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ABSTRACT 

When the applied voltage and electric field exceed a certain threshold, the breakdown 

of vacuum gap will occur, characterizing that its insulating capability is lost. Vacuum 

breakdown often occurs in applications such as vacuum circuit breakers, particle 

accelerators, spacecraft components, X-ray tubes, and micro-nano devices. The 

breakdown adversely affects the normal operation of these devices and might even 

cause serious safety accidents. Therefore, the study on the basic physical processes of 

vacuum breakdown and on improving the insulation performance of vacuum gaps is 

an important research direction. The formation of a conductive channel is crucial for 

a vacuum gap to complete the transition from an insulator to a conductor. A clear 

understanding on this process is an indispensable part in understanding the entire 

vacuum breakdown and is a prerequisite for optimizing the design of vacuum 

insulation. The current theories on the formation of conductive channel mostly agree 

that the generation of cathode glow is the starting point of constructing conductive 

channel, while the role of anode glow in this process is controversial. The conclusions 

of previous studies are mostly phenomenological descriptions for the results obtained 

under specific experimental conditions, without discussing the underlying 

mechanisms of relevant physical phenomena, their relationships, and their ultimate 

roles in the construction of conductive channels. Therefore, the research objectives of 

this dissertation are to reveal the intrinsic mechanisms and relationships of various 

physical phenomena related to the formation of conductive channel in vacuum 

breakdown, to clarify their adequacy and necessity in the process of establishing such 

channels, to develop the existing theories for describing the formation of conductive 

channel, and to provide reference and guidance for the insulation design of vacuum 

equipment such as vacuum circuit breakers and particle accelerators. 

In the present dissertation, the light emission and electrical waveforms during vacuum 

breakdown were detected experimentally. The indicator of the conductive channel 

formation and the temporal and spatial evolution of the light emission were obtained. 

The key role of the cathode plasma in starting a vacuum breakdown was revealed. The 

secondary role of the expansion of anode glow in the construction of conductive 

channel was elucidated. According to the experimental results, a vacuum breakdown 

starts when the electric field on the cathode surface reaches about 160 MV/m, and this 

threshold is independent of the gap size. The generation of cathode plasma is an 

indicator and necessary condition of the start of vacuum breakdown, and the complete 

collapse of gap voltage is the indicator of conductive channel formation. During the 

breakdown, the cathode glow generated by the cathode plasma does not expand 

obviously, while the anode glow keeps expanding toward the cathode since its 

appearance. However, the instant when the anode glow reaches the cathode is much 

later than the instant when the gap voltage collapses, meaning that the expansion of 

the anode glow is not a necessary condition for the formation of the conductive 

channel, and the conductive channel can be formed even in a dark gap. It is further 
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speculated that the expansion of the cathode plasma to anode is the main reason for 

the formation of the conductive channel. 

Spectroscopic and morphological analyses on the anode glow and anode surface 

during vacuum breakdowns have found that both the cathode and the anode provide 

atoms for the anode glow. The expansion mode of the cathode plasma and its 

significance in the formation of conductive channels are elucidated. The results 

indicate that the atoms provided by the anode to the anode glow contain both anode 

and cathode materials, because the material migration during previous breakdowns 

results in a contamination layer of cathode material on the anode surface. The increase 

in the thickness of contamination layer can lead to the attenuation or even complete 

disappearance of the anode material spectra in the anode glow. The cathode also 

provides some atoms of cathode material to the anode glow. These atoms are the 

product of charge neutralization and reflection at the anode surface after the ions in 

the cathode plasma expand and reach the anode, and they have reached the anode 

before the anode glow appears. Therefore, although there is no significant expansion 

of the cathode glow, the cathode plasma can expand to the anode without emitting 

light. Thus, the expansion of the cathode plasma plays a major role in the formation 

of conductive channels in vacuum breakdowns. 

The development of vacuum breakdowns under different conditions were detected by 

using a streak camera with continuous time resolution, and the influence of 

experimental conditions on the delay between the anode glow and the cathode glow 

was obtained. The results reveal the main contribution of sputtering process on the 

anode surface to the anode glow and a new theory was proposed that the generation 

and expansion of the cathode plasma is the necessary and sufficient condition for the 

formation of conductive channels. Under the experimental conditions of this 

dissertation, the atoms on the anode surface leave the anode and participate in the 

anode glow mainly due to the sputtering effect of the cathode ion flow, rather than the 

heating effect of the cathode electron flow on the anode surface. This discovery 

complements the traditional view that the anode glow comes from heating and 

evaporation of the anode surface by electron flow. There is a strong linear correlation 

between the appearance of anode glow and the formation of conductive channels. This 

correlation exists because both events are the consequences of the expansion of the 

cathode plasma reaching the anode, but there is no causal relationship between these 

two events. This means that neither the appearance nor the expansion of the anode 

glow is necessary for the formation of conductive channels. Combining all the 

experimental results in this dissertation, it is proposed that the necessary and sufficient 

condition for the establishment of conductive channels in vacuum breakdowns is the 

generation and expansion of the cathode plasma. 

Based on the PIC-MCC method, a simulation model for the vacuum breakdown was 

developed, and the distribution of particles and electric field within the vacuum gap 

were obtained, which visually demonstrates the construction of a conductive channel 

and verifies the sufficiency and necessity of the cathode plasma generation and 

expansion in the formation of conductive channels. The initiation of a vacuum 

breakdown is marked by the generation of the cathode plasma. Before the generation 
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of the cathode plasma, there is only electron emission current limited by the space 

charge effect in the gap, so the gap voltage is extremely high and the gap remains its 

insulation. Metal vapor is generated near the cathode due to the heating effects of 

electron emission, which is further ionized when colliding with electrons, 

subsequently building up cathode plasma. The cathode plasma counteracts the 

limitation of the space charge effect and the gap current starts rising rapidly. The 

cathode plasma expands toward the anode and the expansion front is determined by 

the velocity of the ions. The gap voltage is concentrated between the cathode plasma 

front and the anode, which accelerates the electrons emitted from the cathode plasma 

toward the anode and ensures the continuity of the current. With the expansion of the 

cathode plasma, more and more areas in the vacuum gap become quasi-neutral. The 

gap voltage continues to drop and the current continues to rise. When the expanding 

cathode plasma reaches the anode, the gap voltage drops to the lowest value while the 

current reaches the highest, meaning a conductive channel has been formed in the 

vacuum gap. 

In summary, the generation of the cathode plasma and its expansion toward the anode 

is the necessary and sufficient condition for the formation of conductive channels in 

vacuum breakdown, while the anode glow is only a secondary phenomenon of the 

cathode plasma expansion, which does not have a decisive role in the formation of 

conductive channels. Some of the previous conclusions emphasizing the significance 

of the anode glow are only phenomenological descriptions obtained under certain 

conditions when the anode is overheated by electron flow, which do not account for 

the necessity of the anode glow for the formation of conductive channels. The 

conclusions obtained in this dissertation are not only consistent with the previous 

experimental results, but they also clarify the formation mechanism of conductive 

channels during vacuum breakdown in a more rigorous way, which contribute in the 

better understanding of fundamentals of the theory for conductive channel formation, 

and can contribute to the optimization of vacuum insulation design. 
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1 INTRODUCTION 

1.1 RESEARCH BACKGROUND OF VACUUM 
BREAKDOWN 

1.1.1 CONCEPT OF VACUUM INSULATION 

Since the Second Industrial Revolution emerged in the late 1860s, human society has 

entered the electrical age, and electric power has become indispensable for the 

development of the society. Electricity can not be generated or used without a variety 

of electrical devices, which are always composed of two parts: conductors and 

insulators. The role of a conductor is to conduct current, while the role of an insulator 

is to block it. Conductors and insulators are assembled together in a reasonable 

structure to enable the electrical devices to play their respective roles in the power 

system. Problems with either can cause failures of the individual devices or even the 

entire power system, bringing economic losses and safety accidents. Therefore, 

electrical insulation, referring to using insulating materials to isolate charged bodies 

of different potentials for the purpose of stopping the flow of current between charged 

bodies and controlling the direction of current flow, is an important issue that must be 

considered for the safe and reliable use of electrical energy. 

Depending on the insulating medium used, electrical insulation includes solid 

insulation (glass, ceramics, rubber), liquid insulation (natural mineral oil, natural 

vegetable oil and synthetic oil), gas insulation (air, CO2, N2, SF6) and vacuum 

insulation. However, the insulating properties of insulating materials are not 

permanent. When subjected to a sufficiently high voltage, insulating materials will 

lose their ability to block current and transform into conductive materials, and this 

process is called electrical breakdown. 

Vacuum insulation is using vacuum environment as insulating medium. Vacuum refers 

to a thin gas state below atmospheric pressure. Depending on the gas pressure, vacuum 

can be divided into low/coarse vacuum (105-102 Pa), medium vacuum (102-10-1 Pa), 

high vacuum (10-1-10-5 Pa) and ultra-high vacuum (<10-5 Pa)[1]. According to 

Townsend Discharge Theory[2], the occurrence of breakdown in gases requires three 

prerequisites including: 

(1) a high electric field to accelerate electrons; 

(2) initial electrons used to trigger ionization and subsequent electron avalanche 

process; 

(3) a gas medium to be ionized and providing ions. 

When these condtions are fulfilled, gas channels will transform to a new state of matter 

containing a significant portion of charged particles (ions and electrons), which is 

called plasma. Plasma is one of the four fundamental states of matter, with the other 
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three being solid, liquid and gas. Unlike other states, the presence of charged particles 

makes plasma electrically conductive, which is exactly the reason why the insulating 

ablility is lost during breakdowns. The local densities of positive charged particles 

(usually ions) and negative charged particles (usually electrons) are almost the same 

in plasma, resulting in the quasi-neutral characteristics of plasma and low voltage drop 

across plasma. 

In high vacuum (10-1-10-5 Pa), however, the mean free path of electrons can reach the 

order of 0.1-1000 m[1]. This means that within a limited gap length, electrons have no 

chance to collide with gas molecules, so no ionization and electron multiplication can 

occur. Therefore, vacuum has pretty high insulating capability. However, in practice, 

if the voltage applied across a vacuum gap continuously increases, a breakdown can 

still occur. This electrical breakdown occurring in vacuum is called vacuum 

breakdown.  

1.1.2 TYPICAL APPLICATION SCENARIOS IN WHICH VACUUM 

BREAKDOWN OCCURS 

Typical scenarios in which vacuum breakdown occurs include vacuum circuit 

breakers[1], particle accelerators[3-6], triggered vacuum switches[7, 8], spacecrafts[9, 

10], X-ray tubes[11-13], and Micro-Nano Devices[14-16]. Except for triggered 

vacuum switches which make use of vacuum breakdown, most vacuum devices do not 

want vacuum breakdown to occur. This is because the occurrence of vacuum 

breakdown in these systems often results in loss of normal functionality, potential 

irreversible damage, or even larger security risks. Therefore, many researchers focus 

on the physical processes of vacuum breakdown, hoping to propose effective measures 

for the improvement of vacuum insulation capacity based on deeper understanding of 

the vacuum breakdown evolution. In the following, the occurrence and effects of 

vacuum breakdown are introduced by taking vacuum circuit breakers and particle 

acceleartors as examples. 

1.1.2.1 Vacuum circuit breakers and vacuum interrupters 

Vacuum circuit breaker is a mechanical switching device that takes vacuum as 

insulating and interrupting medium, which can not only close, open and carry current 

under normal circumstances, but also carry and open abnormal current within 

specified time. A vacuum interrupter is the core component used for insulation and arc 

extinguishing in vacuum circuit breakers, consisting of insulating shell, contacts, 

conducting rod, bellows, shield, etc. The interior of it is a vacuum environment (10-4 

Pa), as shown in Figure 1-1. Compared with SF6 (a gas with pretty good insulation 

and arc extinguishing properties, but with a very serious greenhouse effect, 23900 

times that of carbon dioxide) circuit breakers, which are widely used in high voltage 

power systems, the most obvious advantage of vacuum circuit breakers is that they do 

not produce the greenhouse effect. In addition, it has the advantages of long life, 

maintenance-free, small size and low noise. 
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The idea of using vacuum as a switching medium appeared in 1890, when Enholm 

applied for a patent called “Device for transforming and controlling electric 

currents”[17]. Over the next three decades, patents for vacuum switches increased at 

a rate of almost one per year[18-22], but vacuum switches during this period were 

limited to low-power systems. In 1926, Professor Sorensen's team at the California 

Institute of Technology successfully switched a current of 900 A at 40 kV voltage 

using a vacuum switch[23, 24]. In the late 1950s, The invention of the transverse 

magnetic field contact structure has increased the rated short-circuit breaking current 

of the vacuum circuit breaker to the level of 30 kA[25]. In the 1960s, with the progress 

of vacuum material smelting technology and contact structure research, vacuum 

circuit breakers capable of breaking 12.5 kA, 26 kA and 31.5 kA at a rated voltage of 

15 kV were introduced one after another[1]. This has led to the application of vacuum 

circuit breakers into high voltage, high capacity power systems. In the late 1970s, 

Toshiba Electric Co., Inc. of Japan developed a vacuum interrupter with axial 

magnetic field contacts, which further improved the breaking capacity of vacuum 

circuit breakers[1].  

Currently, vacuum circuit breakers are widely used in medium voltage distribution 

systems from 3.6-40.5 kV[1] and are developing to higher voltage levels. Once the 

vacuum breakdown occurs between the two contacts of the vacuum interrupter, a 

vacuum arc is formed in the vacuum gap, causing the vacuum circuit breaker to lose 

its isolation and protection role as a switching device. Therefore, studying basic 

physical process of vacuum breakdown and trying to improve the insulation capability 

of the vacuum gap is a challenge that vacuum circuit breakers must face when moving 

to higher voltage levels.  

 
Figure 1-1 Structure diagram of vacuum interrupter 

1.1.2.2 Particle accelerator 

Vacuum breakdown may also occur in charged particle accelerators[6]. Charged 

particle accelerators, often referred to as “particle accelerators” or “accelerators”, are 

devices that confine microscopic charged particles to a specific area and accelerate 
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them through an electromagnetic field, thereby allowing the particles to reach higher 

energies[3]. Accelerators can accelerate various types of charged particles, including 

electrons, protons, alpha particles, and heavier ions, to various energies; they can also 

be used to generate new secondary particles by the interaction of the accelerated 

particles with other particles or matter. To ensure the efficiency of the acceleration and 

the collimation of the particle beam, accelerators usually use vacuum environment. 

High-energy charged particle beams obtained in accelerators can be used as an 

important tool for exploring the properties, internal structure and interactions of 

atomic nuclei and particles, and also have important and widespread practical 

applications in various aspects of industrial and agricultural production, medical and 

health care, science and technology. 

There are many ways to classify particle accelerators. In terms of the types of 

accelerated particles, they can be divided into electron accelerator, proton accelerator, 

heavy ion accelerator, etc.; from the point of view of the trajectory of the particles 

during acceleration, they are divided into linear accelerators, cyclotrons, etc.; and by 

the type of acceleration electric field, they can be divided into high voltage 

electrostatic field (HVES) accelerator and time-varying electromagnetic field (TVEM) 

accelerator[26, 27]. Accordingly, from the technical process of accelerating energy 

acquisition, the HVES accelerator uses a single-time acceleration technology, also 

known as voltage drop acceleration technology, which obtains higher energy at one 

time on the premise of providing a higher potential difference; while the TVEM 

accelerator uses the cumulative acceleration technique, that is the charged particles 

obtain higher energy by accumulation of multiple smaller potential differences. 

HVES accelerators use a linear structure in which a high DC voltage is applied across 

the two ends of the accelerator tube in vacuum. Charged particles move from one end 

to the other under the action of the electric field, accelerating to desired energy. When 

the voltage across the two ends exceeds a certain threshold, a vacuum breakdown 

occurs inside the tube, the accelerating electric field disappears, thus making the 

accelerator lose its acceleration capability. Therefore, vacuum breakdown is a major 

limiting factor for the acceleration capability of HVES accelerators. 

To further increase the energy of particles, cumulative acceleration technology must 

be used. The cumulative acceleration technique requires the use of a time-varying 

electromagnetic field to ensure that the motion of the particles and the changes in the 

accelerating electric field are in sync[28]. The acceleration structure of the TVEM 

accelerator can be linear or spiral. A typical example of a TVEM accelerator in a spiral 

orbit is a cyclotron. Cyclotrons use a magnetic field to move charged particles in a 

circular orbit and accelerate the particles by an electric field of the same frequency in 

each cycle. A typical example of a TVEM accelerator in a linear orbit is the CLIC 

(Compact Linear Collider) project[29] being carried out by the European Organization 

for Nuclear Research (CERN). The goal of the CLIC project is to achieve the collision 

of electrons and positrons at the energy of 3 TeV. The project will be implemented in 

three phases, with the future construction length reaching from 11 km to 50 km. The 

CLIC project uses a linear structure and radio frequency electromagnetic waves to 

provide an accelerating electric field. Considering that the electromagnetic waves in 
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free space are horizontal waves (the direction of the electric field is perpendicular to 

the direction in which the electromagnetic waves travel), it is not possible to provide 

an accelerated electric field for electrons in the direction of electromagnetic wave 

propagation. As a result, CLIC uses specially designed waveguide structures to create 

vertical electric field components in space for electron acceleration. To save costs and 

improve acceleration efficiency, the electric field gradient in the structure used by 

CLIC will reach 100 MV/m. With such a high electric field gradient, vacuum 

breakdown can also occur on the metal walls of the accelerator chamber. The 

occurrence of vacuum breakdown will increase the energy consumption of the 

accelerator, reduce the beam luminosity of the accelerated particles and cause 

instability of the device, so the study on vacuum breakdown mechanism is also an 

important subject in the implementation of the CLIC project[4, 5, 29-32]. 

1.2 CURRENT SITUATION OF RESEARCH ON 
CONDUCTIVE CHANNEL FORMATION IN VACUUM 
BREAKDOWN 

1.2.1 OVERVIEW OF VACUUM BREAKDOWN PROCESS 

Vacuum breakdown is an electrical breakdown that occurs in a vacuum environment, 

transforming the vacuum gap from an insulating state to a conducting state. As 

mentioned above, the occurrence of breakdown in gases requires three prerequisites: 

initial electrons, critical electric field, and ionizing media (i.e. gas molecules). Only in 

this way can a conductive channel consisting of plasma be established in the gap. 

Similarly, the transition of a vacuum gap to the conductive state also requires plasma 

to form a conductive channel, so all the three conditions mentioned above is 

indispensable. The voltage applied across a vacuum gap can obviously establish an 

electric field in the gap, while the mechanisms for the generation of the initial electrons 

and the ionized medium are different from that in gas. 

In fact, according to the field electron emission theory[33, 34], the free electrons inside 

metals can tunnel the surface barrier and enter vacuum when there is a high electric 

field at the metal surface. These electrons form electron emission. The current density 

of the electron emission can be described by the Fowler-Nordheim equation as follows: 

  JFN=1.54×10
-6 ELoc

2

ϕ
w

exp (-6.83×10
9

ϕ
w

1.5

Eloc

) (1-1) 

in which JFN is the current density of field electron emission (in A/m2); ELoc is the local 

electric field at the emission point (in V/m); φw is the work function of the material (in 

eV). Many experimental results have shown that the electron emission in a vacuum 

gap can be described by Equation (1-1)[1, 35]. Therefore, initial electrons are provided 

by field electron emission from the cathode surface during a vacuum breakdown.  

In a vacuum environment, the molecule density of residual gas is extremely low, so 
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the medium used to form the conductive channel can only be supplied by metal 

electrodes. Therefore, vacuum breakdowns use metal vapor as the ionizing medium, 

and the vacuum arc (final stage of vacuum breakdown) is a metal vapor arc. The 

impact ionization of electrons and metal vapor forms plasma, which eventually builds 

up a conductive channel in the vacuum gap. 

According to the physical processes that occur in a vacuum gap, the evolution of a 

vacuum breakdown can be divided into three stages[1, 36]. Figure 1-2(a) and (b) show 

simplified diagrams of vacuum breakdowns under impulse voltage and DC voltage, 

respectively. The first stage is the pre-breakdown stage, in which only electron 

emission from the cathode is present. Due to the small value of electron emission 

current, the voltage across the gap remains high and the gap is basically insulated. The 

end of the pre-breakdown stage is marked by a sudden rise in the gap current, which 

means that ionization due to electron-vapor interaction begins. The number of charged 

particles grows rapidly from this instant, forming the initial plasma. This instant also 

marks the beginning of a vacuum breakdown, leading the breakdown into the second 

stage. In the second stage, the gap current gradually increases, while the gap voltage 

decreases at the same time. The vacuum gap is gradually filled with plasma during this 

phase, and a conductive channel is then formed. Therefore, the second stage is called 

conductive channel formation stage. The end of the second stage is marked by the 

complete collapse of the gap voltage, after which the breakdown evolution enters the 

final stage. The vacuum gap in the third stage is characterized by high current and low 

voltage. The equivalent resistance of the gap is very small and the current variation is 

completely controlled by the parameters of external circuit. This low voltage, high 

current plasma channel characterizes an electric arc, so the third stage is also called as 

vacuum arc stage[37].  

 
Figure 1-2 Simplified diagrams of vacuum breakdown evolution under impulse (a) and DC (b) 

voltage 

The research on the vacuum arc stage mainly includes experiments and simulations of 

arc pattern, arc parameters and the interactions between arc and electrodes[1, 36, 38-

42], aiming at the better control and faster extinguishing of vacuum arc. The study in 

this dissertation focuses on the stage of conductive channel formation, as shown in the 

shaded area in Figure 1-2. In-depth study of this stage can help to find the key physical 

processes that cause the failure of vacuum insulation and provide a clearer direction 

for insulation design. Since the conductive channel formation is preceded by the pre-
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breakdown stage, the current research status on these two stages is summarized in the 

following parts.  

1.2.2 STUDIES ON PRE-BREAKDOWN STAGE OF VACUUM 

BREAKDOWN 

The core problem of the research on the pre-breakdown stage is to discuss the 

threshold conditions at which vacuum breakdown occurs. That is, what conditions can 

cause the rapid rise of gap current. According to the breakdown threshold conditions, 

there are two main theories for the trigger mechanism of vacuum breakdown: cathode-

dominated breakdown and anode-dominated breakdown. 

1.2.2.1 Cathode-dominated breakdown theory 

In the discussion on vacuum breakdown mechanism, cathode-dominated breakdown 

theory is more widely accepted. Typical experimental evidence is that the breakdown 

process takes the local electric field of the cathode surface as the threshold value. 

The most important process in the pre-breakdown phase is the field electron emission, 

which not only provides initial electrons, but also is a prerequisite for other subsequent 

physical processes related to breakdown. As can be seen from Equation (1-1), current 

density of the emitted electrons is directly determined by the local electric field at the 

cathode surface. In1953, Dyke and his colleagues made the first precise measurement 

of the field electron emission in a vacuum gap[35, 43]. They used a precisely-

machined single crystal tungsten needle as a cathode, which forms a vacuum gap with 

a spherical anode with a gap length of 4-10 cm. The tip radius of tungsten needles is 

in the micron magnitude and can be accurately measured using an electron microscope, 

which makes it possible to accurately calculate the electric field on the cathode surface. 

They found that the measured current values can be described by using the Fowler-

Nordheim equation in a wide range (6 A/cm2-6×106 A/cm2) when there is no 

breakdown. When the current is higher, the limitation of the space charge effect[44] 

causes slight deviation of the measured current from the Fowler-Nordheim equation. 

When the gap voltage continues to rise, the current rises rapidly by more than two 

orders of magnitude. At this point, a vacuum breakdown occurs. By comparison, it 

was found that the field emission current density from tungsten needles of different 

sizes is always in the range of 4×107-7×107 A/cm2 when the gap breaks down, and the 

corresponding electric field at the cathode tip is approximately 7×107 V/cm[35, 43]. 

In addition, the authors excluded the possible effects of vapor and ions from the anode 

on breakdown by using short pulse voltages. They convincingly demonstrated that the 

breakdown under the tested system is determined by the cathode emission, and that 

the determinant is the current density of the electron emission or the intensity of the 

local electric field. After breakdowns, the cathode tip melts significantly, increasing 

the radius by two orders of magnitude. They attributed the breakdown to thermal 

instability at the cathode tip and calculated the temperature of the cathode. The results 

show that the cathode temperature can exceed the melting point in a short time under 
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the critical current density for breakdown initiation.  

However, during the study of vacuum breakdown between plane-parallel electrodes, 

many researchers[45-48] found that the breakdown field varied with the gap length 

and that the calculated breakdown field was at least one order of magnitude smaller 

than the results of Dyke. Alpert et al.[48] explained this phenomenon by introducing 

the concept of electric field enhancement factor, and attributed the variation of the 

breakdown field with gap length to the change of the enhancement factor. In fact, 

microscopic analysis reveals that there are inevitably various defects on the cathode 

surface, including micro protrusions, grain boundaries, particles, cracks and so on[49]. 

The presence of these defects can enhance the local electric field at the microscopic 

surface, and the corresponding enhancement factor is called microscopic electric field 

enhancement factor βm. At the macroscopic level, as the gap length increases, the 

electric field between finite-sized plane-parallel electrodes is no longer uniformly U/d, 

but there may be an enhancement of electric field at the edge of the electrodes, which 

is represented by geometric electric field enhancement factor βg[36, 50]. Therefore, 

the electric field in the Fowler-Nordheim equation should be replaced by: 

  Eloc=β
m

β
g
E (1-2) 

 E=ugs/dg (1-3) 

in which ugs is the gap voltage (in V); dg is the gap length (in m). The product of the 

two electric field enhancement factors (β=βm×βg) can be calculated according to the 

current-voltage curve for the field electron emission[48, 51, 52]. After considering the 

effects of the enhancement factors, Alpert et al. found that the local breakdown field, 

which was exactly the same as that obtained by Dyke (near 7×107 V/cm), did not 

change with the gap size (10-4 cm-10 cm) and electrode geometry. Some other 

researchers also obtained similar results in experiments[31, 53-55].  

Researchers, who support the theory of cathode-dominated breakdown, have 

attributed the onset of breakdown to a thermal instability process, i.e. the field electron 

emission current results in an excessive heating of local cathode surface through Joule 

and Nottingham effects[56]. Mesyats et al.[36, 53, 57-60] proposed an explosive 

electron emission mechanism (known as the "Ecton" model). They believe that 

microprotrusions quickly reach the critical temperature of the cathode material under 

the heating of critical electron emission current density, causing explosions of 

microprotrusions to form plasma. Timko et al.[61, 62] established a simulation model 

for vacuum breakdown based on the PIC (Particle-In-Cell) algorithm, and the results 

show that with a certain neutral particle evaporation rate, a positive feedback of 

particle emission can be formed at the cathode surface under positive ion 

bombardment, resulting in dense plasma. Kyritsakis et al.[63] performed multiscale 

atomic simulations and obtained the evaporation rates required by the positive 

feedback particle emission. They also reported the mechanism of thermal instability 

on the nano tip of metal cathode. Since the time and spatial scale of the initial 

breakdown is very small, no experimental results have been able to clearly distinguish 

the above two possible mechanisms. However, whether the microprotrusions explode 
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or evaporate rapidly under positive feedback, what happens on the cathode surface is 

an extremely fast process. The result of this fast process is the formation of plasma 

near the cathode. The appearance of cathode plasma allows electron emission current 

at the cathode surface to break through the limitation of the space charge effect. In 

addition, a significant increase in temperature at local cathode surface also changes 

the mechanism of electron emission from a simple field emission to a thermal-field 

emission[64, 65]. As a result, the gap current begins to rise rapidly under such 

conditions and the vacuum breakdown is initiated.  

1.2.2.2 Anode-dominated breakdown theory 

The anode-dominated breakdown theory holds that vacuum breakdown occurs in the 

case of thermal instability on the anode surface, i.e. the anode evaporates a large 

amount of vapor under the heating of electron flow from the cathode, which collides 

with electrons to induce ionization and subsequent breakdown. The experimental 

evidence for the anode-dominated breakdown mechanism is that the anode material 

has an effect on the breakdown voltage, and that the anode material with poor thermal 

conductivity corresponds to a lower breakdown voltage[1, 36, 66]. 

Utsumi[67] believes that both the cathode and the anode are possible to trigger a 

vacuum breakdown, and that the effect of the anode is important when the gap is 

greater than a few millimeters. The gap length is also used as a standard to distinguish 

cathode-dominated and anode-dominated breakdown in the book of Slade[1]. He 

believes that the breakdown in small gaps is dominated by cathodes, while the 

breakdown in gaps larger than 2 mm is mainly controlled by the process at the anode 

side. Charbonnier et al.[68, 69] consider that the transition between the cathode-

dominated and the anode-dominated mechanisms depends on the field enhancement 

factor β at the cathode. If β is less than a certain value, the breakdown is triggered at 

the anode; if β is greater than the certain value, the breakdown is triggered at the 

cathode. Chalmers’s team[70] and Yen’s team[59], on the other hand, linked the 

breakdown mechanism to the breakdown delay, with the short delay breakdown 

corresponding to the cathode-dominated mechanism and the long delay breakdown 

corresponding to the anode-dominated mechanism. Jüttner[71] opposed to the anode-

dominated breakdown theory and argued that the effect of anode material on 

breakdown voltage is due to the migration of the anode material to the cathode, which 

leads to changes on the cathode surface during subsequent breakdowns. Mesyats 

believes that vacuum breakdown begins with the production of “Ecton” and cathode 

plasma at the cathode, regardless of the anode vapor production or not[36]. The 

production of anode vapor may only play an auxiliary role in the production of cathode 

plasma. 

For the detailed mechanism by which the anode triggers a breakdown, Utsumi[67] 

suggested that the heating of the anode surface by the cathode electron flow is 

responsible for the production of vapor and subsequent ionization. Davies et al., on 

the other hand, considered the heating and evaporation mechanism proposed by 

Utsumi as unreasonable[72]. Near the vacuum breakdown threshold, electrons reach 
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the anode with energy of up to tens of keV, and the ionization collision cross section 

between electrons and anode vapor is small under such conditions. According to the 

estimation of Davies, even if the entire anode evaporates into metal vapor, such a low 

probability of impact ionization cannot trigger a breakdown. When calculating anode 

temperature and evaporation, the above two teams considered the heating effect of 

electron flow on the anode as a surface energy flow. Slade[1], on the other hand, takes 

into account the penetration depth of electrons inside the anode. According to the 

calculation by Lamarsh[73], electrons with energy of tens of keV or more can 

penetrate into metals with a depth of microns. Slade believes that the electron energy 

is deposited in a micro-volume of micrometer thickness below the anode surface, 

causing a significant increase in temperature within that volume. The rapid increase in 

temperature in turn leads to the generation of large amounts of metal vapor and anode 

plasma on the anode surface in the form of micro-explosions, which can trigger 

breakdowns. 

The studies on the pre-breakdown stage can be summarized as follows: 

(1) All the researchers agreed that field electron emission at cathode microprotrusions 

was the initial and necessary process in vacuum breakdown; 

(2) The controversial point of cathode-dominated and anode-dominated breakdown 

theory lies in the way the initial plasma is produced. Further, it is actually the source 

of the initial metal vapor; 

(3) For cathode-dominated theory, the initial metal vapor is provided by the cathode. 

The impact ionization of metal vapor by electrons forms the initial plasma near the 

cathode; 

(4) For the anode-dominated theory, although it is believed that the initial metal vapor 

is provided by the anode, there is no clear explanation as to how the vapor forms the 

initial plasma. 

1.2.3 STUDIES ON CONDUCTIVE CHANNEL FORMATION STAGE OF 

VACUUM BREAKDOWN 

The establishment of a conductive channel in vacuum breakdown requires two 

necessary conditions: initial plasma formation and plasma expansion. While the 

analysis of the pre-breakdown phase in the previous section discussed the formation 

of initial plasma, this section will discuss the plasma expansion. 

Compared with the pre-breakdown stage, the researches on the conductive channel 

formation stage are less. Due to the formation of the initial plasma and the expansion 

of the plasma, the conductive channel formation stage is often accompanied by 

luminescence near the cathode and the anode[1, 36, 74-79]. Therefore, most 

researches for this stage is based on experimental observation methods, with the light 

radiation in the gap as observation object. According to existing experimental results, 

cathode glow during vacuum breakdown always precedes anode glow. So far, at least, 

there has been no experimental evidence that anode glow precedes cathode glow. 
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Based on these results, the vast majority of researchers hold a unified view on the role 

of cathode glow in the formation of conductive channels, that is, the production of 

cathode glow (cathode plasma) is a necessary prerequisite for the development of 

vacuum breakdown and the formation of conductive channels[1, 36]. However, the 

role of anode glow in is still controversial. 

Mesyats[53, 80] observed the formation of conductive channels in a 0.35 mm vacuum 

gap and found that the cathode glow appears at the beginning of breakdown and then 

gradually expands toward the anode. The anode glow occurs 8-10 ns later than the 

cathode glow and expands toward the cathode. When comparing the evolution of light 

radiation and current, they found that the instant when cathode glow and anode glow 

meet correspond to the instant when the current reaches its peak. Inada et al.[76] 

conducted a breakdown experiment in a 3 mm vacuum gap composed of 1 mm 

diameter copper rods and found that the cathode glow appeared first, but basically did 

not expand. They also observed that the anode glow expanded toward the cathode and 

eventually bridged the entire gap, and the instant when the anode glow reached the 

cathode coincided with the instant when the gap voltage collapsed. Therefore, they 

proposed that the expansion of anode glow and the formation of the light radiation 

channel are necessary for the establishment of plasma channel in vacuum gaps, that is, 

the formation of conductive channel needs to rely on the expansion of anode glow. 

Chalmers et al.[81] performed similar experiments with a 0.5 mm tip-plane gap and 

derived the same conclusion. The above researchers believe that cathode glow and 

anode glow are cathode plasma jet and anode plasma jet, respectively, and anode 

plasma is produced as a result of anode heating by the cathode electron flow. Slade[1] 

argues that whether anode glow plays a decisive role in the formation of conducting 

channels depends on the gap size and the corresponding breakdown voltage. At gap 

lengths less than 0.5 mm (breakdown voltage less than 40 kV), the formation of the 

conductive channel depends mainly on the expansion of the cathode plasma; at gap 

lengths greater than 2 mm (breakdown voltages greater than 90 kV), an explosion and 

anode plasma can be generated on the anode surface, which plays a key role in the 

establishment of conductive channels. The meeting of two plasma jets in the vacuum 

gap leads to the establishment of a conductive channel. Maitland and Hawley[82] 

found similar results as Slade through high-speed imaging of the vacuum breakdown 

process. Yang et al.[83] have established a two-dimensional PIC model to simulate the 

development of vacuum breakdown, and their model takes into account the sputtering 

process of the anode. According to the results, a vacuum gap of 6 μm forms a 

conductive channel after 0.6 ns, and the conductive channel is formed when the single 

charged copper ions fill the entire gap. Shmelev[84] simulated the conductive channel 

formation in a 30 μm vacuum gap using the PIC method, which does not take into 

account the generation of anode plasma. According to the results, the cathode plasma 

expands toward the anode at a speed of 20000 m/s, and the gap voltage drops to a 

vacuum arc level (16 V) after 1.5 ns, establishing a conductive channel. Nefedtsev et 

al.[85-87]simulated the cathode plasma expansion in a 1 mm gap using a fluid method, 

obtaining an expansion speed of 12500 m/s. Simulations by Shmelev and Nefedtsev 

show that it is possible to establish conductive channels in vacuum gaps only by the 

expansion process of the cathode plasma. 
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From the above analyses, it can be seen that the mechanism of conductive channel 

formation given by existing studies is only an intuitive description of the results 

obtained under specific conditions. Researchers have not investigated the intrinsic 

mechanisms of the relevant physical phenomena, their interrelationships, and their 

adequacy and necessity in the process of conductive channel establishment. This 

makes the existing theory for conductive channel formation less rigorous and not 

complete. However, the conductive channel formation is the key process for a vacuum 

gap to complete the transition from insulation to conduction. A clear understanding of 

this process is necessary to understand the whole process of vacuum breakdown 

evolution and is a prerequisite for optimizing the design of vacuum insulation. 

1.3 PURPOSE AND STRUCTURE 

The research objectives of this dissertation are to reveal the intrinsic mechanisms and 

interrelationships of various physical phenomena related to the conductive channel 

formation stage of vacuum breakdown, to elucidate their adequacy and necessity in 

the process of conductive channel establishment, to improve the existing theory of 

conductive channel formation, and to provide reference and guidance for the insulation 

design of vacuum equipment such as vacuum circuit breakers and particle accelerators. 

Three publications produced during this project are mainly included in this dissertation 

as follows. 

1.3.1 LIST OF PUBLICATIONS 

Publication I: Direct Observation of Vacuum Arc Evolution with Nanosecond 

Resolution 

Zhou, Zhipeng, Andreas Kyritsakis, Zhenxing Wang, Yi Li, Yingsan Geng, and Flyura 

Djurabekova. 2019. Scientific Reports 9(1):7814. 

Publication II: Spectroscopic Study of Vacuum Arc Plasma Expansion 

Zhou, Zhipeng, Andreas Kyritsakis, Zhenxing Wang, Yi Li, Yingsan Geng, and Flyura 

Djurabekova. 2020. Journal of Physics D: Applied Physics 53(12):125501. 

Publication III: Effect of the Anode Material on the Evolution of the Vacuum 

Breakdown Process 

Zhou, Zhipeng, Andreas Kyritsakis, Zhenxing Wang, Yi Li, Yingsan Geng, and Flyura 

Djurabekova. 2021. Journal of Physics D: Applied Physics 54(3). 

1.3.2 STRUCTURE OF THIS DISSERTATION 

Chapter 2 is based on publication I. The second chapter describes experimental 

observations of the main physical phenomena and processes during vacuum 

breakdown and its development. First, the experimental platform adopted in this 

dissertation is introduced. Then, the voltage and the current waveforms of the vacuum 
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breakdown process were measured, with which the development stage and influencing 

factors of the breakdown process were analyzed. After that, the space-time evolution 

law of light radiations in the process of vacuum breakdown is given based on ICCD 

(Intensified Charge-coupled Deivece) camera shots with the ability of time resolution 

in nanosecond. The electron microscope was used to observe the changes in the shape 

of the electrode surface before and after the breakdown in these experiments. Finally, 

the relationship between cathode glow, cathode plasma and vacuum breakdown is 

discussed, and the role of the expansion process of anode glow in the formation of 

conductive channels is analyzed. 

Chapter 3 is based on publication II, where the spectral analysis of the vacuum 

breakdown process was carried out. First, the spectral distributions of electrode 

combinations of different materials under different experimental conditions are 

observed and the main spectral components of the anode glow are obtained. Then, the 

contributions of cathode and anode materials in the anode glow and the effects caused 

by the material transfer during the breakdown process were analyzed. Finally, the 

expansion mode of the cathode plasma during breakdown and its role in the 

establishment of the conductive channel are discussed according to the participation 

of cathode material atoms in the anode glow. 

Chapter 4 is based on the publication III, which investigates the electrode physical 

processes corresponding to the anode glow and their relationship with the formation 

of conductive channels. First, the delay time of the anode glow with respect to the 

cathode glow under different anode materials and different experimental conditions is 

obtained using a streak camera with capability of continuous time resolution. Based 

on the influence of experimental conditions on the anode glow delay, the rationality 

of the evaporation process and the sputtering process on the anode surface in leading 

to the anode glow are discussed, respectively, and the main physical mechanism for 

the generation of the anode glow is obtained. Then, by analyzing the correlation 

between the instant of the anode glow appearance and the instant of the conductive 

channel formation, the relationship between the two physical processes is derived, and 

the role of the anode glow appearance in the conductive channel formation is further 

elucidated. Finally, the necessary and sufficient condition for the formation of the 

conductive channel is proposed by combining these results with the results of the two 

former chapters. 

Chapter 5, which has not yet been published, established a simulation model of the 

vacuum breakdown process based on the PIC-MCC algorithm to simulate the state 

transition of the vacuum gap from insulation to conduction. According to the 

simulation results, the particle distribution, the electric field distribution, and the 

waveforms of voltage and current during the construction of the conductive channel 

are analyzed and the experimentally obtained mechanism of the conductive channel 

formation is verified. Finally, based on the experimental and simulation results, the 

evolution law of the physical processes related to the conductive channel formation 

stage of vacuum breakdown is summarized, and suggestions for the design of vacuum 

insulation are provided. 
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2 EXPERIMENTAL STUDY OF SPATIAL 
AND TEMPORAL EVOLUTION OF LIGHT 
RADIATION AND WAVEFORMS DURING 
VACUUM BREAKDOWN 

2.1 OVERVIEW 

In the process of vacuum breakdown, the metal electrodes continuously provide 

electrons and metal vapor to the gap, so that the gap is gradually filled by plasma under 

the joint action of the ionization process and the expansion process, and eventually 

changed from insulating to conductive state. The voltage and current of the gap vary 

during breakdowns, characterizing the change of the gap conductivity and the stage of 

the breakdown evolution. 

The occurrence and development of vacuum breakdown is often accompanied by light 

radiation, which is the result of particle interaction in plasma, so the spatial distribution 

and temporal evolution of light radiation can reflect to some extent the evolution of 

plasma in the gap. In addition, the interaction between the plasma and the electrode 

during the vacuum breakdown leaves traces on electrode surfaces, so the change of 

the surface morphology of the electrodes can provide reference information for the 

analysis of the plasma state. 

In this chapter, preliminary experimental observations will be described of voltage, 

current, light radiation and electrode morphology during vacuum breakdown. The 

physical processes behind the light radiation and their roles in the evolution of vacuum 

breakdown will be analyzed by combining the information of voltage, current, light 

radiation and electrode morphology. 

2.2 EXPERIMENTAL PLATFORM FOR VACUUM 
BREAKDOWN 

Figure 2-1 shows the experimental platform established in this research work. The 

main devices and signals in the diagram are indicated by the following letters: A-

vacuum chamber; B-pulsed high-voltage source; C-four-channel oscilloscope; D-

digital time delay generator (SRS DG645); E-ICCD camera (Andor DH334T-18U-04); 

F-high voltage output cable; G-grounded cable; H-high-voltage probe (NorthStar 

PVM-7); I-current sensor (Pearson Model 6595); J-monitor signal of ICCD camera, 

indicating the exposure interval of the camera; K-trigger signal to ICCD camera; L-

trigger signal to oscilloscope; M-trigger signal to the pulsed high-voltage source. 

Vacuum breakdown experiments are carried out in a demountable stainless-steel 

chamber (hereinafter referred to as vacuum chamber), where the pressure can be 

reduced to 10-4 Pa. The experiments in this dissertation were conducted under 2.5×10-
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4 Pa. The upper and lower conducting rods in the vacuum chamber are connected to 

the two terminals outside the chamber. A pair of metal electrodes are mounted on the 

two conducting rods in the chamber, and the distance between the electrodes can be 

adjusted stepwise between 0-10 mm by a micrometer manipulator which was mounted 

at the lower end of the chamber. There are three observation windows on the side wall 

of the chamber, through which the breakdown process can be observed. 

 
Figure 2-1 Schematic diagram of the vacuum breakdown test platform 

A pulsed high-voltage source is used to trigger vacuum breakdowns. The peak voltage 

is adjustable between 0 and -50 kV, and the pulse width is between 1 μs and 5 μs. No-

load equivalent circuit for the high-voltage source is shown in Figure 2-2. The 

discharge process of the voltage source is equivalent to the series connection of a 

charging capacitor (C1, 0.15 μF), a current limiting resistor (R1, 500 Ω) and a switch. 

In the figure, A1 and A2 are high voltage output terminal and ground terminal 

respectively, which are used to provide output voltage to the load. A discharge resistor 

(R2, 40 kΩ) is in parallel with the load to release the charge stored in the load after the 

voltage source is switched off to ensure the operation safety. The voltage source 

receives optical trigger signal to output voltage pulse, and the pulse width of the 

voltage is determined by the pulse width of the trigger signal. 

 
Figure 2-2 No-load equivalent circuit diagram of pulsed high-voltage source 

Figure 2-3 shows the waveform of the no-load output voltage, with the peak voltage 

set to -10 kV and the pulse width set to 5 μs. The voltage was measured with the high-

voltage probe in Figure 2-1. Upon receiving the trigger signal, the output voltage of 

the voltage source rises rapidly, with a rise time (10% to 90% maxiumum) of 
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approximately 140 ns. The duration when the output voltage remains at the peak is 

approximately 5 μs. After the voltage source is switched off, the charge stored in the 

load capacitance is gradually released through the discharge resistor (R2, 40 kΩ) in 

Figure 2-2, resulting in a gradual drop in voltage. 

 
Figure 2-3 No-load output voltage waveform of pulsed high-voltage source 

The high voltage output terminal (A1) and ground terminal (A2) of the voltage source 

are connected to the upper and lower electrodes in the chamber through the terminals 

of the vacuum chamber, respectively. The output of the pulse source is negative high 

voltage, so the upper electrode in the vacuum chamber is the cathode and the lower 

electrode is the anode. The electrode structure used in the experiments is a tip-plane 

structure, as shown in Figure 2-4(a). The upper tip electrode is the cathode, and the 

plane electrode below is the anode. The cathode has a diameter of 1 mm and a tip angle 

of 15°. The diameter and thickness of the anode are 40 mm and 10 mm, respectively. 

The distance between the cathode and anode is in the range of 0.5-5 mm. In fact, in 

order to replace the anode sample quickly in the experiments, the anode structure 

consists of two parts, the fixture and the replaceable anode plate, as shown in Figure 

2-4(b). The replaceable anode sample has a diameter of 20 mm and a thickness of 7 

mm, of which 5 mm sinks into the groove of the anode fixture. The gap length between 

the cathode and the anode refers to the distance between the tip of the cathode and the 

surface of the replaceable anode. The electrode material used in this chapter is copper. 

 
Figure 2-4 Schematic diagram of electrode structure 

The light radiation during vacuum brekadown experiments was observed by using an 

ICCD camera, whose structure and working principle are shown in Figure 2-5. ICCD 

camera, namely intensified charge-coupled device camera, is widely used for imaging 
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analysis of fast and low-light processes. The ICCD camera consists of two parts: the 

image intensifier and the CCD camera. The interior of the image intensifier mainly 

includes a photocathode, a micro-channel plate (MCP) and a fluorescent screen. The 

MCP is a special optical fiber device, consisting of many microchannels (usually glass) 

arranged together. The inner wall of the microchannel is coated with secondary 

electron emitting material. A DC high voltage is applied across the MCP to produce 

an electrostatic field in the channels; the incident electrons can excite multiple 

secondary electrons on the channel wall when passing through the microchannels; 

these secondary electrons are accelerated by the electrostatic field and generate more 

electrons after bombarding the channel wall. In this way, the avalanche effect of 

electrons is formed, and the input signal is amplified, resulting in a large number of 

electrons emitted at the output of the MCP, thus achieving electron multiplication. The 

electron multiplication of MCP can be adjusted by the voltage applied. As shown in 

Figure 2-5, light radiation from the observed object is projected on the photocathode 

of the ICCD through lens; the photocathode converts incident photons into electrons 

by the photoelectric effect; the electrons move toward the MCP driven by an electric 

field between the photocathode and the MCP; the electrons are multiplied after passing 

through the MCP, resulting in significant enhancement of the measured signal; 

electrons, after multiplication, bombard a fluorescent screen under the acceleration of 

an electric field and produce visible light; the luminescence of the fluorescent screen 

reaches the CCD camera through a coupled optical path; the CCD camera converts the 

optical signal into an electrical signal and a digital image of the measured object is 

obtained on the computer through analog-to-digital conversion. ICCD cameras not 

only allow for low-light enhancement, but also for high-speed imaging at nanosecond 

level. There is a bias voltage between the photocathode and the MCP, and by flipping 

this bias voltage the on/off of the electrons from the photocathode can be quickly 

controlled to achieve a high-speed shutter. For the ICCD camera in this dissertation, 

the observable wavelength ranges from 180 to 850 nm; the shortest shutter time is 2 

ns；the resolution is 1024×1024; the size of a single pixel is13 μm×13 μm；the 

maximum frame rate is 4.2 fps, which means that for the discharges with microsecond 

pulses in this dissertation, the ICCD can only record one image during each breakdown. 

The camera is equipped with shutter monitoring signal output, which can be connected 

to the oscilloscope through a special cable to indicate the opening and closing instants 

of the camera shutter. The ICCD camera was mounted on a three-dimensional movable 

stage with a zoom lens, which facilitates fast focusing and clear imaging of vacuum 

gaps. 

The voltage signal during the experiments was measured using a high-voltage probe 

(NorthStar PVM-7) with a maximum applicable voltage of 100 kV, an attenuation ratio 

of 1000:1, a bandwidth of 120 MHz, and a minimum applicable rise time of 2.5 ns. 

The current signal was measured using a current sensor (Pearson Model-6595) with a 

maximum measurable current of 1000 A, a ratio of 0.25 V/A, a bandwidth of 150 MHz, 

and a minimum applicable rise time of 2.5 ns. The high time resolution of both the 

voltage and current sensors is well suited to the measurement requirements of the 

experiments in this dissertation. The voltage signal, the current signal, and the shutter 

monitoring signal from the ICCD camera were recorded with a four-channel 
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oscilloscope (bandwidth 500 MHz, rise time less than 0.7 ns). The trigger timing of 

each device in the experiment is controlled by a digital time delay generator (SRS 

DG645). The delay generator has four output channels, three of which are selected to 

trigger the oscilloscope, the pulsed high-voltage source, and the ICCD camera, where 

the signal used to trigger the pulsed high-voltage source needs to be converted to an 

optical trigger signal that can be received by the high-voltage source through an 

electrical-to-optical signal converter. 

 
Figure 2-5 Schematic diagram of the structure and working principle of the ICCD camera 

2.3 ANALYSIS OF ELECTRICAL WAVEFORMS DURING 
VACUUM BREAKDOWN 

For the experiments in this chapter, the gap length between the cathode and the anode 

was in the range of 0.5-5 mm. The peak output voltage of the pulsed source is set to -

40 kV, which ensures a stable triggering of vacuum breakdowns within the gap length 

used for the experiments. In this section, typical waveforms of voltage and current 

during vacuum breakdown will be given, which will be used to analyze the evolution 

stages of vacuum breakdown. It should be noted that the measured voltage is exactly 

the voltage across the gap (referred to as gap voltage, ug(t), in the following), while 

the measured current, denoted as i(t), includes both the conduction current through the 

gap (referred to as gap current, ig(t), in the following) and the displacement current 

corresponding to the voltage variation of the gap and the voltage probe. Therefore, the 

gap current can be calculated by 

 i(t)=ig(t)+iC2+iC3 (2-1) 

where iC2 and iC3 represent the displacement current of the gap and the voltage probe 

repectively, and can be calculated by 

 iC2=-C2

dug(t)

dt
 (2-2) 
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 iC3=-C3

dug(t)

dt
 (2-3) 

where C2 and C3 are the capacitances of the gap and the probe. The capacitance of the 

probe (C3) is 15 pF according to its manual, and the capacitance of the gap can be 

estimated by calculating the electric field distribution in the gap. 

2.3.1 CAPACITANCE ESTIMATION OF TIP-PLANE GAP BY ELECTRIC 

FIELD SIMULATION 

According to the characteristics of capacitive components, the capacitance (C), 

capacitor voltage (U) and the charge stored on the capacitor (Q) satisfy the following 

relationship: 

 Q=CU (2-4) 

The charge (Q) on the capacitor can be obtained by integrating the surface charge 

density of the metal electrodes that make up the capacitor, and the surface charge 

density on the metal surface, σ (in C/m2), meets the following relationship with the 

electric field: 

 σ=ε0εrE (2-5) 

where ε0 is the vacuum permittivity (8.854×10-12 F/m), εr is the relative dielectric 

constant (1 for vacuum), and E is the electric field at the electrode surface (in V/m). 

Therefore, gap capacitance can be deduced from the electric field distribution in the 

gap at a given voltage. 

Figure 2-6 shows the tip-plane electrode structure mounted inside the vacuum 

chamber with the tip electrode held by a fixture above and the plane electrode below. 

The model of this electrode structure is imported into COMSOL software and a 

vacuum domain is created around it as shown in Figure 2-7. The vacuum domain is 

spherical and divided into inner and outer layers. The outer spherical shell uses the 

Infinite Element Domain condition of COMSOL software, i.e., the outermost 

boundary is set to be infinitely far away to improve the accuracy of the electric field 

calculation. The voltage of the tip electrode is set to 0 V, while the voltage of the plane 

electrode is set to 1 V. The voltage at the outermost boundary is also set to 0 V. The 

entire region is meshed using the finite element method, and the steady state solver is 

used to calculate the steady state distribution of the electric field under the above 

boundary conditions.  

Figure 2-8 shows the calculated potential distribution at a 5 mm gap, it can be seen 

that the maximum potential gradient (i.e. the strongest electric field) is at the surface 

of the tip electrode, and the potential gradually decreases with increasing distance 

from the center. Especially in the outer vacuum spherical shell, the potential decrease 

gradually shows a spherically symmetrical feature because this region is set as an 

infinite domain. Then, capacitance of the tip-plane gap can be calculated by integrating 

the electric field on the surface of the plane electrode and combining Equations (2-4) 
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and (2-5). As shown in Figure 2-9, the capacitance gradually decreases with the 

increase of the gap length, but the range of capacitance variation is not large, basically 

between 2.5 and 3 pF. Therefore, the gap capacitance (C2) in the experiments can be 

estimated to be 3 pF. 

 
Figure 2-6 Schematic diagram of the tip-plane electrode structure installed in the vacuum chamber 

 
Figure 2-7 Schematic diagram of electric field simulation model of tip-plane electrode structure 

 
Figure 2-8 Potential distribution of a 5 mm tip-plane gap at an applied voltage of 1 V 
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Figure 2-9 Capacitance of the plate electrode structure varies with the gap length 

2.3.2 STAGES OF VACUUM BREAKDOWN EVOLUTION 

Figure 2-10 shows the typical waveforms of voltage and current during vacuum 

breakdown. The gap length is 5 mm. The peak voltage is set to -40 kV, and the voltage 

pulse width is 1 μs. The horizontal axis represents time, and the vertical axes on the 

left and right side represent the gap voltage ug(t) and the measured current i(t). Then, 

the displacement current is deducted from the measured current according to Equation 

(2-1), and the gap current ig(t) is obtaned, which is compared with the measured 

current in Figure 2-11. It can be seen that there is no significant difference between 

the two in later stage of a vacuum breakdown, which is due to the fact that the 

capacitance of both the gap and the high-voltage probe are relatively small and the 

corresponding displacement currents are much smaller than the conduction current 

after the breakdown begins. Before the breakdown initiation, there is no conduction 

current in the gap, so the gap current ig(t) is zero. The small value in the measured 

current is due to the charging of the gap. According to Figure 2-11, the beginning point 

of a vacuum breakdown can also be recognized, that is the point when the measured 

current i(t) starts rising rapidly. This instant is defined as the time zero for the sake of 

convenience, and denoted as t0 in Figure 2-10. 

According to the waveforms in Figure 2-10, the entire vacuum breakdown process can 

be divided into four stages, represented by P0, P1, P2 and P3. The four stages are 

defined with four characteristic instants as separating points, including the instants 

when the voltage source turns on tS, when breakdown starts t0, when the gap voltage 

collapses completely tV0 and when the voltage source turns off tE. The time range for 

P0 is tS to t0, during which the vacuum gap is charged by the voltage source and the 

gap voltage ug(t) gradually rises, so P0 is called the voltage rising stage. P1 starts at t0 

and ends at tV0, in which the current continues to rise and the gap voltage gradually 

drops until it collapses completely (theoretically the voltage of the vacuum gap cannot 

be zero, but due to the presence of stray inductances, the voltage tends to cross zero 

when it drops, and the time when the voltage crosses zero is defined later as the instant 

for the complete collapse of gap voltage, tV0). After P1, the vacuum breakdown enters 

a stable burning phase, P2. In this stage, the gap voltage remains at the level of a few 

tens of volts, while the current flowing through the gap (the voltage variations of the 

gap and the voltage probe are very small at this stage, so the measured current i(t) is 
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almost equal to the gap current ig(t)) is 80 A, which is determined by the peak voltage 

(-40 kV) and the current limiting resistor R1 (500 Ω). The high current and low voltage 

of the vacuum gap at this stage are in accordance with the characteristics of an arc, so 

P2 is called the vacuum arc stage. In the vacuum arc stage (P2), the gap has a low 

resistance and shows the characteristics of a good conductive channel, so P1 is called 

the conductive channel formation stage, during which a good conductive channel was 

gradually built up in the previous insulated vacuum gap. Therefore, the instant tV0 is 

the instant for the formation of the conductive channel in a vacuum breakdown process. 

The voltage source is switched off at tE and the vacuum breakdown enters P3. In this 

stage, the gap current decreases and the gap gradually regains its insulating capability, 

so it is called the arc extinguishing stage. 

 
Figure 2-10 Typical voltage and current waveforms of vacuum breakdown in a 5 mm tip-plane gap 

 
Figure 2-11 Comparison between measured current i(t) and gap current ig(t) 

2.3.3 EFFECTS OF PULSE WIDTH AND GAP LENGTH ON STAGES OF 

VACUM BREAKDOWN DEVELOPMENT 

2.3.3.1 Effects of voltage pulse width 

Figure 2-12 and Figure 2-13 show the waveforms for gap voltage ug(t) and measured 

current i(t) at different voltage pulse widths, respectively. To clearly show the effects 

of pulse width on the evolution stages of breakdown process, the waveforms for 

measured current which show the voltage rising stage (P0) were used in Figure 2-13. 

The gap length is 5 mm. The peak voltage is set to -40 kV, while the pulse width varies 
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between 1-5 μs. The main plots of both figures show the initial stage of vacuum 

breakdowns (focusing primarily on the P0 and P1), while the insets show the 

waveforms of the entire breakdown process. As can be seen from the figures, the 

vacuum breakdown processes under different pulse widths all include the four stages 

as stated in Figure 2-10, P0 (voltage rising), P1 (conductive channel formation), P2 

(vacuum arc) and P3 (arc extinguishing). By comparison, it can be found that the 

change in pulse width only affects the duration of the vacuum arc stage (P2) and has 

no effect on the other three stages. In particular, the conductive channel formation 

stage (P1), which demonstrates the dynamic characteristics of vacuum breakdown, is 

not affected by the width of the voltage pulse.  

 
Figure 2-12 Gap voltage ug(t) waveforms of vacuum breakdowns at different voltage pulse widths 

 
Figure 2-13 Measured current i(t) waveforms of vacuum breakdowns at different voltage pulse widths 

2.3.3.2 Effects of gap length on waveforms 

Figure 2-14 and Figure 2-15 show the waveforms of the gap voltage ug(t) and the 

measured current i(t) during vacuum breakdowns at different gap lengths, respectively.    

The peak voltage and pulse width are respectively set to -40 kV and 1 μs, while the 

gap length varies from 0.5 mm to 5 mm. The two figures mainly cover P0 and P1 of 

breakdown processes, showing that both voltage and current waveforms are affected 

by the change of gap length. A shorter gap length leads to an earlier start of vacuum 

breakdown at t0 and, accordingly, a shorter voltage rising stage (P0, t0-ts). In addition, 

the duration of the conductive channel formation stage (P1) is also extended as the gap 

length increases. To more accurately illustrate the effect of gap length on the duration 

of P0 and P1, 50 repeated experiments were conducted at each gap length and the 
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results were statistically analyzed as shown in Figure 2-16. The black squares in the 

figure represent the average duration of P0, while the red triangles represent the 

average duration of P1. The error bars represent the corresponding standard deviation. 

It is clear that the duration of the conductive channel formation stage (P1) increases 

significantly as the gap length increases, meaning that longer gaps take longer time to 

establish conductive channels, while the duration of the voltage rising stage (P0) is 

relatively little affected by the change of the gap length. 

As can be seen in Figure 2-14, short gaps also correspond to lower gap voltage during 

vacuun breakdown. The breakdown voltage, Ub, of a vacuum gap can be defined as 

the gap voltage at t0, i.e. ug(t0). Through statistical analysis of the breakdown voltage 

under the same experimental conditions, the effect of the gap length is obtained as 

Figure 2-17. The data corresponding to each gap length also comes from 50 repeated 

experiments, with the mean and standard deviation of the breakdown voltage 

represented by squares and error lines, respectively. In order to reduce the effect of 

cathode surface conditions on the breakdown voltage, the data in Figure 2-17 were 

collected under the same set of tip-plane electrodes after thousands of breakdowns 

being performed. From the trend of breakdown voltage, it is easy to find that the 

breakdown voltage and the gap length are positively correlated. 

 
Figure 2-14 Gap voltage ug(t) waveforms of vacuum breakdowns at different gap lengths 

 
Figure 2-15 Measured current i(t) waveforms of vacuum breakdowns at different gap lengths 
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Figure 2-16 Effects of gap length on the durations of voltage rising stage (P0) and conductive channel 

formation stage (P1) during vacuum breakdown 

 
Figure 2-17 Breakdown voltage Ub for vacuum gaps with different lengths 

Based on the electric field distribution in the vacuum gap obtained in Figure 2-7 and 

Figure 2-8, the maximum electric field appears near the tip of the cathode. In the case 

of an applied voltage of 1 V, the maximum electric field in vacuum gaps of different 

sizes, E1V, is shown in Table 2-1. Combining Table 2-1 and Figure 2-17, the 

breakdown field, Eb (in V/m), under different gap lengths can be obtained by: 

 Eb=Ub×E1V (2-6) 

which is shown in Figure 2-18. As we see, the breakdown field is in the range of 

160±30 MV/m for different vacuum gaps, which is consistent with the breakdown 

field for vacuum gaps between copper electrodes measured by other researchers[31, 

54]. At the same time, the fact that the breakdown field does not change significantly 

with the gap length means that the vacuum breakdown starts after the maximum 

electric field at the cathode reaches a certain threshold. In other words, the electric 

field at the cathode surface is the key factor to determine whether vacuum breakdown 

occurs or not, and the vacuum breakdown is triggered at the cathode surface when the 

electric field reaches the breakdown threshold. This result supports the cathode-

dominated breakdown theory. 

Table 2-1 Maximum electric field in gaps of different lengths at an applied voltage of 1 V 

Gap length/mm 5 3 1 0.5 

Maximum electric field 

E1V/V∙m-1 
1.09×104 1.17×104 1.39×104 1.64×104 



 

27 

 
Figure 2-18 Breakdown field, Eb, for vacuum gaps of different lengths 

2.4 ANALYSIS OF LIGHT RADIATION DURING VACUUM 
BREAKDOWN 

2.4.1 SPATIO-TEMPORAL EVOLUTION OF LIGHT RADIATION 

The light radiation during vacuum breakdown is observed by using an ICCD camera. 

According to Figure 2-16, the conductive channel formation stage (P1) lasts only tens 

to hundreds of nanoseconds. Therefore, in order to clearly distinguish the evolution of 

light radiation, the exposure time of the ICCD camera must be at a nanosecond scale. 

In addition, as mentioned in Section 2.2 when describing the ICCD camera, the 

maximum frame rate of the camera is only 4.2 fps, which means that the camera cannot 

output more than 5 images per second to the computer. Therefore, the ICCD camera 

can only take one image per vacuum breakdown (microsecond voltage pulse), and the 

observation of the whole process of vacuum breakdown requires repeating breakdown 

experiments under the same conditions and gradually adjusting the delay of the camera 

shutter with respect to the breakdown process. Figure 2-19 is a schematic diagram of 

timing setup for ICCD camera and breakdown process. The black waveform is a 

typical current waveform of a vacuum breakdown, and the red waveform is the shutter 

monitoring signal of the ICCD camera. The pulsed high-voltage source and the ICCD 

camera are triggered by two signals generated by the digital delay generator (SRS 

DG645), with the shutter monitoring signal of the camera and the current signal of 

breakdown connected to the oscilloscope at the same time. As shown in the figure, the 

vacuum breakdown starts at t0, while the camera shutter opens at t1 (generating a 

downward pulse). The delay between t0 and t1 is called the shutter delay of the camera, 

Δt, which can be adjusted by changing the delay between the two triggering signals. 

However, the starting instant of vacuum breakdown, t0, may change due to the jitter 

of the breakdown voltage, so the shutter delay of the camera should be determined 

based on the oscillograms. After the shutter opens for the exposure time, tw, the shutter 

will close at t2, generating an upward pulse signal. During the experiment procedure, 

the light radiation at each stage of vacuum breakdown were observed with nanosecond 

exposure times by gradually changing the shutter delay Δt of the camera. 
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Figure 2-19 Schematic diagram of timing setup for ICCD camera and breakdown process 

By combining the light radiation images obtained under different shutter delays, the 

light radiation evolution of the whole vacuum breakdown process can be reconstructed, 

with a temporal resolution of nanosecond scale. However, due to the frame rate 

limitation of the ICCD camera, each image comes from a different breakdown process. 

Therefore, the reconstruction of the images has a premise that the vacuum breakdown 

process under the same experimental condition is stable and repeatable. Figure 2-20 

and Figure 2-21 show voltage and cuurent waveforms of three vacuum breakdowns 

under the same experimental conditions, respectively. The gap length is 5 mm. The 

peak value and pulse width of the voltage are -40 kV and 1 μs, respectively. By 

comparing the results of the three breakdowns, it can be found that the waveforms of 

each breakdown vary slightly, but the overall trend of the waveforms and the duration 

of the evolution stages are quite stable.  

 
Figure 2-20 Gap voltage ug(t) waveforms of three breakdowns under the same conditions 

 
Figure 2-21 Measured current i(t) waveforms of three breakdowns under the same conditions 
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Figure 2-22 shows the light radiation images of the three vacuum breakdowns 

recorded with the ICCD camera. In order to record the light radiation from the entire 

breakdown process, the exposure time of the camera is set to 7 μs and the breakdown 

process occurs when the camera shutter is opened at 3 μs. The needle cathode and the 

plate anode are at the top and bottom of the image, respectively, and the outlines of 

the electrodes are marked with white dashed lines. It can be seen that the light radiation 

is stronger near the electrodes and weaker in the center of the gap. The light-emitting 

area near the cathode is small with high intensity, while that near the anode is large 

with lower intensity. The distribution of light radiation in the three images is similar. 

Therefore, the vacuum breakdown process under the same experimental condition has 

good repeatability and stability, from both the viewpoints of electrical signal and light 

radiation. Then, the above-mentioned method for reconstructing the light radiation 

evolution by images of multiple breakdown experiments is feasible and effective. 

 
Figure 2-22 Light radiation images of three vacuum breakdowns under the same conditions 

Figure 2-23 shows the spatio-temporal evolution of light radiation during vacuum 

breakdown. Vacuum breakdown in the figures takes place within a gap of 5 mm, and 

the corresponding voltage and current waveforms are shown above the sequence of 

images. The peak voltage and pulse width were set as -40 kV and 5 μs, respectively. 

The tip cathode and plane anode are located at the top and bottom of the images, with 

the outlines indicated by white dashed lines. The two numbers below each image 

represent the shutter delay Δt and the exposure time tw of the camera, i.e. these images 

cover the entire breakdown event with a uniform exposure time of 50 ns. By observing 

the images, it is found that the evolution of light radiation during vacuum breakdown 

can be divided into three main stages. As can be seen from the first image, light 

radiation appears near the cathode immediately after the vacuum breakdown begins, 

starting the first stage of the light radiation evolution. During this stage, light radiation 

exists only near the tip of the cathode, while there is no luminescence near the anode 

surface. The fisrt evolution stage lasts for 250 ns, i.e. the first five frames of Figure 

2-23, during which the intensity of light radiation near the cathode (hereinafter 

referred to as the cathode glow) increases gradually. At 250 ns (frame 6), a faint light 

radiation appears near the anode surface, and the second stage begins with the presence 

of light radiation near both electrodes. At this stage, light radiation originating from 

the anode surface (hereinafter referred to as the anode glow) gradually expands toward 

the cathode and bridges the gap after 2000 ns (frame 14 in Figure 2-23) to form a light-

radiation channel. In contrast, the cathode glow did not expand significantly during 

this stage. After 2000 ns, the evolution of light radiation enters its final stage, in which 

the light radiation near the anode surface and in the middle of the gap begins to decay 

and eventually disappears from the gap. However, cathode glow maintains until the 

gap current goes down completely. Since then, the ICCD has not recorded any 
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radiation from the gap. Thus, the light radiation accompanies the whole process of 

vacuum breakdown, with the cathode glow always present and the anode glow only 

present during part of the process. In short, the three main stages of vacuum 

breakdown can be defined based on the light radiation evolution, which are cathode 

glow stage, anode glow expanding stage and anode glow decay stage. 

 
Figure 2-23 Spatio-temporal evolution of light radiation during vacuum breakdown (5 mm gap) 

Figure 2-24 and Figure 2-25 show the light emission evolution in 3 mm gap and 1 mm 

gap. It can be seen that the light-radiation evolution is similar in vacuum gaps of 

different lengths when breakdown occurs, all containing the three stages mentioned 

above. The differences between them are the instants for the appearance of the anode 

glow and the formation of the light-radiation channel (i.e., the instant the expanding 

anode glow reaches the cathode), which are compared in Table 2-2. 

As can be seen from Table 2-2, as the gap length decreases, both the appearance of 

anode glow and the formation of light-radiation channel happen earlier. This shortens 

the duration of the cathode glow stage and the anode glow expanding stage 

accordingly, while the anode glow decay stage is extended (the duration of the entire 

breakdown process equals to the voltage pulse width, unchanged). In fact, the decay 

of the anode glow does not necessarily continue throughout the last stage of the light 

radiation evolution. According to Figure 2-25, the light emission near the anode and 

in the gap has almost disappeared by 2000 ns, while only the cathode glow remains 

for the breakdown process after 2000 ns. This means that anode glow is not a necessary 

condition for maitaining the vacuum arc. In addition, by observing the anode glow in 

three different gap lengths, it can be found that when the anode glow first appeared, 

the spot size at the anode surface was close to the gap length, 5.7 mm, 3.4mm and 1.13 

mm, respectively. 
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Figure 2-24 Spatio-temporal evolution of light radiation during vacuum breakdown (3 mm gap) 

 
Figure 2-25 Spatio-temporal evolution of light radiation during vacuum breakdown (1 mm gap) 

Table 2-2 Comparison of the instants of anode glow appearance and light-radiation channel formation 

for breakdowns in vacuum gaps of different lengths 

Gap length/mm Anode glow appearrance / ns Light-radiation channel formation /ns 

5 250 2050 

3 150 850 

1 40 300 

0.5 10-20 150 
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2.4.2 INTENSITY DISTRIBUTION OF LIGHT RADIATION DURING 

VACUUM BREAKDOWN 

In section 2.4.1, the spatio-temporal evolution of light radiation during vacuum 

breakdown was analyzed by ICCD camera. However, in order to clearly determine the 

spatial distribution of the light radiation, the contrast of the images is adjusted in 

Figure 2-23 to Figure 2-25, resulting in a loss of accurate light intensity information. 

In this section, the intensity distribution of the light radiation during breakdown is 

analyzed. 

First, the field of view of the camera is adjusted to include only the cathode, and the 

light intensity distribution of the cathode glow is observed. Figure 2-26 is a typical 

distribution of the intensity of cathode glow in the process of vacuum breakdown, the 

unit of light intensity in the figure is dimensionless, indicating only the relative 

intensity of light radiation. The vacuum breakdown corresponding to this image occurs 

in a 5 mm gap, with peak voltage and pulse width being -40 kV and 5 μs, respectively. 

The exposure time of the ICCD camera is set to 7 μs to ensure that all the radiation of 

the cathode glow is collected throughout the breakdown process. As in the figure, the 

cathode glow is a highly concentrated spherical light radiation with the center intensity 

two orders of magnitude higher than the intensity of the surrounding area. The peak 

intensity of the cathode glow occurs near the tip of the cathode needle. 

 
Figure 2-26 Typical intensity distribution of cathode glow during vacuum breakdown 

Figure 2-27 and Figure 2-28 show, respectively, the peak and integrated light intensity 

of the cathode glow during vacuum breakdown under different experimental 

conditions. The gap length varies from 0.5 mm to 5 mm, and the voltage pulse width 

varies among 1 μs, 2 μs and 5 μs, while the peak voltage remains at -40 kV. The 

exposure times of the ICCD camera was all set to 7 μs, so each image taken (similar 

to Figure 2-26) contains the time integral of the cathode glow over the entire 

breakdown process. The peak intensity shown in Figure 2-27 refers to the peak in the 

spatial distribution, i.e. the center of the cathode glow in Figure 2-26. The integrated 

intensity in Figure 2-28 is the spatial integration of the light intensity distribution, i.e., 

the sum of the light intensities of all pixels of the light intensity distribution plot 

(similar to Figure 2-26). The experiment was repeated 10 times for each condition, 

and then the corresponding mean and standard deviation were calculated and 

represented by the height and error bars in the bar graph, respectively. As shown in the 

figure, the gap length has little effect on the peak and integrated intensity of cathode 
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glow at the same voltage pulse width. In contrast, increasing the voltage pulse width 

causes a significant increase in the peak and integratd intensity of the cathode glow. 

As the voltage pulse width increases, the integrated intensity increases almost linearly, 

while the peak intenstiy growth rate is relatively small. For example, when the voltage 

pulse width increases from 1 μs to 5 μs, the integrated intensity increases five times, 

while the peak intensity increases only three times. Based on this result, it can be 

inferred that: first, the light radiation from the cathode glow region in the vacuum 

breakdown process is basically unchanged; second, the cathode glow has a certain 

extent of expansion in the breakdown process, making the peak light intensity increase 

slower than the gap length. 

 
Figure 2-27 Peak intensity of cathode glow during vacuum breakdown under different conditions 

 
Figure 2-28 Integrated intensity of cathode glow during vacuum breakdown under different 

conditions 

After understanding the light intensity distribution of cathode glow, the field of view 

of the ICCD camera is adjusted to be able to record the entire vacuum gap, and the 

distribution of light radiation intensity along the gap axis is analyzed. The peak and 

pulse width of the applied voltage are set to -40 kV and 5 μs, respectively. The 

exposure time is still set to 7 μs to collect the light radiation throughout the whole 

breakdown process. After each breakdown experiment, the camera outputs an image 

similar to Figure 2-22, where both cathode glow and anode glow are present. The 

obtained images were processed as follows: 

(1) Integrating the light intensity of each pixel along the horizontal direction of the 

image (i.e., parallel to the anode surface) to obtain the distribution of light intensity 

along the vertical direction (i.e., the gap axis); 
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(2) Normalizing the light intensity distribution along the gap with the peak value in 

the cathode glow region as the reference; 

(3) Normalizing the spatial position of the gap using the spatial position of the cathode 

and anode as reference points; 

(4) Repeating the experiment ten times under the same conditions to obtain the average 

distribution of light intensity. 

After the above processing of images, the intensity distribution of light radiation along 

the gap in vacuum breakdowns can be obtained for different gap lengths, as shown in 

Figure 2-29. The horizontal axis in the figure represents the relative position along the 

gap, with 0 and 1 indicating the anode surface and the tip of the cathode. The vertical 

axis in the figure represents the normalized light intensity. As shown in the figure, the 

intensity of cathode glow is much higher than that of anode glow, because the peak 

intensity and duration of cathode glow are both larger than anode glow. Comparing 

the results of different gaps, it can be found that the intensity of anode glow increases 

with the gap length. This can be qualitatively explained from the point of view of 

energy conservation. As the gap size increases, the time required to form the 

conductive channel increases, as well as the time during which the gap voltage keeps 

high. As a result, the energy provided by the external circuit to the gap increases. Since 

the intensity of cathode glow does not change with the size of the gap (see Figure 2-27 

and Figure 2-28), the increment in the input energy into the gap will partially be 

consumed by the the anode glow, resulting in an increase in the total intensity of the 

anode glow. 

 
Figure 2-29 Intensity distribution of light radiation along the gap in vacuum breakdown process 

Table 2-3 shows the statistical results of the FWHM (full width at half maximum) of 

the intensity distribution curve near the cathode in Figure 2-29. The second and third 

columns of the table are the mean and standard deviation of the ten results, respectively. 

According to table, the FWHM of the cathode glow region is not greatly affected by 

the gap size, which remains to be at about 0.1 mm. This also implies the stability of 

the cathode glow in vacuum breakdown processes. As long as the gap current remains 

unchanged, the glow near the cathode and the physical process behind it are fairly 

stable. 
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Table 2-3 FWHM of the intensity distribution curve near the cathode in Figure 2-29 

Gap length/mm 
FWHM 

Mean value Standard deviation 

5 0.112 0.011 

3 0.115 0.022 

1 0.102 0.022 

0.5 0.094 0.019 

2.5 COMPARATIVE ANALYSIS OF ELECTRICAL 
SIGNALS AND LIGHT RADIATION DURING VACUUM 
BREAKDOWN 

2.5.1 APPEARANCE OF CATHODE GLOW AND FORMATION OF 

CATHODE PLASMA 

As can be seen from section 2.4.1, the cathode glow appears immediately after the 

vacuum breakdown begins (t0) and is present in the entire process of vacuum 

breakdown. It is well known that in a vacuum gap with applied voltage, electrons will 

be emitted from the cathode surface due to the effect of the electric field, i.e. field 

electron emission. The current formed by electron emission inside the cathode heats 

the cathode tip, and the increase in cathode temperature may enhance electron 

emission and lead to evaporation of metal atoms, which may eventually produce a 

plasma near the cathode through collisional ionization of electrons and atoms. 

Therefore, there are two possible mechanisms to the generation of the cathode glow: 

one is the radiation produced by the cathode itself at high temperature, and the other 

is the light radiation produced by plasma formed near the cathode. If the cathode glow 

appears under the first mechanism, it means that there is only an electron emission 

process at the cathode surface, and the plasma is not produced. In the case of pure 

electron emission, the emission current is limited by the space charge effect[44]. With 

the increase of electron emission, the emitted electrons can accumulate near the 

emitting surface and form a space charge layer. This space charge layer shields the 

applied electric field and limits the emission current by creating a negative feedback 

near the emitting surface. The maximum current density of electron emission at the 

cathode surface depends on the local electric field and the total applied voltage, as 

expressed by the Child-Langmuir equation as follows: 

  Jc=
4

9B

F2

U1/2
, B=

me
1/2

ε0(2e)
1/2

 (2-7) 

where Jc is the maximum current density of electron emission at the cathode surface 

(in A/m2); F is the local electric field (in V/m); U is the total applied voltage (in V); 

me is the electron mass (9.1×10-31 kg); ε0 is the vacuum permittivity (8.854×10-12 F/m); 

e is the elementary charge (1.6×10-19 C).  
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Then the electron emission current density at each point on the cathode surface can be 

calculated by Equation (2-7). According to the characteristics of metals, at each point 

p on the cathode surface, the direction of the electric field is perpendicular to the 

surface, and the area element around point p can be treated as a tiny flat electrode, so 

that the electron emission current density on each area element can be calculated by 

using Equation (2-7) as follows: 

  Jc(p)=
4

9B

F(p)
2

U1/2
 (2-8) 

the local electric field at each point is proportional to the total voltage of the gap, 

  F(p)=R(p)U (2-9) 

where R(p) is the ratio of the electric field to the voltage (in 1/m), i.e. the electric field 

corresponding to an applied voltage of 1 V. Therefore, the equation (2-8) can be 

rewritten as 

  Jc(p)=
4

9B
R(p)

2
U3/2 (2-10) 

Thus, considering the limitation of space charge effect, the maximum electron 

emission current Ic over the entire cathode surface can be obtained by area integration 

over the individual area elements as follows: 

  Ic= ∫ JcdA
S

=
4

9B
U3/2 ∫ R(p)

2
dA

S

=
4

9B
U3/2H (2-11) 

where H is the integral of the square of R(p) over the cathode surface, and this value 

is a dimensionless quantity whose magnitude depends on the distribution of the 

electric field. In the above equation, the direction of the current density is considered 

to be perpendicular to the local cathode surface, so the current value given in Equation 

(2-11) is a scalar, and H represents exactly the effect of the electrode geometry on the 

electron emission. Intuitively, if the calculated electrode system is a pair of flat 

electrodes, then H = A/d2, where A denotes the area of the entire cathode and d denotes 

the gap length. 

According to the electric field distribution of the tip-plane electrode structure shown 

in Figure 2-8 for the case of 1 V applied voltage, the maximum value of R(p) over the 

cathode surface can be obtained and the value of H is calculated by integration, as 

shown in Table 2-4. Then, the maximum electron current Ic that can be emitted from 

the cathode surface under the limitation of space charge effect can be calculated using 

Equation (2-11). Figure 2-30 gives a comparison between the maximum electron 

emission current Ic and the experimentally measured gap current ig(t) for a 5 mm 

vacuum gap as an example. The waveforms in the figure are from the same breakdown 

as in Figure 2-10. The black curve in the figure represents the gap voltage, 

corresponding to the left vertical axis, while the red and blue curves represent the 

maximum electron emission current Ic calculated by Equation (2-11) and the 

experimentally measured gap current ig(t), respectively, corresponding to the right 
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vertical axis. It is clear that the experimentally measured current ig(t) exceeds the 

current upper limit Ic corresponding to pure electron emission shortly after the vacuum 

breakdown begins (t0). The same phenomenon is observed for the other gap lengths 

covered in this chapter, 0.5 mm, 1 mm and 3 mm. This means that the gap current 

measured during the vacuum breakdown is not provided by the pure electron emission 

of the cathode. In other words, a more intense discharge process is initiated around the 

cathode, which allows the discharge current to exceed the limits of the space charge 

effect. In fact, soon after the start of vacuum breakdown, plasma forms around the 

cathode, and the presence of this plasma counteracts the space charge effect of pure 

electron emission, thus making the gap current of the breakdown process much larger 

than the upper limit of the pure electron emission. 

Table 2-4 Maximum value of R(p) and the integral of R(p)2 over the cathode surface H for different 

vacuum gaps at an externally applied voltage of 1 V 

Gap length / mm 
R(p) the maximum value on the 

cathode surface / m-1 

R(p)2 integral H on the 

cathode surface 

5 1.09×104 2.25 

3 1.17×104 2.65 

1 1.39×104 3.71 

0.5 1.64×104 5.16 

 
Figure 2-30 Variation of gap voltage ug(t), gap current ig(t) and maximum electron emission current Ic 

with time during vacuum breakdown 

Based on the above discussion, it can be proven that cathode glow is not the black 

body radiation produced by the high temperature of the cathode itself, but the light 

radiation produced by the interaction of particles in the plasma around the cathode. 

Thus, immediately after the vacuum breakdown begins, the plasma (hereafter referred 

to as the cathode plasma) is established around the cathode, which is present 

throughout the vacuum breakdown process and constantly radiates outwards. The 

electrons and ions in cathode plasma will also expand to the anode under the action of 

electric field and density gradient, contributing to the improvement of gap conductivity. 

Compared to the cathode glow, the anode glow does not last throughout the whole 

process of vacuum breakdown (see Figure 2-23, Figure 2-24 and Figure 2-25), it may 

disappear when the breakdown is in the vacuum arc stage (P2), meaning that the anode 

glow is not a necessary condition to maintain the vacuum arc. 

In addition, the anode glow appears always after the cathode glow, and the delay is 
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positively correlated with gap length (see Table 2-2), which implies that the anode 

glow is not an independent process, but a secondary effect that depends on a certain 

premise or condition. The whole process of vacuum breakdown is accompanied by the 

generation of cathode plasma, and the current of the breakdown is mainly carried by 

the movement of the cathode-emitting electrons to the anode, so it can be inferred that 

the anode glow is the result of the movement of charged particles of the cathode 

plasma to the anode and/or the corresponding secondary effects. 

2.5.2 RELATIONSHIP BETWEEN ESTABLISHEMENT OF LIGHT-

RADIATION CHANNEL AND CONDUCTIVE CHANNEL 

As can be seen from Figure 2-23 to Figure 2-25, the anode glow reaches the cathode 

surface after a period of expansion, creating a light-radiation channel connecting the 

gap. To analyze the relationship between the establishment of the light-radiation 

channel and the conductive channel, the instants for their occurrence were compared 

in Table 2-5. The instant of conductive channel formation is the instant when the gap 

voltage drops to zero and the vacuum breakdown enters the vacuum arc stage (tV0), as 

discussed in Section 2.3. By comparing these two columns, it can be found that the 

formation of conductive channels is much earlier than that of the light-radiation 

channels. In addition, according to the instant of the appearance of the anode glow in 

the first column of Table 2-2, it can also be found that the conductive channel was 

formed shortly after the appearance of the anode glow, and most of the vacuum gap 

was still in darkness at that time (see frame 8 of Figure 2-23, frame 5 of Figure 2-24 

and frame 7 of Figure 2-25). Therefore, it can be inferred that the expansion of anode 

glow does not have a major contribution to the formation of conductive channels in 

vacuum breakdowns. This discovery clarifies the non-necessity of the expansion of 

anode glow and the establishment of light-radiation channels in forming conductive 

channels. The subsequent chapters of this dissertation are more in-depth studies based 

on this discovery, with the aim of gaining a clear understanding of the physical 

processes involved in the construction of conductive channel in vacuum breakdown. 

Table 2-5 Comparison of the formation instants of light-radiation channels and conductive channels in 

vacuum breakdown processes 

Gap length/mm Light-radiation channel / ns Conductive channel / ns 

5 2050 350 

3 850 200 

1 300 110 

0.5 150 85 

2.6 ELECTRODE MORPHOLOGY BEFORE AND AFTER 
VACUUM BREAKDOWN 

Since vacuum arc is maintained by metal vapor supplied by metal electrodes, there 
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should be some changes on the electrode surfaces after the vacuum breakdown 

processes. The microscopic surface morphology of the cathode and the anode before 

and after breakdowns was observed and analyzed by SEM (Scanning Electron 

Microscope, Hitachi S-3000N). 

2.6.1 MORPHOLOGICAL CHANGES OF THE CATHODE SURFACE 

Figure 2-31 shows the microscopic surface condition of the cathode prior to 

breakdown experiments. Figure 2-31(a) and (b) corrspond to magnifications of 80x 

and 1000x, respectively, and clear machining traces can be seen on the surface of the 

tip cathode. The cone angle of the electrode is about 15°, and the top diameter of the 

tip is about 60 μm.  

   
(a) 80 magnification                  (b) 1000 magnification 

Figure 2-31 Cathode surface before breakdown experiments 

Figure 2-32 shows the surface morphology of the cathode after 1000 breakdowns. 

Figure 2-32 from (a) to (d) show the resulting cathode tips after the experiments with 

gap lengths of 5 mm, 3 mm, 1 mm and 0.5 mm, respectively, which do not differ 

significantly. Comparing the cathode surface before and after breakdowns, the 

following changes can be seen: first, the cathode surface exhibits a large molten area, 

and the machining traces before the experiments mostly disappear; second, the shape 

of the top of the tip, instead of a sharp-edged round flat, become a hemisphere with a 

diameter of about 200-250 μm. From the comparison with Figure 2-31 it can be 

deduced that the tip of the cathode has shortened by about 300 μm. The above two 

changes suggest that the cathode surface is severely ablated during vacuum breakdown 

and there is some material loss, which is the result of the interaction between the 

cathode plasma and the cathode surface. It is also the material loss of the cathode that 

makes the development of vacuum breakdown and the maintenance of the vacuum arc 

possible. 

A closer look at each SEM image in Figure 2-32 reveals that there is some variation 

in the degree of ablation in different parts of the cathode. From the tip toward the root 

of the needle, the degree of surface melting seems to be gradually decreasing. In order 

to observe the ablation at different locations on the cathode surface more clearly, the 

magnification of the electron microscope was set to 1000x, and the microscopic 

morphology of the local areas at the head (point A), middle (point B) and tail (point 

C) of the cathode in Figure 2-32(a) were observed, as shown in Figure 2-33. As can 
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be seen from the figure, the ablation at points B and C is actually a stacking of several 

craters on top of each other on the cathode surface, and the characteristic sizes of the 

craters in Figure 2-33(b) and (c) are about 50 μm and 3 μm, respectively. The intensity 

of ablation at point A shown in figure (a) is significantly stronger than points B and C, 

making it impossible to see a clear crater boundary in figure (a). In addition, traces of 

machining on the cathode surface prior to the breakdown experiment can be seen in 

some areas of figure (c). Therefore, during the vacuum breakdown in tip-plane gaps, 

the intensity of ablation on the cathode surface decreases gradually from the tip of the 

needle to its root. This indicates that cathode plasma is concentrated at the tip end of 

the cathode.  

   
(a) Gap length: 5 mm                  (b) Gap length: 3 mm 

   
(c) Gap length: 1 mm                 (d) Gap length: 0.5 mm 

Figure 2-32 Cathode surface after 1000 times of breakdown experiments (80x) 

   
(a) A-head                         (b) B-middle 
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(c) C-tail 

Figure 2-33 Local magnification of Figure 2-32(a) (1000x) 

2.6.2 MORPHOLOGICAL CHANGES OF THE ANODE SURFACE 

Since the anode surface is much larger than the cathode, the SEM cannot observe the 

entire anode surface at once even at minimal magnification. Therefore, the entire 

anode surface before and after breakdown experiments was first observed by an optical 

microscope, and then the area with significant changes was analyzed using SEM. 

Figure 2-34 shows the anode surface before breakdown experiments, figures (a) and 

(b) are the entire anode surface obtained by the optical microscope and the local anode 

surface obtained by the SEM, respectively, where the anode surface is the surface of 

the replaceable anode plate in Figure 2-4(b). It can be found that the anode surface 

was very flat, with only some very small traces of machining.  

   
(a) Optical microscope View                    (b) SEM view 

Figure 2-34 Anode surface condition before breakdown experiments 

After 1000 breakdowns, the entire surface of anode was observed again by the optical 

microscope, as shown in Figure 2-35. Figure 2-35(a) is the result from a 5 mm gap, 

showing no significant change in surface condition, and Figure 2-35(b)-(d) 

corresponds to gaps of 3 mm, 1 mm and 0.5 mm, respectively, where a spot with a 

diameter of about 3 mm can be seen near the center of the anode surface. 

To see more clearly the changes of the anode surface, the spot areas were magnified 

by the SEM, and the results are shown in Figure 2-36. Since the optical microscope 

does not observe significant changes in the anode surface when the gap length is 5 

mm, Figure 2-36(a) is a typical result of the area near the surface center of Figure 

2-35(a). In Figure 2-36(a)-(d), micron-sized spherical particles can be easily 

recognized on the anode surface, which are concentrated in the area near the center of 
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the anode surface, i.e. the spot area in Figure 2-35. With the decrease of the gap length, 

the density of these spherical particles on the anode surface shows an increasing trend. 

These spherical particles are the result of the migration of the molten droplets from 

the cathode to the anode during the breakdown process, and a specific verification will 

be given in the next chapter. In addition, looking closely at the individual images in 

Figure 2-36, the traces left by the machining process on the anode surface are still 

clearly present. Even in the cases with the most severe morphological changes (0.5 

mm gap), machining traces can still be easily found. The very small traces on the anode 

surface (depths not exceeding a few microns, see Figure 2-34(b)), indicating that the 

vacuum breakdown process did not cause significant melting of the anode surface 

under the experimental conditions in this chapter. It can be further speculated that 

evaporation on the anode surface will not be particularly significant either. Under such 

conditions, it is unlikely that a high-temperature, high-density plasma will form near 

the anode surface, and the contribution of the anode to the formation of the conductive 

channel during breakdown will also be small. However, the formation of the 

conducting channel in the vacuum gap must be based on the premise that the plasma 

connects the entire gap. Therefore, although the cathode glow region does not expand 

significantly during vacuum breakdown, the formation of the conducting channel is 

probably the result of cathode plasma expansion. As to whether there is a cathode 

plasma expansion process in the dark gap and how the anode glow is formed without 

a high anode temperature will be discussed in more detail in the subsequent chapters. 

   
(a) 5 mm gap                             (b) 3 mm gap 

   
(c) 1 mm gap                                  (d) 0.5 mm gap 

Figure 2-35 Anode surface after 1000 times of breakdown experiments (optical microscope) 
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(a) The gap length is 5 mm             (b) the gap length is 3 mm 

   
(c) The clearance length is 1 mm        (d) the gap length is 0.5 mm 

Figure 2-36 Anode surface after 1000 times of breakdown experiments (SEM 1000x) 

2.7 BRIEF SUMMARY 

This chapter analyzes the electrical wavefroms, the spatio-temporal evolution of light 

radiation, and morphological changes of electrode surfaces during vacuum breakdown 

processes. Based on the results of this chapter and the corresponding discussion, the 

following conclusions can be obtained: 

1) The vacuum breakdown process initiates when the electric field at the cathode 

surface reaches the breakdown threshold, and this result supports the theory of 

cathode-dominated breakdown. In the gap length range used in this chapter, the 

breakdown occurs when the electric field at the cathode surface reaches approximately 

160 MV/m, which indicates that the breakdown is cathode-dominated. The whole 

process of vacuum breakdown consists of four stages: voltage rising stage (P0), 

conducting channel formation stage (P1), vacuum arc stage (P2) and arc extinction 

stage (P3). After the breakdown starts, the vacuum gap gradually changes from an 

insulated state to a conductive state, establishing a good conductive channel, and the 

time required for the channel to be established correlates positively with the gap length. 

Then, the breakdown enters a stable vacuum arc phase until the applied excitation 

disappears. 

2) Cathode glow is produced by cathode plasma, and the establishment of cathode 

plasma is the necessary condition and indication for the start of vacuum breakdown 

evolution. Cathode glow appears immediately after the breakdown begins, 

accompanying the breakdown in the whole process. After theoretical calculation, it is 

confirmed that cathode glow is a result of the light radiation of plasma near the cathode. 
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The intensity and characteristic size of the cathode glow are relatively stable during 

breakdown and do not vary with gap size, which means that the burning of cathode 

plasma is a stable intrinsic process in a vacuum breakdown. The establishment of 

cathode plasma is a necessary condition for gap current to break through the limit of 

space charge effect, so the establishment of cathode plasma corresponds to the rapid 

rise of current and the beginning of breakdown. 

3) The generation of anode glow is a secondary process in the vacuum breakdown 

process, its expansion towards the cathode is not a necessary condition for the 

conductive channel formation. This finding clarifies the non-necessity of the anode 

glow expansion and the light-radiation channel establishment in conductive channel 

formation of vacuum breakdown. The anode glow always appears later than the 

cathode glow, its emergence delay and the existence duration are affected by the gap 

length. Anode glow will expand towards the cathode after its appearance, and may 

establish a light-radiation channel in the gap. However, the formation of the light-

radiation channel is much later than that of the conductive channel, and most of the 

gap is still in a dark state when the conductive channel is formed. Therefore, the 

expansion of the anode glow is not necessary for the formation of the conductive 

channel, the latter is likely to be attributed to the expansion of the cathode plasma. 

4) During vacuum breakdown, the cathode surface is severely ablated while the anode 

surface shows no signs of melting. The maintenance of the current during breakdown 

relies on the burning of the cathode plasma, which leaves a huge number of molten 

craters on the cathode surface and causes a certain loss of the cathode material. On the 

contrary, no obvious melting traces are found on the anode surface, which also implies 

that the anode surface cannot produce plasma similar to the cathode side due to high 

temperature. 

 

 

Equation Chapter (Next) Section 1 
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3 SPECTROSCOPIC ANALYSIS OF 
VACUUM BREAKDOWN PROCESS 

3.1 OVERVIEW 

It is well known that the establishment of a conductive channel relies on the formation 

of a plasma channel in the gap. In the previous chapter, it is found that the expansion 

of the anode glow does not contribute significantly to the conductive channel 

formation, so it is inferred that the expansion of the cathode plasma plays an important 

role in it. However, most regions of the vacuum gap have no optical radiation at the 

instant of the conductive channel formation, so the expansion of the cathode plasma 

cannot be directly observed. Then, attention is turned to the anode glow. The anode 

glow is a secondary process of cathode plasma expansion, and the cathode plasma can 

only build a conductive channel by expanding to the anode. Therefore, investigation 

of the particle composition in the anode glow region may provide some clues to 

understand the expansion behavior of the cathode plasma, and thus deepen the 

understanding of the mechanism of conductive channel formation during vacuum 

breakdown. 

For the above purposes, this chapter will perform a spectroscopic analysis of the light 

radiation during vacuum breakdown, mainly focusing on the anode glow region. 

Several different electrode materials, including pure copper, brass (alloys of copper 

and zinc), aluminum, and tungsten, will be used in this chapter to distinguish between 

cathodes and anodes. Spectral information is obtained using a combination of a 

spectrometer and an ICCD camera. The micromorphology and composition of the 

anode surface were also analyzed using SEM and EDS (X-ray Energy Dispersive 

Spectrometer) after breakdown experiments. Based on the results of spectroscopic and 

microscopic analyses, the origins of the particle components in the anode glow region 

are clarified, and the expansion pattern of the cathode plasma and its role in the 

formation of conductive channels are revealed. 

3.2 EXPERIMENTAL SETUP 

Figure 3-1 shows the schematic diagram of the experimental setup. The observation 

equipment was changed to a combination of a spectrometer (Andor SR-500i) and an 

ICCD camera (Andor DH334T-18U-04) (indicated by N and E in the figure). The light 

radiation entering the slit of the spectrometer is transformed into a wavelength 

resolved image, which is finally captured by the ICCD camera. The spectrometer has 

a focal length of 500 mm and a best resolution of 0.05 nm at a slit width of 10 μm. 

The relevant settings of the spectrometer are performed via computer software and no 

additional trigger signal is required. 

In this chapter, the tip-plane electrode structure shown in Figure 2-4 was still used. In 
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order to distinguish between different sources of the material in the anode glow and 

on the anode surface, the cathode and anode in the experiments were made of different 

materials. Cathode materials include tungsten (W), brass (alloys of copper and zinc, 

referred to below as BR) and aluminum (Al), while anode materials include pure 

copper (Cu) and aluminum (Al). The electrode combinations in the experiments are 

expressed in the way of "cathode material-anode material". For example, Al-Cu 

indicates the combination of aluminum tip cathode and pure copper plane anode. The 

gap length is uniformly set to 4 mm. 

 
Figure 3-1 Schematic diagram of the vacuum breakdown test platform  

In the experiment, the peak voltage and pulse width of the pulsed high-voltage source 

was set to -40 kV and of 5 μs. The corresponding steady-state arc current during the 

breakdown is 80 A, which is determined by the current limit resistance (R1, 500 Ω).  

Typical voltage and current waveforms are shown in Figure 3-2. The starting point of 

the breakdown, t0, is marked with a red arrow, which is the starting point for a rapid 

rise of current. The voltage and current waveforms in this diagram have the same 

pattern of evolution as Figure 2-10, so the waveforms are no longer discussed in this 

chapter. The delay between the spectral information recording and breakdown 

initiation is determined by the difference between the shutter monitoring signal of the 

ICCD camera and the breakdown instant t0. When the exposure time of the camera is 

set to 7 μs, the shutter delay is set to negative, so that the shutter opens before 

breakdown starts, recording spectral information for the entire breakdown process. 

 
Figure 3-2 Typical voltage and current waveforms during the experiment (BR-Al) 
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3.3 SPECTRAL COMPOSITION OF LIGHT RADIATION 
DURING VACUUM BREAKDOWN 

All possible spectral information about the vacuum breakdown process needs to be 

known before the spectra of specific wavelengths can be resolved in time and space. 

Therefore, the spectral information of the light radiation during vacuum breakdown is 

first observed without temporal resolution or spatial resolution. "No temporal 

resolution" means that the exposure time of the ICCD camera is set to 7 μs, covering 

the whole breakdown process (5 μs), and the light radiation of the whole process is 

accumulated on a single image. "No spatial resolution" refers to the vertical integration 

of the spectral image obtained by the ICCD camera. Since the transverse direction of 

the spectral image indicates the wavelength and the vertical direction indicates the 

spatial position, the vertical integration is to superimpose the light radiation of the 

same wavelength at all spatial positions. The spectral detection without spatial 

resolution is beneficial to improve the sensitivity and signal-to-noise ratio of the 

observation. The wavelength range of the observed spectra is set between 300 nm and 

600 nm. The vacuum gap is imaged through the lens at the entrance slit of the 

spectrometer. 

The experiment tested two different combinations of electrode material. One is the 

brass cathode to aluminum anode (BR-Al), and the other is the aluminum cathode to 

pure copper anode (Al-Cu). A gap length of 4 mm was used in both sets of experiments. 

The spectral results for both cases are shown in Figure 3-3. The top and bottom 

spectrum images in the figure correspond to the BR-Al and Al-Cu combinations, 

respectively, and the main spectral peaks are marked with corresponding atomic 

symbols. As can be seen, the spectral distribution is very different in both cases, with 

only two common Cu I spectral lines (324.8 nm and 327.4 nm) corresponding to the 

transition radiation of neutral copper atoms. In the case of BR-Al, only the spectra of 

cathode materials (brass, i.e. Cu and Zn) were observed in the wavelength range shown 

in Figure 3-3, but no significant anode material (Al) spectra were observed. Most of 

the spectra belong to Zn, and some of the lower-intensity spectra belonging to Cu ions 

(Cu II) have also been found. In the case of Al-Cu, by contrast, spectra from cathode 

material and anode material both exist, many of which correspond to aluminum ions 

(Al II, Al III).  

What is intriguing in Figure 3-3 is the surprising absence of aluminum spectra in the 

case of BR-Al where the anode is aluminum (even for the aluminum atomic spectrum 

Al I, 394.4 nm and 396.1 nm). According to the results in the previous chapter, in all 

gaps from 0.5 mm to 5 mm, clear light radiation appears near the anode surface (see 

Figure 2-23 to Figure 2-25). Figure 3-4 also gives a light radiation image of the BR-

Al electrode combination with a gap length of 4 mm taken directly by the ICCD 

camera after 500 ns from the onset of breakdown (50 ns exposure time), where the 

anode glow is indeed present. In addition, the expansion of the anode glow to the 

cathode also indicates that the anode surface is continuously providing the required 

atoms for the anode glow, so according to the intuitive analysis, some spectral lines of 

the anode material (Al) should be present in the spectrogram of the BR-Al 
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combination. In this sense, the spectrogram obtained in the case of Al-Cu contains 

both copper and aluminum spectra, which is more in line with the intuitive judgment. 

Since there are no spectra of anode material (Al) during the vacuum breakdown in the 

BR-Al case, the particle composition of the anode glow will be investigated by further 

experimental analysis in the following. 

 
Figure 3-3 Spectral distribution of the light radiation during breakdowns in two different electrode 

combination (ICCD camera exposure time is 7 μs) 

 
Figure 3-4 An image without spectral resolution at 500 ns after the onset of vacuum breakdown taken 

directly using ICCD 

3.4 SPATIO-TEMPORAL RESOLVED SPECTRA OF 
VACUUM BREAKDOWN PROCESS 

In order to analyze the particle composition in the anode glow region in the BR-Al 

case, the spectra during vacuum breakdown were spatially resolved. By adjusting the 

lens and 3D movable stage, the axis of the vacuum gap is imaged onto the entrance 

slit of the spectrometer. The shutter of the ICCD camera is then set to open between 

300-500 ns after the breakdown initiation to observe the spatial distribution of the 

spectra within this time window. The major spectrum peaks in Figure 3-3 were all 
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captured and it is found that the distribution of all major spectra along the gap in the 

BR-Al case has the same characteristics. Two spectral lines (468.0 nm and 472.2 nm) 

of Zn I (neutral Zn atom) are shown in Figure 3-5 to illustrate the spatial distribution 

of the spectral lines. Since the intensity of the spectra is too weak and the signal-to-

noise ratio of the spectrograms obtained from a single breakdown process is too poor, 

Figure 3-5 shows the results of 50 breakdown accumulations. The vertical positions 

of the cathode tip and the anode surface are indicated by dashed lines. It can be seen 

that the spectra on the cathode side are dominated by continuous radiation, mainly 

from the interaction between electrons and charged particles producing 

bremsstrahlung radiation and recombination radiation. It is well known that both 

radiation mechanisms decrease rapidly as density and temperature of plasma 

decrease[88, 89], which indirectly indicates that the plasma temperature and density 

in the cathode glow region are high and that the temperature and density decay very 

quickly in space. On the anode side, there are two distinct Zn I spectral lines in the 

anode glow region. When the recording range of the spectrometer is set within the 

wavelength range of the Al I spectra (394.4 nm and 396.1 nm), the relevant spectra 

are indeed absent in the case of BR-Al.  

 
Figure 3-5 Spatial distribution of Zn spectra in BR-Al electrode combination (Zn I: 468.0 nm, 472.2 

nm) 

Figure 3-6 shows the spatio-temporal evolution of the Zn I spectra in the anode glow 

in the BR-Al case, where the position of the anode surface in the vertical direction is 

represented by a dashed line, and the images in the figure are still a cumulative result 

of 50 breakdowns. The red number above each image indicates the delay of the ICCD 

camera shutter relative to the start of the breakdown, and the camera exposure time is 

set to 50 ns. As can be seen from the figure, the Zn I spectra in the anode glow appear 

about 200 ns after the breakdown begins and gradually expand toward the cathode in 

the subsequent process. The instant the Zn I spectra appear and their expansion to the 

cathode coincides with those of the overall light radiation in Section 2.4 (see Figure 

2-23 to Figure 2-25). 

According to the spatial distribution and time evolution of the anode glow spectra 

shown in Figure 3-5 and Figure 3-6, in the case of BR-Al, most anode glow is 

produced by cathode material, i.e. copper and zinc, because there is no obvious 

spectral signal of aluminum. However, in the case of Al-Cu, cathode material spectra 

(Al I, 394.4 nm and 396.1 nm) and anode material spectra (Cu I, 324.8 nm and 327.4 

nm) can be observed simultaneously in the anode glow. Figure 3-7 and Figure 3-8 
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display the spatio-temporal evolution of the Al I (cathode material) and Cu I (anode 

material) spectra in the Al-Cu case, respectively, each of which is the accumulative 

result of 50 breakdown experiments. As can be seen, the Al I and Cu I spectra are also 

gradually expanding toward the cathode in the pattern as in Figure 2-23. 

 
Figure 3-6 Spatio-temporal evolution of the Zn I spectra (468.0 nm，472.2 nm) in the anode glow in 

the BR-Al case 

 
Figure 3-7 Spatio-temporal evolution of the Al I spectra (394.4 nm, 396.1 nm) in the anode glow in 

the Al-Cu case 

 
Figure 3-8 Spatio-temporal evolution of the Cu I spectra (324.7 nm, 327.4 nm) in the anode glow in 

the Al-Cu case 

In this section, the spectra of two different combinations of electrode materials, BR-

Al and Al-Cu, during vacuum breakdown are investigated. The main spectral signals 

are derived from the metal materials of cathode and anode, which also indicates that 

the vacuum arc is a metal vapor arc. The spectra contained in the anode glow may 

change due to changes in the experimental conditions. In both cases, the spectra of the 

corresponding cathode material were detected in the anode glow. In contrast, the 

spectra of the anode material appeared in the anode glow region only in the Al-Cu 

case, while the anode material spectra were not detected in the anode glow for the BR-

Al case. It should be noted that the electrode system has been subjected to hundreds 

of breakdown experiments before all the spectral information was collected in this 

section. 
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3.5 ORIGIN ANALYSIS OF CATHODE MATERIAL 
SPECTRA IN ANODE GLOW 

In the previous section, it was observed that there are cathode material spectra in the 

anode glow during vacuum breakdown. Understanding how the cathode material is 

involved in the anode glow is important for analyzing how the cathode plasma expands 

during breakdown and can also provide clues to the formation mechanism of the 

conductive channel. Therefore, this section will analyze the reason for the presence of 

cathode material spectra in the anode glow region during vacuum breakdown. 

It is well known that there may be material transfer between the cathode and the anode 

during arc discharge. In particular, during vacuum breakdown, both electrons and ions 

from the cathode plasma have a directional motion velocity towards the anode[84, 86, 

90-93]. Therefore, there are two possible explanations for the presence of cathode 

material spectra in anode glow, as shown in Figure 3-9. The small blue dots in the 

figure represent the atoms of the cathode material, including neutral atoms and ions, 

and the arrows indicate the direction of motion of the atoms. The mechanism 

illustrated in Figure 3-9(a) is called the contamination mechanism, where the cathode 

material transfers to the anode during multiple preceding breakdowns and forms a 

contamination layer of cathode material on the anode surface. This contamination 

layer provides atoms to the anode glow region during subsequent breakdown, thus 

resulting in the spectra of the cathode material in the anode glow. The mechanism 

demonstrated in Figure 3-9(b) is called the reflection mechanism, whereby the cathode 

material ions in the cathode plasma expanding toward the anode during the ongoing 

breakdown undergo charge neutralization and reflection at the anode surface. The 

reflected cathode material atoms enter the anode glow region, leading to the spectra 

of the cathode material in the anode glow. The two possible mechanisms will be 

discussed separately by experiments below. 

 
Figure 3-9 Possible mechanisms for the presence of cathode material spectra in anode glow, (a)-

Contamination mechanism, (b)-Reflection mechanism 

3.5.1 FORMATION OF CATHODE MATERIAL CONTAMINATION 

LAYER DUE TO PRECEDING BREAKDOWNS 

Four sets of experiments were set up to verify the possibility of contamination 

mechanism, as shown in Table 3-1. The four sets of experiments in the table were 
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performed using combinations of cathodes and anodes with different materials and 

surface conditions, and then the spectral information in the anode glow was observed. 

The purpose of this experiment is to verify the contamination of the anode surface by 

the cathode material, so the main focus is on the cathode material spectra (Zn I and Zn 

II) in the anode glow. 

The cathode in Group 1 was a needle electrode made of brass and the anode was an 

aluminum plate. This BR-Al electrode combination had been subjected to hundreds of 

breakdowns before recording the spectra, which is consistent with the experimental 

conditions of the BR-Al case in Section 3.3. In other words, assuming that the transfer 

of the cathode material to the anode during vacuum breakdown causes contamination 

of the anode surface, a significant contamination layer of brass (cathode material) was 

already present on the anode surface when the spectra recording started. In Group 2, a 

tungsten needle was used as the cathode instead of a brass needle, ruling out the 

possibility of further deposition of brass on the aluminum anode, but the anode was 

not replaced. At this time, the presence of a cathode material contamination layer on 

the anode surface and whether this contamination layer may provide atoms for anode 

glow can be determined by observing the presence of cathode material spectra in the 

anode glow. In Group 3, the cathode and anode were replaced with new tungsten 

needle and aluminum plate, respectively, for the purpose of comparison with Group 2. 

In Group 4, a brand-new brass needle was used as cathode and a brand-new aluminum 

plate was used as anode, and then the intensity change of the observed spectra was 

recorded as the cumulative number of breakdowns increases. For the convenience of 

the reader, the presence states of the observed zinc spectra in the anode glow for each 

set of experimental conditions are briefly given in the last column of Table 3-1. 

Table 3-1 Verification experiments for the contamination mechanism shown in Figure 3-9(a) 

Experiment 

group 

Gap 

length/mm 

Cathode 

material 

Anode 

material 

Anode 

Surface 

condition 

Zinc spectra in anode 

glow 

1 4 
BR 

(Cu&Zn) 
Al 

After 

multiple 

discharges 

Presnt 

2 4 W Al 
After 

Experiment 1 
Presnt 

3 4 W Al brand new Absent 

4 4 
BR 

(Cu&Zn) 
Al brand new Gradually increasing 

Figure 3-10 and Figure 3-11 show the presence of the main spectra of the cathode 

material, Zn I (468.0 nm, 472.2 nm) and Zn II (491.1 nm, 492.4 nm), in the anode 

glow for different experimental conditions in Table 3-1, respectively. All spectrograms 

were taken 600 ns after the onset of vacuum breakdown with an exposure time of 50 

ns for ICCD. Each spectrogram is the result of the accumulation of 25 breakdown 

experiments, and the position of the anode surface in the vertical direction is indicated 

by a dashed line. The experiment group corresponding to each plot is marked in red 

font above the image, where groups 4-1, 4-2 and 4-3 are all part of Group 4, 
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demonstrating the variation of the measured spectral intensity with increasing number 

of breakdowns. The three images corresponding to the labels 4-1, 4-2, and 4-3 in 

Figure 3-10 record the cumulative spectra of the 51st-75th, 76th-100th, and 601-625th 

breakdowns of Group 4, respectively. The cumulative spectra of the 1st-25th, 101st-

125th and 626th-650th breakdowns of Group 4 are recorded in the three images 

labelled by 4-1, 4-2 and 4-3 in Figure 3-11, respectively. 

 
Figure 3-10 Cathode material spectra in anode glow during vacuum breakdown for different 

experiment groups in Table 3-1 (Zn I: 468.0 nm, 472.2 nm; ICCD shutter opens during 600-650 ns) 

 
Figure 3-11 Cathode material spectra in anode glow during vacuum breakdown for different 

experiment groups in Table 3-1 (Zn II: 491.1 nm, 492.4 nm; ICCD shutter opens during 600-650 ns) 

By observing Figure 3-10 and Figure 3-11, it can be found that four spectral signals of 

the cathode material, Zn I (468.0 nm, 472.2 nm) and Zn II (491.1 nm, 492.4 nm), are 

present in the anode glow under the experimental conditions in Group 1, which is 

consistent with the results in Figure 3-5. In Group 2, the spectra corresponding to Zn 

I and Zn II were still present in the anode glow. Since the brass cathode has been 

replaced by a tungsten cathode in Group 2, there is no longer any Zn present in the 

cathode, so the spectra of Zn observed at this time could only come from the anode 

surface. This means that there is indeed a contamination layer on the surface of the 

aluminum anode consisting of the previous cathode material (brass), and this 
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contamination layer will provide light-emitting atoms to the anode glow region in the 

process of vacuum breakdown. In addition, the results of the second group of 

experiments also indicate that the anode surface has an important contribution to the 

formation of anode glow, although the contributing atoms do not necessarily come 

from the native material of the anode (aluminum). 

The results of the Group 3 and 4 further confirm the above conclusions. In Group 3, 

the four zinc spectra disappeared completely when the cathode and anode were 

replaced with brand-new tungsten needle and aluminum plate, respectively. In the 

Group 4, a brass cathode were reinstalled, and the spectral intensity of zinc increased 

with the number of breakdowns, and finally the spectral intensity became similar to 

that of Group 1. 

In order to confirm more directly the contamination mechanism described in Figure 

3-9(a), microscopic analysis of the anode surface after the breakdown experiment was 

carried out. After the breakdown experiments, the electrodes were removed from the 

vacuum chamber and the elemental composition of the anode surface was examined 

with a scanning electron microscope (SEM) equipped with an EDS analyzer. Three 

electrode material combinations including BR-Al, Al-Cu and W-Cu were tested and 

the results are shown in Figure 3-12. Figures (a) and (b) correspond to BR-Al; (c) and 

(d) correspond to Al-Cu; (e) and (f) correspond to W-Cu. Each subplot contains a main 

plot and an inset. The inset shows the microscopic morphology of the anode surface 

(the scale bar corresponds to 20 μm), while the main plot shows the energy spectrum 

at a sample point on the anode surface. The location of the sample point is marked by 

a red circle in the inset and by a distinctive white arrow near the sample point. The 

horizontal axis of the energy spectrum plot indicates the X-ray energy and the vertical 

axis indicates the corresponding energy spectrum intensity.  

The microscopic morphology of the anode surface in the inset shows the presence of 

a large number of spherical particles on the anode surface after breakdown 

experiments, and the size of the particles is about a few microns. The sample points 

for the energy spectrum analysis in Figure 3-12(a), (b), (c) and (e) are all in the vicinity 

of spherical particles with the aim of determining the origin of the spherical particles. 

In Figure 3-12(a), (c) and (e), the energy spectrum results show that the composition 

at the sample points is mainly cathode material, which is due to the large size of the 

particles at the sample points in these three figures, so that the energy spectrum data 

obtained from the sampling are almost all from the particles. This also indicates that 

these spherical particles on the anode surface are indeed from the cathode. In Figure 

3-12(b), the particle size near the sample point is smaller, and the sampled energy 

spectrum data also includes the nearby anode surface, so the energy spectrum data 

shows that both anode and cathode materials are present. In Figure 3-12(d) and (f), the 

sample point was set at the smoother region of the anode surface, where the energy 

spectrum signals of both cathode and anode materials were detected. Based on these 

SEM and EDS analysis results in Figure 3-12, it can be concluded that there is indeed 

a transfer of cathode material to the anode during vacuum breakdown, and the cathode 

material reaching the anode may exist as micron-sized particles or may be smoothly 

condensed on the anode surface in the form of vapor. 
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Figure 3-12 Composition analysis of the anode surface after vacuum breakdown experiments 

Through the four sets of experiments in Table 3-1 and the microscopic analysis of the 

anode surface after breakdown, it can be demonstrated that the cathode material 

gradually transfers to the anode during vacuum breakdown and deposits on the anode 

surface in the form of vapor or particles, forming a contamination layer of cathode 

material. The contamination layer can provide atoms for the anode glow region in the 

subsequent breakdown processes, which makes an important contribution to the anode 

glow. Thus, the contamination mechanism in Figure 3-9(a) is confirmed and one of 

the reasons for the presence of the cathode material spectra in the anode glow during 

vacuum breakdown is the contamination of the anode surface by the cathode material 

during the preceding breakdowns. 
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3.5.2 EXPANSION AND REFLECTION OF CATHODE PLASMA DURING 

ONGOING BREAKDOWN 

Next, the existence of the reflection mechanism shown in Figure 3-9(b) will be 

experimentally verified. As mentioned earlier, the reflection mechanism refers to the 

charge neutralization and reflection of the cathode material ions in the expanding 

cathode plasma at the anode surface during the ongoing breakdown process. The 

reflected atoms of the cathode material may accumulate in the vicinity of the anode 

surface, hence, giving rise to spectral signal of the cathode material in the anode glow. 

To rule out the effects on the spectral measurements of the possible contamination by 

the cathode material on the anode surface, only the spectra of the first few breakdowns 

with brand-new electrodes were collected in the following experiments. In addition, 

the time period for spectrum recording was adjusted to the beginning of the anode 

glow.  According to the evolution of the light emission during breakdowns with 

different gap lengths in Section 2.4 and the evolution of the spectra in Figure 3-6 to 

Figure 3-8, the anode glow appears at about 200-250 ns in a 4 mm gap, so the shutter 

of the ICCD camera is set to open at about 250 ns from the breakdown initiation. The 

effect of anode contamination during breakdown can be minimized using the above 

two measures. 

Figure 3-13 shows the spatial distribution of the cathode material and anode material 

spectra for the first two breakdowns of the brand-new electrodes. Two electrode 

material combinations, BR-Al and Al-Cu, were used for the experiments. In these 

images, the distributions of Cu I (324.7 nm and 327.4 nm) or Al I (394.4 nm and 396.1 

nm) spectra are provided, respectively. Each spectrogram is the result of a single 

vacuum breakdown, so that only two breakdown experiments were performed for each 

case, which ensures that the contamination layer of the cathode material on the anode 

surface is not sufficient to affect the results of the spectral analysis. During the first 

breakdown of each case, the observation range of the spectrometer is set to cover the 

cathode material spectra, while the second breakdown allows the spectrometer 

observation range to cover the anode material spectra. In the BR-Al case, Figure 

3-13(a) and (b) show the distribution of the Cu I spectra at the first breakdown and the 

distribution of the Al I spectra at the second breakdown. In the Al-Cu case, Figure 

3-13(c) and (d) show the distribution of the Al I spectra at the first breakdown and the 

distribution of the Cu I spectra at the second breakdown. The shutter of the ICCD 

camera opens between 300-500 ns after the onset of breakdown in Figure 3-13(b), and 

opens between 250-350 ns in the remaining three figures to ensure that the period for 

spectrum recording is at the initial stage of anode glow. The increase in shutter delay 

and exposure time in Figure 3-13(b) is due to the fact that the spectral signal of 

aluminum in this case is too weak between 250-350 ns for observation. The positions 

of the electrodes are marked by dashed lines in each spectrogram, and the 

corresponding atomic symbols of each spectrum are marked in blue font nearby. 

According to Figure 3-13(a) and (c), the spectra of the cathode material (i.e., Cu I in 

the case of BR-Al and Al I in the case of Al-Cu) can still be observed near the anode 

surface even at the initial stage of the anode glow during the first breakdown of the 

brand-new electrodes. Under such experimental conditions, the contamination of the 
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anode surface is negligible, so this result implies that the cathode of the ongoing 

breakdown process also supplies atoms to the anode glow region. This also means that 

the reflection mechanism described in Figure 3-9(b) for explaining the presence of the 

cathode material spectra in the anode glow is plausible. Furthermore, the fact that 

atoms from the cathode are involved just at the beginning of the anode glow suggests 

that the cathode plasma can indeed expand toward the anode without emitting light 

and has already reached the anode before the anode glow appears. Since the cathode 

plasma has already reached the anode when the anode glow appears, the conductive 

channel in the vacuum gap has basically been established at this time. Therefore, the 

expansion of the cathode plasma has an important role in the establishment of the 

conductive channel during vacuum breakdown, confirming the inference in Chapter 2. 

   
(a) First breakdown of BR-Al case        (b) Second breakdown of BR-Al case 

 
(c) First breakdown of Al-Cu case        (d) Second breakdown of Al-Cu case 

Figure 3-13 Spatial distribution of cathode material and anode material spectra during the first two 

breakdowns of new electrodes (Cu I-324.7 nm, 327.4 nm; Al I-394.4 nm, 396.1 nm) 

A closer look at the spatial distribution of the spectra in Figure 3-13(a) and (c) reveals 

that the intensities of these cathode material spectra near the cathode and anode are 

higher than those in the middle of the gap. The cathode material in the anode glow 

comes from the cathode glow region by expansion through the gap, so the higher 

intensity of the spectra near the anode than the gap indicates that the atoms of the 

cathode material will interact with the anode surface after reaching the anode which 

makes its density rise. The rise in density of the cathode atoms near the anode may be 

due to a decrease in velocity after emission from the anode surface or due to charge 

neutralization of ions with higher valence at the anode surface, but the specific 

interaction process and the mechanism of the density rise need to be studied in more 

detail. 
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Next, attention is turned to Figure 3-13(b) and (d), which show the spatial distribution 

of the anode material spectra during the second breakdown of the two cases. It is clear 

from the figures that the spectra of the anode material are also present near the anode 

surface. For the Al-Cu case, the anode material spectra (Cu I, 324.7 nm and 327.4 nm) 

shown in Figure 3-13 are consistent with those in Figure 3-3(b) and Figure 3-8. 

However, for the BR-Al case, there are spectra of anode materials (Al I, 394.4 nm and 

396.1 nm) present in the anode glow as shown in Figure 3-13(b), which is inconsistent 

with the absence of the aluminum spectra in Figure 3-3(a). 

As mentioned above, hundreds of breakdown experiments have been performed 

between the electrodes before the spectra were collected for the BR-Al case in Figure 

3-3. According to the discussion on the contamination mechanism in the previous 

section, the anode surface could have already been contaminated by the transferred 

cathode material. To investigate whether the absence of the Al I spectra in Figure 3-3(a) 

(BR-Al electrode combination) is related to the contamination of the anode surface, 

598 breakdown experiments were further performed on the BR-Al electrode 

combination used in Figure 3-13, and then the Al I spectra were collected again. 

Figure 3-14 shows the spectral distribution in the wavelength range of the Al I spectra 

(394.4 nm and 396.1 nm) after 600 breakdowns of the new BR-Al electrode. To ensure 

that any Al I spectral signal that may be present can be observed, this spectrogram 

accumulates all signals from the 601st to 650th vacuum breakdowns. However, there 

is hardly any signal of Al I in Figure 3-14, a result that is in perfect agreement with 

Figure 3-3(a). This phenomenon indicates that the contribution of the native anode 

material to the anode glow decreases or even disappears with the increase of 

breakdown times in the case of BR-Al electrode combination.  

 
Figure 3-14 Spectral distribution in the wavelength range of Al I spectra (394.4 nm and 396.1 nm) 

after 600 breakdowns of the new BR-Al electrode 

Of course, the disappearance of the spectra of the native anode material in the anode 

glow does not mean that the anode no longer contributes atoms to the anode glow. 

According to the contamination mechanism in the previous subsection, the 

contamination layer of cathode material formed on the anode surface will also provide 

atoms to the anode glow region during the breakdown. In other words, the anode is 

always an important atom source for the anode glow, only that as the degree of 

contamination on the anode surface increases, the atoms provided by the anode for the 

anode glow region may gradually change from the native anode material to the cathode 
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material deposited on the anode surface. 

3.6 DISCUSSION 

Before the appearance of the anode glow, the expansion process of the cathode plasma 

has already started, although most of the gap is still dark. When the anode glow starts 

to appear, a large number of atoms and ions of the cathode material have already 

reached the anode and been involved in the anode glow. This result is consistent with 

the model of plasma expansion proposed by Ni and Anders[91, 94]. According to this 

model, the dense cathode plasma expands toward the anode at supersonic speed right 

from the beginning of vacuum breakdown. The front of the expanding plasma is the 

front of ion motion, and the region between this front and the cathode is occupied by 

a plasma composed of electrons and ions, while only electrons are present in the region 

between the front and the anode. Therefore, the potential difference between the 

plasma front and the cathode is very small, and most of the gap voltage is applied to 

the region between the plasma front and the anode to accelerate the electrons in this 

region. According to the delay of the anode glow in this work, the expansion velocity 

of the cathode plasma is on the order of 104 m/s, which is consistent with the results 

obtained by Shmelev and Barengolts through PIC simulations[84]. The cathode 

plasma does not produce optical radiation during the expansion process, making it 

impossible to observe it directly[1, 94]. However, when the expanding cathode plasma 

reaches the anode, it interacts strongly with the anode surface. The results of the 

interaction are the reflection of atoms from the cathode and the emission of atoms 

from the anode surface, which interact with electrons near the anode surface to 

produce the anode glow. 

The atomic stream from the cathode does not emit light during the expansion process, 

while the interaction with the anode produces a significant luminescence. This 

indicates that the reflection of the cathode atomic stream on the anode surface causes 

a significant increase in the cathode atom density in the vicinity of the anode. This 

may be caused by the decrease of the atom velocity after reflection or by the fact that 

a large number of ions with higher valence become atoms after charge neutralization. 

However, the reason for the absence of luminescence during cathode plasma 

expansion and the specific process of cathode atom-anode surface interaction still need 

further experimental and theoretical studies. 

As the results in section 3.5 show, the anode always supplies atoms to the anode glow 

region during breakdown, but these atoms may come from the native anode material 

or from a contaminated layer of cathode material on the anode surface. In new 

electrode systems, the spectra of the native anode material can be clearly detected in 

the anode glow. As the number of breakdowns increases, more and more cathode 

material is deposited on the anode surface, and the contribution of this deposited 

contamination layer to the anode glow gradually increases. In some cases, such as the 

BR-Al electrode combination, the contamination of the anode surface by the cathode 

material may even lead to the complete disappearance of the spectral signal of the 
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anode material from the anode glow. The different attenuation behaviors of the 

aluminum and copper spectra in the BR-Al and Al-Cu cases may be due to the different 

properties of the corresponding electrode materials, which need to be further 

investigated. 

3.7 BRIEF SUMMARY 

In Chapter 2, it was found that the expansion process of the anode glow to the cathode 

contributes marginally to the formation of the conductive channel during vacuum 

breakdown, and it was speculated that the expansion of the cathode plasma is the main 

reason for the formation of the conductive channel. In order to confirm whether the 

cathode plasma can expand through the gap to reach the anode surface without light 

emission, this chapter conducted a spectroscopic analysis of the anode glow during 

vacuum breakdown using a spectrometer, and a microscopic morphological analysis 

and elemental composition analysis of the anode surface after the breakdown 

experiment using SEM and EDS. The analyses of the experimental results lead to the 

following conclusions: 

1) The cathode plasma can expand through the dark vacuum gap to reach the anode 

and play a major role in the establishment of the conductive channel. After breakdown 

occurs, the cathode plasma forms near the cathode surface and produces the cathode 

glow in a localized region. Although the expansion of the cathode glow region is very 

limited, leaving most of the gap in a dark state, the cathode plasma is expanding toward 

the anode and reaches the anode surface before the anode glow appears. The expansion 

of the cathode plasma makes the conductivity of the gap gradually increase and the 

voltage gradually decrease, playing a major role in the formation of the conductive 

channel. 

2) The anode glow contains not only atoms from the anode, but also atoms provided 

by the cathode plasma. This finding updates the conventional view that the anode glow 

must come from the anode. During each breakdown, ions in the expanding cathode 

plasma participate in the anode glow by charge neutralization and reflection at the 

anode surface. The atoms on the anode surface also leave the anode surface and 

participate in the anode glow, and these atoms may belong to the native anode material 

or to the cathode material contamination layer. The cathode material contamination 

layer is formed as a result of material transfer in preceding breakdowns and includes 

both smooth atomic deposits condensed in the form of vapor and micron-sized 

spherical particles. 

Equation Chapter (Next) Section 1 
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4 ANODE PHYSICAL PROCESSES IN 
VACUUM BREAKDOWN AND THEIR 
ROLE IN CONDUCTIVE CHANNEL 
FORMATION 

4.1 OVERVIEW 

The results of the spectral analysis show that the light radiation during the vacuum 

breakdown comes from the electrode material, so the physical processes on the 

cathode and anode surfaces determine the nature of the corresponding light radiation 

and its role in the formation of the conductive channel. The physical processes on the 

cathode surface and its role in the conductive channel formation have been analyzed 

in the previous sections. According to the discussion in Sections 2.5.1 and 2.6.1, there 

are a large number of thermal instability processes on the cathode surface during 

vacuum breakdown, and a luminous cathode plasma is formed near the cathode. The 

expansion process of the cathode plasma in the vacuum gap plays a major role in the 

formation of the conductive channel. This chapter focuses on the analysis of the 

physical processes on the anode surface and their relation to the conductive channel 

formation. 

The results of the previous chapter show that the anode glow comes from the transition 

radiation of the atoms from the cathode and the anode. The atoms from the cathode 

belong to the cathode material and participate in the anode glow after charge 

neutralization and reflection at the anode surface. The atoms from the anode may 

belong to the native anode material or to the cathode material contamination layer on 

the anode surface, but the physical processes leading to the emission of these atoms 

from the anode surface have not been determined. There are two possible mechanisms 

for atoms from the anode surface to enter the anode glow region, one is the evaporation 

of the anode surface under the heating effect of the cathode plasma, which is the 

conventional view on the mechanism of anode glow generation, and the other is the 

sputtering of the anode surface under the impact of the cathode plasma. 

In addition, through the study in Chapter 2, it was found that the expansion of the 

anode glow does not play a decisive role in the conductive channel formation during 

vacuum breakdown, and it was inferred that the expansion of the cathode plasma is 

the main cause of the conductive channel formation. In Chapter 3, the spectral analysis 

of the anode glow confirmed that the cathode plasma can indeed expand to reach the 

anode without glowing and play a major role in the conductive channel formation. 

However, comparing the instant of the onset of the anode glow in Table 2-2 and the 

instant of the formation of the conductive channel in Table 2-5, it is found that the 

conductive channel is formed a short time after the onset of the anode glow. This leads 

to a new question, whether the emergence of the anode glow is necessary in the 

formation of the conductive channel. 
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Therefore, the objective of this chapter is to reveal the physical mechanisms leading 

to the entry of atoms on the anode surface into the anode glow region and to elucidate 

the relationship between the appearance of the anode glow and the formation of the 

conductive channel during vacuum breakdown. The main observations are the instants 

for the anode glow appearance and the conductive channel formation. In order to 

improve the accuracy of the measurements, a streak camera with continuous time 

resolution at the picosecond level is used as the observation device. In order to 

investigate the physical processes on the electrode behind the anode glow, a 

comparative study of the results for six different anode materials, three different gap 

lengths and two applied voltages was carried out. 

4.2 EXPERIMENTAL SETUP 

Figure 4-1 shows the schematic diagram of the experimental setup. The experimental 

system in this chapter is basically the same as the previous two chapters. The 

observation equipment for the experiments in this chapter is changed to a streak 

camera (Model XIOPM-2200, denoted by O in the figure). Unlike the ICCD camera, 

the streak camera can obtain the light radiation evolution of vacuum breakdown in a 

single breakdown experiment, without the need of stitching multiple results. In 

addition, the image obtained by the streak camera reflects the continuous time 

evolution of the light radiation and has a resolution of up to picosecond level, which 

can accurately obtain the the instant of the onset of the anode glow during each vacuum 

breakdown. 

 
Figure 4-1 Schematic diagram of experimental setup 

Figure 4-2 is a schematic diagram of the structure and working principle of the streak 

camera used in the experiment, whose function can be briefly described as to image 

the continuous time evolution of a one-dimensional space with a temporal resolution 

of up to a few picoseconds. The streak camera consists of a slit, a photocathode, a 

scanning circuit, a pair of deflection electrodes, a microchannel plate (MCP), a 

fluorescent screen, and a CCD (Charge-Coupled Device) camera. The slit is used to 

select the area to be observed (a narrow area of tens of microns, i.e., a one-dimensional 

(actually narrow two-dimensional) observation object), and its width can be adjusted. 
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As shown in Figure 4-2, the light radiation of the observed object is imaged at the slit 

of the streak camera through a lens. Due to the selective effect of the slit, only photons 

that can pass through the slit are finally imaged on the CCD camera. The light blue 

plane with a grid is used to represent the plane through the slit and parallel to the 

optical axis of the streak camera, hereinafter referred to as the main plane. As shown 

in the coordinate axis on the main plane on the left side of the slit, the horizontal 

direction of the main plane indicates the time t. The direction perpendicular to the page 

indicates the spatial position along the direction of the slit x, while the direction 

perpendicular to the main plane is indicated by y. The three round dots on the main 

plane represent photons, and their colors indicate the different light intensities. The 

different positions of the three round dots on the main plane grid indicate the 

differences in the time sequence and spatial location for the arrival of the three photons 

at the slit, as shown in the coordinate diagram in the upper left corner. Photons passing 

through the slit irradiate onto the photocathode and produce photoelectrons which are 

represented by triangles due to the photoelectric effect. The temporal, spatial and 

intensity information of the incident photons is transformed into the instant of 

emission, the position of emission and the number of photoelectrons emitted, 

respectively, where the difference in the number of emissions is indicated by the color 

of the triangle. These photoelectrons emitted from the photocathode then move toward 

the microchannel plate (MCP) under the effect of an accelerating voltage. Before the 

photoelectrons reach the MCP, they have to pass through a pair of deflection electrodes. 

The scanning circuit applies a scanning voltage to the deflection electrodes, thus 

forming an electric field E between the scanning electrodes with the direction 

perpendicular to the main plane. The photoelectrons passing through the deflection 

electrodes will have a velocity and displacement along the y-direction under the action 

of the deflection electric field. Due to the different magnitudes of the scanning voltage 

at different instants, the electrons passing through the deflection electrodes at different 

instants will have different velocities and displacements in the y-direction. As shown 

in the figure, the electrons passing through the deflection electrode are distributed in 

three different planes along the y-direction. The deflection electrodes and the scanning 

circuit are the most important components that distinguish the streak camera from 

ordinary cameras. The function of the two is to convert the temporal information of 

the measured light radiation into spatial information. By changing the magnitude of 

the scanning voltage, the displacement of electrons along the y-direction when they 

reach the MCP can be controlled, i.e., the temporal information is converted into 

displacement in the y-direction. The variation of the scanning voltage with time is 

linear, with its maximum and minimum values corresponding to the arrival of 

electrons at the upper and lower boundaries of the MCP, respectively. Electrons are 

multiplied after passing through the MCP, making the measured signal significantly 

enhanced, which helps to improve the sensitivity of the streak camera. After 

multiplication, the electrons are accelerated by the electric field to bombard the 

fluorescent screen and produce visible light, which reaches the CCD camera through 

the coupled optical path. Finally, the CCD camera converts the light signal into an 

electrical signal and gets a digital image of the measured object through analog-to-

digital conversion at the computer side, and the image obtained by the streak camera 
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is called the streak image in the following. The x-direction of the streak image still 

represents the spatial position along the slit, while the y-direction represents the time 

t, as shown in the coordinate diagram in the upper right corner. The total length of the 

streak image along the y-direction corresponds to the time from the minimum to the 

maximum of the scanning voltage, i.e., the scanning time. The shorter the scanning 

time, the shorter the time represented by each pixel point, i.e., the higher the temporal 

resolution. Therefore, the temporal resolution of the streak camera can be adjusted by 

changing the scanning time. Naturally, the size of the slit also affects the temporal 

resolution of the streak camera. The streak camera used in this work can detect 

wavelengths in the range of 200-850 nm, and its spatial resolution is better than 20 

μm. The streak camera has five scanning times, namely 10 μs, 1 μs, 100 ns, 10 ns, and 

1 ns. The operating mode of the streak camera described above is called dynamic mode. 

The streak camera can also turn off the scanning circuit and leave the slit completely 

open, which is called the static mode. The image obtained in the static mode is 

identical to that of a normal camera and is a 2D image without time resolution. 

 
Figure 4-2 Schematic diagram of the structure and working principle of the streak camera 

The experiments in this chapter still use the tip-plane electrode shown in Figure 2-4. 

In order to study the influence of the anode material on the instant of the anode glow 

appearance, six metals with very different physical properties were chosen as anodes, 

including aluminum (Al), chromium (Cr), copper (Cu), molybdenum (Mo), nickel (Ni) 

and tungsten (W), while brass was used uniformly as the cathode material. The 

relevant parameters of the anode materials are shown in Table 4-1. The gap lengths 

were chosen as 2.5 mm, 5 mm and 10 mm. The peak voltage was -40 kV or -30 kV 

with a pulse width of 5 μs. The corresponding steady-state arc current during 

breakdown was 80 A or 60 A, which was determined by the current limiting resistor 

(R1=500 Ω). During the experiments, different anode materials, different gap lengths 

and different peak voltages were combined to obtain a total of 36 sets (6 × 3 × 2) of 

experiments with different conditions. Before the start of each set of experiments, the 

electrodes were replaced with brand new ones to exclude the influence of anode 
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surface contamination on the experimental results. 

Table 4-1 Physical parameters of different anode materials relevant to the experiments in this chapter 

 Al Cr Cu Mo Ni W 

Melting point / K 933 2133 1356 2890 1728 3643 

Boiling point / K 2792 2944 2835 4912 3186 6173 

Heat of fusion / J∙g-1 386.9 293 204.8 293 305.6 184.2 

Heat of vaporization / 

J∙g-1 
9462 5945 5234 5610 5862 4477 

Specific heat capacity / 

J∙kg-1∙K-1 
900 461 385 217 460 134 

Thermal conductivity / 

W∙m-1∙K-1 
210 69 398 138 60.7 163 

Density / kg∙m-3 2.69×103 7.18×103 8.96×103 1.02×104 8.90×103 1.93×104 

Before the start of each vacuum breakdown experiment, a focusing operation is 

performed, during which the streak camera is set to the static mode. Figure 4-3 shows 

an image of a 5 mm tip-plane gap obtained in static mode, and the bright area in the 

image is the open slit, through which the electrode gap can be seen. The tip cathode is 

at the top, while the plane anode is at the bottom, and the spatial position of its surface 

is indicated by a white dashed line. Then, the slit is gradually reduced and the position 

of the streak camera is fine-tuned so that the tip cathode is always in the center of the 

slit. Eventually, the slit is reduced to 100 μm, in order to ensure both sufficient input 

light intensity and the highest possible temporal resolution. After the slit is adjusted, 

the streak camera is set to dynamic mode and the evolution of the light radiation during 

vacuum breakdowns is observed. The scanning time of the streak camera used are 10 

μs and 1 μs. The total number of transverse pixels in the streak image is 2160, so the 

time resolution is 46 ns and 4.6 ns for scanning times of 10 μs and 1 μs, respectively. 

 
Figure 4-3 Image of the tip-plane gap obtained by the streak camera in static mode (5 mm gap length) 

4.3 A WAVEFORM AND STRIPED IMAGE OF THE 
VACUUM BREAKDOWN PROCESS 

Figure 4-4 shows the typical voltage and current waveforms of a vacuum breakdown 

a 5 mm gap. The anode material is copper, and the peak voltage is -40 kV. Figure 4-4(a) 

is the waveforms of the full breakdown process, while Figure 4-4(b) is a magnification 

of the initial breakdown stage. The gap voltage ug(t) and the measured current i(t) are 
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represented by blue and red curves, respectively. The instant of breakdown onset is 

denoted by t0 and is defined as a zero point, then the instants of the anode glow 

appearance and the conductive channel formation mentioned in this chapter are 

actually the delays with respect to the instant of breakdown initiation. The conductive 

channel is formed at tV0, and the pulsed high-voltage source is turned off at tE. The 

time duration of the current pulse in Figure 4-4(a) is about 5 μs, which corresponds to 

the pulse width set by the voltage source. 

 
(a) Waveforms of the entire breakdown process 

 
(b) Waveforms of the initial stage 

Figure 4-4 Typical waveforms of the vacuum breakdown process 

Figure 4-5 shows the current waveforms under different experimental conditions. To 

see more clearly the effect of the experimental conditions on the current waveform, 

only the waveforms during 0-1200 ns are shown. The variation trend of the current 

waveforms during this period can reflect the development of conductive channels. 

During the experiments, the current waveforms under all the experimental conditions 

were compared. However, for the sake of simplicity and intuitiveness, only partial 

results are given in Figure 4-5. The conditions include two gap lengths (2.5 mm and 

10 mm), two peak voltages (-30 kV and -40 kV), and all anode materials (Al, Cr, Cu, 

Mo, Ni, and W). As shown in the figure, gap length and peak voltage have a significant 

effect on the trend of current waveforms in the initial stage of vacuum breakdown. The 

current rising in small gaps is significantly faster than that in large gaps, which means 

that conductive channels are established relatively quickly in small gaps. However, 

after the current rising phase, the current stabilizes at a value determined by the peak 

voltage and the current limiting resistor R1, regardless of the gap length. That is, the 

gap current in the vacuum arc stage (P2, see Figure 2-10) is not affected by the gap 

size. On the other hand, by comparing the current waveforms corresponding to 

different anode materials, it can be found that the effect of the change of anode material 
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on the breakdown current waveforms can be ignored. Specifically, in the same gap 

length and the same pulse voltage, the current waveforms corresponding to all the 

different anode materials change almost exactly in the same trend. Considering 

significant differences in material properties (see Table 4-1), this means that anode 

materials have a very small impact on the establishment of conductive channels during 

vacuum breakdown. 

 
Figure 4-5 Current waveforms in the initial stage of vacuum breakdown under different conditions 

Figure 4-6 shows a streak image of the vacuum breakdown process shown in Figure 

4-4. The horizontal axis of the streak image represents the lapse of time rather than the 

spatial position, as shown by the principle of operation of the streak camera in Figure 

4-2. In order to observe the evolution of the whole breakdown process, the scanning 

time of the streak camera is chosen to be 10 μs. Therefore, the total observation time 

corresponding to the full width of the image is 10 μs. The corresponding voltage and 

current waveforms are also attached, and the zero point of the time axis indicates the 

onset of the vacuum breakdown at t0. The vertical axis of the streak image represents 

the spatial position along the gap axis, with the cathode tip and the anode surface at 0 

mm and -5 mm, respectively. A schematic diagram of the tip-plane electrode structure 

and two dashed lines are also attached to the streak image to indicate the positions of 

the cathode and anode.  

 
Figure 4-6 Streak image of the vacuum breakdown process in Figure 4-4 (10 μs scanning time, 5 mm 

gap, -40 kV peak voltage, copper anode) 

As shown in Figure 4-6, the cathode glow appears at tCG, which is almost identical to 
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t0, meaning that the cathode glow appears immediately after the start of the vacuum 

breakdown. This is consistent with Figure 2-23 showing the development of the 

breakdown captured by the ICCD camera. The instant of the anode glow appearance 

in Figure 4-6 is defined as tAG, which has a delay of about 300 ns with respect to tCG 

(or t0). That is, the instant of the anode glow appearance during the breakdown in a 5 

mm vacuum gap is around 300 ns, which is also in agreement with the ICCD camera 

results (see Figure 2-23). Naturally, the expansion of the anode glow was also 

observed with the streak camera, and the variation of the anode glow boundary with 

time is marked with a white dashed line in the figure. According to the slope of the 

white dashed line, the expansion rate of the anode glow to the cathode can be roughly 

estimated at about 4000 m/s. The intensity of the anode glow also decays after a period 

of time, while the cathode glow is always present until the breakdown process ends 

after tE. As can be seen in Figure 4-6, the duration of the cathode glow is also about 5 

μs, which is consistent with the duration of the voltage pulse. 

4.4 ANALYSIS OF THE PHYSICAL PROCESSES AT THE 
ANODE SURFACE 

In the previous section, the electric waveforms and the streak image during the vacuum 

breakdown of a vacuum gap with a gap length of 5 mm and an anode material of 

copper were shown as an example. There is no doubt that these results are in perfect 

agreement with those obtained using the ICCD camera in Chapter 2. In the following, 

the physical process of the electrode corresponding to the anode glow during vacuum 

breakdown will be analyzed by comparing the delay of the anode glow at different gap 

lengths, anode materials, and peak voltages. 

4.4.1 EFFECTS OF GAP LENGTH ON ANODE GLOW 

Figure 4-7,Figure 4-8 and Figure 4-9 show the streak images when breakdown occurs 

in 2.5 mm, 5 mm and 10 mm gaps, respectively, and the waveforms are attached to the 

figures. The anode material is copper, and the peak voltage and pulse width are -40 

kV and 5 μs. The positions of the cathode and the anode are marked with sketches and 

dashed lines in the figures. In order to improve the temporal resolution as much as 

possible, the scanning time of the streak camera was set to 1 μs when the gap length 

was 2.5 mm and 5 mm, as shown in Figure 4-7 and Figure 4-8. When the gap length 

is 10 mm, the instant of the anode glow may be close to or more than 1 μs. Therefore, 

the scanning time of the streak camera is set to 10 μs to ensure the accuracy of the 

obtained instant of emergence of the anode glow, as shown in Figure 4-9. In the three 

figures, the instants of the cathode glow appearance tCG all coincides with the onset 

instants of vacuum breakdown t0, while the anode glow always appears later than the 

cathode glow. When the gap length is 2.5 mm, 5 mm and 10 mm, the corresponding 

instants of the emergence of the anode glow tAG are 171 ns, 331 ns and 972 ns. In other 

words, the delay of the anode glow relative to the cathode glow increases with the 

increase of the gap, which is consistent with the results in Table 2-2. 
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Figure 4-7 Streak image of the initial stage of vacuum breakdown: tAG-tCG=171 ns (1 μs scanning 

time, 2.5 mm gap, -40 kV peak voltage, copper anode) 

 
Figure 4-8 Streak image of the initial stage of vacuum breakdown: tAG-tCG=331 ns (1 μs scanning 

time, 5 mm gap, -40 kV peak voltage, copper anode) 

 
Figure 4-9 Streak image of the initial stage of vacuum breakdown: tAG-tCG=972 ns (10 μs scanning 

time, 10 mm gap, -40 kV peak voltage, copper anode) 

Figure 4-7, Figure 4-8 and Figure 4-9 show the results of only one breakdown 
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experiment under the corresponding experimental conditions, respectively. In fact, due 

to the random nature of the vacuum breakdown process, there are some differences 

between the breakdown experiments even under the same conditions. The differences 

are reflected in the current waveform, the voltage waveform, the breakdown voltage, 

the instant of the cathode glow appearance, the instant of the anode glow appearance 

and the instant of the conductive channel formation. While illustrating the repeatability 

of the vacuum breakdown process, Figure 2-20, Figure 2-21 and Figure 2-22 also show 

the randomness of the breakdown process. In order to exclude the influence of 

randomness on the analysis of the results, the breakdown experiments were repeated 

30 times under each experimental condition and then the results were statistically 

analyzed. 

4.4.2 STATISTICAL ANALYSIS OF THE INSTANTS OF THE ANODE 

GLOW APPEARANCE UNDER DIFFERENT EXPERIMENTAL 

CONDITIONS 

Figure 4-10 provide a comprehensive overview of the instants of the anode glow 

appearance for different anode materials under different experimental conditions. As 

mentioned earlier, the instant of the anode glow emergence is the delay of the anode 

glow relative to the cathode glow (or the onset of vacuum breakdown), tAG-tCG, which 

is calculated from a streak image similar to that in Figure 4-7. In Figure 4-10, all 

experimental conditions include combinations of six anode materials (Al, W, Cr, Cu, 

Mo, and Ni), two peak voltages (-30 kV and -40 kV), and three gap lengths (2.5 mm, 

5 mm, and 10 mm), for a total of 36. The breakdown experiments were repeated 30 

times for each experimental condition, and the results obtained were statistically 

analyzed to obtain the mean and standard deviation of the instants of the anode glow 

appearance. The data points in the figure indicate the mean value, while the error bars 

indicate the corresponding standard deviations. 2.5 mm, 5 mm and 10 mm gaps are 

represented by squares, circles and triangles, respectively. The solid and hollow 

symbols correspond to pulse voltages of -30 kV and -40 kV, respectively.  

 
Figure 4-10 Comparison of the appearance of the anode glow under different experimental conditions 
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By comparing the instants of the anode glow emergence at different peak voltages, it 

can be found that the increase of the pulse voltage significantly reduces the delay of 

the anode glow relative to the cathode glow. This is because the higher voltage 

corresponds to a stronger gap current, and the stronger current is more favorable to the 

generation of the anode glow as the number of various microscopic particles moving 

with the cathode plasma toward the anode is higher. In addition, the effect of the 

change in the gap length on the instant of the appearance of the anode glow is more 

significant. With the increase of the gap length, the delay of the anode glow increases 

almost linearly. 

However, the results in Figure 4-10 are somewhat surprising when comparing the 

instants of the anode glow for different anode materials. The unexpected thing is that 

the change in anode material does not have any significant effect on the instant of 

appearance of the anode glow. In fact, for the same gap length and applied voltage, the 

change in the average anode glow delay due to the change of the anode material is 

about 3% to 10%. In comparison, the ratio of the standard deviation of the anode glow 

delay to the mean value can reach between 8% and 15% even for 30 replicate 

experiments with the same material and the same experimental conditions. This means 

that the variation of the anode glow delay due to the change of the anode material does 

not exceed the fluctuation of the anode glow delay due to the randomness of the 

vacuum breakdown process. Intuitively, it can be seen from Figure 4-10 that the range 

of variation of the mean value of the instant of the anode glow appearance 

corresponding to various anode materials is within the error bars when the gap length 

and the externally applied voltage are kept constant. Therefore, from the experimental 

results in Figure 4-10, it can be concluded that the choice of the anode material has no 

significant effect on the anode glow delay. According to Table 4-1, the six anode 

materials used in the experiments have very large differences in parameters such as 

melting point and boiling point, and it is the differences in these parameters that make 

the results in Figure 4-10 appear somewhat unexpected. 

As described in the beginning of this chapter, there are two possible mechanisms by 

which the atoms on the anode surface leave the anode and participate in the anode 

glow, including evaporation and sputtering mechanisms. The evaporation mechanism 

refers to the evaporation of the material on the anode surface because of the heating 

effect by the cathode plasma, while the sputtering mechanism refers to the sputtering 

caused by the heavy ions in the cathode plasma hitting the anode surface. The 

possibility of both mechanisms occurring on the anode surface under the current 

experimental conditions will be discussed separately below. 

4.4.3 ROLE OF EVAPORATION AND SPUTTERING IN THE 

PROCESSES AT THE ANODE SURFACE 

4.4.3.1 Evaporation mechanism 

The evaporation mechanism has been considered in many studies as the main 
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mechanism for the appearance of the anode glow during vacuum breakdown [1, 36, 

76, 81]. In the initial stage of vacuum breakdown, only a part of the vacuum gap is 

occupied by the expanding cathode plasma, while the remaining part of the gap still 

has a high potential difference, in this region with high voltage only electrons 

continuously moving toward the anode under the accelerating effect of the electric 

field. After the electrons reach the anode, their kinetic energy is converted into thermal 

energy, which heats the anode and makes the atoms on the anode surface evaporate, 

and the evaporated atoms are involved in the subsequent anode glow process. Taking 

a 5 mm gap and a gap voltage of 20 kV as an example, assuming constant acceleration 

of electrons in the gap, it can be estimated that the time required for electrons to reach 

the anode from the cathode is only 0.12 ns. In other words, the heating effect of 

electrons on the anode goes through the whole process of vacuum breakdown, 

especially before the formation of the conductive channel, the very high gap voltage 

makes the heating effect of electrons on the anode particularly obvious. In contrast, 

heavy particles (mainly ions) from the cathode can only strike the anode surface and 

produce sputtering when the expansion front of the cathode plasma reaches the anode, 

which takes several hundred nanoseconds. Therefore, the appearance of anode glow 

during vacuum breakdown is often considered to be the result of the evaporation of 

the anode surface under the heating effect of the electron flux from the cathode. 

However, the comparative study of the different anode materials shown in Figure 4-10 

do not seem to support evaporation mechanism for appearance of the anode glow. 

According to Table 4-1, the six anode materials used for the experiments in this chapter 

differ significantly in terms of their thermophysical parameters, and the delay of the 

anode glow relative to the cathode glow must exhibit a correlation with the choice of 

anode material if the main mechanism by which the atoms on the anode surface enter 

the anode glow region is evaporation. Therefore, the fact that the anode glow delay is 

not substantially affected by anode material change is intuitively contradictory to the 

evaporation mechanism. 

In order to discuss more objectively whether the evaporation mechanism can explain 

the contribution of the atoms on the anode surface to the anode glow, the temperature 

of the anode surface and the density of metal vapor produced by the evaporation 

process will be estimated by solving the heat conduction equation in the following. 

Before solving the heat conduction equation for the anode, the energy density (in W∙m-

3) injected into the anode needs to be obtained first, i.e., the total power (in W) and the 

spatial distribution of the energy flux injected into the anode needs to be determined. 

The reason why the energy density units here use the power per unit volume is that the 

spatial distribution of the energy flux considers not only the radial (along the anode 

surface) distribution, but also the longitudinal distribution (perpendicular to the anode 

surface inward). Therefore, the energy flux injected into the anode is present in the 

form of a volumetric heat source in the heat transfer calculation of the anode. 

The total power injected into the anode during vacuum breakdown can be estimated 

from the voltage and current waveforms. In the initial stage of vacuum breakdown, 

the conductive channel is not fully established, and most of the gap voltage is 

distributed between the cathode plasma boundary and the anode surface, causing the 
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electrons in this region to accelerate toward the anode. In this stage, the conduction 

current flowing through the gap is carried by the flow of electrons reaching the anode, 

so it can be assumed that most of the energy supplied to the gap by the external circuit 

is transferred to the anode by the electrons. In other words, in the initial stage of 

vacuum breakdown before the formation of the conductive channel, the total heat 

power of the electrons to the anode is approximately equal to the input power of the 

external circuit to the vacuum gap, i.e., the product of the gap voltage and the gap 

current (ug(t)×ig(t)).  

Figure 4-11 shows the voltage waveform of the vacuum breakdown and the 

corresponding input power of the external circuit to the gap, and the data in the figure 

are from the same breakdown experiment as in Figure 4-4. The input power to the gap 

is calculated using the gap voltage ug(t) and the gap current ig(t), and the gap current 

is calculated by Equation (2-1). As can be seen from the figure, after the start of 

vacuum breakdown, the input power of the external circuit to the gap undergoes a 

rising phase and a falling phase with a peak power of about 800 kW. After the 

formation of the conductive channel at tV0, the vacuum breakdown enters the vacuum 

arc stage, where the input power to the gap is basically negligible compared to the 

previous peak power due to the significant reduction of the gap voltage. Strictly 

speaking, according to the vacuum arc theory, the gap voltage of the vacuum arc is 

mainly concentrated in the cathode sheath, and the energy provided by the external 

circuit to the gap is also mainly concentrated at the cathode spot, which is used to 

maintain the continuous generation of cathode plasma. The energy input from the arc 

to the anode is much smaller at this point. However, given that the total input power 

to the gap during the vacuum arc stage is also much less than the previous peak power, 

the power input to the anode during this stage (after tV0) is not strictly calculated in the 

following, but the total input power to the gap is used as an approximation of the power 

input to the anode. Therefore, the total power injected into the anode is calculated 

using the following equation: 

 P(t)= ug(t)×ig(t) (4-1) 

where P(t) is the total power injected into the anode (in W); ug(t) is the gap voltage (in 

V); ig(t) is the gap current (in A), calculated by Equation (2-1). 

 
Figure 4-11 Gap voltage waveform and the input power of the external circuit to the gap 

corresponding to the vacuum breakdown process shown in Figure 4-4( copper anode, 5 mm gap, -40 

kV peak voltage) 
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Both the radial (along the anode surface) and longitudinal (perpendicular to the anode 

surface inward) distributions of the energy flow into the anode during vacuum 

breakdown need to be considered. When estimating the radial distribution, the anode 

glow spot size on the anode surface is used as a reference. According to the images of 

the light radiation of the vacuum breakdown process shown in Figure 2-23 to Figure 

2-25, the spot size on the anode surface and the gap length are approximately equal 

when the anode glow has just appeared. For example, the spot size at the anode surface 

in a 5 mm gap is 5.7 mm. Assuming that the energy flow into the anode satisfies a 

two-dimensional Gaussian distribution in the radial direction: 
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where (x, y) is spatial coordinates on the anode surface; f(x, y) is the distribution 

function of the energy flow on the anode surface, whose two-dimensional spatial 

integration equals to 1; σ1 is the distribution radius in the x direction, i.e. the standard 

deviation; σ2 is the distribution radius in the y direction, i.e. the standard deviation; (μ1, 

μ2), is the spatial coordinates of the location for the peak power, i.e. the center point 

of the two-dimensional Gaussian distribution, which is also the center of the anode 

glow spot on the anode surface, and the position of the center will have some 

randomness during different breakdowns, see Figure 2-23. It is considered that the 

distribution of the energy flow in the x and y directions is exactly the same, i.e., 

σ1=σ2=σ, σ is referred to as the distribution radius below. According to the properties 

of Gaussian distribution, the probability that the values are distributed within [μ-3σ, 

μ+3σ] is 99.74%. Therefore, it is assumed that 6σ=5.7 mm≈ 6 mm for a gap length of 

5 mm, i.e., the distribution radius σ of the energy flow is assumed to be 1 mm. Next, 

the value of this distribution radius (1 mm) will be used to calculate and demonstrate 

the distribution of the energy flow into the anode, while the reasonable range of the 

distribution radius σ will be discussed after the complete anode heat conduction model 

is introduced. Thus, the peak power density of the energy injected into the anode (i.e., 

the peak of the surface power density, W(t), in W∙m-2) can be expressed by the 

following equation: 

  W(t)=P(t)f (μ
1
, μ

2
)=

ug(t)×ig(t)

2πσ2
 (4-3) 

where W(t) is actually the power density at the center (μ1, μ2) of the anode glow spot 

on the anode surface. Figure 4-12 gives the peak surface power density injected into 

the anode as a function of a time during the breakdown corresponding to Figure 4-4. 

The waveform of the gap voltage is still included in the figure to provide a temporal 

reference. The peak surface power density in this figure is calculated for a distribution 

radius σ of 1 mm, resulting in a maximum value of 1.27×1011 W∙m-2 in time evolution. 
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Figure 4-12 Gap voltage waveform and peak surface power density W(t) of the energy flow into the 

anode corresponding to the vacuum breakdown process in Figure 4-4 (copper anode, 5 mm gap, -40 

kV peak voltage, distribution radius σ being 1 mm) 

As mentioned above, the energy injected into the anode comes mainly from the kinetic 

energy carried by the electrons entering the anode. As shown in Figure 4-11, before 

the formation of the conductive channel, the electrons are accelerated by the gap 

voltage towards the anode, so that the kinetic energy of the electrons reaching the 

anode surface can reach several tens of keV. The electrons with such high energy do 

not just reside on the anode surface, but can carry kinetic energy with them at a certain 

penetration depth inside the anode (hereinafter referred to as electron penetration 

depth, zd), slowly dissipating the energy in the process of penetration into the anode, 

which causes heating of the anode. Therefore, the energy flow into the anode is 

considered as a volumetric heat source in the heat conduction calculation of the anode, 

and the corresponding unit is W∙m-3. Furthermore, in the following calculations, the 

rate of dissipation of the kinetic energy of electrons inside the anode is considered to 

be uniform, i.e., the loss of kinetic energy of electrons per unit penetration depth is 

constant. The electron penetration depth (zd) is estimated according to the Continuous 

Slowing Down Approximation (CSDA), and the corresponding results can be found 

in the ESTAR database[95]. Figure 4-13 shows the electron penetration depth (zd) for 

different anode materials when the incident electron energy is in the range of 0-100 

keV. It can be seen that the electron penetration depth in metals gradually increases 

with electron energy. In the gap voltage range covered in this paper, the electron 

penetration depths are in the order of microns. To ensure the stability of the numerical 

calculation, the penetration depth is forced to be 100 nm for electron energies below 

1000 eV. The variation of the gap voltage and electron penetration depth zd with time 

during a vacuum breakdown is given in Figure 4-14. The voltage waveform is taken 

from the breakdown process in Figure 4-4. The electron penetration depth is positively 

correlated with the magnitude of the gap voltage, which reaches a maximum of 1.86 

μm during the breakdown process. Before the start of vacuum breakdown (t<t0), the 

gap voltage is already high, but the electron current reaching the anode is very small, 

and the electron penetration depth at this stage is shown in the figure as 100 nm. It has 

no effect on the subsequent calculation of the anode heat conduction. This is because 

the total power P(t) of the energy flow into the anode before t0 is zero, and the 

adjustment of the penetration depth does not affect the density of the energy flow into 

the anode. 
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Figure 4-13 Variation of electron penetration depth zd with incident energy for different anode 

materials 

 
Figure 4-14 Voltage waveform and electron penetration depth zd during vacuum breakdown 

corresponding to Figure 4-4 

Through the above discussion, the peak surface power density W(t) of the energy flow 

into the anode, i.e., the power density (in W∙m-2) at the center of the anode glow spot 

(μ1, μ2), and the electron penetration depth zd (in m) have been obtained. Thus, the 

energy flow density on the axis through the spot center (μ1, μ2) can be calculated by 

the following equation: 

  Q(t)=
W(t)

zd(t)
=

P(t)

2πσ2zd(t)
=

ug(t)×ig(t)

2πσ2zd(t)
 (4-4) 

where Q(t) is the energy flow density on the axis through the center of the anode glow 

spot (μ1, μ2) (in W-m-3), referred to as the central axis energy flux in the following. 

The variation of gap voltage and Q(t) with time for a vacuum breakdown is given in 

Figure 4-15. The voltage waveform is taken from the breakdown in Figure 4-4. As can 

be seen from the figure, Q(t) peaks at 2.81×1017 W∙m-3 between t0 and tV0. After the 

formation of the conductive channel (t>tV0), Q(t) appears negative due to the 

oscillation of the gap voltage, but it is practically impossible for the electrons to deliver 

negative energy to the anode. Therefore, during the calculation, the negative energy 

injected into the anode is forced to be 0. 

To intuitively illustrate the several physical quantities related to the energy flow into 

the anode mentioned above, including the total power P(t) (in W) of the injected 

energy, the peak surface power density W(t) (in W∙m-2) and the central axis energy 

flux Q(t) (in W∙m-3), a schematic diagram of the anode heating process during vacuum 
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breakdown is given in Figure 4-16. As shown in Figure 4-16(a), P(t) is basically equal 

to the input power of the external circuit to the vacuum gap ug(t) × ig(t). This energy 

flow is not uniformly distributed on the anode surface, but satisfies the two-

dimensional Gaussian distribution as in Equation (4-2). The surface power density 

reaches its maximum W(t) at the center of the two-dimensional Gaussian distribution 

(x=μ1, y=μ2), as shown in Figure 4-16(b). Since the high-energy electrons have a 

certain penetration depth zd in the anode, the energy flow reaching the anode surface 

is in turn distributed in the direction perpendicular to the surface to a certain depth 

range (0<z<zd) inside the anode, as shown in Figure 4-16(c). 

 
Figure 4-15 Voltage waveforms and central axis energy flux Q(t) during vacuum breakdown 

corresponding to Figure 4-4 (copper anode, 5 mm gap, -40 kV peak voltage, distribution radius of the 

injected energy σ being 1 mm)  

 
Figure 4-16 Schematic diagram of the anode heating process during vacuum breakdown: (a) three-

dimensional illustration of the anode heating; (b) energy flow distribution on the anode surface; (c) 

energy flow distribution on the anode longitudinal section; (d) one-dimensional anode heat 

conduction model obtained by abstracting from the central axis of the energy flow 

As can be seen from Figure 4-14, the electron penetration depth zd inside the anode 

during vacuum breakdown does not exceed a few microns, while the distribution 

radius σ of the heat flow on the anode surface is in the order of millimeters. This 

suggests that the anode heat conduction process is more significant in the direction 

perpendicular to the anode surface, so the process can be abstracted as a one-

dimensional model along the vertical direction, as shown in Figure 4-16(d). Since the 

purpose of solving the anode heat conduction equation is to obtain the maximum 

temperature and maximum vapor density on the anode surface, the location of the one-

dimensional heat conduction model is chosen to be on the central axis of the injected 
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energy, i.e., a line through (x=μ1, y=μ2) and perpendicular to the anode surface. The 

one-dimensional heat conduction equation can be written in the following form: 

 ρC
v

∂T

∂t
=κ

∂
2
T

∂z2
+p(z) (4-5) 

where ρ is the density of anode material (in kg∙m-3); Cv is the heat capacity of anode 

material (in J∙kg-1∙K-1); T is temperature of anode (in K); t is the time variable (in s); z 

is the depth from the anode surface (in m); κ is the thermal conductivity of anode 

material (in W∙m-1∙K-1); p(z) is the energy flow density deposited inside the anode as 

a function of the depth z (in W∙m-3). When 0<z<zd, p(z)=Q(t)=W(t)/zd, while for z>zd, 

p(z) = 0. 

As shown in Figure 4-16, the length of the computational region of the one-

dimensional heat conduction model for the anode is 50 μm, with the anode surface 

(z=0) at the upper end and a point inside the anode (z=50 μm) at the lower end. The 

model considers the volumetric heat source p(z), heat conduction, latent heat of 

melting, and energy loss due to evaporation. The upper boundary of the model uses a 

heat flux boundary to describe the energy loss due to evaporation, and the lower 

boundary is set as an adiabatic boundary (the rationality for the adiabatic boundary 

will be explained later). The heat flux removed by evaporation from the anode surface 

is calculated using the equation: 

 q
ev

=
Lev

NA

ϕ (4-6) 

where qev is the energy loss of evaporation (in W∙m-2); Lev is evaporative heat (in J∙mol-

1); NA is Avogadro constant, 6.02×1023 mol-1; ϕ is evaporation rate (in m-2∙s-1) 

calculated as follows: 

 ϕ=
p

sat

√2πkmT
 (4-7) 

where k is Boltzmann constant, 1.38×10-23 J∙K-1; m is atomic mass (in kg); psat is 

saturated vapor pressure of anode material (in Pa), calculated by the Clausius-

Clapeyron equation as follows: 

 p
sat

=p
atm

exp [-
Lev

R
(

1

T
-

1

Tb

)] (4-8) 

where patm is atmospheric pressure, 1.01×105 Pa; R is ideal gas constant, 8.314 J∙mol-

1∙K-1; Tb is boiling point of material (in K). 

The heat conduction model in Equation (4-5) was solved using Comsol software. The 

grid size of the model is 100 nm, which is consistent with the minimum electron 

penetration depth. The initial temperature of the anode is set to 300 K. The model 

calculates the temperature change of the anode during 700 ns from the breakdown 

onset instant t0, and the time step is set to 1 ns. Since the input power of the external 

circuit to the gap and the gap voltage are time-dependent, as in Figure 4-11, the 

electron penetration depth zd and the central axis energy flux Q(t) need to be obtained 
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according to Figure 4-13 and Equation  (4-4), respectively, before each calculation 

step. 

Figure 4-17 gives the anode temperature distribution as a function of time during a 

vacuum breakdown obtained by the above one-dimensional heat conduction model. 

The input data for the model are taken from the voltage and current waveforms in 

Figure 4-4, corresponding to the experimental conditions: 5 mm vacuum gap, -40 kV 

peak voltage, 5 μs pulse width and copper anode. The results of this figure were 

obtained under the assumption that the distribution radius σ of the energy flow on the 

anode surface is equal to 1 mm. The horizontal axis of Figure 4-17 represents the 

distance of the position inside the anode from the anode surface, with position 0 being 

the anode surface, while the vertical axis shows the temperature values at each spatial 

position. The temperature distribution at different instants (with respect to the start of 

breakdown at t0) is shown in five different curves. Before the start of breakdown, the 

temperature of the anode is equal to the ambient temperature (300 K). After the onset 

of breakdown, the energy flow into the anode increases rapidly (see Figure 4-15), 

causing the temperature near the anode surface to rise rapidly. About 300 ns after the 

onset of breakdown, the temperature at the anode surface reaches a maximum value 

of 1400 K. Since then, the energy flow into the anode starts to drop (see Figure 4-15), 

and the energy gradually expands from the anode surface to the anode interior, causing 

the temperature at the anode surface to gradually decrease while the temperature inside 

the anode gradually increases. As the energy expands inside the anode, the spatial 

distribution of temperature tends to flatten out, as shown in the curve at 700 ns in 

Figure 4-17. The temperature gradient at the lower boundary of the model (50 μm 

position) is always zero during the 700 ns calculation time, which means that the heat 

flux through this boundary is zero. Therefore, it is a reasonable assumption to set the 

lower boundary of the 1D heat conduction model as an adiabatic boundary condition 

(see Figure 4-16(d)). 

According to Figure 4-17, although the temperature distribution inside the anode 

changes with time, the temperature at the anode surface is always the highest. That is, 

the center of the distribution of the energy flow at the anode surface (x=μ1, y=μ2) is 

where the maximum anode temperature is located. Knowing the anode surface 

temperature, the evaporated atom number density (nev) near the anode surface can be 

calculated from the saturation vapor pressure and the ideal gas equation, as follows: 

 p
sat

=nevkTs (4-9) 

where Ts is the temperature of the anode surface (in K).  

Before calculating the evaporated atom number density near the anode surface under 

different experimental conditions, a reasonable range of the distribution radius σ of 

the energy flow is discussed. According to the microscopic morphology of the anode 

surface after the experiment in Section 2.6.2, the copper anode did not melt 

significantly during the breakdown of the 0.5 mm-5 mm gap. Therefore, a reasonable 

range of the distribution radius σ can be estimated by calculating the maximum 

temperature of the anode surface at different distribution radii σ. Figure 4-18(a) and 

(b) shows the variation of the maximum temperature at the anode surface with the 
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distribution radius σ of the energy flow for gap lengths of 2.5 mm and 5 mm, 

respectively. The solid line in the figure indicates the maximum temperature at the 

anode surface and the dashed line indicates the melting point of copper (1356 K). As 

the distribution radius decreases, the density of energy flow into the anode increases, 

resulting in a corresponding increase in the temperature of the anode surface. Based 

on the fact that the anode surface has not melted, it can be deduced that: at 2.5 mm 

gap, the distribution radius must not be less than 0.9 mm, and at 5 mm gap, the 

distribution radius must not be less than 1 mm. According to the observation of the 

anode glow in Chapter 2, the spot size of the anode glow on the anode surface increases 

linearly with the gap length (see Figure 2-23, Figure 2-24 and Figure 2-25). Therefore, 

it is reasonable to believe that the distribution radius of the injected energy into the 

anode will also increase significantly with the increase of the gap length. In other 

words, for a gap length of 5 mm, the distribution radius on the anode surface is likely 

to reach 2 mm (greater than 2 × 0.9 mm). In addition, according to the results in 

Section 2.6.2, no significant melting is observed on the anode surface even at a gap 

length of 0.5 mm, which indicates that the above estimates of the distribution radius 

in the 2.5 mm and 5 mm gaps may still be lower than the actual value. In other words, 

the actual distribution radius of the injected energy flow may be larger. 

 
Figure 4-17 Variation of anode temperature distribution with time during vacuum breakdown (copper 

anode, 5 mm gap, -40 kV peak voltage, distribution radius σ being 1 mm) 

   
(a) 2.5 mm gap                             (b) 5 mm gap 

Figure 4-18 Maximum temperature of the anode surface for different distribution radii σ (copper 

anode, -40 kV peak voltage) 

Next, the maximum surface temperature and the evaporated atom number density nev 

for the anodes of different materials during vacuum breakdown will be discussed 

under one of the experimental conditions in this chapter (5 mm gap and -40 kV peak 
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voltage). Figure 4-19(a)-(d) present the variation of the maximum surface temperature 

of the anode and the evaporated atom number density nev with time for the distribution 

radius σ of 1 mm and 2 mm, respectively, with the time zero indicating the onset instant 

of vacuum breakdown t0. Each subplot contains six curves representing six different 

anode materials, each obtained by averaging the results of 30 experiments under the 

same conditions. As shown in Figure 4-19(a) and (b), both the maximum anode surface 

temperature and the evaporated atom number density nev rise to their peak 200-300 ns 

after the onset of breakdown when the distribution radius σ=1 mm, after which both 

values start to decrease rapidly. In both plots, a strong correlation is observed for the 

anode surface temperature and the evaporated atom number density with the choice of 

material. The value of the maximum surface temperature is smaller compared to the 

other materials when the anode material is copper, which is due to the better thermal 

conductivity of copper, allowing a faster conduction of heat to the inside of the anode. 

The differences in the evaporated atom number density corresponding to the different 

anode materials are even more pronounced: the chromium (Cr) anode has the highest 

evaporated atom number density (4.83×1022 m-3), which is about 11 orders of 

magnitude higher than that of the tungsten (W) anode (6.03×1011 m-3). In addition, the 

maximum evaporated atom number densities are 6.03×1011 m-3 and 3.17×1016 m-3 for 

tungsten (W) and molybdenum (Mo) anodes, respectively, which are even lower than 

the atom number density of the residual gas in the vacuum chamber where the 

experiments were conducted (gas density of about 6.04×1016 at a pressure of 2.5×10-4 

Pa and a temperature of 300 K). 

According to Figure 4-19(c) and (d), when the distribution radius σ is set to a more 

reasonable value of 2 mm, the maximum anode surface temperature and the 

evaporated atom number density nev both undergo a significant decrease. The 

maximum evaporated atom number density corresponding to all anode materials at 

this time does not exceed 1×107 m-3, and such a low evaporated atom number density 

is unlikely to produce anode glow. Even if the distribution radius is as small as 1 mm, 

the evaporated atom density of tungsten and molybdenum still does not support the 

generation of anode glow. However, the anode glow phenomenon was observed near 

the anode surface when all the different anode materials were used. Furthermore, if all 

atoms in the anode glow region are evaporated from the anode surface, the large 

differences in the number density of evaporated atoms corresponding to different 

materials would also lead to large and stable differences in the anode glow delay. This 

is in contradiction with the small differences in anode glow delays for different anode 

materials in Figure 4-10. Based on these two contradictions between the experimental 

and computational results, the process of atoms leaving the anode surface and 

participating in the anode glow cannot be reasonably explained by the evaporation 

mechanism. In other words, under the experimental conditions of this dissertation, the 

bombardment and heating of the anode surface by the electron flow from the cathode 

cannot explain the phenomenon of a large number of atoms leaving the anode surface 

and participating in the anode glow. 
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(a) Anode surface temperature, σ=1 mm            (b) Evaporated atom density, σ=1 mm 

  
(c) Anode surface temperature, σ=2 mm            (d) Evaporated atom density, σ=2 mm 

Figure 4-19 Maximum anode surface temperature and evaporated atom number density nev as a 

function of time during vacuum breakdown (5 mm gap, -40 kV peak voltage) 

4.4.3.2 Sputtering mechanism 

Since the evaporation mechanism cannot reasonably account for the anode 

composition in the anode glow, the next step is to discuss whether the sputtering 

mechanism is feasible. The sputtering of atoms on the anode surface requires 

bombardment by heavy particles from the cathode, where the main heavy particles 

considered are the positive ions in the cathode plasma. Since the cathode used in the 

experiments of this chapter is a brass needle, the ions incident on the anode surface 

are mainly copper ions. According to the spectral results of the anode glow in Chapter 

3, both the atoms from the cathode and the atoms from the anode contribute to the 

anode glow during the breakdown, and the anode glow already contains the spectral 

components of the cathode material just as it appears. This indicates that ions from the 

cathode material have already reached the anode surface by the time the anode glow 

appears, and these cathode ions that reach the anode surface may then bombard the 

anode surface and produce sputtering of atoms from the anode material. In order to 

verify the sputtering mechanism, the following parameters need to be obtained: the 

velocity of the cathode material ions moving toward the anode, the sputtering yield of 

the cathode ions bombarding the anode material, the cathode ion flux, and the 

distribution of the cathode ion flux on the anode surface. 

Firstly, the velocity of ions moving from the cathode to the anode is estimated. 
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According to Figure 4-10, there is an approximately linear relationship between the 

anode glow delay and the gap length, indicating that the motion of the ions from the 

cathode to the anode is essentially at a constant speed. This has also been confirmed 

in the work of other researchers[84, 86, 90-93]. Based on the ratio between the gap 

length and the instant of the anode glow appearance, the velocity of the ions can be 

roughly estimated to be between 12000 m/s and 20000 m/s. In some experimental and 

theoretical studies, the ion velocity also reached this range[84, 86, 90-93]. Such a high 

ion velocity corresponds to a high enough kinetic energy which can cause the neutral 

atoms on the anode surface to sputter and leave the anode surface. The bombardment 

of the anode surface by cathode ions was simulated using the Binary Collision 

Approximation (BCA) code SRIM[96], and the sputtering yield and the average 

energy of the sputtered atoms were calculated for different anode materials. Since the 

appearance of the anode glow requires the accumulation of particles to a certain 

concentration, the instant of the arrival of the cathode ions at the anode must be earlier 

than the instant of the anode glow appearance (under the assumption of the sputtering 

mechanism). Therefore, in all simulations, the velocity of copper ions is set to 20000 

m/s, corresponding to an incident energy of 132 eV. The calculated sputtering yield, 

average energy (〈E〉sp) and average velocity of sputtered atoms (〈v〉sp) are shown in 

Table 4-2.  

Table 4-2 Sputtering rate (Y), average energy of sputtered atoms (〈E〉sp) and average velocity of 

sputtered atoms (〈v〉sp) for different anode materials 

Anode material Al W Cr Cu Mo Ni 

Sputtering yield Y 0.12 0.44 0.21 0.62 0.4 0.35 

Average energy 〈E〉sp/ eV∙atom-1 4 22.9 6.5 7.7 21.4 7.4 

Average speed 〈v〉sp/ m∙s-1 5349 4904 4912 4836 6562 4933 

According to previous measurements, the ion current corresponding to the flow of ions 

from the cathode to the anode during the steady-state vacuum arc accounts for 8%-12% 

of the total gap current[97, 98]. In the experiments of this chapter, the evolution of 

vacuum breakdown is close to the vacuum arc stage when ions from the cathode reach 

the anode (or when the anode glow appears) (see Section 4.5), so the ion current 

reaching the anode surface is assumed to be 10% of the total gap current ig(t). When 

the peak pulse voltage is set to -40 kV, the gap current in the vacuum arc stage is 80 

A. Then the ion current Iion can be roughly estimated as 8 A. Assuming that the 

distribution of the ion flow on the anode surface is the same as the distribution of the 

electron flow, i.e., it satisfies the two-dimensional Gaussian distribution in Equation 

(4-2). Still taking a vacuum gap of 5 mm as an example, the distribution radius σ of 

the ion current is taken as 1 mm or 2 mm. the maximum ion flux reaching the anode 

surface can be estimated by the following equation: 

 Fion=
Iion

Ze

1

2πσ2
 (4-10) 

where Fion is the maximum flux of the cathode ion flow reaching the anode surface (in 

m-2∙s-1); Z is the average charge of the ions, about 2 in the vacuum arc; σ is the 

distribution radius of cathode ion flow on the anode surface, 1 mm or 2 mm. 
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For a gap current of 80 A and a distribution radius of 1 mm, Fion=3.98×1024 m-2∙s-1. 

The density of sputtered atoms produced on the anode surface, nsp (in in m-3), can be 

further calculated by the following equation: 

 nsp=
FionY

vsp

 (4-11) 

Where Y and vsp are the sputtering yield and average velocity of the sputtered atoms 

as shown in Table 4-2. 

In order to produce detectable anode glow, as shown in Figure 4-6, the atom number 

density near the anode must be sufficiently high. The time required to establish a high 

atom number density will determine the delay of the anode glow with respect to the 

cathode glow.  

 

 
 

Table 4-3 compares the sputtered atom number density (nsp) and evaporated atom 

number density (nev) produced for different anode materials with one of the 

experimental conditions (5 mm gap and -40 kV peak voltage) as an example. When 

the distribution radius of the ion and electron flows on the anode surface is 1 mm, the 

sputtered atom number density (nsp) from the anode surface of different materials are 

all around 1020 m-3, with a small difference of not more than one order of magnitude 

from each other. Under this condition (σ=1 mm), the evaporated atom number density 

has a higher value when the anode materials are Al, Cr and Ni, while the sputtered 

atom number density has a higher value for W, Cu and Mo anodes. When the 

distribution radius is increased from 1 mm to 2 mm, the sputtered atom number density 

decreases to 1/4 of the original one, which is due to the fact that the maximum flux of 

the ion flow on the anode surface is reduced to 1/4 of the original one, as shown in 

Equation (4-10). In contrast, the decrease in the evaporated atom number density is 

dramatic, with that corresponding to the tungsten anode even decreasing to 10-30 m-3. 

According to the relevant discussion in Figure 4-18, reasonable values of the 

distribution radius of the electron and ion streams on the anode surface are likely to 

be above 2 mm (5 mm gap), in which case the value of the evaporated atom number 

density is unlikely to produce anode glow, while the density level of the sputtered 

atoms (three orders of magnitude higher than the residual gas density of the vacuum 

cavity) is still within the range where anode glow can be produced. In addition, the 

sputtered atom number density produced by the different anode materials is essentially 

of the same order of magnitude, a fact that is also consistent with the proximity of the 

instants of the anode glow appearance for the various materials in Figure 4-10. Thus, 

sputtering from the anode surface under the bombardment of cathode ions is the main 

mechanism for the escape of anode atoms from the anode surface, and this mechanism 

provides a large number of atoms for the production of the anode glow. This finally 

results in the presence of significant spectral signals from the anode surface material 

(both the native anode material and the material in the contamination layer of the 

cathode material) in the anode glow, as shown by the results in Chapter 3. 
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Table 4-3 Comparison of sputtered atom number density (nsp) and evaporated atom number density 

(nev) produced by different anode materials (5 mm gap and -40 kV peak voltage, assuming that both 

electron and ion flows on the anode surface satisfy the Gaussian distribution in Equation (4-2) with a 

distribution radius of 1 mm or 2 mm)  

Anode 

material 
Al W Cr Cu Mo Ni 

nσ=1mm

sp
 / m-3 8.93×1019 3.57×1020 1.70×1020 5.10×1020 2.43×1020 2.82×1020 

nσ=1mm
ev  / m-3 1.82×1022 6.03×1011 4.83×1022 2.58×1017 3.17×1016 1.91×1021 

nσ=2mm

sp
 / m-3 2.23×1019 8.93×1019 4.25×1019 1.27×1020 6.07×1019 7.06×1019 

nσ=2mm
ev  / m-3 7.82×104 3.90×10-30 2.15×106 9.62×10-3 2.41×10-14 3.81×103 

4.5 RELATIONSHIP BETWEEN ANODE GLOW 
APPEARANCE AND CONDUCTIVE CHANNEL 
FORMATION 

As shown in Figure 4-4 and Figure 4-6, the evolution of the vacuum breakdown 

process is accompanied by the continuous change of the electrical and optical radiation 

signals, both of which reflect the state of the vacuum breakdown in terms of the gap 

conductivity and the particle spatial distribution, respectively. Once the vacuum 

breakdown starts (t>t0), the gap current gradually rises and the voltage gradually 

decreases, reflecting the transition of the gap from an insulating to a conducting state. 

When the gap voltage drops to zero (t=tV0), a complete conductive channel is 

established in the gap. The establishment of the conductive channel requires in turn 

particles from the cathode and anode as the medium, so there is a close connection 

between the electrical and optical radiation signals during breakdown. For example, 

the emergence of the cathode glow and the onset of the breakdown process are 

essentially synchronized (t0≈tCG), implying that the initiation and development of 

breakdown requires the establishment of the cathode plasma as a prerequisite. On the 

issue of the relationship between the anode glow and breakdown development, many 

previous researchers have observed that the instant when the gap voltage drops 

completely coincides with the instant when the anode glow conjoins the entire gap[1, 

53, 76, 81]. Therefore, they believe that the appearance of the anode glow and its 

expansion toward the cathode during vacuum breakdown is a necessary condition for 

the formation of a fully conductive channel in the gap. However, after the study in 

Chapter 2, it is found that the expansion of the anode glow does not play a decisive 

role in the formation of the conductive channel. In other words, the expansion of the 

anode glow and its connection across the gap is not a necessary condition for the 

conductive channel formation, and the establishment of the conductive channel is most 

likely the result of the cathode plasma expansion. The discussions in Chapters 3 and 4 

indicate that ions from the cathode are indeed able to expand across the dark gap 
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toward the anode before the anode glow appears. Both electrons and ions in the 

cathode plasma move toward the anode, indicating that the cathode plasma is 

expanding toward the anode. The discussion in the previous section illustrates that the 

emergence of the anode glow is the result of the interaction of the ions in the cathode 

plasma with the anode surface. Since the formation of the conductive channel during 

breakdown and the appearance of the anode glow are both the result of the expansion 

of the cathode plasma to the anode, what relationship exists between the two? 

Based on the light radiation signal obtained by the ICCD camera, the second and 

fourth columns of Table 2-2 compare the instants of the anode glow appearance and 

the conductive channel formation. According to this comparison, the anode emission 

appears earlier than the formation of the conductive channel, but the time difference 

is comparable to the exposure time of the camera. In addition, due to the frame rate 

limitation of the ICCD camera, there are only a few images near the instant of the 

anode glow emergence. Therefore, the comparison in this table does not reflect well 

the relationship between the anode glow appearance and the conductive channel 

formation in terms of time. The streak camera used in this chapter records the 

continuous time evolution of the breakdown process, and there are 30 results for each 

experimental condition. The statistical analysis of the experimental results obtained in 

this chapter can reflect more accurately the relationship between the appearance of the 

anode glow and the formation of the conductive channel.  

Figure 4-20 shows the comparison between the instants of the anode glow appearance 

and the conductive channel formation under different experimental conditions. Figure 

(a) shows the results for a peak voltage of -30 kV, while Figure (b) shows the results 

for a peak voltage of -40 kV. Both figures use hollow symbols and dashed lines to 

indicate the instant of the anode glow appearance (the delay tAG-t0) and use the solid 

symbols and solid lines to indicate the instant of the conductive channel formation (the 

delay tV0-t0). The data points in the graph are the mean of the 30 results for each 

experimental condition, while the error bars indicate the corresponding standard 

deviations. As shown in the figure, the appearance of the anode glow and the 

establishment of the conductive channel are very close in time. At higher applied 

voltages and shorter gaps, the appearance of the anode glow is slightly earlier than the 

formation of the conductive channel, i.e., tAG<tV0 (see the time delay corresponding to 

the gaps of 2.5 mm and 5 mm in Figure 4-20(b)). When the applied voltage is small, 

as in the delay corresponding to the gaps of 2.5 mm and 5 mm in Figure 4-20(a), the 

appearance of the anode glow tends to be later than the establishment of the conductive 

channel. 
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Figure 4-20 Comparison of the instants of the anode glow appearance and the conductive channel 

formation under different experimental conditions 

Then, the data in Figure 4-20 were regrouped and replotted in Figure 4-21 and used to 

analyze the effects of the peak voltage on the instants of the anode glow appearance 

(Figure 4-21(a)) and the conductive channel formation (Figure 4-21(b)). Analysis of 

the data in the figure shows that increasing the peak voltage (i.e., increasing the gap 

current) significantly reduces the delay in the appearance of the anode glow, but has 

little effect on the delay required for the formation of the conductive channel. This 

phenomenon is more pronounced in the 2.5 mm and 5 mm gaps. The increases in pulse 

voltage and gap current imply a rise in the flux of charged particles in the vacuum gap, 

which has a facilitating effect on both the anode glow appearance and the conductive 

channel formation. However, according to the comparison in Figure 4-21, the 

dependence of the anode glow on the particle flux is more significant. This is because 

the appearance of the anode glow requires the particle density near the anode surface 

to accumulate to a certain threshold, while the formation of the conductive channel 

only requires the expanding cathode plasma to reach the anode surface. This also 

shows once again that the anode glow is a secondary effect of the cathode plasma 

expansion, while the appearance of the anode glow does not contribute significantly 

to the construction of the conductive channel. In addition, the result that the delay 

required for the conductive channel formation is less affected by the pulse voltage and 

the gap current also indicates that the expansion velocity of the cathode plasma is little 

dependent on the magnitude of the gap current, which is also consistent with the results 

in the literature[91]. 

 
Figure 4-21 Effect of applied pulse voltage on the instants of the anode glow appearance (a) and the 

conductive channel formation(b) 
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Finally, the data obtained under all experimental conditions in this chapter (6 materials, 

2 voltages, 3 gap lengths, 30 repetitions of each experiment, 1080 experiments in total) 

were used to analyze the correlation between the instant of the anode glow appearance 

and the instant of the conductive channel formation. The data of the 1080 experiments 

were plotted in the form of scattered points in Figure 4-22, using the instant of the 

conductive channel formation as the x coordinate and the instant of the anode glow 

appearance as the y coordinate. The data for different gap lengths are indicated by 

different symbols, and it can be seen that both the anode glow and the conductive 

channel require a longer delay to form in longer gaps. Next, the Pearson correlation 

coefficient was calculated for the x-coordinate (conductive channel formation) and the 

y-coordinate (anode glow appearance) of the data points in Figure 4-22, as follows: 

 ρ
X,Y

=
cov(X,Y)

σXσY

 (4-12) 

where X is the set consisting of x-coordinates of data points; Y is the set consisting of 

y-coordinates of data points; ρX,Y is the Pearson correlation coefficient; cov(X,Y) is the 

covariance of X and Y; σX is the standard deviation of X; σY is the standard deviation 

of Y. The covariance and standard deviation are calculated as follows: 

 cov(X,Y)=
∑ (Xi-E(X))(Yi-E(Y))n

i=1

n
 (4-13) 

 σX=√
∑ (Xi-E(X))

2n
i=1

n
 (4-14) 

 σY=√
∑ (Yi-E(Y))

2n
i=1

n
 (4-15) 

where Xi is the i-th element of the data set X; E(X) is the mean of the data set X; Yi is 

the i-th element of the data set Y; E(Y) is the mean of the data set Y; n is the element 

number sets X and Y. The covariance represents the overall error of two variables, 

which is different from the variance that represents the error of only one variable. The 

variance is a special case of covariance, i.e., when the two variables are identical. The 

covariance between two variables is positive if they have the same trend, that is, if one 

of them is greater than its own expectation (the mean) and the other is also greater than 

its own expectation. If the two variables have opposite trends, i.e., if one is greater 

than its own expectation and the other is less than its own expectation, then the 

covariance between the two variables is negative. The Pearson correlation coefficient 

ρX,Y is a quantity that examines the degree of linear correlation between variables, and 

it has a value between -1 and 1. The larger the absolute value of the Pearson coefficient, 

the greater the degree of correlation between the two data sets X and Y. When the 

absolute value of Pearson coefficient is equal to 1, there is a linear correlation between 

the data sets X and Y, i.e., the relationship between the two can be described by 

Y=aX+b. When the Pearson coefficient is equal to -1, a is negative and X and Y are 

negatively correlated; when the Pearson coefficient is equal to 1, a is positive and X 
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and Y are positively correlated. However, note that the Pearson coefficient ρX,Y is not 

equal to the slope a. 

After calculation, the Pearson correlation coefficient for the data in Figure 4-22, 

ρX,Y=0.937, implies a strong linear correlation between the instant of the conductive 

channel formation and the instant of the anode glow appearance. Then, a fitting 

straight line obtained by linear fitting of the data in Figure 4-22 is plotted in black with 

the slope and intercept of a=0.945 and b=18.83, respectively. This indicates that the 

appearance of the anode glow and the formation of the conductive channel are very 

close in time. These results reflected quantitatively that the appearance of the anode 

glow and the formation of the conductive channel are both the result of the expansion 

of the cathode plasma to the anode. 

However, according to the distribution characteristics of the data points in the figure, 

it can be found that the sequential order of the two events is somewhat random, which 

means that there is no interdependent or causal relationship between the appearance 

of the anode glow and the establishment of the conductive channel. At the same time, 

it also means that the conductive channel can be formed without the anode glow at all. 

In another experiment published by the authors using a larger vacuum gap (30 

mm)[99], it was found that the formation of the conductive channel could be 1 μs 

ahead of the appearance of the anode glow and that the anode glow was essentially 

negligible in time and space at that stage. These all demonstrate a fact that the anode 

glow is not a necessary condition for the formation of the conductive channel. 

 
Figure 4-22 Correlation analysis between the instant of the anode glow appearance and the instant of 

the conductive channel formation based on all the experimental results in this chapter (Pearson 

correlation coefficient ρX,Y=0.937, slope and intercept of the linear fit are a=0.945 and b=18.83, 

respectively) 

4.6 DISCUSSION 

In this chapter, the mechanism by which the atoms on the anode surface leave the 

anode and participate in the anode glow is analyzed by comparing the instants of the 

anode glow appearance under different experimental conditions. According to the 
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analysis of the heat transfer process inside the anode, the evaporation mechanism does 

not explain the experimental results well for the following reasons: 

(1) There are differences of several orders of magnitude in the density of evaporated 

atoms between different anode materials, while the instants of the emergence of the 

anode glow are very close (see Figure 4-10 and Figure 4-19). 

(2) For some anode materials, the density of evaporated atoms is not sufficient for 

glowing, while the occurrence of the anode glow is experimentally observed near the 

anode surface for all materials (see Figure 4-19). 

(3) The estimated evaporated atom number density nev is extremely sensitive to the 

variation of the chosen value of the electron beam distribution radius σ. Based on the 

ablation of the anode surface after breakdown experiments, the distribution radius of 

the electron beam in a 5 mm vacuum gap is likely to be above 2 mm. With such a 

distribution radius, the evaporated atom number density corresponding to all anode 

materials does not reach the level that would produce anode glow (see Figure 4-19(d)). 

On the other hand, the analysis of the sputtering process on the anode surface reveals 

that (refer to  

 

 
 

Table 4-3): 

(1) The sputtered atom number densities corresponding to different anode materials 

are all around the same order of magnitude, and such atom densities reach the level 

that could produce the anode glow. 

(2) The change of the ion beam distribution radius has a small effect on the sputtered 

atom number density. At a distribution radius of 2 mm (for a gap length of 5 mm), the 

sputtered atom number density is still much higher than the atom density 

corresponding to the vacuum conditions used in the experiments and meets the 

conditions for producing the anode glow. 

Therefore, under the experimental conditions of this chapter, the main mechanism by 

which the atoms on the anode surface leave the surface is the sputtering mechanism. 

By analyzing the correlation between the instant of the anode glow appearance and 

the instant of the conductive channel formation, it is found that there is a strong linear 

correlation between the two events, and the instants of their occurrence are close to 

each other. This further indicates that both the appearance of the anode glow and the 

formation of the conductive channel depend on the same process, i.e., the expansion 

of the cathode plasma. However, the randomness of the sequential order of the two 

events also suggests the non-necessity of the anode glow for the formation of the 

conductive channel. 

The spectral analysis in Chapter 3 shows that the cathode plasma can expand to reach 

the anode, and the results in this chapter in turn show that the conductive channel can 

be formed with no light emission from the anode at all. These two results imply that 
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the conductive channel can be established with only the expansion of the cathode 

plasma. That is, the generation and expansion of the cathode plasma is a sufficient 

condition for the formation of the conductive channel. On the other hand, the 

establishment of the conductive channel needs to be predicated on the smooth start of 

vacuum breakdown and the filling of the gap by the plasma. As discussed in Chapter 

2, the necessary condition for the start of vacuum breakdown is the generation of the 

cathode plasma. The rise of the current and the filling of the gap by the plasma during 

breakdown depend on the further expansion of the cathode plasma. These two facts 

show that the generation and expansion of the cathode plasma is a necessary condition 

for the formation of the conductive channel. Therefore, the necessary and sufficient 

condition for the formation of the conductive channel during vacuum breakdown is 

the generation and expansion of the cathode plasma. 

It should be noted that the above analysis regarding the anode glow is based on 

the experimental conditions of this dissertation. The high dependence of the atom 

number density resulting from the evaporation by electron heating on the electron 

beam distribution radius σ in  

 

 
 

Table 4-3 indicates that the intensity of the evaporation process on the anode surface 

increases significantly with the increase of the energy density carried by the electron 

beam. If the gap current is sufficiently high or the electron beam distribution radius is 

sufficiently small (e.g. in short gaps), the evaporation of the anode surface due to 

electron beam heating is likely to overtake the sputtering of the anode surface due to 

ion beam bombardment as the dominant mechanism for generating anode glow. In 

such a case, the local high temperature on the anode surface may also produce an 

anode plasma. The expansion process of the anode plasma to the cathode will 

definitely accelerate the process of conductive channel establishment[1, 100, 101]. 

When the anode plasma and the cathode plasma meet, the vacuum gap is filled with 

plasma and a conductive channel is formed. Inada et al[76] used two 1 mm diameter 

rod electrodes to form a vacuum gap of 3 mm, and such a gap structure resulted in a 

more concentrated distribution of the electron beam on the anode surface. In addition, 

the gap current during their experiments reached 700 A. These two conditions led to a 

significant increase in the energy flow density of the electron beam input to the anode, 

which resulted in the intense evaporation from the anode surface and the formation of 

an anode plasma. According to their observations, the anode glow appears 50 ns after 

the onset of breakdown, and it is impossible for the expanding cathode plasma to reach 

the anode in such a short time (an expansion rate of 20000 m/s only covers 1 mm in 

50 ns, while the gap length is 3 mm). Therefore, the anode glow in this case can only 

be the result of evaporation from the anode surface because of electron beam heating. 

This means that the contribution of the evaporation mechanism on the anode surface 

to the anode glow exceeds that of the sputtering mechanism. Chalmers et al[81] 

observed the anode glow in a 0.5 mm tip-plane gap to appear 10-20 ns after the onset 

of breakdown, but no specific gap current values were given. Based on the anode glow 
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delay, it can be inferred that the anode glow in their experiments is also the result of 

the evaporation of the anode under the effect of electron beam heating. In both 

experiments, the appearance of the anode glow is due to the formation of an anode 

plasma at high local temperatures on the anode surface. The expansion of the anode 

plasma (anode glow) eventually contributed to the formation of the conductive 

channel in the vacuum gap, which is the reason why some researchers consider the 

expansion of the anode glow and the establishment of the light-radiation channel as a 

necessary condition for the formation of the conductive channel. 

In summary, the necessary and sufficient condition for the formation of conductive 

channels during vacuum breakdown is the generation and expansion of the cathode 

plasma, while the anode glow is a secondary phenomenon caused by the expansion of 

the cathode plasma. The mechanism for the generation of the anode glow may vary 

with the electrode structure, gap length, current magnitude, electrode material and 

other factors, making it possible for the anode glow to play a role in promoting the 

establishment of the conductive channel under some specific experimental conditions. 

However, it must be clearly recognized that the appearance and expansion of the anode 

glow are not necessary for the construction of the conductive channel as we clearly 

see in our experiments.Equation Chapter (Next) Section 1 
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5 THEORETICAL ANALYSIS OF 
CONDUCTIVE CHANNEL FORMATION 
PROCESS IN VACUUM BREAKDOWN 

5.1 OVERVIEW 

Through the experimental studies in the previous chapters, a clear understanding of 

the important physical processes such as the cathode glow, the anode glow, and the 

cathode plasma expansion involved in the conductive channel formation stage of 

vacuum breakdown and their effects on the conductive channel formation have been 

achieved. The necessary and sufficient condition for the establishment of the 

conductive channel during vacuum breakdown has been proposed, i.e., the generation 

and expansion of the cathode plasma. 

In this chapter, a simulation model of the vacuum breakdown process based on Particle 

In Cell-Monte Carlo Collision (PIC-MCC) is established to analyze the evolution of 

particle distribution, electric field distribution and voltage-current waveforms during 

the formation of the conductive channel. The simulation results visualize the 

construction of the conductive channel in the vacuum gap and verify the sufficiency 

and necessity of the generation and expansion of the cathode plasma for the conductive 

channel formation. Finally, based on the results of experimental and simulation studies, 

the physical processes related to the conductive channel formation stage of vacuum 

breakdown is summarized. 

5.2 MODELING OF CONDUCTIVE CHANNEL 
FORMATION PROCESS IN VACUUM BREAKDOWN 

5.2.1 INTRODUCTION TO PIC-MCC METHOD WITH EXTERNAL 

CIRCUIT 

In this chapter, the development process of vacuum breakdown is simulated using the 

VSim software[102] based on the PIC-MCC method[103].The PIC method is widely 

used for simulating the interaction between charged particles and electromagnetic 

fields. In this method, the spatial electromagnetic field is discretized onto a mesh and 

the actual particles are represented by macro-particles with certain weights. The MCC 

method is used to simulate the interaction among particles during their motion. The 

method guarantees the reaction among particles with a certain collision probability by 

random sampling. VSim software also supports self-consistent simulation of plasma 

by coupling the solution of the electromagnetic field with that of the external circuit 

through a custom field approach. For the vacuum breakdown problem, the spatial 

electromagnetic field is solved using an electrostatic model, i.e., only Poisson's 

equation is solved to analyze the spatial electric field. 
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Figure 5-1 gives the flowchart for the PIC-MCC method with an external circuit, 

which is illustrated as follows: 

(1) Simulation system initialization, including the initialization of various relevant 

physical fields and particles; 

(2) Moving time one step forward and inject corresponding number of particles (atom 

evaporation and electron emission) into the calculation domain; 

(3) Accumulation of the charge carried by the particles in the calculation domain onto 

the surrounding grid nodes to obtain the distribution of the charge density; 

(4) Based on the charge exchange between the calculation domain and the external 

circuit, the external circuit is updated one step forward to obtain the latest boundary 

conditions for the calculation domain. For breakdown and discharge problems, the 

voltage across the gap is generally updated by the external circuit and used as the 

boundary condition; 

(5) Solving Poisson's equation according to the charge density distribution and 

boundary conditions of the calculation domain to obtain the potential distribution and 

electric field distribution in the gap; 

(6) Calculating the force on charged particles from the electric field and updating the 

velocity and position of the particles according to Newton's law; 

(7) Determining whether a collision process has occurred according to the MCC 

method. If there is, the particle type and velocity information is updated according to 

the corresponding reaction; if not, the next step is performed; 

(8) Checking whether the preset number of calculation steps has been reached. If it 

has been reached, end the calculation; if not, repeat steps (2)-(7). 

 
Figure 5-1 Calculation flow chart of PIC-MCC method in VSim software 

5.2.2 PHYSICAL MODEL AND SIMULATION SETUP OF CONDUCTIVE 

CHANNEL FORMATION PROCESS IN VACUUM BREAKDOWN 

The PIC-MCC method is an extremely demanding method in terms of computational 

resources, and the simulation of breakdown processes in millimeter-scale vacuum 
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gaps with this method is still a worldwide challenge. Therefore, the simulations in this 

chapter set the computational region within the range allowed by the computational 

efficiency and aim to describe the generation and expansion of the cathode plasma, 

and the establishment of the conductive channel during vacuum breakdown from a 

qualitative point of view. Figure 5-2 shows the physical model of the conductive 

channel formation process in vacuum breakdown. This chapter calculates the 

breakdown process in a vacuum gap formed by two paralleled circular electrodes 

(copper material) with a radius of 1000 nm and a gap length of 250 nm. Because of 

the axisymmetric nature of the electrode structure and the subsequent physical process 

of vacuum breakdown, a two-dimensional axisymmetric model is used for the 

simulation. As shown in the figure, the horizontal direction z represents the symmetry 

axis, and the vertical direction indicates the radial direction r. The left electrode is the 

cathode and the right electrode is the anode. The two electrodes are connected through 

an external circuit containing a voltage source Uext and a resistor Rext. 

 
Figure 5-2 Physical model of the conductive channel formation process in vacuum breakdown 

According to the results of the previous chapters, the generation and maintenance of 

the cathode plasma is the key to drive the development of vacuum breakdown. 

Therefore, the simulation of the conductive channel formation process must be based 

on the premise that cathode plasma can be generated in the calculation domain. In 

vacuum breakdown, cathode plasma is generated by cathode spots[104], and the 

formation of cathode spots is the result of a thermal instability process occurring in 

localized regions (microprotrusions) on the cathode surface. According to the vacuum 

arc theory, the size of a single cathode spot is of the order of microns and the lifetime 

is of the order of nanoseconds; a large number of cathode spots are continuously 

generating and extinguishing during vacuum breakdown, and their averaging over 

time and space makes it possible for plasma to be generated on the cathode surface all 

the time. The specific process of cathode spots involves complex interactions between 

the cathode surface material and the cathode plasma, while the goal of this chapter is 

to simulate the expansion of the cathode plasma after its formation and the 

establishment of the conductive channel, so the specific mechanism of metal vapor 

generation from cathode spots is ignored. During the simulation, an equivalent cathode 
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surface temperature is set and atoms are emitted into the vacuum gap according to the 

corresponding evaporation rates (see Equation (4-7) and (4-8)) to simulate the atomic 

supply from the cathode spot. The electron emission from the cathode spot is also 

simplified to consider only the field-induced emission, which is described by using 

the Fowler-Nordheim formula[33, 34] as follows: 

  JFN=1.54×10
-6 ELoc

2

ϕ
w

exp (-6.83×10
9

ϕ
w

1.5

Eloc

) (5-1) 

  ELoc=β
FN

Emac (5-2) 

where JFN is the field electron emission current density (in A∙m-2); ELoc is the local 

electric field (in V∙m-1) at the electron emission point; ϕw is the work function of the 

material (4.5 eV for copper); βFN is the enhancement factor of the electric field at the 

emission point, which indicates the gain of electric field due to surface microstructure, 

usually ranges from tens to hundreds, and is set to 75 in this chapter; Emac is the 

macroscopic electric field at the emission point (in V∙m-1), for planar parallel 

electrodes 

 Emac=ugs/dg (5-3) 

where ugs is the gap voltage (in V); dg is the gap length (in m). In this chapter, the 

initial value of the macroscopic electric fieldin the gap is uniformly set to 200 MV/m, 

and the initial value of the gap voltage can be calculated to be 50 V according to 

Equation (5-3). Therefore, the potential of 0 V and 50 V is used as the initial boundary 

conditions for the cathode and the anode, respectively. The upper and lower 

boundaries are then set to zero electric field conditions, i.e., the potential gradient is 

zero. The emission region of electrons and atoms is set as a circular region with a 

radius of 50 nm. Only elastic collisions and primary ionization (production of single 

charged copper ions) are considered for the interactions between electrons and copper 

atoms in the gap, as shown in Figure 5-2. The particles traveling through the 

calculation domain are absorbed when they reach the boundaries. 

The voltage source of the external circuit, Uext, has the same value as the initial voltage 

of the gap, being 50 V. That is, the gap capacitor is already charged to its maximum 

voltage before the start of the simulation, and no current flows in the external circuit. 

After the start of the simulation, the electron emission from the cathode and the 

absorption of charged particles by both electrodes will change the charge stored on the 

gap and the voltage across the gap. This will in turn cause a conduction current in the 

external circuit. The specific algorithms for external circuit updates are as follows: 

(1) Initializing the charge stored in the gap capacitance. The charge of the gap can be 

calculated from the capacitance and voltage of the gap as follows: 

 C0=
ε0S

dg

=
8.854×10

-12
×πr2

dg

=1.11×10
-16

 F (5-4) 
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 Q
tot

0
=C0ugs

0 =5.56×10
-15

 C (5-5) 

where C0 is the capacitance of the gap; S is the area of the electrode (in m2); Q
tot

0
 is 

the initial charge stored in the gap; 

(2) For the calculation of step n, evaluate the external circuit current of step n-1 first: 

 
 Iext

n-1=
Uext-ugs

n-1

Rext

=
Uext-

Qtot
n-1

C0

Rext

 
(5-6) 

where Iext is the current flowing through the external circuit (in A); 

(3) Calculating the total current corresponding to the electron emission and particle 

absorption at the cathode surface at step n-1:  

 Icathode=ICu1_ab_c+Ie_ab_c-Ie_em_c (5-7) 

where Icathode is the total current from the gap to the cathode (in A), a positive value 

indicates a decrease in the number of negative charges stored at the cathode, a negative 

value indicates an increase in the number of negative charges stored at the cathode; 

ICu1_ab_c is the copper ion current absorbed by the cathode (in A); Ie_ab_c is the electron 

current absorbed by the cathode (in A); Ie_em_c is the electron current emitted by the 

cathode (in A). The electron current is negative and the ion current is positive. 

(4) Calculating the total current corresponding to the absorption of electrons and ions 

at the anode surface at step n-1:  

 Ianode=-ICu1_ab_a-Ie_ab_a (5-8) 

where Ianode is the total current from the anode to the gap (in A), positive value indicates 

a decrease in the number of positive charges stored by the anode, a negative value 

indicates an increase in the number of positive charges stored by the anode; ICu1_ab_a is 

the copper ion current absorbed by the anode (in A); Ie_ab_a is the electron current 

absorbed by the anode (in A). The electron current is negative, while the ion current is 

positive. 

(5) Calculating the total charge stored in the gap at step n and the corresponding gap 

voltage: 

 Q
tot

n
=Q

tot

n-1
+Iext

n-1Δt-
Icathode+Ianode

2
Δt (5-9) 

 ugs
n =

Q
tot

n

C0

 (5-10) 

where Q
tot

n
 is the total charge of the gap at step n (in C). According to Equation (5-9), 

when the vacuum gap is fully conductive (entering steady vacuum arc phase), the 

cathode current, the anode current and the external circuit current are all equal, and at 

this time the charge stored on the gap no longer changes. 
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(6) Solving Poisson's equation with knowing the gap voltage ugs
n   and the charge 

density distribution in the calculation domain: 

 ∇2φ=-
ρ

ε0

, uc=0, ua=ugs
n   (5-11) 

where φ is electric potential (in V); ρ is charge density (in C∙m-3); uc is the potential 

boundary at the cathode (in V); ua is the potential boundary at the anode (in V).   

(7) Determining the electric field strength from the spatial distribution of electric 

potential: 

 E=-∇φ (5-12) 

Repeating steps (2)-(7) above, the electric field distribution is obtained for each time 

step, and the force on the charged particles in the gap is obtained and used for the 

subsequent particle moving. 

When simulating plasma using the PIC-MCC method, the determination of the spatial 

grid size and time step requires consideration of the characteristic scales of the plasma 

in space and time. The characteristic spatial scale of the plasma is represented by the 

Debye length λD. The Debye length, also called the Debye radius, is used to describe 

the action scale of the charges in the plasma. The Debye length was first proposed by 

the Dutch physicist Peter Debye and reflects an important property in plasma, the 

charge shielding effect. When the scale under discussion is larger than the Debye 

length, the plasma can be considered as overall electrically neutral and, conversely, as 

charged. In the PIC-MCC model, the grid size Δx needs to be smaller than the Debye 

length λD, i.e. 

 Δx<λD (5-13) 

 λD=√
ε0kBT

e

nee2
 (5-14) 

where kB is the Boltzmann constant, 1.38×10-23 J/K; Te is the electron temperature (in 

K); ne is the electron density (in m-3). When the estimated electron temperature (kBTe) 

is 5 eV and the electron density is 1026 m-3, the Debay length can be calculated to be 

1.66 nm. Setting the grid size equal to the Debye length (Δx=1.66 nm), the number of 

grids in the simulation domain along the r and z directions are: 

 NR=
1000 nm

1.66 nm
=600 (5-15) 

 NZ=
250 nm

1.66 nm
=150 (5-16) 

The characteristic time scale of a plasma is expressed by the plasma frequency ωp. 

When some kind of perturbation (e.g. thermodynamic rise and fall) occurs within the 

plasma, it triggers the separation of positive and negative charges, causing the plasma 

particles to oscillate collectively, and the corresponding oscillation frequency is called 
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the plasma frequency, which can be calculated by the following equation: 

 𝜔𝑝=√
𝑛𝑒𝑒2

𝜀0𝑚𝑒
 (5-17) 

where ωp is the plasma frequency (in rad/s); me is the electron mass, 9.1×10-31 kg. 

When the plasma density is 1026 m-3, the time step needs to satisfy the following 

equation: 

 Δt<
2π

ωp

=1.12×10
-14

 s (5-18) 

In addition, the VSim software requires that the particle cannot move more than one 

grid in each time step. The maximum energy that an electron can obtain under the 

effect of electric field acceleration is eugs
0 =50 eV, and this energy corresponds to an 

electron velocity of 4.2×106 m/s. Therefore, the time step should also satisfy the 

following relation: 

 Δt<
Δx

4.19×10
6
 m/s

=3.96×10
-16

 s (5-19) 

According to Equations (5-18) and (5-19), the time step for the vacuum breakdown 

simulation was chosen to be Δt=3×10-16 s. The simulation started from a complete 

vacuum, and was performed for a total of 1 million steps, i.e. 300 ps. 

5.3 SIMULATION RESULTS OF CONDUCTIVE CHANNEL 
FORMATION PROCESS IN VACUUM BREAKDOWN 

5.3.1 PARTICLE DISTRIBUTION 

Figure 5-3, Figure 5-4 and Figure 5-5 show the evolution of the spatial distribution of 

electrons, atoms and ions, respectively, during a breakdown simulation. To ensure that 

the cathode surface can produce enough metal vapor to initiate and sustain the vacuum 

breakdown process, the cathode surface temperature is set to 7000 K, which is within 

the temperature range of the vacuum arc cathode spot[83, 105]. Rext is set to 20 kΩ. 

The horizontal axis (r=0) represents the symmetry axis, while the positions z=0 nm 

and z=250 nm represent the cathode and the anode, respectively.  

Under the acceleration of the initial electric field in the gap, the electrons can reach 

the anode with a maximum kinetic energy of about 50 eV, resulting in a maximum 

axial velocity of 4.2×106 m/s, which allows the electrons to move from the cathode to 

the anode in less than 120 fs. Therefore, the electrons can fill the entire gap along the 

axial direction immediately after the simulation starts, as shown in Figure 5-3. The 

expansion velocities of atoms and ions towards the anode are much smaller in 

comparison with the electrons. As shown in Figure 5-4, atoms are emitted from the 

cathode surface with a velocity distribution corresponding to the temperature of the 

cathode surface and expand toward the anode with such a velocity of about 2000-3000 
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m/s.  

As can be seen from the ion distribution in Figure 5-5, no ions are yet produced at the 

15 ps, and the earliest ionization process occurs between 15 and 30 ps, resulting in 

copper ion generation by 30 ps. In addition, copper ions appear first near the position 

50 nm from the cathode surface, which is related to the condition under which the 

primary ionization process of copper atoms occurs. The first ionization energy of 

copper atoms is 7.7 eV/atom, and the collision cross section for primary ionization of 

copper atoms is larger at electron energies of about 10 eV[106-108]. According to the 

initial electric field distribution of the vacuum gap, the electron energy at 50 nm from 

the cathode surface reaches exactly around 10 eV, thus allowing the ionization process 

to occur. Between 30 and 60 ps, more electrons and ions are produced due to 

collisional ionization between electrons and atoms, as shown in the third images of 

Figure 5-3 and Figure 5-5. Then, the ions continuously expand toward the anode and 

occupy more and more space in the gap, with the electrons also expanding in the radial 

direction. At about 120 ps, the front of the expanding ions reaches the anode surface. 

After that, the whole gap is bridged by a channel consisting of electrons and ions. 

Figure 5-6 shows the variation of the number of electrons and ions with time during 

the simulation. As the graph shows, the numbers of electrons and ions rise from 50 ps, 

which is consistent with Figure 5-3 and Figure 5-5. This rapid increase of charged 

particles implies the initiation of a breakdown process. In the calculation domain used 

in this chapter, the numbers of both electrons and ions reach more than 20000. In the 

later stages of breakdown development, the number of ions is slightly more than the 

number of electrons due to the presence of a cathode sheath layer in the region close 

to the cathode where the ion density is higher than the electron density, which will be 

shown in Figure 5-11 and Figure 5-13. 

 
Figure 5-3 Evolution of the spatial distribution of electrons (Rext=20 kΩ, cathode temperature=7000 

K) 
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Figure 5-4 Evolution of the spatial distribution of atoms (Rext=20 kΩ, cathode temperature=7000 K) 

 
Figure 5-5 Evolution of the spatial distribution of ions (Rext=20 kΩ, cathode temperature=7000 K) 

 
Figure 5-6 Variation of electron and ion numbers with time during vacuum breakdown (Rext=20 kΩ, 

cathode temperature=7000 K) 

In order to check whether the electrons and ions form plasma, the number densities of 

them were averaged over a 25 nm band along the axis of the simulation domain, and 

shown in Figure 5-7 for six instants from 60 ps to 135 ps. The positions z=0 nm and 

z=250 nm represent the cathode and the anode, respectively. From 75 ps on, there is 

always a region where the electron density equals the ion density, exhibing quasi-

neutral characteristics. These quasi-neutral regions are exactly plasma according to its 
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definition. It can also be seen that the plasma originating from the cathode (i.e. cathode 

plasma) expands towards the anode, with its front reaching the anode at about 120 ps, 

which is in line with the expansion pattern of the copper ions as shown in Figure 5-5. 

Therefore, the expansion front and expansion velocity of the cathode plasma is 

determined by the ions from the cathode. After 120 ps, most of the gap is occupied by 

the plasma, indicating the formation of a conductive channel. At 60 ps, there is some 

difference between the densities of electrons and ions, because ions were just produced 

for a short time and the quasi-neutral region is still small. However, we can see that 

the ion density exceeds the electron density, which makes it possible for the electron 

emission to break the limitation of space charge effect. Combining the fact that both 

the particle numbers (see Figure 5-6) and gap current (see Figure 5-14) start rising 

between 50-60 ps, we can recognize the instant of 50 ps as the initiation point of the 

cathode plasma generation and the vacuum breakdown process. 

 
Figure 5-7 Variation of electron and ion densities near the axis (Rext=20 kΩ, cathode 

temperature=7000 K) 

The spatial distribution of the electron density, ion density and atom density at the end 

of the simulation (300 ps) is given in Figure 5-8, Figure 5-9 and Figure 5-10, 

respectively. The maximum densities of both electrons and ions appear around 30 nm 

from the cathode surface, while the density of atoms decreases gradually from the 

cathode to the anode. Figure 5-11 gives the axial distribution of the three particle 

densities near the symmetry axis at 300 ps. The maximum density of electrons and 

ions is 2.2×1025 m-3, while the density of atoms is about one order of magnitude higher 

than that of electrons and ions. This shows that the ionization of atoms is very low 

(10%), which is not consistent with the high ionization degree of vacuum arcs 

measured in other literature, probably because the calculation domain is not large 

enough and the calculation time is not long enough, which needs to be further 

investigated later. A closer inspection of the electron and ion densities near the cathode 

(5-15 nm) reveals that the ion density is higher than the electron density here, and thus 

a positive space charge layer (i.e., the cathode sheath layer) would exist, resulting in 

an enhanced electric field in this region, as shown in Figure 5-13(b). In the region to 

the right of 15 nm, the densities of electrons and ions are essentially the same, 



 

103 

indicating that this region is all plasma. 

 
Figure 5-8 Electron density distribution at 300 ps (Rext=20 kΩ, cathode temperature=7000 K) 

 
Figure 5-9 Ion density distribution at 300 ps (Rext=20 kΩ, cathode temperature=7000 K) 

 
Figure 5-10 Atom density distribution at 300 ps (Rext=20 kΩ, cathode temperature=7000 K) 

 
Figure 5-11 Particle density distribution at 300 ps (Rext=20 kΩ, cathode temperature=7000 K) 

According to the experimental results, the expansion velocity of the cathode plasma 
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to the anode can reach 20000 m/s, while the average expansion velocity of the ions 

shown in Figure 5-5 is only about 2000-3000 m/s. The reasons for these differences 

are manifold. First, the spatial and temporal scales of the computational region are not 

large enough to simulate the subsequent expansion process of the plasma. Second, the 

huge density gradient of ions and atoms in the region near the cathode is the main 

reason for the acceleration of ions toward the anode, while the elastic collision process 

between heavy particles is not considered in the simulation of this chapter, and it is 

impossible to simulate the ion acceleration process under the effect of density gradient. 

Although there are some differences between simulations and experiments, the 

simulation results obtained in this chapter can still well describe the formation of 

conductive channels in vacuum breakdown from a qualitative point of view. 

5.3.2 ELECTRIC POTENTIAL AND ELECTRIC FIELD DISTRIBUTION 

Figure 5-12 illustrates the variation of electric potential distribution as a function of 

time, with plots (a)-(f) corresponding to 30 ps, 60 ps, 75 ps, 90 ps, 120 ps, and 300 ps, 

respectively. Before the start of the simulation, the potential in the vacuum gap is 

uniformly distributed (the equipotential lines are all equally spaced parallel lines), and 

the potential rises linearly from 0 V at the cathode (z=0 nm) to 50 V at the anode 

(z=250 nm). At 30 ps, some ions has already been generated (see Figure 5-5), which 

result in a weak perturbation of the local potential distribution and a slight bending of 

the lower end of the 5 V and 10 V contours, as in Figure 5-12(a). The potential on the 

anode side only drops slightly from 50 V to 48 V due to the very small electron current 

in the gap, which is consistent with the voltage waveform in Figure 5-14. At 60 ps, as 

shown in Figure 5-12(b), due to the generation of the initial cathode plasma, the 

potential distribution near the axis changes more significantly. The electric field is 

enhanced in the region between 0-50 nm, while it decreases to some extent in the 

region between 50-150 nm. The voltage across the gap also decreases slightly. At 75 

ps, as illustrated in Figure 5-12(c), the potential distribution changes dramatically. The 

gap voltage drops abruptly from 45 V to about 18 V, and accordingly the electric field 

in the whole calculated region undergoes a significant decrease. Near the region of 25 

nm-100 nm from the cathode, the potential is around 8 V, maintaining the ionization 

process in this region. At 90 ps, the gap voltage drops further to 12 V and the electric 

field in space continues to decrease, while the potential at the ionization center near 

the cathode remains at about 8 V. At 120 ps, when the whole gap is filled by the cathode 

plasma, the gap voltage drops to the lowest value, 7 V, as in Figure 5-12(e). Since then, 

the gap voltage remains at 7 V and the ionization center maintains a potential of 8 V. 

Figure 5-13 shows the spatial distribution of the electric field intensity near the 

symmetry axis as a function of time, where the electric field intensity values picked 

are the components of the electric field along the gap axis. At 30 ps, the electric field 

remains at 200 MV/m in most areas of the gap, with that near the cathode decreasing 

to 110-120 MV/m. This low value of the electric field indicates the buildup of the 

space charge effect due the accumulation of electrons near the cathode surface, which 

in turn limits the electron emission. At 60 ps, stronger ionization happens near the 
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position of 50 nm and the initial cathode plasma is formed. This causes a change in 

the electric field in the gap and especially an increase in the local electric field near 

the cathode sureface, which makes it possible for the electron emission current to 

break through the limitation of space charge effect. The rapid rise of the gap current 

implies the start of the vacuum breakdown. At 75 ps, the electric field in part of the 

gap (25 nm-125 nm) decreases almost zero, because this region has been occupied by 

the quasi-neutral cathode plasma (see Figure 5-7(b)). As the breakdown process 

evolves, the cathode plasma occupies more and more space in the gap, with the 

corresponding electric field declining to almost zero. At 120 ps, when the expanding 

cathode plasma reaches the anode (see Figure 5-7(e)), the entire vacuum gap is 

connected by the plasma channel, and the electric field in most regions of the gap 

almost disappears. Only a small region in front of the cathode surface keeps a very 

high electric field for the maintaining of electron emission and subsequent ionization 

process at the cathode. At this point, the insulated vacuum gap becomes a good 

conductive channel. 

  

 

 
Figure 5-12 Variation of potential distribution with time (Rext=20 kΩ, cathode temperature=7000 K) 
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Figure 5-13 Electric field intensity distribution at different instants (Rext=20 kΩ, cathode 

temperature=7000 K) 

5.3.3 VOLTAGE AND CURRENT 

Figure 5-14 shows the waveforms of the gap voltage ugs and the external circuit current 

Iext during the vacuum breakdown process obtained by simulation. As shown in the 

figure, the gap voltage and the external circuit current at the initial instant are 50 V 

and 0 A, respectively. After a very short period, the external circuit current rises to 

about 0.1 mA and maintains at this current level for about 50 ps. During this stage, the 

voltage on the resistance of the external circuit is approximately 2 V (0.1 mA×20 kΩ), 

while the gap voltage is approximately 48 V. After 50 ps, the external circuit current 

starts to rise rapidly and the corresponding gap voltage drops rapidly, indicating the 

breakdown initiation. Until about 120 ps, the gap voltage and the external circuit 

current reached steady-state values of 6.4 V and 2.18 mA, respectively, indicating the 

conductive channel formation. At this point, the voltage on the resistance of the 

external circuit is 43.6 V (2.18 mA×20 kΩ). 

 
Figure 5-14 Voltage and current waveforms of the vacuum breakdown process obtained by simulation 

(Rext=20 kΩ, cathode temperature=7000 K) 

Figure 5-15 shows the total current flowing from the gap to the cathode (Icathode, 

hereafter referred to as the total cathode current) and its components as a function of 

time. The components of the total cathode current include the electron emission 

current Ie_em_c, the electron absorption current Ie_ab_c and the ion absorption current 

ICu1_ab_c, where the emission of electrons and the absorption of ions are positive 

contributions to the total cathode current, while the electron absorption current is a 
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negative contribution to the total cathode current, and the relationship between them 

is shown in Equation (5-7). As can be seen from Figure 5-15, the trend of each current 

component with time is consistent with the trend of the external circuit current in 

Figure 5-14. The total cathode current consists mainly of electron emission from the 

cathode, which contributes 107% to the total cathode current in the steady-state stage. 

The electron absorption current and ion absorption current contribute -9.5% and 2.5%, 

respectively. A closer look at the waveform of the electron emission current Ie_em_c 

shows that this current has a very high pulse at the very beginning of the simulation, 

but it quickly decreases to the level of 0.1 mA. During the next 50 ps, all of the total 

cathode current comes from the electron emission current, being 0.1 mA, which is 

consistent with the value of the external circuit current in Figure 5-14 for that time 

period. Based on the current density of the field electron emission (see Equation (5-1)) 

and the area of the emission point (a circular region of 50 nm radius), the current of 

the field electron emission can be easily calculated to be 7.83 mA, which is much 

larger than 0.1 mA. As mentioned in Chapter 2, the current at the cathode surface is 

limited by the space charge effect when pure electron emission occurs. According to 

Equation (2-7), the electron emission current density when space charge effect is 

considered is 1.32×1010 A/m2, which corresponds to a total current in the emission 

region of 0.1036 mA. This current is also consistent with the reduced electric field at 

the cathode surface, 110-120 MV/m, as shown in Figure 5-13(a). Therefore, the pulses 

in the total cathode current and electron emission current at the beginning of the 

simulation are the result of the electron emission according to Equation (5-1). 

However, the electron emission is soon limited by the space charge effect, which keeps 

the current between 0 and 50 ps at 0.1 mA. After 50 ps, both the electron emission 

current and the total cathode current start to rise rapidly, in agreement with the rise of 

the external circuit current in Figure 5-14. This indicates that the gap current starts to 

break the limit of space charge effect, which is caused by the initiation of the cathode 

plasma and the increase in the local electric field at the cathode surface, as discussed 

in the two previous sections. Therefore, the breakdown process of the vacuum gap 

starts from 50 ps. 

The total current flowing from the anode to the gap on the anode side (Ianode, hereafter 

referred to as the total anode current) and its components as a function of time are 

given in Figure 5-16. The components of the total anode current include the electron 

absorption current Ie_ab_a and the ion absorption current ICu1_ab_a, where the electron 

absorption current is a positive contribution to the total anode current, while the ion 

absorption current is a negative contribution to the total anode current, and the 

relationship between them is shown in Equation (5-8). The total anode current comes 

mainly from the absorption of electrons by the anode, and the contribution of the latter 

to the total anode current in the steady-state phase is 101%. The contribution of the 

ion absorption current is only -1%, which is inconsistent with the experimentally 

measured ion current in the vacuum arc (-10%)[97, 98]. This may be because the 

calculation domain is too small and considers only a single ionization process, where 

the copper atoms evaporated from the cathode are not yet fully ionized. In addition, 

the total anode current and the electron absorption current do not appear as high pulses 

at the beginning of the simulation, and the total anode current stays around 0.1 mA 
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until 50 ps. 

 
Figure 5-15 Total cathode current and its components (Rext=20 kΩ, cathode temperature=7000 K) 

 
Figure 5-16 Total anode current and its components (Rext=20 kΩ, cathode temperature=7000 K) 

Figure 5-17 shows the variation of the total cathode current, the total anode current 

and the external circuit current with time. After the vacuum breakdown starts at the 50 

ps instant, all three currents rise rapidly. The total cathode current and the total anode 

current are so close that they are almost indistinguishable, while they differ somewhat 

from the external circuit current between 50 and 120 ps. According to Equation (5-9), 

the quantitative relationship between the three currents determines the trend of the 

stored charge on the gap, Qtot, and the gap voltage, ugs. The time variation of Qtot and 

the current difference between the external circuit and the gap is given in Figure 5-18, 

where the current difference is Idif=Iext-0.5(Icathode+Ianode). As in the figure, the absolute 

value of the current difference starts to rise at 50 ps, and the gap charge starts to 

decrease gradually, corresponding to a gradual decrease in the gap voltage, as shown 

in Figure 5-14. The current difference reaches its peak at 66 ns, and the rate of decrease 

of Qtot reaches the maximum accordingly. Thereafter, the reduction rate of the gap 

charge gradually slows down. After 120 ps, the external circuit current and the total 

cathode and anode currents are basically equal to each other, and the gap charge and 

voltage no longer change significantly, as shown in Figure 5-14, Figure 5-17 and 

Figure 5-18. This instant coincides well with the instant when the expanding cathode 

plasma arrives the anode, indicating the beginning of the steady vacuum arc stage and 

also the conductive channel formation. 

To summarize the above three sections, both the initiation of the vacuum breakdown 

and the formation of the conductive channel are related to the evolutions of particles, 

electric field and waveforms. The cathode plasma generation, the increase of local 
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electric field at the cathode surface, and the rapid rise of gap current correspond to the 

breakdown initiation. The arrival of the expanding cathode plasma at the anode, the 

collapse of the electric field to almost zero in the gap, and the drop of the gap voltage 

to the low arc voltage correspond to the conductive channel formation. 

 
Figure 5-17 Variation of total cathode current, total anode current and external circuit current with 

time (Rext=20 kΩ, cathode temperature=7000 K) 

 
Figure 5-18 Variation of gap charge and current difference, Iext-0.5(Icathode+Ianode), over time 

5.3.4 EFFECTS OF EXTERNAL CIRCUIT RESISTANCE 

To investigate the effect of external circuit resistance on the vacuum breakdown 

process, the external circuit resistance is set to 50 kΩ in this section, and the 

temperature at the cathode surface remains at 7000 K. The waveforms of the gap 

voltage and external circuit current during vacuum breakdown with different external 

circuit resistances are compared in Figure 5-19. As shown in Figure 5-19(b), there is 

no significant difference between the external circuit currents in the phase before the 

onset of breakdown (t<50 ps), which are 0.1 mA in both cases, i.e., the electron 

emission current limited by the space charge effect. At the same current (0.1 mA), the 

voltages across the external circuit resistor are 2 V and 5 V. Therefore, the gap voltages 

are 48 V and 45 V, respectively, as shown in Figure 5-19(a). The trend of the current 

waveforms shows that the breakdown occurs at about the same instant in both cases, 

around 50 ps. Both the current and voltage reach stable values at around 120 ps. The 

stable values are 6.4 V and 2.18 mA for 20 kΩ, and 7.5 V and 0.85 mA for 50 kΩ. In 

other words, the increase in the external circuit resistance causes a significant decrease 

in the external circuit current, while the gap voltage does not change much. The other 
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current components are reduced accordingly and are not shown here. 

 
Figure 5-19 Voltage and current waveforms of breakdown process at different external circuit 

resistance (cathode temperature=7000 K) 

Figure 5-20 presents the variation of the number of electrons and ions in the 

breakdown process with time for an external circuit resistance of 50 kΩ. In comparison 

with Figure 5-6, it is found that the increase in the external circuit resistance causes a 

significant decrease in the number of both electrons and ions in the gap, which 

corresponds to the decrease in the current. At 50 kΩ, the number of ions is still more 

than the number of electrons, because the ion density at the cathode sheath is still 

higher than the electron density. 

The spatial distribution of electrons, ions and atoms is similar to that given in Figure 

5-8 to Figure 5-10 for 20 kΩ. The axial distribution of electron and ion densities near 

the symmetry axis at the instant of 300 ps for 50 kΩ is given in Figure 5-21. The 

maximum density of electrons and ions is about 7.5×1024 m-3, both of which are 

reduced compared to the case of 20 kΩ. The cathode sheath layer still exists near the 

cathode surface, where the ion density is higher than the electron density. 

Figure 5-22 shows the potential distribution at 300 ps in the case of 50 kΩ. In 

comparison with the potential distribution Figure 5-12(f) for 20 kΩ, the potential on 

the anode side is higher in Figure 5-22 being 7.5 V. However, the potential in the region 

with the highest plasma density near the cathode is still 8 V, which is consistent with 

Figure 5-12(f). The above comparison shows that the increase of the external 

resistance limits the current in the whole system, which in turn affects the ionization 

process and particle density in the vacuum gap, with some changes in the gap voltage 

and electric field distribution. 

 
Figure 5-20 Number of electrons and ions during breakdown at an external circuit resistance of 50 kΩ 

(cathode temperature=7000 K) 
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Figure 5-21 Particle density distribution at 300 ps (Rext=50 kΩ, cathode temperature=7000 K) 

 
Figure 5-22 Potential distribution at 300 ps when the external circuit resistance is 50 kΩ (cathode 

temperature=7000 K) 

5.3.5 EFFECTS OF CATHODE SURFACE TEMPERATURE 

The metal vapor used to form the plasma during vacuum breakdown comes from the 

metal electrode, and the cathode is the main source of metal vapor in the case of small 

currents. In the simulations of this chapter, only the evaporation process on the cathode 

surface is also considered, and the change of the cathode temperature will directly 

affect the development of the breakdown process. In the following, the cases of 

cathode surface temperature of 2000 K and 5000 K will be discussed and compared 

with the case of 7000 K mentioned above. The external circuit resistance is uniformly 

set to 20 kΩ. 

Figure 5-23 compares the gap voltage and external circuit current waveforms for the 

breakdown process at different cathode surface temperatures. In the phase from 0 to 

50 ps, the gap voltage and external circuit current do not differ much, being 48 V and 

0.1 mA, respectively. In the phase after 50 ps, the results corresponding to the three 

temperatures are significantly different. The rate of current rise and voltage drop at a 

cathode surface temperature of 5000 K is significantly lower than that of the 7000 K. 

The steady-state current corresponding to a cathode surface temperature of 5000 K is 

1.86 mA, which is smaller than that of the 7000 K case (2.18 mA), which also results 

in a higher gap voltage (12.8 V) for the former case. According to the trend of voltage 

and current, vacuum breakdown also occurs at the 5000 K case, except that the 

formation of the discharge channel takes longer time. However, when the cathode 
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surface temperature is reduced to 2000 K, vacuum breakdown does not occur at all. 

Throughout the simulation, the current remains at 0.1 mA and the voltage remains at 

48 V. This means that the ionization process does not occur and there are only electron 

currents in the gap that are limited by space charge effects. 

 
Figure 5-23 Comparison of voltage (a) and current (b) waveforms of breakdown process at different 

cathode surface temperatures (Rext=20 kΩ) 

Figure 5-24 compares the number of electrons, ions and atoms during breakdown for 

different cathode surface temperatures. As can be seen from the figure, the number of 

particles decreases significantly with the decrease of the cathode surface temperature. 

At a surface temperature of 2000 K, there are only 6 atoms in total in the calculation 

domain, which prevents the ionization process from taking place and the 

corresponding number of ions is zero. The temperature of the cathode surface directly 

determines the number and density of metal atoms in the vacuum gap, which in turn 

influences the ionization and the multiplication process of charged particles. Therefore, 

the occurrence and maintenance of vacuum breakdown requires the temperature of the 

cathode surface to be above a certain threshold. 

 

 
Figure 5-24 Comparison of the number of electrons (a), ions (b) and atoms (c) during breakdown at 

different cathode surface temperatures (Rext=20 kΩ) 
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Figure 5-25 shows the potential distribution at 300 ps for a cathode temperature of 

5000 K. Comparing this figure with Figure 5-12(f), it can be observed that the potential 

in the region near the cathode increases from 8 V to 14 V. This is due to the decrease 

in the collision probability due to the decrease in the metal vapor density, which 

requires an increase in the ionization collision cross section between electrons and 

atoms in order to produce a breakdown. The collision cross section for this reaction 

increases monotonically in the electron energy range of 0-30 eV[106-108], so the 

potential near the cathode rises to 14 V to ensure sufficient ionization. Figure 5-26 

gives the electron and ion density distributions at 300 ps for the 5000 K case. The 

density reaches a maximum of 4×1024 m-3 between 50 and 75 nm from the cathode 

surface, which is lower than in the case of 7000 K (Figure 5-11). A cathode sheath 

layer still exists near the cathode surface, where the ion density is higher than the 

electron density. 

 
Figure 5-25 Potential distribution at 300 ps (Rext=20 kΩ, cathode temperature=5000 K) 

 
Figure 5-26 Particle density distribution at 300 ps (Rext=20 kΩ, cathode temperature=7000 K) 

5.4 DISCUSSION 

Summarizing the simulation results of this chapter and the experimental results of the 

previous chapters, the conductive channel formation stage of vacuum breakdown (P1, 

the transition from insulation to conduction) can be described as Figure 5-27, where 

the description involves physical processes such as cathode glow, anode glow, and 

cathode plasma expansion. As shown in Figure 5-27(a), the occurrence of vacuum 

breakdown requires electron emission from the cathode surface as a precondition. 

When a high voltage is applied between the cathode and the anode, electrons are 
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emitted from the cathode surface in the presence of an electric field, called field 

electron emission. The field electron emission can be described by Equation (1-1). The 

electrons emitted from the cathode fly to the anode due to acceleration through the 

electric field in the gap, forming electron current. However, since the pure electron 

emission process is limited by the space charge effect (see Equation (2-7)), the current 

in the external circuit is relatively low. Therefore, at this time the gap voltage remains 

high and the vacuum gap is essentially in an insulating state. On the other hand, the 

electron current emitted from the cathode leads to a thermal instability process through 

Ohmic heating and Nottingham effect which causes a significant increase in the 

temperature of the local cathode surface[63], prompting the emission of atoms from 

the cathode material into the vacuum gap. As shown in Figure 5-27(b), the cathode 

atoms are ionized during the continuous collisions with electrons, resulting in the 

formation of a dense cathode plasma near the cathode. Interactions between electrons 

and heavy particles in the cathode plasma are constantly occurring, resulting in bright 

cathode glow. At this point, the voltage across the gap starts to drop and the voltage is 

mainly distributed between the anode and the boundary of the cathode plasma facing 

the anode. This is because the plasma is quasi-electrically neutral and the voltage drop 

in the region occupied by the cathode plasma is small, and the boundary of the cathode 

plasma can be considered as a virtual cathode at this time. Under the action of the 

electric field in the gap, electrons escape from the boundary of the cathode plasma and 

accelerate toward the anode. Since the boundary area of the cathode plasma is much 

larger than the area of electron emission from the cathode surface, the electron current 

at this time can break through the limit of the space charge effect, causing the 

conductive current in the gap and the external circuit to rise rapidly. Thus, the 

formation of the cathode plasma marks the beginning of the vacuum breakdown 

process. Due to the spatial density gradient and the friction with electrons (electrostatic 

friction), the ions in the cathode plasma move rapidly toward the anode at a velocity 

of the order of 104 m/s, which also causes further expansion of the region occupied by 

the cathode plasma, as shown in Figure 5-27(c). That is, the expansion of ions in the 

cathode plasma toward the anode is synchronized with the expansion of the cathode 

plasma, and both expand at the same rate. As the cathode plasma expands, the gap 

voltage decreases further while the gap current and external circuit current increase 

further. Figure 5-27(d) shows the situation when the front of the expanding cathode 

plasma reaches the anode. At this point the entire vacuum gap is occupied by the 

plasma and the voltage across the gap drops almost completely. This causes the gap to 

change from an insulating state to a fully conducting state, i.e., a conductive channel 

is formed. The cathode ions that reach the anode surface may undergo two processes 

after interacting with the anode surface: reflected back into the gap or causing 

sputtering of atoms from the anode surface. The sputtered and reflected atoms from 

the anode surface interact with electrons in the vicinity of the anode surface to produce 

the anode glow. 
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Figure 5-27 conductive channel in a vacuum breakdown 

It should be noted here that the conclusion that the anode glow mainly results from the 

reflection of the cathode atoms and the sputtering of the anode atoms was obtained 

under the experimental conditions of this work. The anode glow in this situation does 

not mean the generation of an anode plasma. However, this conclusion does not deny 

the possibility of evaporation and subsequent anode glow from the anode under the 

heating effect of the electron flow. In fact, both the evaporation process and the 

sputtering process on the anode surface are the result of cathode plasma expansion. 

The degree of contribution of the two processes to the anode glow depends on factors 

such as electrode structure, gap length, gap voltage, gap current, and anode material. 

When the experimental conditions are such that the energy flux of the cathode electron 

beam at the anode is low, which is the case in this work, the evaporation process at the 

anode surface is not as significant as the sputtering process. On the contrary, if the gap 

current is sufficiently high or the gap size is sufficiently small, the electron beam may 

develop a very high heating power on the anode surface, so high that not only a 

sufficient number of atoms can be generated by evaporation, but even a new plasma 

may be formed near the anode surface. The generation and expansion of the anode 

plasma (the anode glow) can accelerate the formation process of the conductive 

channel in the vacuum gap so that the drop of the gap voltage coincides with the instant 

when the anode glow connects the gap, as the results obtained by some previous 

researchers[76, 81]. However, it must be clarified that the appearance of the anode 

plasma (and/or the anode glow) is not a necessary condition for the establishment of 

the conductive channel. As the experimental results of this study show, the expansion 

of the cathode plasma is sufficient to transform the vacuum gap from an insulating 

state to a fully conducting state, while the emergence and expansion of the anode glow 

is only a secondary effect of the expansion of the cathode plasma, which has no 

decisive effect on the formation of the conductive channel. Therefore, this research 

analyzes the role of the relevant physical processes in the conductive channel 
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formation stage of vacuum breakdown from the perspective of sufficiency and 

necessity, and clarifies the formation mechanism of the conductive channel, which is 

a significant addition and improvement to the existing theories for conductive channel 

formation and enhances the rigor of the conductive channel formation theory. 

According to the results of this work, in the insulation design process of vacuum 

equipment such as vacuum circuit breakers and particle accelerators, the cathode and 

anode need to be optimized separately from different perspectives to obtain higher 

insulation capability. Since the generation and expansion of cathode plasma is a 

sufficiency and necessary condition for the formation of conductive channels, the 

design of cathodes should be aimed at limiting cathode plasma formation. Specifically, 

a material with a high breakdown threshold should be selected as the cathode material 

and microscopic defects on the cathode surface should be minimized. Although the 

anode glow and the anode plasma are not necessary for the conductive channel 

formation, the anode plasma generated by the excessive heating of the anode by the 

electron flow will promote and accelerate the formation of the conductive channel. 

Therefore, the anode should be designed with the goal of limiting the evaporation 

process on the anode surface. Specifically, materials with high thermal conductivity 

and low saturated vapor pressure can be chosen as anodes, or separate cooling of the 

anode can be tried. In addition, the design of the electrode structure should seek to 

reduce the concentration of the cathode electron flow as it reaches the anode surface, 

thus reducing the density of the energy flow into the anode. Therefore, the design of 

vacuum insulation should be based on the premise of good insulation of the cathode, 

and try to prevent the anode from generating local high temperature and anode plasma 

due to the heating of electron flow, so that the cathode insulation capacity could be 

brought to its maximum potential.
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6 CONCLUSIONS 

This dissertation investigated the physical processes involved in the conductive 

channel formation stage of vacuum breakdown, aiming to analyze the role of cathode, 

anode and various related physical processes in the transition of vacuum gap from 

insulating to conducting state and to improve the existing theory on the conductive 

channel formation in vacuum breakdown. The study used experimental tools such as 

high-speed imaging by ICCD camera, continuous-time imaging by streak camera, 

spectral analysis, microscopic morphology analysis, and energy spectrum analysis to 

observe and analyze the electrical signals, optical radiation signals, electrode surface 

morphology, and electrode surface composition during the vacuum breakdown 

process, and also established a simulation model of the vacuum breakdown process 

based on the PIC-MCC method. Based on the analysis of the experimental and 

simulation results, the intrinsic mechanism of the main physical phenomena in the 

vacuum breakdown process and their interrelationships are clarified. The roles played 

by the cathode and anode in the establishment of the conductive channel are clarified 

from the viewpoints of sufficiency and necessity. The mechanism for the formation of 

the conductive channel in the vacuum breakdown process is revealed. The main 

conclusions of this paper are as follows: 

(1) The critical role of cathode plasma for the onset of vacuum breakdown is revealed, 

and the necessity of high temperature and ablation on the cathode surface for the 

formation and maintenance of cathode plasma is elucidated, providing evidence for a 

cathode-dominated breakdown mechanism. The experimental results in this paper 

show that the start of vacuum breakdown process is all predicated on the cathode 

surface electric field strength reaching the breakdown threshold (160±30 MV/m). The 

nanosecond-resolved images show the appearance of the cathode glow immediately 

after the onset of vacuum breakdown, and the comparative analysis of the current 

shows that the appearance of the cathode glow implies the generation of the cathode 

plasma. According to the simulation results of vacuum breakdown process, before the 

formation of cathode plasma, only electron emission current limited by space charge 

effect can flow in the vacuum gap, while the formation of cathode plasma can make 

the gap current break through the limit of space charge effect and rise rapidly, thus 

starting the construction process of vacuum breakdown conductive channel. Therefore, 

the formation of cathode plasma is a necessary condition for the beginning of vacuum 

breakdown and the development of conductive channels. In addition, simulations of 

the vacuum breakdown process and experimentally obtained changes in cathode 

micromorphology indicate that the formation of cathode plasma requires sufficient 

amount of atoms provided by ablation at the cathode surface due to elevated 

temperatures. The above results support the cathode-dominated vacuum breakdown 

mechanism. 

(2) The origin of the particle components of the anode glow and the corresponding 

physical processes on the anode surface during the conductive channel formation stage 
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of vacuum breakdown are clarified, and a new mechanism for the anode glow 

existence based on the joint contribution of both electrodes and the sputtering process 

on the anode surface is proposed. 

a) In terms of the particle composition of the anode glow, it was found that both the 

cathode and the anode contribute to the anode glow process, in contrast to the 

conventional view that the anode glow is produced by the anode. Spectroscopic and 

energy spectral analysis shows that the atoms provided by the cathode to the anode 

glow belong to the cathode material, they are the result of charge neutralization and 

reflection of the cathode material ions in the expanding cathode plasma upon arrival 

at the anode, and they have arrived at the anode surface before the appearance of the 

anode glow. The atoms provided by the anode to the anode glow contain both anode 

material and cathode material because the material migration in the preceding 

breakdowns can form a cathode material contamination layer on the anode surface. 

The increase of this contamination layer will lead to smaller and smaller percentage 

of atoms of the native anode material in the anode glow region, which is manifested 

by the attenuation or even complete disappearance of the spectra of the anode material 

in the anode glow. 

b) In terms of the electrode physical processes corresponding to the anode glow, it was 

found that the mechanism leading to the escape of the anode surface atoms from the 

anode and their participation in the anode glow under the experimental conditions of 

this study is the sputtering of the anode surface under the bombardment of the cathode 

ion stream, rather than the evaporation of the anode surface under the heating of the 

cathode electron stream. This is because: ①the maximum difference in the density of 

evaporated atoms generated by different anode materials under the heating of the 

electron flow can be up to 11 orders of magnitude, while the instant of the anode glow 

appearance is very close; ②microscopic analysis shows that the anode surface does 

not melt in the breakdown process, which implies that it is impossible to produce 

intense evaporation due to high temperature; ③ anode surface temperature and 

evaporated atom density is very sensitive to changes in the distribution radius of the 

electron flow from the cathode on the anode surface and if the distribution radius of 

the electron flow is estimated based on the fact that no melting occurs on the anode 

surface, the resulting evaporated atom density is likely to be much lower than the level 

capable of producing optical radiation; ④the sputtering effect of the cathode ion flow 

on the anode surface can produce sputtered atom densities up to the order of 1020 m-3, 

and the sputtered atom density is not sensitive to changes in the distribution radius of 

the ion flow. This finding indicates that the degree of contribution of the evaporation 

process and sputtering process on the anode surface to the anode glow varies with the 

experimental conditions, and forms an important complement to the conventional 

view that the anode glow comes from the evaporation of the anode surface under 

heating. 

(3) The dependence of the conductive channel establishment process on the anode 

glow generation and light-radiation channel formation is excluded, and the non-

necessity of the anode glow in the formation of the conductive channel during vacuum 

breakdown is elucidated. According to the experimentally obtained gap voltage 
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waveform and the temporal evolution of the anode glow, the instant of gap voltage 

collapse during vacuum breakdown is much earlier than the instant when the 

expanding anode glow connects to the gap. This means that the expansion of the anode 

glow is not a necessary condition for the formation of the conductive channel. In 

addition, the instants of the anode glow appearance and the conductive channel 

formation have a strong linear correlation, but the sequential order of the two events 

has a random nature. This means that the emergence of the anode glow and the 

establishment of the conductive channel depend on the same process, i.e., cathode 

plasma expansion, but there is no causal relationship between the anode glow 

emergence and the conductive channel formation. Thus, both the appearance of the 

anode glow and the formation of the conductive channel are the result of the expansion 

of the cathode plasma to the anode, but neither the production nor the expansion of 

the anode glow is necessary for the formation of the conductive channel. Some of the 

previous conclusions emphasizing the importance of the anode glow are only 

phenomenological descriptions obtained in the special situation when the anode is 

overheated by the electron flow, which do not prove the necessity of the anode glow 

for the conductive channel formation. 

(4) The expansion mode of the cathode plasma in the absence of light emission is 

discovered, and the sufficiency and necessity of the generation and expansion of the 

cathode plasma for the formation of the conductive channel in vacuum breakdown is 

clarified. A new mechanism for the establishment of conductive channels dominated 

by the cathode plasma expansion is proposed, which compliments the existing theories 

for conductive channel formation. The spectral analysis shows that although the 

expansion of the cathode glow region is very limited, the cathode plasma can 

continuously expand along the gap toward the anode without glowing, and the time of 

reaching the anode precedes the appearance of the anode glow. The simulation results 

show that the front of the cathode plasma expansion is determined by the ion 

expansion velocity. The region between the front and the cathode is occupied by 

plasma composed of electrons and ions with a low voltage drop, while the region 

between the front and the anode bears most of the gap voltage, with only electrons in 

the region moving toward the anode under the acceleration of the electric field to 

maintain the current conservation. The expansion of the cathode plasma causes the 

gradual decrease of the gap voltage and the gradual increase of the gap current. When 

the cathode plasma front reaches the anode surface, the whole vacuum gap is 

connected by the plasma, leading to complete drop of the gap voltage and the 

formation of the conductive channel. Therefore, the generation and expansion of the 

cathode plasma is a sufficient condition for the formation of the conductive channel. 

Moreover, according to the first conclusion, the generation of the cathode plasma is a 

necessary condition for the initiation of the vacuum breakdown process, and the 

continuous burning and expansion of the cathode plasma is a necessary condition for 

the further rise of the current and the development of the vacuum breakdown. 

Therefore, the generation and expansion of the cathode plasma is also a necessary 

condition for the establishment of the conductive channel. In summary, the necessary 

and sufficient condition for the formation of the conductive channel in the vacuum 

breakdown process is the generation and expansion of the cathode plasma. 
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