intensity will exhibit a maximum value near 7.7-9.8
41 A S

Pa, and then the beam current‘will be decreased significantly. We define the range of discharge

45 chamber pressures aroundithis maximum value as the optimal pressure conditions for the SEEG.
48 4.3 Experimental results of beam current under different anode shapes

51 Using the optimized curved spacer, with the cathode at —30 kV and the anode at +1400 V
54 remaining constant, the beam current measurements for two types of anodes under different dis-

56 charge pressures are shown in figure 13.
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The results indicate that at lower air pressure, i.e., lower plasma density, little diversity is
shown in the plasma density between the two shapes of anode excitation, so that the differencesin
beam current intensity of the electron gun is not significant. However, as the pressure increases
approaching the optimal pressure conditions, the difference in beam current intensity becomes maore
pronounced, and the shape of the anode determines the upper limit of the electron gunbeam current.
This is because the electrons are primarily originated from the large number of secondary electrons

- - - - - - \ -
generated by ionic bombardment. Therefore, the upper limit of ion density'near, the central axis

determines the upper limit of the electron gun beam current.
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Figure 13. Camparison,of the beam current with different anodes.

A S

4.4 Experimental results of optimisation of the spacer structure

As shown infigure,14, when the voltage conditions remain unchanged, the beam current in-
tensity of the-SEEG,under two different spacer structures is compared by varying the discharge
chamber pressure. It.can be observed that with the optimized spacer structure, the electron gun beam
current can beincreased by more than 77%, with the maximum beam current reached 1.6 mA. In

summary, the anode shape, discharge pressure conditions, and the spacer structure can be optimized
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to enhance the beam current of the ion bombardment SEEG effectively. The simulation and exper-

imental measurement results are consistent.
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Figure 14. Comparison of electron gun beam current with different spacer structures.

5 Conclusion

To address the issue of small beam currents in existing ion,bombardment SEEG structures, the
limiting factors for the emission beam current of secondary.emission electron guns under gas dis-
charge theory are discussed. Through theoretical'and structural analysis, it is determined that the
primary reasons for the low electron beam current in existing designs stem from insufficient plasma
density in the discharge chamber andalow transmission rate of secondary electrons through the
spacer. Based on this analysis, two-optimization directions are provided. First, the anode shape and
discharge chamber pressure conditions are altered to improve the spatial distribution of plasma and
increase ion density near the central axis of the discharge chamber, so that the issue of low secondary
electron yield is resolved. Second, the spacer structure is optimized to improve the electric field
distribution‘and gas’resistance between the cathode and the spacer gap, thereby the cathode can
withstand higher voltages and the transmission rate of secondary electrons can be increased through
the aperture, thus the beam current can be better extracted. Additionally, comparative optimization

simulation calculations are conducted using more realistic simulation models. The accuracy of the
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simulation model and the feasibility of the two optimization methods for the beam current of SEEG
are validated by the experimental results. Under conditions of 8.5 Pa discharge chamber pressure,
—30 kV cathode voltage, and 1400 V anode voltage, the electron beam current of 1.6 mA‘can be
obtained. In the future research, replacing the ion source for comparative experimentswill be con=

sidered to further explore ways to increase the SEEG’s beam current.
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