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Abstract

This thesis presents an experimental investigation and a numerical simulation of

breakdown in a ring assembly. Previous works are mostly limited to breakdown in

simple geometries such as parallel plates or pin-to-plate. Here we discuss the effect

of more complex geometries for DC breakdown in gases over a large pressure range

from high vacuum to atmospheric pressure. The breakdown voltage versus pressure

curves shows a similar shape as Paschen curves but with a wide flat plateau between

the low and high pressure thresholds. The low pressure threshold determines the

limit between gas and vacuum discharges. Additional optical emission spectroscopy

confirms the presence of two different kinds of discharges: Gas and vacuum dis-

charges. Moreover the global shape of the gas breakdown voltage curve in the ring

assembly has been fully understood by a complementary numerical simulation. Fur-

ther current-voltage study showed that voltage only is the most significant factor for

breakdown and that current determines the kind of discharge after breakdown. As

the breakdown voltages are lower for gas discharges than for vacuum discharges, a

numerical simulation model for gas breakdown using a fluid model was developed in

order to support the experimental conclusions. Starting as simple as possible with par-

allel plates (1 mm and 100 mm gap width representing approximatively the shortest

and longest electric field path length in the ring assembly geometry) and extending

to double gap and multi-gap geometries, an understanding of the overall shape of

the breakdown voltage versus pressure curve is established: The high (low) pressure

thresholds of gas discharge are determined by the shortest (longest) electric field path

length in a complex geometry. Moreover, the availability of multiple path lengths leads

to a breakdown voltage minimum over a wide range of intermediate pressure because

breakdown can occur in the most favorable gap. Finally, the numerical simulation in

the ring assembly shows the importance of parameters such as the secondary electron

emission coefficient which play a major role in determining the breakdown voltage

value.
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Résumé
Cette thèse présente une étude du break-down à savoir une initialisation d’une dé-

charge dans une géométrie complexe. De nombreuses études ont fait état de travaux

similaires portant sur des électrodes à géométrie simple (plaques parallèles ou pointe-

plaque). Un assemblage d’anneaux, utilisé comme géométrie dans le cadre de cette

étude, est soumis à une tension DC pour une large gamme de pressions allant de la

pression atmosphérique à un vide poussé. Les résultats obtenus (tensions de break-

down en fonction de la pression) ont pu distinguer les "vacuum arcs" (décharges

sous vide) des décharges gazeuses qui montrent une tendance générale similaire

aux courbes de Paschen. Une analyse par spectroscopie optique a confirmé la pré-

sence de ces deux types de décharge. Les mesures de courant et de tension durant

le break-down ont mis en évidence le fait que la limitation du courant pouvait em-

pêcher la décharge de se développer en arc (décharge à hauts courants pouvant être

à l’origine de dommages matériels). Un modèle de simulation numérique pour des

break-down de décharges gazeuses à tension DC a été développé car les décharges

gazeuses présentent des tensions de break-down les plus basses. Les premiers calculs

ont été fait pour une géométrie à plaques parallèles afin de valider le modèle numé-

rique. Les tensions de break-down calculées pour une géométrie à doubles espaces

comparées à celles d’une géométrie à espaces multiples (de même espace maximum

et minimum que la géométrie à double espaces) ont finalement permis d’identifier les

paramètres clés déterminant les seuils dans les résultats expérimentaux de la tension

de break-down en fonction de la pression. Finalement les résultats numériques dans

un assemblage d’anneaux présentent des similarités avec ceux obtenues expérimen-

talement en particulier pour les courbes de tension de break-down en fonction de

la pression. Les écarts entre les mesures et les calculs suggèrent qu’une attention

particulière doit être portée sur les paramètres de simulation numérique tels que les

coefficients de diffusion et de mobilité des particules ainsi que le coefficient d’émis-

sion d’électrons secondaire.

Mots-clés : DC breakdown, décharge gazeuse, décharge dans le vide (vacuum di-

scharge), courbe de Paschen, simulation du fluide, géométrie complexe, assemblage

d’anneaux, multi espaces, double espaces, large gamme de pression.
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1 Introduction

Discharge physics is widely studied in industry and research. Discharges are used in

various applications such as:

• Electrical discharge machining

• Lamps

• Cleaning

• Thin film deposition or coating

• Lightning.

High voltage devices are commonly used all around the world from electrostatic pre-

cipitators to power supplies for X-ray generators. Because these devices are working

with high voltages, they are subject to possible failures originated by arcing. Arcing,

which is the formation of an electric arc, is one of the most important discharge topics.

The understanding of the arcing physics will help to avoid failure or damaging by re-

designing or limiting the working settings of the high voltage devices. Satellite slip ring

assemblies are a key element of high voltage applications in space. The robustness of

electrical equipment is fundamental for space mission. Part of so-called collectors

slip ring assemblies find their utility in power transmission from solar panels to the

main body of the satellite (figure 1.1). They are composed of many conducting rings

separated by insulators. When the rings are rotating, brushes slip on the conducting

rings allowing power transmission through a tiny contact. All these conducting parts

are wired to the electrical power system of the satellite. The voltage difference between

conducting rings may lead to arcing and as consequence electrical failures. When

arcing happens, it is supposed to be originated by overvoltages created by an electrical
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Chapter 1. Introduction

component such as the sequential switching serial regulators combined with gas

from possible out-gassing (from the satellite materials), the propellants or conductive

plasma from the thrusters or micro-meteorite. Arcing can then be responsible for

electrical continuity failures such as soldered point failure, slip wire failure, insulation

failure or short circuit [1]. Satellite slip ring assemblies are designed to withstand

high voltages without arcing over a large pressure range (from atmospheric pressure

on earth to high vacuum in space). The demand for higher electrical power [2] and

smaller devices dimensions (higher performance with smaller costs) translates to

higher arcing probabilities. An understanding of breakdown may lead to new designs,

and highlight the working limits of these pieces of equipment, or might suggest design

modifications to improve future devices.

The electrode configuration investigated in this thesis is used not only in the particular

satellite application but similar electrode geometries can be found in other devices

such as slip ring motors, wind turbines or electrical generators for AC systems, alter-

nators and in packaging machinery. This knowledge is crucial for proper functioning

without breakdown. The presented results should give step by step an insight into

fundamental properties of DC breakdown in complex geometries.

Figure 1.1: Location of slip ring assembly used for power transmission in a typical
space satellite.

2



1.1. Plasma

1.1 Plasma

Plasma science began with Crookes at the end of the 19th century [3] directly followed

by Langumir at the begin of the 20th century [4]. Plasma science grew then over the

years. More recent literature such as "Principles of plasma processing" from Chen [5]

or "Principles of plasma discharges and materials processing" from Lieberman [6]

describe the principles of plasmas developed since the beginning.

A plasma can be considered as the fourth state of matter. For a fixed pressure, the

temperature of a solid can be increased so much that it will become liquid. If the tem-

perature is further increased then the liquid transforms into a gas. Adding still more

energy to a gas will dissociate the neutral particles into electrons and ionized atoms or

molecules. To obtain a plasma from a gas more energy needs to be introduced in order

to ionize the gas. This charged fluid mixture is composed of neutrals as well as charged

particles (ions and electrons) which can interact not only by collision but also through

electromagnetic fields. The electromagnetic fields inside the plasma can therefore be

modified by the charged particles moving in the volume. The charged particles are

sensitive to electromagnetic field and are responsible for the plasma conductivity. To

characterize the existence of this fourth state of matter, some parameters need to be

defined. The Debye length is the distance above which an electric potential will be

screened out by the charged particles:

λD =
√
ε0kBTe

nee2
, (1.1)

where ε0 is the vacuum permittivity, kB the Boltzmann constant, Te the electron

temperature, ne the electron density and e the elementary charge. The plasma can

only exist with the presence of a collective effect. The particles need to be close enough

to influence at least another charged nearby. This condition is defined by the plasma

parameter ΛD: The sphere of a radius equal to the Debye length should contain at

least one charge carrier.

ΛD = 4π

3
neλ

3
D > 1 . (1.2)

Outside this sphere the charges are screened. The plasma parameter and Debye

3



Chapter 1. Introduction

length will change depending on the plasma because these quantities depend on the

electron density and temperature. The Debye length in a plasma have to be much

smaller than the physical dimensions of the system. To satisfy this condition the ion

and electron density inside the plasma must be nearly equal. This quasi neutrality

property (ne ≈ ni) is one of the most important plasma conditions. Charged particles

will always find a way to move in order to shield out large potentials gradients and

maintain equal densities of the positive and negative species.

Figure 1.2: Various types of plasmas on a log-log scale, plasma density versus electron
temperature [7].

Very different types of plasma exist and are summarized in figure 1.2. Large variations

over several orders of magnitude in temperature and density are the origin of large

varieties of plasmas. Hot plasmas such as fusion reactor plasmas fully ionize the gas

(no more neutral remain). In contrast to hot plasmas, cold plasmas are only partially

ionized: Only 1−10% of the gas molecules are ionized. In this thesis we will focus

on cold plasmas: glow discharges, low pressure discharges and high pressure arcs as

4



1.1. Plasma

illustrated in figure 1.2.

The most commonly used geometry for DC plasma study is a parallel plate configura-

tion as in figure 1.3. Two spheres or pin-to-plates geometries are also widely used. In

these simple experimental configurations, one electrode is grounded whereas high

voltage is applied on the other. Such simple geometries give the advantage to be able

to compare experimental data with the calculated analytic solutions. The stability of a

DC discharge is a question of the equilibrium between charged particle production

and losses. If electrons acquire enough energy through the acceleration in the gap

then they can ionize neutrals resulting in a production of ions and electrons. Never-

theless high voltage accelerates electrons and ions in the opposite direction towards

the walls where they are lost. Secondary processes compensate these particles losses.

One of the most important secondary process is the secondary electron emission

mechanism: A positive ion can release secondary electrons from the cathode if it has

enough energy when it impacts. Contrary to radio frequency (RF) plasmas, the surface

processes play a main role in the DC discharge development and self-sustainment

because the particles are not oscillating between the two electrodes. The steady state

of DC discharges is reached when the losses are compensated by the production of

particles in the volume.

Figure 1.3: Schematic view of a plasma generated by DC voltage between a parallel
plate geometry.
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Chapter 1. Introduction

1.1.1 Plasma in space applications

Complex geometries such as ring assemblies used for power transmission in satellites

work with high voltage. The key elements for the creation of an undesirable plasma are

present: A high voltage electrode and a grounded electrode separated by gas. Some of

the working conditions in the spacecraft (geometry, voltage) are known. Nevertheless

parameters such as pressure are very difficult to evaluate at real functional conditions

and can vary over several orders of magnitude. Some possibilities to have the presence

of gas into or near the satellite are as follows:

• During the first time in space the satellite is degassing, i.e. releases gas initially

attached on the surfaces or outgassing due to the pressure gradient.

• The rotation or position adjustment of a satellite is mostly done by a mono

propellant rocket using hydrazine (N2H4) as fuel. The exhaust gas is composed

by nitrogen, hydrogen and ammonia (NH3).

• The temperature variation from shadow to sun exposure can lead to phase

transition (solidification, vaporization).

• A micro-meteorite impacting on the satellite can release gas.

All these unexpected gases can temporarily create a local pressure in a part of the

satellite and maybe increase the possibility of arcing. The consequences of a plasma

ignition could be very different depending on nature of the discharge. Harmless

discharges such as corona discharges lead only to power losses whereas arcing could

be responsible for critical failures.

1.2 Objectives

The objectives of this thesis are to investigate DC breakdown in complex geometries.

Understanding the occurrence and the propagation of electrical arcs under vacuum is

of great importance to prevent damaging effects on equipment such as used in satel-

lites. The study of parameters which should impact on breakdown such as pressure,

voltage, gas type and geometrical parameters should help to explain the breakdown

voltage versus pressure curves. Additionally optical emission spectroscopy will high-

light the compositions of the discharges, results which should complement breakdown

voltage investigation. Moreover the investigation in consequences of breakdown will

be crucial to suggest how to possibly avoid any damaged or failures originated by a dis-

charge in a complex geometry. The complex satellite ring assembly is simplified into

6



1.2. Objectives

a representative simple ring assembly for investigations of geometrical parameters

impact such as ring insulator thickness.

The numerical simulation should help to better understand the physics of discharge

and to support the experimental results or conclusions. With an adapted model it

should be possible to learn more about DC gas breakdown.

The results should finally directly be used for industrial applications: To determine the

physical limits for safe operation of a typical slip ring assembly, to propose to space

equipment manufacturers a scientific basis to better understand the reasons of arc

occurrence on spacecraft and their onboard effects or to propose design guidelines to

improve slip ring assembly arc robustness of spacecrafts.

7





2 DC Breakdown theory

In this chapter, the DC breakdown, a topic studied by numerous authors [8, 9, 5, 6,

10, 11, 12, 13], is briefly described. A DC breakdown can develop either into a gas

or vacuum discharge. There exist many kinds of gas discharges or various ways of

discharge classifications such as Townsend dark discharge, normal glow discharge,

abnormal glow discharge, arc, sparks or corona discharges. Each type of discharge

gives little information about the ignition processes at the origin of the breakdown.

The breakdown mechanisms depend on several parameters like pressure, distance

between the electrodes and electric field. After gas breakdown, the discharge develops

according to the external electrical circuit. For example, if the external circuit cannot

provide sufficient current to a glow discharge, it will not develop into an electric arc.

Contrary to gas discharges vacuum discharges are dominated by other breakdown

mechanisms such as field emission.

2.1 Gas breakdown

Initially the volume between the electrodes is filled with gas and a voltage is applied

building up an electric field. If the field is high enough a free electron (from cosmic rays

background ionization) is accelerated sufficiently to ionize a gas particle as shown

in figure 2.1. If the electric field is maintained the two remaining electrons could

ionize again each releasing an electron, and so on. This primary process of electron

multiplication is called the Townsend mechanism or Townsend avalanche. Note that

an electron emitted close to the anode cannot produce much ionization because it

cannot travel far before it is neutralized. At the opposite end, an electron born close

to the cathode travels through the full gap and has much more ionization capabilities.

The ionization can be quantified by the ionization frequency (number of ionizations

per unit time). As the electrons evolve not only in time but also in space (drift direction

9



Chapter 2. DC Breakdown theory

of knocked-out electrons), the ionization is interpreted by the ionization coefficient

instead of by the ionization frequency: Number of ionization events performed by

an electron in a path per unit length along the field. The ionization coefficient is

represented by α (Townsend’s first coefficient). From numerical and theoretical

analysis, the empirical expression of α commonly used is:

α= Ap exp(−B p/E) , (2.1)

where A and B are constant parameters determined experimentally, depending on the

type of gas as presented in [6, Table 14.1] or [9, Table 4.1]. p is the pressure and E the

electric field. The Townsend mechanism could be accompanied by other volume ion-

ization mechanisms such as photoionization (A+γ→ A++e), ionization by excited

atoms or metasables (A+A∗ → A++e+A), or associative ionization (A+A∗ → A+
2 +e).

On the other hand recombination processes are also possible by different ways. Dis-

sociative recombination (A+
2 +e → A+A∗) or radiative recombination (A++e → A+γ)

are two of them. Moreover gases with a high electron affinity can remove free electrons

from the volume by attachment. Breakdown can only occur if the electron/ion pro-

duction dominates the losses. DC breakdown has constantly an applied electric field

accelerating the charged particles. Nevertheless if the voltage is pulsed, the charged

particles are only accelerated during the pulse duration when the voltage is applied.

A pulse voltage is characterized by three parameters impacting on the breakdown

development:

• The pulse intensity or amplitude, impacting on how fast the charged particles

are accelerated, must be high enough so that electrons born in the volume

during the pulse generates enough new particles before the particles are lost

by the mechanisms cited above. If enough particle remain when the next pulse

occurs, breakdown starts.

• The pulse length, determining how long the voltage is applied, must be long

enough. This affects how long the charged particles are accelerated in the

volume.

• The pulse frequency is the number of pulses per unit time. It must be high

enough so that the duration between two pulses is short, because no charged

particles are accelerated and only losses occur between two pulses.

The Townsend mechanism cannot initiate breakdown by itself, but needs some com-

plementary mechanisms such as secondary electron emission. Secondary electron

10



2.1. Gas breakdown

Figure 2.1: Schematic of electron multiplication starting with an initial free electron
(•) accelerated by the field and moving toward the anode.

emission involves excited atoms, metasables and photons which contribute to elec-

tron production. Nevertheless secondary electron emission by positive ion impact on

the cathode is the dominant mechanisms in gas discharges such as glow or corona

discharges: An ion accelerated by the field and impacting on a surface has enough

energy to released one or more electrons from the surface. This mechanism illustrated

in figure 2.2 is in reality quite complex [6]. Figure 2.2(a) shows the confinement of

electrons in a solid (metal). The electrons fill the energy levels of the conduction

band whose maximum energy is the Fermi level EF. These electrons are confined

in the solid by a potential barrier of at least height Eφ (work function). An incident

ion on the cathode cannot directly knock out an electron due to its relatively small

kinetic energy. But approaching close enough (atomic dimensions) to the cathode

surface as in figure 2.2(b), the ion replaces the existing potential barrier seen by the

electrons (figure 2.2(a)) by a deep potential well which is separated from the surface

only by very thin potential barrier (∼atomic radius aeff). There is also a possibility for

an electron with an energy Ee1 (one of the energy levels of the conduction band) to

tunnel through the barrier, enter into the ground state of the ionized atom (Eiz) and

11



Chapter 2. DC Breakdown theory

neutralize the ion. This remaining energy Eiz −Ee1 is acquired by a second electron

from the conduction band of the metal with an initial energy of Ee2. If the exceeding

energy of neutralization is bigger than the second electron energy (Eiz −Ee1 > Ee2),

then the second electron could leave the surface (Auger emission) as a free electron.

Otherwise it remains trapped in the surface. Depending on the energy of the ion

and the potential energies of the electrons in the conduction band, more than one

secondary electron could escape from the surface. The secondary emission coefficient

is defined as γse and quantifies the number of electrons released per ion impact on

the surface.

A discharge strongly depends on the first ionization coefficient α and the secondary

electron emission coefficient γse and becomes self sustained when the current flowing

between the electrodes continues to grow with the voltage increase due to the primary

and secondary processes. Its breakdown initiation takes its origin in the charge

multiplication. The simplest way to describe this phenomenon can be found in [6]: In

a parallel plate configuration of gap width d , z = 0 is fixed at the cathode. Electrons

are emitted at the cathode and are accelerated towards the anode by the electric field.

They ionize the background gas which is quantified by the Townsend first coefficient

α (ionization coefficient). The electron flux Γe across the gap is given by:

dΓe =α(z)Γedz . (2.2)

The solution of this equation is:

Γe(z) = Γe(0)exp

(∫ z

0
α(z ′)dz ′

)
. (2.3)

Taking into account the ion fluxes, the continuity of the total charge or creation of

electron-ion pairs must be satisfied:

Γi(0)−Γi(d) = Γe(d)−Γe(0) (2.4)

= Γe(0)

[
exp

(∫ d

0
α(z)dz

)
−1

]
from equation (2.3) . (2.5)

The ion flux at the anode Γi(d) = 0 and the secondary electron emission at the cathode

needs to be added for breakdown of a self-sustained discharge: γseΓi(0) = Γe(0). The

condition for self-sustainment could be written by:

exp

(∫ d

0
α(z)dz

)
= 1+ 1

γse
. (2.6)

12



2.1. Gas breakdown

(a)

(b)

Figure 2.2: Potential energy at the metal surface [6]. (a) Without ion, the Fermi energy
EF and the work function Eφ. (b) Illustration of secondary electron emission by ion
impact on metal surface. The presence of an ion changes the potential leading to
Auger emission due to electron tunneling.
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Chapter 2. DC Breakdown theory

This condition in equation (2.6) describes an exponential increase of current or a

charge multiplication. Assuming that α(z) = const in a parallel plate geometry of gap

d , the condition for breakdown can be expressed by:

αd = ln(1+1/γse) (2.7)

For a typical value of γse = 0.01, the breakdown condition isαd = 4.61. The breakdown

condition in complex geometries (non-uniform electric fields) becomes [9]:∫
α(x)d x = ln(1+1/γse) , (2.8)

integrated along the electrons’ trajectories.

2.1.1 Breakdown voltage

As introduced before, an electric field applied to electrodes can initiate a breakdown.

The breakdown of a discharge depend therefore on the electric field or the applied

voltage. The electric field in a parallel plate geometry is given by E =V /d , where V is

the voltage and d the inter-electrode gap. The gas discharge breakdown voltage VBd

as a function of the pressure p is known as the Paschen law [6]. Substituting the value

of α in equation (2.7) by equation (2.1), we obtain:

Ap exp(−B p/E) d = ln(1+1/γse)

⇒ −B p

E
= ln

[
ln(1+1/γse)

Apd

]
= ln[ln(1+1/γse)]− ln[Apd ]

Using E =V /d , the equation becomes:

−B pd

V
= ln[ln(1+1/γse)]− ln[Apd ]

Finally the breakdown voltage is expressed by:

VBd = B pd

ln(A pd)− ln[ln(1+1/γse)]
. (2.9)

14
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Figure 2.3: Typical Paschen curve for a parallel plate geometry based on equation
equation (2.9).

The breakdown voltage is a function only of the product pd . This expression is called

Paschen law. There are significant differences between the A and B values given in the

literature. Each experiment can be slightly different from others (procedure, geometry,

material, purity of gases,...) and therefore gives different values but of the same order

of magnitude. From equation (2.9), the lower limit of pd for asymptotic VBd can be

expressed and shown in figure 2.3:

(pd)VBd→∞ = ln(1+1/γse)

A
. (2.10)

This expression depends on the type of gas through A, and on γse and determines the

threshold between gas and vacuum breakdown. The minimum breakdown voltage

can also be determined:

(VBd)min = exp(1)B ln(1+1/γse)

A
. (2.11)

The breakdown approach using the Townsend breakdown criterion can be used to

estimated the parameters involved in the equation (A, B and γse) for a wide range of

pd values in gases [14].
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Chapter 2. DC Breakdown theory

2.1.2 Gas discharges

Each gas discharges is characterized by the current and the voltage. Figure 2.4 taken

from [8] shows the current-voltage curves of some discharges (Townsend dark dis-

charges, corona, glow discharges and arcs) for different geometries, pressures and

various gases. For a specific geometry and pressure there can be different kinds of

discharges. For example at atmospheric pressure in a pin-to-plate geometry three

different discharges (corona, glow and spark discharges) are identified according to

current and voltage [15]. Figure 2.5 shows a schematic of a current-voltage curve for a

geometry, pressure and gas where many types of discharge could occur. The external

electrical circuit provides the voltage and the current and forms a closed circuit. If

the power supply is followed by an external resistance, the load line is defined by the

following equation and illustrated figure 2.5:

ε=V +Ωi , (2.12)

whereΩ is the external resistance and ε the electromotive force provided by the power

supply. The intersection of the current-voltage curve and the load line determines the

discharge current and voltage characteristics and depends therefore on the external

electrical circuit. High current discharges such as arcs can damage the experimental

setup. The external resistance determines the slope of the load line in such a way that

it can avoid that a low current discharge (glow or corona discharge) develops into an

powerful high current discharge (arc). External current limitation is very useful for

non destructive tests such as breakdown studies if the power supply is not limited in

current.

The current-voltage curve shows that different discharges can be achieved. If a voltage

below the breakdown voltage is applied, a small current can be measured. This

phenomenon is illustrated in figure 2.5 by (AB) and is called dark current. No self-

sustained discharge can develop in this region, which can be named as a non self-

sustained discharge region.

Townsend discharge

If the external resistance is so high that the circuit can provide only very weak currents

(i ∼ 10−10 − 10−5 A), the electron and ions densities are so low that space charges

are negligible and therefore the external field is not distorted. As long as the space

charge is weak, the electric field is independent of the charge and the voltage on the

current-voltage curve is constant (BC on figure 2.5). This very low current discharges
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2.1. Gas breakdown

Figure 2.4: Current-voltage characteristics extracted from [8] for different pressures,
gases and geometries.

Figure 2.5: Schematic of a current-voltage characteristic curve in a discharge tube
and a load line from [9] : (AB) dark current, (BC) Townsend or dark discharge, (DE)
normal glow, (EF) abnormal glow, (FG) transition to arc, (GH) arc.
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Chapter 2. DC Breakdown theory

are called Townsend or dark discharge and need sensitive instruments to be measured.

The ionization in these discharges is so small that the emitted light is hardly visible [9].

This explains the origin of the discharge’s name: dark discharge. Our current probes

are not sensitive enough to measure such low currents. This kind of gas discharge

could therefore be observed but not measured.

Glow discharge

In figure 2.5 the section (DF) represents the glow discharge: normal glow (DE) and

abnormal glow (EF) discharge. After a voltage drop (CD) the normal glow discharge

forms and remains with a constant voltage over a large range of current (i ∼ 10−4 −
10−1 A). When the current is increased or decreased during a normal glow (DE), the

glow on cathode surface expand respectively contracts. Nevertheless the total current

density remains the same because the current variation is compensated by a change

in the surface area through which the current flows.

When the current during a normal glow discharge is increased (above 10−1 A) so much

that every cathode surface is covered by the glow, the total current density could only

be increased by a voltage increase because the charged particles need to be more

accelerated by the electric field. This discharge is called abnormal glow discharge (EF).

Compared to the normal glow discharge, it becomes more bright and extends in the

volume with a current increase.

Self-sustained glow discharges in non-uniform electric field are called corona. The

electric field depends on the geometry: In a parallel plate configuration it is constant

in the volume whereas in a pin-to-plate geometry it is non-uniform. In complex

geometries the field can be strongly non-uniform. Charged particles can therefore

be much more accelerated in the region where the electric field is strong. The glow

discharge will only develop in this enhanced electric field region. The charge multipli-

cation for discharge initiation depends on the electrode polarity:

• If the electric field is concentrated around the cathode, the glow discharge is

called negative corona (glow around the cathode). The discharge mechanisms

do not differ much from glow discharge: The Townsend mechanism and sec-

ondary processes only occur over short paths near the cathode, where the field

is enhanced [16]. As a particle move out of the enhanced field region, they

are almost no more accelerated (weak electric field in the volume) losing their

ionization potential [17].
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2.1. Gas breakdown

• In contrast to negative corona, positive corona is a glow discharge around the

anode where the electric field is concentrated. This discharge cannot count

on secondary electron emission by ion impact on the cathode because the

enhanced field is only near the anode. The secondary mechanism in the vicinity

of the electrode is therefore ensured by photo processes as for streamers (see

next section).

Arcs

The transition from a glow discharge to an arc occurs in the segment (FG) of figure

2.5 at around i ∼ 1 A and is characterized by an abrupt voltage drop. The transition is

caused by cathode heating as the current gradually increases and raises the current

density of the abnormal glow [9]. The secondary emission based on knocking out

electrons with ions arriving at the cathode is replaced by heating up of the metal

electrode leading to thermionic field emission. This heating up method is much more

efficient than the secondary electron emission by ion impact (γse ∼ 10−3 −10−1) and

could emit up to 9 electrons per ion impact on the cathode [9]. Every kind of gas

discharge with sufficient high voltage and current could develop into an arc.

Streamer concept, first stage of spark

Up to this point, the breakdown mechanism has been described by the Paschen

theory: ionization in the gas combined with secondary electron emission related to

the cathode. However, another mechanism is known to determine breakdown in gases

in particular at high pressure and high fields. The so-called streamer theory [13, 12, 9]

takes into account not only ionization in the gas but also the resulting space charge.

It is based on the concept of the growth of a thin channel across the gap between

the electrodes. The channel built up begins with the primary avalanche. The space

charge inside the avalanche creates its own electric field separating the charges. Not

only ionization by collision occurs in the vicinity of the head of the avalanche but

also photo ionization by energetic photons is assumed to play a decisive role. The

additional produced particles by these photons are joining the primary avalanche

and contributing to its propagation towards the electrode. The streamer formation

criterion is fulfilled when the field of the space charges produced by avalanche reach

a value of the same order of the external field. This leads to the following well-known

Meek breakdown criterion (omitting attachment):∫
α(E(l ))dl ≥χ , (2.13)

19



Chapter 2. DC Breakdown theory

where the first Townsend coefficient α(E) is integrated along the electrical field line

between the electrodes. Recent streamer studies [18, 19] propose χ equal to 18.5.

Eriksson uses this criterion for streamer evaluation in complex geometries with in-

homogeneous fields [19]. There are some differences in the proposed value of χ in

the literature for uniform fields. In fact, [13] gives 17, [12] 20 and [9] 21. Moreover,

in non-uniform fields the agreement with the criterion is less good [11]. Townsend’s

mechanisms are predominant for pd < 2.63 mbar m and voltages up to small overvolt-

ages (voltages above the breakdown voltage) [9, 13] and the Meek breakdown criterion

should therefore not be used for these conditions. If this criterion is applied where

Townsend’s mechanism is valid (αd ∼ 4.61 for γse = 0.01 from equation (2.7)) for high

pd values then the breakdown voltages obtained will be overestimated [20].

The spark could be seen as a pulsed arc. The streamer breakdown could initiate a spark

if a high current is possible: The spark uses the thin channel (streamer) conducting

property closing the circuit to discharge through the gap with a much larger current. If

the power supply can maintain the large current during the discharge, then the spark

develop into an arc. Else it will burn out and build up again.

2.2 Vacuum discharges

Vacuum discharges have been described during the past few years by many authors

partially listed here [9, 11, 12, 21, 22, 23]. Contrary to gas discharges, the vacuum

discharge initiation mechanisms originate at the electrode because they occur in

conditions (low pressure or very small gaps) where the mean free path is equal to or

bigger than, the inter electrode gap. The voltages for vacuum breakdown are high

because energy is first needed to release a medium such as metal vapor or adsorbed

gas from the electrode used for the breakdown initialization. Pre breakdown emission

processes are therefore needed.

2.2.1 Introduction and basics of electron emission

When a high electric field is applied between two electrodes in vacuum, an electron

could be released from the electrode surface under some specific conditions. Farrall

described this field emission phenomena in [22]. Emission means that electrons

escape the surface of the electrode and it has therefore to overcome the surface energy

barrier. This principle is illustrated in figure 2.6. Three different kinds of emission can

be distinguished [9]:
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2.2. Vacuum discharges

1. Electron emission without external electric field can occur thermionically. The

heat provides the sufficient energy for the electrons so that the energy levels

above the Fermi level are populated figure 2.6(a). A fraction of these electron

are then able to escape.

2. The method of image charge can be used to determine the potential energy of

an electron outside the surface as in figure 2.6(b): An electron outside the metal

at a distance x is assumed to have an image charge of opposite sign at −x within

the metal. An additional external field reduces the effective work function from

φ to φ′ as shown in figure 2.6(c) (Schottky effect). This mechanism combined

to the thermionic heating is called the field enhanced thermionic emission (or

thermionic field emission) and considerably increases the number of released

electrons because potential barrier height is reduced.

3. Field emission is based on quantum mechanical process. There is a finite

probability for an electron tunneling trough the metal over the distance δ (figure

2.6(c)). Increasing the external electric field reduces both the height and the

width of the barrier at the Fermi level and therefore increasing the field emission

(the probability for tunneling).

Figure 2.6: Potential energy versus distance for an electron near a metal surface from
[22]: (a) without image charge, (b) with image charge, (c) with image charge and
external electric field (dashed line: only electric field).

2.2.2 Field emission mechanism

The Fowler-Nordheim theory [22] describes the field emission current density J :
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J = 1.541 ·10−2 ·E 2

φ · t 2(y)
exp

(
−6.831 ·109φ

3
2 v(y)

E

)
A

m2
, (2.14)

where E is the local electric field, φ the material work function, y a parameter de-

pending on E and φ (y = 3.795 ·10−4
p

E/φ), and t(y) respectively v(y) are complex

functions experimentally determined by Nordheim [24]. Miller gives tabulated (and

corrected) values of t(y) respectively v(y) in [25, 26]. Moreover, E can be written as

β ·E ′ where β is the local field enhancement factor, and E ′ the applied field. The work

function and the field enhancement factor depend strongly on surface structure and

material. One way to find the field enhancement factor assuming the work function

constant, is simply to write equation (2.14) as follow:

ln

(
J

E ′2

)
= ln

(
1.541 ·10−2 ·β2

φ · t 2(y)

)
− −6.831 ·109φ

3
2 v(y) ·β

E ′ . (2.15)

β can be obtained from the slope of the simple interpolation ln
(

J
E ′2

)
= m · 1

E ′ +h

because the current and the electric field are easily measurable in a parallel plates

geometry and the other parameters are given in literature.

Nevertheless, field emission is very sensitive to small surface changes. Surface mod-

ifications for example can lead to abrupt variations in field emission current. The

local electric field enhancement factor β= 1 for perfectly smooth and clean surfaces.

The aim for most applications is to obtain a β as close as possible to 1 and a high

work function in order to increase the breakdown limits of their system. A defect in

the surface finishing can lead to higher β. Simple gas exposure (adsorption), dirt on

surfaces or other contaminants can change the work function [27, 28]. Fortunately,

electrodes can be partially conditioned or cleaned by sparking with limited current.

Too high currents can damage the surface and create protrusions. Some authors

investigated the impact of the surface condition on breakdown strength: The use of

alloys for electrode material instead of pure metal as well as the modification of the

surface after heat treatment (surface layer) impact on the work function [29, 30, 31].

The number of protrusions considered as field emission emitters enhancing the local

electric field can be partially removed by mechanical treatment [32] or conditioning

by sparking [33].
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2.2. Vacuum discharges

Fowler-Nordheim theory is a powerful law for the understanding of pre breakdown

current in vacuum systems. However the emission is very sensitive to surface modifi-

cation [34]. It is therefore necessary to be careful with this theory, in particular with

the two parameters the work function and the field enhancement factor which have

been identified as important.

2.2.3 Breakdown in vacuum

When voltage is applied to the electrodes in order to have a high electric field, a current

flows through the gap. Before breakdown the field emission in room temperature (cold

surfaces) is the dominant emission mechanism. As the breakdown begins the high

current density can only be provided by thermionic field emission [9]. Breakdown

occurs when the current density approaches a critical value of ∼ 1012 A/m2 [21]. The

breakdown itself is originated by Joule heating and precipitated by vaporization of the

emitter where the field is enhanced. The consequence of the electron flux striking

the anode results in a positive ion flux returning to the cathode. The cathode field

is therefore further enhanced due to the space charge cloud produced by the ion

concentration, facilitating breakdown. The vacuum discharge can finally develop

in the metal vapor, residual gas or impurities issued form the electrodes. These

discharges only occur in such low pressure or small gaps where the particle densities

in the volume become so low that the gas discharge could not initiate. As shown above

the initiation mechanisms depend strongly on surface which is modified more or less

with each vacuum discharge leading already to breakdown voltage variations simply

by history.
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3 Experimental Setup

This chapter describes the experimental setup and the diagnostics. Working over a

large pressure range (high vacuum to atmospheric pressure) is first discussed. Then

the two main setups are described: The simple ring assembly used for most of the

experimental measurements and the slip ring assembly from industry. Additionally to

the experimental setups, the characteristics of the different electric devices such as

voltage generators or electrical probes are presented. Finally the chapter ends with

a section on a method to measure the breakdown voltage and different ways to use

optical emission spectroscopy results.

3.1 Pumping and gases

Breakdown measurements are performed over a wide pressure range (from 2 ·10−5

to 103 mbar) in a cylindrical vacuum vessel as shown in figure 3.1. The vessel is

400 mm high and has a radius of 160 mm. Two large windows offer the possibility

for visual observations or to install optical fibers for light intensity measurements or

optical spectroscopy. A base pressure of 10−6 mbar is reached with a turbomolecular

pump. For pressure above 0.01 mbar the turbo pump can be isolated from the vacuum

chamber by a valve. Only a root pump is used in this case. Different gases can be

introduced by means of a micro valve. Atmospheric pressure is obtained by reducing

the pumping speed of the root pump. The pumping speed is changed by a second

throttle valve placed between the chamber and the root pump. Various gases can

be tested but argon, air and nitrogen have mainly been used. The pressure in the

vacuum vessel is measured by a full range vacuum pressure gauge (Balzers compact

full range gauge PKR 250: Pirani and cold cathode gauge combination) for pressures

of 5 ·10−9 to 103 mbar in air. The measured pressure by this gauge deviates above

1 mbar from the real pressure for gases different from air as presented in figure 3.2
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Figure 3.1: Picture of the main experimental setup without optical diagnostics.

[35]. This is explained by the physics of the Pirani gauge. Gas molecules cool the

heated wire down by collisions with it. If the pressure is decreased, the number of

gas molecules also decreases. Less heat is therefore removed from the heated wire

and the temperature rises. As the wire resistance changes with the temperature, the

pressure can be deduced. This is dependent on the kind of gas present in the chamber.

Initially the probe is calibrated for air. To have a measurement independent of the

gas a second pressure gauge is installed: a baratron (MKS capacitance manometer

1000 mbar model 628B13MDE1B). A so called baratron is a pressure gauge relying on

a change of a capacitor capacitance by the gas pressure. It uses the metal diaphragm

and an adjacent fixed electrode to create a variable capacitor to detect strain due to

applied pressure. This mechanism is independent of the gas type and is used here to

measure pressures above 1 mbar.

3.2 Slip ring assembly

RUAG Space produces slip ring assemblies for power transmission in satellites (figure

3.3). They need to withstand high voltages without breaking down over a wide gas

pressure range. An example of a typical satellite slip ring assembly is shown in figure

3.3. It is composed of gold coated rings and brushes in order to have the best possible

conductivity. The inside of this assembly is filled with an insulating resin. Arcing
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3.2. Slip ring assembly

Figure 3.2: Gas dependency of indicated pressure for the Pirani gauge. The gauge is
calibrated for air.

should therefore only happens externally. The slip ring assembly is responsible for

the power transmission from the solar panels to the spacecraft. The slip rings are

connected to the spacecraft using different tracks. Some tracks supply the voltage

whereas some are grounded. The schematic of the track allocation is shown in figure

3.4. The high voltage was connected on either track 15 or 17 for the measurements of

breakdown. The tracks 1 to 14 and 18 to 20 are grounded and the rest is floating.

The slip ring assembly compared to the simple ring assembly has slipping brushes on

the ring, which may have an impact on breakdown voltage. In order to rotate the rotor

from the outside of the vacuum chamber, an additional feed through was placed at

the top of the vacuum chamber. A metal rod with a fork at its end is attached to the

feed through. The fork is pushed into the top holes of the slip ring assembly in order

to rotate the rotor. The brushes and external structure of the assembly remained still.

Experimentally the rotation speed has been chosen higher than the functional speeds

for space applications and is at about 1 rpm. For solar array drive mechanism (SADM)

space applications, the functional rotation speed in geostationary conditions (GEO) is

1 turn per day whereas in low earth orbit (LEO) it is about one turn per 100 minutes.
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Figure 3.3: Typical satellite slip ring assembly

Figure 3.4: Electrical wiring schematic of slip ring assembly. The circles represent the
gold rings and the two lines are the brushes slipping on the ring during rotation. High
voltage was applied on track 15 or 17 in this experiment. All other tracks are grounded
or floating.
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3.3. Simple ring assembly

Figure 3.5: Typical dimensions of simplified adjustable ring assembly. The ring edges
have a 0.1 mm radius of curvature. The surface finish of the conductors is N7 (rough-
ness value Ra = 1.6µm).

3.3 Simple ring assembly

In order to conveniently study breakdown for these complex geometries (slip ring

assemblies) a simple easily modifiable ring assembly has been designed based on a

simple structure (figure 3.5).

The complete assembly of a satellite slip ring was substituted by a representative

ring geometry composed of only five rings (three conductors separated by two in-

sulators) as shown in figure 3.5. The conductor rings were made of brass and were

not gold coated as for the slip ring assembly from RUAG. The top and bottom rings

are grounded whereas the middle one is at high voltage. The internal (external) ring

diameter of the brass conductors is 34 mm (38 mm) and the internal diameter of the

insulator rings is 30 mm (internal barrier). The external diameter of the insulator can

be 38 mm (no external barrier) or 40 mm (external barrier). The ring thickness can vary

from 1 mm to 4 mm by steps of 1 mm. An epoxy structural adhesive (Scotch Weld 2216

B/A) is used to cover the soldered connection (named potting) between the metal rings

and the wires, except when mentioned. The ring assembly is held together by a PTFE

holder (figure 3.6(b)) and is placed in the middle of the grounded cylindrical vacuum

chamber (figure 3.6(a)). The PTFE holder has a hole in order to obtain pressure equi-

librium between the inside of the ring assembly and the vacuum chamber. The three

types of insulator material used have very different breakthrough voltages: Vetronite®

G-11 20 kV/mm [36], Ultem® 2300R Resin 25 kV/mm [37], Macor® 62 kV/mm [38].

29



Chapter 3. Experimental Setup

Figure 3.6: (a) Schematic drawing of the experimental setup (side view). The assembly
of 5 rings is placed in the middle of the cylindrical vacuum chamber. The electrodes
are brass rings: the top and bottom rings are grounded and the middle ring is at high
voltage. The insulator rings are of Ultem resin. (b) Scale drawing of the ring assembly
and PTFE holder. Rings thickness is 1 mm. External diameter of the rings is 38 mm.

3.4 Electrical characteristics and measurements

In high voltage breakdown studies, the connections between the experimental setup

and the voltage generator must be done carefully to avoid any undesired parasitic

arcing. A high voltage feed through as figure 3.7(b) makes the electric link between the

inside and the outside of the vacuum chamber. Initially the feed through looks like the

one presented in figure 3.7(a). The metal rod is surrounded by a PTFE piece to avoid

breakdown between the rod and the grounded vacuum chamber walls. Then a high

voltage connector is placed at the end of the rod as in figure 3.7(b). These high voltage

connectors are suitable to connect the experimental setup to the feed through.

The breakdown processes depend not only on the applied voltage but also on its

waveform. Several kinds of voltage generators are used depending on the type of

measurements:

• A non-destructive high voltage insulation tester (Danbridge JP30A) is used to ap-

ply DC voltages up to 30 kV especially for DC breakdown voltage measurements

(mostly for breakdown voltage versus pressure curves). No external resistance

was necessary to avoid high current damaging because the tester current limit

is set as low as 100 µA.

• A 3 kV high voltage generator (Glassman PK3R1300) with a regulable current

limit up to 1.3 A was used for current investigations. Additional current limita-
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3.4. Electrical characteristics and measurements

tion could be realized by adding external inductance free resistances between

the high voltage generator and the vacuum chamber. Current-voltage character-

istics curves or the impact of current on discharge have been investigated.

• A pulse generator using a fast high voltage transistor switch (Behlke HTS 201-03-

GSM) in the positive pulse configuration (figure 3.8) provides a square voltage

waveform for a frequency of 0.4 to 4000 Hz and pulse width between 10 and

10−3 ms.

• Polarity and AC voltage breakdown investigation was possible with high voltage

AC/DC generator (Trek Model 615-10) reaching voltages up to 20 kV AC (from

100 Hz to 10 kHz) and 10 kV DC (positive or negative).

• The last generator is directly related to the main application of the solar panels

power supply [1] and will be called solar cell simulator. A simple DC voltage is

not representative to the output signal produced by satellites solar panels. A

pulse generator has been fabricated by the HEIG-VD from Yverdon-les-Bains

(VD) representing voltage signals arriving at the ring assembly according to two

different worst case electrical circuits present in satellites. It offers therefore two

realistic voltage waveforms at a repetition frequency of 1 kHz: A square voltage

waveform with the serial shadow diode and a pulsed voltage at 400 kHz without

it as shown in figure 3.10. It is capable of reaching voltages up to 1 kV and its

design is presented in figure 3.9.

(a) (b)

Figure 3.7: High voltage vacuum feed throughs: (a) Typical feed through without
additional adaptations. (b) The feed through rod is surrounded by a PTFE piece and
connected to a high voltage connector. The brass cylinder on the left makes the
connection with the high voltage generator or tester at the outside of the vacuum
chamber.
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Figure 3.8: Electrical circuit for a positive pulsed voltage output from [39].

(a) With shadow diode Dshadow

(b) Without shadow diode Dshadow

Figure 3.9: Pulse generator form HEIG-VD from Yverdon-les-Bains (VD) with two
possible configurations.
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3.5. Breakdown measurement and optical emission spectroscopy

(a) Without shadow diode (time scale :
2µs/div)

(b) With shadow diode (time scale : 0.2 ms/div)

Figure 3.10: Summary of voltage simulator characteristics provided by HEIG-VD from
Yverdon-les-Bains (VD). Current in orange (40 mA/div) and voltage in blue (100 V/div).

The voltage and current are measured with a voltage probe (LeCroy PMK 14kVAC) and

a fast current transformer (Bergoz FCT-016-10:1-WB or FCT-016-100:1-WB) and read

on a LeCroy wavepro 950 1GHz oscilloscope as shown in figure 3.6.

3.5 Breakdown measurement and optical emission spec-

troscopy

An optical fiber and lens directed towards the electrodes and connected to a photomul-

tiplier provide light intensity measurement (see figure 3.6). When breakdown occurs,

electron and ion densities grow rapidly leading to a rapid increase of current and

light intensity. The measurements are stopped when either current or light intensity

rise exponentially as illustrated in figure 3.11 where the time scales on the scope are

at around typical a value of several µs/div. Breakdown can be determined without

light intensity measurement as in figure 3.11(a). It is nevertheless easier to trigger on

the light intensity for low current breakdowns. Breakdown in situations like in figure

3.11(b) can either be triggered on current or on light intensity. The breakdown voltage

is defined as the voltage needed to initiate a discharge. To determine the breakdown

voltage, the applied voltage is increased linearly. To avoid possible high overvoltages,

the voltage increasing rate was fixed below 200 V s−1. The measured DC breakdown

voltage is the voltage before light or current increase because the breakdown forma-

tion time is significantly slower then the voltage ramp. The applied voltage increase

rate can impact on the measured breakdown voltage. A too fast voltage ramp can lead

to large overvoltages. The ideal theoretical voltage ramp to measure the breakdown

33



Chapter 3. Experimental Setup

(a) Trigger on current peak for a typical gas
discharge breakdown in argon at 0.239 mbar
with a time scale of 0.2 ms/div

(b) Trigger on light intensity for a typical gas
discharge breakdown in argon at 0.5 mbar with
a time scale of 0.1 ms/div

Figure 3.11: Example breakdown measurements. Voltage in blue, current in green,
light intensity in grey (inverted scale).

voltage is a static voltage [40]. As soon as the voltage ramp speed is increased there is

a slight overvoltage effect in the measured breakdown voltage.

Moreover the light intensity trigger is especially used when the current peak is weak or

for pulsed voltages. Pulsed voltages or fast changes of the applied voltage in the elec-

tric circuit generate current pulses in absence of breakdown. Most of the breakdown

voltage versus pressure curves are obtained by following a standard procedure (figure

3.12) for each gas, geometry or different kind of electrical setup: First a pressure of

about two orders of magnitude higher then the base pressure (∼ 10−6 mbar) is set.

After pressure stabilization, starting from 0 V the voltage is slowly increased until

breakdown detection. Then the voltage is returned to zero and the pressure is slightly

increased and so on until atmospheric pressure. To complete the breakdown voltage

versus pressure curve, additional measurements are done by decreasing the pressure

again and repeat the procedure for the supplementary points. The measurements

(including voltage ramp) are repeated respecting a time interval of a few seconds: the

time for recording data or changing pressure. When the time between two measure-

ments is too short a memory effect could affect the results as in [41]: Metastables or

remaining charged particles from previous discharge could help the ignition of the

next breakdown.

Optical emission spectroscopy is a simple plasma diagnostic but can be quite diffi-

cult to interpret. An optical spectrometer (SpectraPro 275) with a 0.3 nm resolution
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3.5. Breakdown measurement and optical emission spectroscopy

Figure 3.12: Typical breakdown voltage versus pressure measurement procedure. Blue
arrows: voltage ramp for a fixed pressure, red arrows: voltage set to 0 V and green
arrows: the pressure increment. The Vmax is the generator maximum voltage.
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Figure 3.13: Typical result of optical emission spectroscopy. Gas discharge in helium
at 0.3 mbar

equipped with a CCD camera is used to record the spectra. The data are treated with

the software WinSpec [42]. For this thesis, spectral acquisition for a large range of

wavelengths (from 300 nm to 950 nm) will determine the main excited or ionized

states of the gas or metal vapor during the discharge, sufficient to distinguish the

different types of discharge. A typical example of a recorded spectrum during a gas

discharge in helium is shown in figure 3.13.
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4 Experimental Results

4.1 Breakdown voltage versus pressure curve

Breakdown voltage versus pressure curves are given for a simple ring assembly and

then for a slip ring assembly. The parameters which may impact on breakdown in

the slip ring assembly space applications were tested on the simple ring assembly as

follows: the effect of gas and gas pressure, dimensions and material of insulator rings,

thickness of conductor ring, housing and potting on soldered points between rings

and wires. Further analysis focuses on optical emission spectroscopy and their results

are discussed. Finally the current-voltage characteristics show how to distinguish the

different discharges after breakdown and how to avoid high current damages.

4.1.1 Simple ring assembly

Over the large pressure range investigated two kind of discharges are found: Gas and

vacuum discharges. The Townsend mechanism leads to the breakdown in the gas

discharges (section 2.1). On the other hand, vacuum breakdown occurs at very low

pressures where ionization collisions are rare (section 2.2).

In Paschen curves for simple geometries such as parallel plates (figure 2.3), breakdown

voltages are expressed according to the product of gas pressure and gap width between

electrodes. Since the ring assembly does not have a well defined gap, it is not possible

to express the breakdown voltages according to pressure times gap as in Paschen

curves. DC breakdown voltages for the ring assembly geometry were measured for

gas pressures from 10−4 to 103 mbar in different gases and are shown in figure 4.1 as a

function only of the gas pressure. In figure 4.1 two distinct mechanisms are seen over

the large gas pressure range: Vacuum discharges occur at low pressures whereas gas

discharges dominate at high pressures. In the transition zone between 10−3 and 10−2
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mbar both types of discharge can be present. This conclusion will be supported by

optical emission spectroscopy. In the vacuum discharge range (2 ·10−5 to 10−3 mbar)

the breakdown voltages are dispersed even for the same pressure and are independent

of gas type due to the nature of vacuum discharges. The spread in measured voltages

in the vacuum discharge range shows the changing surface condition dependence of

breakdown. The spread in breakdown voltages could also be caused by overvoltage

due to a too high voltage ramp. The so called overvoltage occurs when the voltage is

increased above the breakdown voltage so fast that the measured breakdown voltage

does not correspond to the breakdown voltage. Measuring the breakdown voltage by

varying the pressure with a fixed voltage as [43] could avoid the overvoltage impact

at this low pressure range. Above 10−3 mbar, gas discharge processes need to be

taken into account. From 10−2 to 103 mbar the gas discharge breakdown voltage

curve looks similar to a stretched Paschen curve for each gas tested. In contrast

to the history dependent nature of vacuum breakdown due to the evolution of the

surface condition, the gas breakdown voltage at a given pressure is highly reproducible

because the ionization mechanism in the gas is nearly independent of the surface

condition. This explains the strong pressure dependence of the data spread in figure

4.1. Apart from the thresholds at high pressure and low pressure, a wide pressure

range from about 0.1 to 10 mbar shows almost constant breakdown voltage values.

The wide flat shape has been understood with numerical simulation (see section

5.3) and finds its origin in the many possible electric field path lengths present in

the ring assembly geometry. The high pressure breakdown threshold is determined

by the shortest electric field line path length and the low pressure threshold by the

longest one. In between it can be considered that there is a superposition of many

Paschen curves issued from each different field line length. Breakdown will occur

on the path which needs the less voltage. The small elbow at round 1 mbar is the

consequence of a breakdown location change. Breakdown at high pressure occurs

between the rings and below 1 mbar the most favorable breakdown path is between

the high voltage ring and the grounded vacuum chamber wall. As the metal of the

wall and the ring is not the same, the minimum breakdown voltage shifts due to a

change of the secondary electron emission coefficient γse in equation (2.11). The

overall shape of the breakdown voltage versus pressure curve remains the same for all

tested gases. The vacuum breakdown voltage is higher than the gas breakdown voltage

because the ignition processes of both kind of discharges is different and much more

energy is needed to ignite a vacuum discharge than a gas discharge. Looking only at

the gas discharge region of figure 4.2 the gas type has an effect on breakdown voltage

as shown in figure 4.2. Nitrogen and air breakdown voltages are similar and Argon gas

presents some lower breakdown voltages in accordance with gas discharge theory [6].

Each gas has different ionization energies influencing the gas breakdown processes.
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Figure 4.1: Measured DC breakdown voltages for the ring assembly from 2 ·10−5 to
103 mbar in different gases.

The presence of metasables, abundant in argon, which have a low ionization energy

play a major role in gas discharges [44]. Moreover some atoms or molecules in air

such as O, O2 and H2O are electronegative gases [9]. This presence of electronegative

gases removing by attachment free electrons, which can no more ionize, impacts on

the breakdown voltage. This explains the breakdown voltage differences between the

different gases in figure 4.2. There is no gas dependence in the vacuum discharge

range (for pressures below 10−3 mbar) as expected because the gas densities are so

low.

Geometry impact on DC breakdown

All following breakdown voltage versus pressure curves in this section have been done

in air. Figure 4.3 highlights the importance of covering the soldered connections

between the wires and the rings. The electric field line path between the soldering

point and a ring must be considered as an additional possible breakdown path. To

avoid this, an epoxy structural adhesive is used as potting to limit the breakdown

only between the rings. The shortest breakdown path will therefore be the distance

between to conductor rings.

If the conductor thickness is increased (with the same insulator dimension), the short-

est and longest electric field line path remain the same and no changes are observed
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Figure 4.2: Measured DC breakdown voltages for the ring assembly from 6 ·10−2 to
103 mbar in different gases. Rescaling of figure 4.1
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Figure 4.3: Measured DC breakdown voltages for the ring assembly. The geometry
with the soldered connections between the metal rings and the wires covered by
potting shows higher breakdown voltages than the geometry without potting due to
less available breakdown paths.
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Figure 4.4: Measured DC breakdown voltages for the ring assembly. The change of
conductor ring thickness (no changes in internal and external diameter) leads to no
effect on breakdown voltage.

in the breakdown voltage versus pressure curve. This result is presented in figure 4.4.

Nevertheless if the external diameter of the insulator ring is increased, then the short-

est path is blocked by the external barrier. This impacts directly with a breakdown

voltage increase for high pressure and vacuum arcs discharges as shown in figure

4.5. Instead of changing the external diameter of the insulator, the thickness of the

insulator rings could also affect the breakdown paths availabilities (conductor and

insulators external diameter is the same). In figure 4.6 the insulator rings are 1 mm

respectively 4 mm thick. Obviously again for high pressure and vacuum arc discharges,

breakdown occurs easier in the first configuration. The ring insulator thickness de-

termines the shortest distance between the conductor rings. If breakdown voltage is

expressed versus pressure times the shortest distance between the conducting rings

as in figure 4.7, the curves are superposed for pd > 10−1 mbar mm like Paschen curves

(VBd versus pd) in parallel plate configuration with different gaps. This illustrates the

validity of the Paschen theory for this region of pd . Other processes such as vacuum

breakdown need to be taken into account for pd < 10−1 mbar mm.

Due to the grounded vacuum chamber, the longest breakdown path is the distance

from the anode to the chamber walls (see figure 3.6). If the ring assembly is placed in

a grounded tube (housing) as in figure 4.8 then the longest electric field line paths is

reduced impacting on the left hand side breakdown voltage threshold as in figure 4.9.

The smallest tube shows a voltage drop between 10−1 mbar and 10−2 mbar due to the
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Figure 4.5: Measured DC breakdown voltages for the ring assembly. The insulator
external barrier increases breakdown voltage only for short electric field line path
regions (vacuum arcs and high pressure discharges), because it disables the shortest
breakdown path of the geometry.
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Figure 4.6: Measured DC breakdown voltages for the ring assembly. The increase
of insulator ring thickness (no changes in internal and external diameter) leads to
an increase of breakdown voltage in high pressure gas discharge as well in vacuum
discharge regions where breakdown occurs along the shortest electric filed line.
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Figure 4.7: Measured DC breakdown voltages for the ring assembly versus pressure
times the shortest available breakdown path determined by the insulator thickness.

opening at the top of the housing tube. The housing (grounded tube around the ring

assembly) limits the path length availability and therefore increases the breakdown

voltage. The effect increases with the decrease of the tube internal diameter.

The type of insulator has been tested and the DC breakdown voltage versus pressure

remains the same. The material of the insulator does not play any role in breakdown

in our measurements. Nevertheless the breakthrough strength has to be sufficient to

support the high voltage application. Examples of a dielectric failure are illustrated in

section 4.5.

AC or Pulse generator

Up till now DC voltage has been applied to the ring assembly. Breakdown for different

kinds of voltage waveforms such as pulsed or sinusoidal have been studied over many

years. Contrary to DC voltage, both electrodes can be conditioned with AC because

both polarities are applied on the setup [45]. The breakdown voltage in the vacuum

discharge range could therefore be slightly higher for AC voltage than for DC voltage

[46]. Our AC voltage generator could not reach high enough voltages to ignite vacuum

breakdown for the tested geometry. We will therefore focus only on gas breakdown.

The polarity (negative and positive DC voltage) and AC voltage (100 Hz) have been

investigated. In figure 4.10 negative and positive breakdown voltage show the same
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Figure 4.8: Schematic of a ring assembly in a vacuum chamber. A grounded tube
surrounds the ring assembly (housing).
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Figure 4.9: Measured DC breakdown voltages for the ring assembly (external diameter
of 38 mm) placed in a grounded tube (open at the top) of various internal diameters.
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Figure 4.10: Breakdown voltage versus pressure.

shape according to pressure. The grounded vacuum chamber surface, much bigger

than the ring surface, is considered as negative (positive) when positive (negative)

voltage is applied on the middle ring. The absolute DC breakdown voltage of negative

polarity is slightly lower than positive polarity due to the positive and negative surface

asymmetry changing the impact area of the surface processes such as secondary

electron emission by ion impact or particle losses on the surfaces. Nevertheless below

0.1 mbar the negative breakdown voltage is higher than the positive one. This effect is

attributed to the change of secondary electron emission coefficient. At low pressure

breakdown occurs in the long gaps, here therefore between the middle ring and the

vacuum chamber wall. Changing the polarity will change the target area of the ions,

i.e. the secondary emission rate by ion impact. Breakdown below 0.1 mbar is easier

to obtain with AC than with DC as shown in figure 4.10(b) because the oscillating

field reduces the particle losses on the surface limiting the drift. For higher pressures

the breakdown voltages are very similar to DC because the AC frequency is so low

that it could be considered as a mix of negative and positive DC. AC breakdown can

therefore ignite either at positive voltage or at negative voltage and chooses the easiest

breakdown possibility.

As described in section 2.1.1, breakdown cannot only develop with electrons but also

needs ions which release electron by secondary emission. Most of the ions are created

near the anode and travel towards the cathode. As the electrons are faster the ion drift

velocity determines the minimum amount of time necessary to cross the gap [11].

Considering a pulsed voltage, the breakdown development process is continuously

interrupted. For breakdown it is necessary to keep some particles from a pulse until

the next pulse. Short pulses at low frequencies need higher voltage to accelerate the

charged particles through the gap and initiate breakdown. Figure 4.11 supports this

45



Chapter 4. Experimental Results

10
−3

10
−2

10
−1

10
0

10
1500

1000

1500

2000

2500

Pulse width [ms]

B
re

ak
do

w
n 

vo
lta

ge
 [V

]

 

 

1 Hz
4 Hz
100 Hz
200 Hz
2000 Hz

DC

(a) 7.9 mbar

10
−3

10
−2

10
−1

10
0

10
1500

1500

2500

3500

4500

5500

Pulse width [ms]

B
re

ak
do

w
n 

vo
lta

ge
 [V

]

 

 

1 Hz
10 Hz
40 Hz
100 Hz
2000 Hz

DC

(b) 0.42 mbar

Figure 4.11: Breakdown voltage versus pulse width from pulse generator for various
pulse frequencies. The dashed horizontal line represent DC voltage breakdown.

theory: The breakdown voltage clearly increases as the frequency or the pulse width

decreases. If the frequency is high enough and the pulse width long enough then

breakdown with pulsed voltage looks similar to DC breakdown. It is hard to define at

which frequency and pulse width the breakdown voltage could be considered same as

DC. Moreover the statistical nature of breakdown starts to play a role with this kind of

pulsed voltage. If the applied voltage reaches the breakdown voltage then breakdown

does not occur before a delay called breakdown delay time. This delay is the sum of

the statistical time delay (from the application of voltage to the appearance of a free

electron that may produce breakdown) and the formative time (from this last moment

to the collapse of the applied voltage and occurrence of a self-sustained current) [47].

The breakdown time delay has a value around 1 ms but depends on the electron yield

and the relaxation time which is the time necessary for a system to return from a

perturbed state into equilibrium. The pulsed voltage with pulse width shorter than

1 ms have therefore less probability to ignite a discharge leading to the need of more

and more voltage for breakdown as the pulse width decreases.
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4.1.2 Slip ring geometry from industry and conclusions

The breakdown voltage of the real slip ring assembly is compared with the simple

ring assembly geometry in figure 4.12. The dimension of the conductor and insulator

rings are in both cases 1 mm thick and the external diameter of the insulator rings is

2 mm bigger than the conductor diameter (external barrier). The results show that

the simplified geometry represents quite well the complete slip ring assembly over

the full tested pressure range and validates the testing in a simpler geometry. Both

vacuum arcs and gas discharge zones are present as well the constant minimum

breakdown voltage in the middle range pressures. The transition between vacuum

and gas discharge (low pressure threshold) occurs at a slightly higher pressure for the

slip ring assembly than for the simple ring assembly. The biggest distance between the

conductors and the wall chamber determines this threshold and is smaller for the slip

ring assembly because the diameter of the conductor ring of the slip ring assembly is

bigger than the ones of the simple ring assembly.

To represent the most realistic situation the solar cell simulator is connected to the

slip ring assembly. Figure 4.13 shows similar voltages for DC voltage and the solar cell

simulator (with shadow diode: square voltage waveform) on two different configu-

rations (high voltage on P15 and P17 in figure 3.4). In agreement with the previous

pulse generator results (frequency and pulse width investigation in section 4.1.1), no

breakdown occurred using the solar cell simulator without shadow diode (maximum

peak voltage is 1 kV) because the voltage peak was limited to only 1 kV and the pulse

was to short. In figure 4.13, the smallest and the longest breakdown path are the same

for both configurations determining the low and high pressure threshold. The inter-

mediate breakdown possibilities do not play any role in the gas discharge thresholds.

Moreover the DC voltage and solar cell simulator comparison suggests quite similar

breakdown voltages. Nevertheless the breakdown voltage is slightly higher for the

simulator due to its squared waveform interrupting periodically the ignition processes.

As the breakdown time is very short, the pulsed simulated voltage signal looks like DC

according to previous results on pulse width and frequencies (section 4.1.1). In figure

4.14, breakdown voltage from solar cell simulator with shadow diode in a rotating slip

ring, i.e. slipping brushes on the rings at 1 rpm is compared to static measurements.

There is no significant difference in breakdown voltage because the electric field lines

as well as the pressure remains the same. Moreover the rotation speed is far below the

one needed for a significant heat up of the contact due to friction.

Finally a general breakdown curve could be established for complex geometries as
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Figure 4.12: Measured DC breakdown voltages for the a complete slip ring assembly as
presented in figure 3.3 provided by industry in air compared to a simple ring assembly.

in figure 4.15. A safe zone is defined as the region where no breakdown occurs based

on previous results. Obviously below a 5 ·10−3 mbar the working voltage could be

increases because vacuum discharges need higher voltages for breakdown than gas

discharges. The lowest breakdown voltage is located in the gas discharge region and

defined by the minimum breakdown voltage depending on each gas and secondary

emission coefficient (see equation (2.11)). Once a breakdown is initialized, the safety

of the device is no more guaranteed and any damages could be possible as presented

in section 4.5. In simple words: No breakdown, no failure! Nevertheless it is possible

to have non destructive discharges as presented in figure 4.16 in the risk zone if the

current is sufficiently limited by the external circuit.
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Figure 4.13: Measured breakdown voltages for complete slip ring assembly in air.
Comparison between different high voltage connection (P15 and P17) and between
DC voltage and solar cell simulator.
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Figure 4.14: Measured breakdown voltages provided by solar cell simulator applied to
a complete slip ring assembly in air. Rotation (1 rpm have no impact on breakdown
voltage measurements.
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Figure 4.15: General worst case schematic for a breakdown voltage versus pressure
curve. The safe zone is defined where no breakdown occurs.

(a) Corona discharge (b) High pressure arcing

Figure 4.16: Two different kind of non destructive discharges (current limited) in the
slip ring assembly.
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Figure 4.17: Optical emission spectroscopy using argon gas. Metal lines are observed
for pressures below 10−3 mbar (vacuum discharge) whereas argon lines occur for
pressures above 10−2 mbar (gas discharge). For clarity, each spectrum is normalized
to its dominant line.

4.2 Optical emission spectroscopy

Different processes are involved for vacuum and gas discharges leading to different

optical emission spectra. Figure 4.17 shows the result of a combination of optical spec-

tra taken at different pressures in argon. Each spectrum is normalized to its maximum

line intensity. The optical data acquisition can take several seconds in particular for

discharges with low light intensities. Optical emission spectroscopy can be used to

distinguish gas discharges from vacuum ones. Optical spectroscopy in argon is easier

to interpret than air because argon is a monatomic gas. In a vacuum discharge, metal

vapor from the electrodes provides the medium for the discharge development. Only

metal lines are present at low gas pressures in the vacuum discharge zone (p < 10−3

mbar in figure 4.17). The dominant metal spectral lines based on atomic spectra line

database [48] are listed below:

Copper Zinc

515.3 nm 481.0 nm

657.7 nm 492.4 nm

766.4 nm 589.4 nm

809.2 nm 636.2 nm

51



Chapter 4. Experimental Results

300 400 500 600 700 800
0

100

200

300

400

500
In

te
ns

ity
 [a

.u
.]

 

 

4.6 ⋅ 10−4 mbar
8.4 mbar

300 400 500 600 700 800
0

2000

4000

6000

8000

Wavelength [nm]

In
te

ns
ity

 [a
.u

.]

589.4 nm

657.7 nm

751.5 nm

810.4 nm

Figure 4.18: Optical emission spectra in argon gas: In low gas pressures the dominant
emission lines are copper and zinc due to the vacuum discharge processes. Moreover
the spectrum has a weak background of unresolved lines due to the multiple but weak
metal emission lines. At high gas pressure argon emission lines are dominant.

The main composites of brass are copper (∼ 57%) and zinc (∼ 36%) and the metallic

optical emission lines show the presence of these metals in the discharge. In the tran-

sition region, both metal and gas lines (argon lines) can be observed. For pressures

above 10−2 mbar the presence of only gas lines confirms the gas discharge domination.

The main argon lines are based on atomic spectra line database [48]:

Argon

751.5 nm

763.5 nm

810.3 nm

842.1 nm

A direct comparison of a gas discharge and a vacuum discharge spectra in figure 4.18

illustrates well the differences between the two distinct types of discharges.

In figure 4.19 two argon emission lines (763.5 nm and 842.1 nm and two metal emis-

sion lines (589.2 nm and 657.7 nm) intensities have been picked out for each spectrum

measured over the large pressure range. These lines intensities are normalized to the

maximum of each relative spectrum and are plotted versus pressure. Only metal lines
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Figure 4.19: Optical emission intensities normalized to maximum line in argon gas.
Copper lines are observed for pressures below 10−3 mbar (vacuum discharge) whereas
argon lines occur for pressures above 10−2 mbar (gas discharge).

are present at low pressure in the vacuum discharge zone spectrum (p < 10−3 mbar)

and only gas lines in the gas discharge zone (p > 10−2 mbar). The transition zone

presents both types of emission lines. For pressure below 10−3 mbar argon lines are

nearly zero. This is another way to highlight the difference between vacuum and gas

discharges.

The optical emission emission spectroscopy results in air (figure 4.20) are similar to ar-

gon gas, but more complex to interpret because it is composed of several gases (mostly

nitrogen, oxygen). Moreover, different kinds of gas discharges could be distinguished

based on optical observations presented in the next section: Arcs, negative corona,

positive corona and vacuum arcs. An optical spectrum of each kind of discharge is

presented in figure 4.21 and the N2 lines are interpreted based on [49]. N2 second

positive system and N2 first positive system are groups of specific emission lines

characterizing each N2 excited state decaying into lower states illustrated in figure

4.21(b) and (c):

• (a) shows an example of an arc discharge. The energies involved are so high

that the nitrogen molecule is dissociated. The dominant emission lines in this

spectra are nitrogen atomic lines (746.8 nm, 776 nm, 843 nm and 868 nm [48]).

• In (b) the N2 second positive system dominates, characterizing the negative
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corona.

• (c), where the N2 first positive system dominates, and (b) show the difference

between the positive and negative corona due to the additional photo processes

during a positive corona.

• Because vacuum discharge processes are not dependent on gas, the vacuum arc

spectrum in (d) is similar the vacuum arc spectrum in figure 4.18 performed in

argon gas.

• The transition between vacuum and gas discharges is still visible in (e). The

spectrum looks like the one in (d) with additional N2 first positive emission

lines.
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Figure 4.20: Optical emission spectroscopy in air: Metal lines below 10−3 mbar, a
transition between 10−3 mbar and 10−2 mbar and above 10−2 mbar only gas lines are
visible. Many emission lines are present above 10−3 mbar characterizing the different
kinds of discharge in air. Single spectra are shown in figure 4.21

4.3 Visual observations

The changes in optical emission spectrum according to the type of discharge are

supported by observations made through the window of the vacuum chamber: The

discharge is observed to occur between the rings in the form of an arc (figure 4.23) at

high pressures (above ∼ 100 mbar) in air. As the pressure is decreased the arc becomes
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(b) Negative corona
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(c) Positive corona
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(d) Vacuum arcs
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Figure 4.21: Optical emission spectra for different kinds of discharges in air.
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Figure 4.22: Breakdown voltage versus pressure curve with location of the different
kinds of gas discharges in air presented in figure 4.23-figure 4.28: Arcs, negative corona,
positive corona.

more diffuse and gradually covers the top and bottom grounded rings (figure 4.24).

A transition occurs at about 1 mbar: the high voltage ring light intensity dominates

instead of the grounded rings (figure 4.25). Then the negative corona disappears

completely (figure 4.26), becomes diffuse and fills the full chamber volume as the

pressure decreases (figure 4.28). The negative and positive corona also have different

colors, purple and respectively pink in air. This change in color is visible in the optical

emission spectroscopy due to the different discharge mechanisms involved. The

corona occurs only where the field is enhanced due to the inhomogeneity. Looking

at the calculated field lines from figure 5.17 and the corona pictures from figure 4.25

or figure 4.27 supports this fact. At 10−2 mbar, vacuum arcs between the rings begin

and below 10−3 mbar gas discharges are absent as in figure 4.29. At high currents the

discharges become more intense as in figure 4.27.

If the volume inside the ring assembly held by the PTFE holder is not filled, it is

theoretically possible to have a non visible breakdown hidden inside the ring assembly.

Most of the observations indicated that breakdown occurs externally between the

rings or the rings and the vacuum chamber. Nevertheless it is not possible to affirm

that no plasma was inside the ring assembly. Based on the calculated electric field

line inside the ring assembly (figure 5.17), there are very limited paths going from the

anode to the cathode for the electron without encountering a piece of insulator. On

the assumption that enough charges could accumulate on the insulator surface and
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4.4. Current-voltage characteristics

Figure 4.23: Small burning arcs with low current at 280 mbar in a ring assembly
geometry.

to modify the electric field, electrons could also travel freely from one electrode to

another and possibly initiate breakdown. However, in our case the densities are so low

that surface charge accumulation should not significantly modify the electric field.

Obviously vacuum arcs and arcs could occur internally if there is not internal barrier

formed by the insulator (internal insulator ring diameter same as conductor one) as

in the setup used in figure 4.37.

4.4 Current-voltage characteristics

In the previous chapters several kinds of discharges have been highlighted. This follow-

ing current-voltage investigation presents the electrical parameters which impact on

the discharge such as the elements in the external electrical circuit [50]. It is important

for satellite applications to know if discharges could damage the material or simply

produce power losses. A high voltage generator could be used here for discharge

current investigations instead of the non-destructive high voltage insulation tester.

For a suitable current comparison, it is necessary to keep the same external circuit at

least for the same experiment. External resistances where add between the generator

and the high voltage feed through to limit the current as schematically shown in figure

4.30(a). Figure 4.31 shows breakdown voltage versus peak-to-peak current for different

pressures. For a constant pressure, the breakdown voltage should be independent of
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Figure 4.24: Negative corona with low current at 2.3 mbar in a ring assembly geometry.

Figure 4.25: Positive corona with low current at 0.6 mbar in a ring assembly geometry.
There is still some remaining parts of the negative corona.
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4.4. Current-voltage characteristics

Figure 4.26: Positive corona with low current at 0.3 mbar in a ring assembly geometry.

Figure 4.27: Positive corona at 0.3 mbar in a ring assembly geometry. The discharge
conditions are exactly the same as in figure 4.26 except the current which is less
limited.
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Figure 4.28: Positive corona with low current at 0.04 mbar in a ring assembly geometry
becomes more and more diffuse. There are still no vacuum arcs.

Figure 4.29: Vacuum arcs at 7.3 10−6 mbar in a ring assembly geometry.
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the external circuit. In figure 4.32 the breakdown voltage is the same whatever the

external resistance but the current is strongly reduced because increasing the resis-

tance limits the charged particle flow development during breakdown. Nevertheless

according to the load line curve (figure 2.5), a really large resistance will limit the

breakdown formation and probably increases the breakdown voltage. The effect is

similar with an external capacitance (see the electric schematic in figure 4.30(b)) in

parallel with the electrode setup in figure 4.33: Breakdown voltage (provided in this

case by the non-destructive high voltage insulation tester) remains the same again.

The current is strongly increased when the 40 nF capacitance discharges through

the ring electrodes compared to the limited current provided by the high voltage

tester. Finally the external circuit is not influencing the breakdown voltage but only

the current intensity or waveform which determines the form of the discharge and

the possibility to damage the experimental setup. This shows the importance of the

parasitic capacitance or external circuit.

Observing the maximum current involved during breakdown voltage measurements

over a large pressure range as in figure 4.34 is a tool to distinguish the different kinds

of discharges. In accordance with optical spectroscopy and observations, the arcs

and vacuum arcs generate obviously high currents whereas glow discharge only low

ones. Figure 4.35 illustrating the current versus the voltage for various gas pressures

could represent a danger scale. The right top corner is the region where the most

energetic breakdowns occur with possible failures whereas the left bottom one groups

the low energy breakdowns. Vacuum arcs ignite at such low pressures that they need

to generate the discharge medium from the electrodes. This process requires a lot of

current and voltage. Then gas breakdowns take place when the pressure is increased.

The voltage necessary for breakdown then decreases because less energy is needed to

accelerate the electron when the mean free path is shorter (more collisions). The cur-

rent is also decreased due to the gas density increase slowing down the particles. For

pressures above 0.1 mbar the tendency is inverted. The collisions become so frequent

that the electrons no longer have enough energy to ionize. The voltage is therefore

increased because the electrons need to be sufficiently accelerated between two colli-

sions before they reach the next target. The current increases with the pressure due to

the density increase which leads to a large number of moving particles.

4.4.1 Gas discharges

For gas discharges, the external circuit (generator, external resistances, capacitances

and inductances) dictates if the discharge will develop to a normal glow, abnormal or
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(a) With external resistance (b) With external capacitance

Figure 4.30: Electric schematics of external circuit
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Figure 4.31: Breakdown voltages in air normalized to the maximum of each pressure.
The external resistances limiting the discharge current has significant no impact on
breakdown voltage. Nevertheless reducing the current can prevent arcing.
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Figure 4.32: Breakdown measurement with different external resistances: Current and
voltage for 190 mbar in air. Breakdown voltage remains the same.
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(b) With a 40 nF capacitance

Figure 4.33: Breakdown measurement with/without external capacitance: Current
and voltage for 0.83 mbar in air. Breakdown voltage remains the same.
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arc. As example at 1.2 mbar in figure 4.36, it is possible to approximatively measure

the typical current-voltage curve for gas discharges by varying the current limit of the

generator, the external resistance and the voltage. For each resistance in zone 1, there

is a linear relation between current and voltage typically describing dark current. The

discharge is ignited (breakdown) when the breakdown voltage is reached. With high

resistances the currents are weak and the discharge develops to a normal glow (zone

2). In this small zone increasing (decreasing) the current, expands (retracts) the glow

covering the cathode surface. When no more free surface is available on the cathode,

the current increases with the voltage because more electrons per square meter needs

to be extracted (zone 3) characterizing the abnormal glow. Zone 4 is the beginning of

the arc discharge. Very low resistance such as 51.2Ω in figure 4.36 can lead directly

to high current discharge such as arc. Measuring the dark current can directly pre-

dict what kind of discharge will follow the breakdown if the current-voltage curve is

known. Nevertheless the current-voltage curve shape depends strongly on pressure.

At atmospheric pressure whatever the resistance either arc occurs or no breakdown

at all. If the current is limited too much the processes needed for breakdown such

as electron avalanche can not develop properly. As example, equilibrium is reached

in figure 2.5 where the load line crosses the current-voltage characteristic curve. An

external resistance, too big, can steepen the load line slope so much that there is no

more intersection and therefore no breakdown. Nevertheless the resistance has to

withstand these high constraints (power dissipation) without failing.

Once the current is not limited, the discharge can become out of control even if the

breakdown voltage remains the same. Every breakdown can therefore possibly lead to

a damaging discharge if the current is not limited. Figure 4.37 shows discharges with

more and more current ending with a failure. At the beginning (at the lowest current)

the discharge is weak. As soon as the current is increased the total power involved in

the discharge is also increased leading to a change in kind of discharge i.e. a change of

the equilibrium location in the current-voltage curve. With a sufficient current even

arc discharges are possible (above 50% of the current limit in figure 4.37). The light

is finally so intense that the picture is saturated in spite of the very small exposure

time. High light intensities are directly related to high currents flowing between the

electrodes. When the electrodes are enough heated up, metal could evaporated even

in gas discharges damaging the setup. Just before complete failure the recorded optical

emission spectra in figure 4.38 could illustrate the presence of metal traces from the

electrodes. In this case copper emission lines are highlighted. Copper is in fact the

main composite of the brass electrodes. The high current discharge is not uniquely

a metal composed discharge such as vacuum discharges but contains also gas lines.

The argon lines illustrated in figure 4.38 are present in both low and high current

discharges.
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Figure 4.36: Current-voltage characteristic curve in air at 1.2 mbar. Dark current (zone
1), normal glow (zone 2), abnormal glow (zone 3) and transition to arcs (zone 4).

Figure 4.37: Ring assembly without holder. In argon gas at 1.6 mbar, breakdown occur
at the same breakdown voltage but the current limit is increased. The current limit in
the pictures from left to right is set at 10%, 20%, 30%, 50% respectively 100% of the
maximum current limit 1.3 A of the generator.
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Figure 4.38: Optical emission spectroscopy in argon gas at 0.5 mbar normalized to
argon emission line 763 nm . Without current limit, high current discharge heat the
electrodes up leading to metal evaporation visible in the spectrum.

4.4.2 Vacuum discharges

Conditioning is typical for vacuum discharges and is illustrated in figure 4.39. As

explained in section 2.2, a medium is needed for breakdown to occur. Breakdown is

located where the electric field is the most enhanced. The first few vacuum arcs may

clean the surface from the attached contaminants, dust. After about two dozen arcs

(depending on the surface), breakdown voltage is no more increasing but fluctuating

(around 10 kV in the figure). Most contaminants are expected to be removed and

now the protrusions or metal roughness are playing a major role. During breakdown

the metal is melting locally, removing the metal spot responsible for breakdown or

creating another defect which could enhance even more the local electric field.
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Figure 4.39: DC conditioning in air at base pressure.

4.5 Damages and failures

Most of the experimental measurements did not damage or modify the experimental

setup enough so that it became unusable. Nevertheless for vacuum arcs the voltages

could be so high that the insulator was to weak to withstand the voltage. Breakthrough

strength (see section 3.3) was too low and breakdown occurs as shown in figure 4.40

with the weakest insulator Vetronite®. Limiting the discharge current if possible is

a good idea to protect the setup from irreversible damages. In fact high current can

heat the electrodes up and the discharge can build a metal bridge between the anode

and cathode (figure 4.41). Moreover weaknesses of wire insulation have also been

observed in the slip ring tests under high current discharges. The wire insulation

evaporated or burned away leaving damaged wire as in figure 4.42. Finally if the

discharge is maintained for an enough longer time with high currents the insulators

can melt as in figure 4.43.
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Figure 4.40: Breakthrough at voltage around 20 kV. The Vetronite® ring of a thickness
of 1 mm shows weakness with such high voltages. Only a few vacuum arcs led to a
permanent short circuit.

Figure 4.41: Metal bridge between high voltage and grounded rings due to high
current gas discharges.
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Figure 4.42: Wire failure for the slip ring assembly.

Figure 4.43: The insulators did not resist to the high temperature and melted.
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5 Numerical Simulation

Numerical simulation of gas breakdown or discharge has started several years ago.

Already in the 70’s breakdown in non uniform electric fields has been studied [51].

This research topic still remains actual: Numerical model for complex or non usual

geometries (Wire-cylinder) [52], gas breakdown at atmospheric pressure in parallel

plates [53], streamer formation in a complex geometry [19] or DC gas breakdown in a

ring assembly over a large pressure range [54]. This chapter describes an approach

of numerical simulation of DC gas breakdown in complex geometry. The aim is here

to calculate the global shape from the measured breakdown voltage versus pressure

curve in a ring assembly and to understand the underlying breakdown physics. First

the breakdown model is presented as well as the important space and boundary

conditions. Then the swarm parameters such as mobility and diffusion of particles,

ionization coefficient and secondary electron emission coefficient are discussed. Once

all parameters are well defined, the simulation of a single gap parallel plate geometry

will be presented. The comparison with theoretical breakdown voltages shows that

the numerical model represents well the reality for this simple geometry. In a final

step simulation of a ring assembly geometry will be undertaken and the calculated

breakdown voltages compared to the experimental breakdown voltages.

5.1 DC gas breakdown model

The present simulations are calculated with the finite element software COMSOL

4.2 [55]. Electrons and ions are considered to move independently in an immobile

background gas as in [53]. Fluid models are widely used to solve various plasmas

(assumed to be charged gases with the pressure high enough to treat the electrons

and ions collectively as fluids [56]). They are based on solving the continuity and

transport equations in combination with Poisson’s equation. In this study, a fluid
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model is applied to compute the DC gas breakdown by solving the electron and

ion continuity equations and the Poisson’s equation. Moreover the species flow is

assumed to be laminar. This laminar flow condition is only fulfilled if the Knudsen

number Kn = λmfp/d < 0.1 where d is the smallest distance in the geometry and λmfp

the mean free path [57, Section 2.1.2]. The mean free path is defined as the average

distance that a particle travels before a collision [57]:

λmfp = d

d
p

2πl 2ρ
, (5.1)

where d is the traveled distance (in m), l the molecular diameter of the gas (in m) and

ρ number molecule density (in m−3). After simplification with the perfect gas law the

expression become:

λmfp = T

l 2p
·3.067 ·10−29, (5.2)

where T is the temperature (in K) and p the pressure (in atm). For a constant tempera-

ture, the mean free path is therefore only dependent on pressure and is given in dry

air at ambient temperature by: λmfpp = 6.726 ·10−8 [58]. It is possible to link this last

expression with the laminar flow condition (λmfp/d < 0.1). For parallel plate geometry

in air at ambient temperature this validity condition for a laminar flow can be written

as pd > 6.72 ·10−4 [mbar ·m]. The fluid model validity for complex geometries will be

discussed later along with the simulation results.

The breakdown in the numerical simulation is defined by a significant increase of

electron density and net flux of electrons and ions as shown in figure 5.1. The simula-

tion stop limit for breakdown is fixed when both density and current reach at least

1000 times their values calculated at the end of the initial stabilization time. This

means that when these two conditions are reached the simulation is stopped and the

breakdown voltage is determined. 1000 times was chosen as a good limit because

above this value the calculations needed much longer time to finish the computation

due to the exponential increases (large gradients) of densities.
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Figure 5.1: Typical total flux exponential increase showing breakdown.

5.1.1 Fluid model and electrostatics equations

The two-fluid model describes each species by a continuity equation [59]:

dn j

dt
+~∇·~Γ j = S j , (5.3)

where n j is the density and S j the net source term for species j . The flux Γ j is the sum

of a diffusive and a convective flux term, neglecting the background gas velocity:

~Γ j =~ΓDiffusive
j +~ΓConvective

j (5.4)

=−D j~∇n j +
q j

|q j |
µ j n j~E , (5.5)

where D j , µ j and q j are respectively the diffusion coefficient, the mobility and the

charge of each species. Furthermore, the electric field ~E = −~∇V is calculated from

the Poisson equation and the boundary conditions on voltage. Before breakdown

the charged species have negligible influence on the vacuum potential due to their

very low densities. Therefore the Poisson’s equation can be replaced by the Laplace

73



Chapter 5. Numerical Simulation

equation :

∇2V =− (ni −ne) ·e

ε0
≈ 0 , (5.6)

where e is the electron charge and ε0 the vacuum permittivity. This assumption must

be discussed for numerical simulation with high pressures and voltages especially

when streamers could appear [17] (the local electric field produced by the charged

particles becomes important compared to the applied electric field). However in

our worst condition for pd , breakdown occurs at high pressure in the smallest path

length as shown by experimental and numerical simulation results. This gives pd <
1.8 mbar m which is below the value of the streamer limit of 2.63 presented in section

2.1.2. Moreover the calculated electron and ion densities even at atmospheric pressure

are so low before breakdown and lead to (ni−ne)·e
ε0

< 10−6. Furthermore, since the

electron and ion densities remain low, surface charge accumulation on insulators is

neglected. Partial differential equation modules (PDE) are used in COMSOL for the

species fluid model. The electric part is implemented in the electrostatic module.

5.1.2 Space and boundary conditions

Boundary conditions for each species are required for the cathode, the anode and the

insulators. Physically the electron and ion densities are zero at surfaces because the

charges are neutralized there [6]. Fixing the electron and ion densities to zero at the

surfaces as [60] or [53] can lead to large gradients in a thin layer close to the boundary.

Any attempt to find a solution will then lead to numerical instabilities [56]. Another

way is to fix densities at a very small value but nonzero [61]. Instead of boundary

conditions using zero densities (ni = ne = 0), flux boundary conditions are chosen

here up to an undefined thin boundary layer thereby avoiding large gradients and

numerical instabilities [56]. In this numerical model, the boundary condition on the

anode for ions is a condition of zero flux as in [10] because no ions arrive at the anode.

The boundary conditions on the cathode are secondary emission for the electron and

convective flux for the ions [56]. The boundary conditions of various authors are:

Anode Cathode

[10] Ji = 0 Je = γJi

[53] ne = ni = 0 Je = γJi

[61] ne = ni ∼ 0 Je = γJi

[56] ne = 0 and Ji = J Convective
i Je = γJi and Ji = J Convective

i
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where Ji and Je are the ion and electron current densities respectively, and γ the

secondary electron emission coefficient. [56] states to justify the ion flux boundary

condition (and not the use of the zero density boundary condition): "The positive

ion boundary condition (also at the cathode) is that the ion flux at the anode is due

only to drift. This forces a nonzero ion density at the electrode surface, even if the ion

neutralization is suspected to be efficient near the surface. Since a perfectly absorbing

boundary implies a zero particle density at the surface, this flux boundary condition

is not strictly correct. The formation of an extremely thin ion diffusion boundary

layer is neglected since the primary interest is not the details of the ion density profile

very near the electrode surface. Moreover, the flux boundary condition gives a good

approximation to the ion flux at the boundary, which is the more important quantity.

In the limit of larger electric fields, an asymptotic analysis shows that this approxima-

tion becomes exact, so under typical discharge conditions, this boundary condition

works well." The reason to avoid the very thin ion diffusion boundary layer is because

of numerical difficulties as described by [61]. If the steep boundary layers are not

sufficiently resolved, oscillations will occur in the solution. This problem is avoided

by the use of the flux boundary conditions, which appear to be accurate if the electric

fields are high enough.

The cathode is a source of electrons created by ion impact quantified by the secondary

electron emission coefficient γse. Only electrons are lost at the anode. Finally the

insulators are defined as charge absorbing surfaces: each electron or ion reaching

an insulator is neutralized. As self-consistency test in a single gap geometry with a

constant electric field, the total electron/ion flux should be conserved across the full

gap width. From all tested boundary conditions, those which give convergence and

self-consistent results are described for the ions by :

~n·~Γcathode
i =~n ·~ΓConvective

i , (5.7)

~n·~Γanode
i = 0 , (5.8)

~n·~Γinsulator
i =~n ·~ΓConvective

i , (5.9)

and for the electrons by :

~n·~Γcathode
e = −γse~n ·~Γcathode

i , (5.10)

~n·~Γanode
e =~n ·~ΓConvective

e , (5.11)

~n·~Γinsulator
e =~n ·~ΓConvective

e , (5.12)
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with~n the normal vector outward to the surface. The source term in equation (5.3)

is defined only by the gas ionization. Other sources like photoionization and losses

such as attachment or recombination are neglected. The final source term Si = Se = S,

which is the number of ion-electron pairs per unit volume created by gas ionization

through electron impact, can be written as follows :

S = α ·ΓConvection
e +Scosmic , (5.13)

where α is the Townsend first ionization coefficient and Scosmic is the constant back-

ground ionization rate due to cosmic radiation. The background ionization is needed

to initiate the ionization in the volume but could not lead to breakdown by itself

because it cannot generate the electron avalanche. Scosmic is therefore arbitrary set

to 1 [ion pairs m−3s−1]. The most important factor in the source S for numerical

breakdown calculation is the first term (α ·ΓConvection
e ). It is responsible for the so

called electron avalanche and describes the particle production through ionization

generated by the electron flow in the volume. The initial conditions for densities is

ne = ni = 0 because the gas is assumed not to be ionized at the begin of the breakdown

numerical simulation. If the initial densities are set with too high values there could

be a density drop in the first time steps leading to numerical instabilities. In order

to represent the experimental measurements a voltage ramp is applied using a time

dependent solver. The applied voltage is first defined as constant (100 V which is

below the breakdown voltage) over t = 1s used to stabilize the simulation. This process

helps to obtain an equilibrium state before breakdown (equilibrium between particle

losses on the walls and production): With a physical point of view, the dark current

corresponding to 100 V is reached. The voltage is then increased linearly with time

with a ramp of 1000 V s−1, slow enough to keep numerical overvoltage errors as low as

possible and reasonable calculation times, but not too slow to avoid long calculation

times. In the table below is shown an example of a breakdown simulation in a parallel

plate geometry:

Voltage

ramp

[V s−1]

Calculated

breakdown

voltage [V]

Calculation

time [s]

1000 480 183

100 473 3050

10 470 65022
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5.1. DC gas breakdown model

(a) Simple mesh: uniform element size of
10−4 m

(b) Refined mesh near the electrodes: smallest size
5 ·10−5 m (blue) and biggest 5 ·10−5 m (red)

Figure 5.2: Typical mesh size for a parallel plate configuration with a gap of 1 mm

5.1.3 Meshing

The meshing is very important in finite element calculations. The surface or volume

is separated into a number of smaller elements. The computation time increases

with the number of mesh elements. The meshing should therefore be fine enough

(especially in region where high gradients are present) to get accurate results, conver-

gence and stability, and coarse enough to avoid long calculation times. The widely

used triangle shape elements generally give good results in simple geometries. An

element size distribution is shown in figure 5.2 for a parallel plate geometry. The

mesh is generally refined near the electrodes for plasma numerical simulation (see

figure 5.2(b)) because high gradients can appear there. For a complex geometry like a

ring assembly in a big vacuum chamber it is much more difficult to obtain an ideal

meshing (for short calculation times and accurate solutions) because there are small

and large distances to cover. The aim was to find a mesh usable for all pressures.

Figure 5.3(a)-(d) illustrates some examples to avoid (wrong meshing, no refinement,

too large mesh size gradient, too big mesh size elements). Nevertheless the mesh in

figure 5.3(e) and figure 5.3(f) both worked quite well in our situation. The mesh in

figure 5.3(e) needed nevertheless longer calculation times to get the solution than the

one in figure 5.3(f) because there were more elements than necessary. This particular

meshing is used for the full range of pressure. For calculation only at high pressure

the breakdown occurs in the smaller gaps. Either the mesh could be refined only in

the small gaps or the full geometry can be reduced to the small gaps in order to avoid

unnecessary calculation in the long gaps.

5.1.4 Swarm parameters and secondary electron emission coefficient

In the transport equations there are the swarm parameters for the electrons (De and

µe) and for the ions (Di and µi). The mobility coefficient µ j , and diffusion coefficient

D j for electrons and ions as well as the first Townsend ionization coefficient α and
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(a) Element size bigger near the vacuum cham-
ber wall than in the volume

(b) No refined mesh near the vacuum chamber
wall

(c) Mesh size changes too fast (d) Maximum mesh size in the volume too
large

(e) Too many elements (f) Ideal mesh

Figure 5.3: Different meshing size distribution for the ring assembly (white) in the
middle of the vacuum chamber.
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5.1. DC gas breakdown model

secondary electron emission γse coefficient are functions of the local reduced field

E/p. Initially the swarm parameters from [53] where used but the model covered

only numerical simulation at atmospheric pressure. The need for precise swarm

parameter for electrons and ions covering a large pressure and electric field range was

mandatory. The coefficients for electrons could be derived by first solving the electron

Boltzmann equation and then by formally fitting the numerical data as in [62] or taken

in literature such in [63]. Each method can give results with some differences as in [64]

which compares the Boltzmann and Monte Carlo calculations. A more recent method

similar to [65] is suggested here. Using cross section data from [66] for N2 and [67]

for O2 in BOLSIG+ (Boltzmann equation solver software [68]) the electron transport

coefficients as well the ionization rate in air were obtained using a gas composition of

80% N2 and 20% O2 at 273 K. The fit expressions of electron swarm parameters are

in fair agreement with the presented coefficients for N2 : O2 mixture of a ratio 80 : 20

in [69]. α has been fitted with its theoretical expression α= A p exp(−B p/E)) . The

collision cross section decreases for very high energies leading to strong changes of all

the swarm parameters values [9]. For E/p above 105 Vm−1mbar−1 the extrapolated

swarm parameter validity is not guaranteed. The fit expressions used in this thesis are :

µe ·p =948.5tanh

(
−3.494−0.6097log

(
E

100 p

))
+948.5

E

p
< 0.18 (5.14)

=139.6

(
E

100 p

)−0.3455

0.18 ≤E

p
< 1150 (5.15)

=60,
E

p
> 1150, (5.16)

De ·p = 46+22.26

(
E

100 p

)0.2807

+0.5787

(
E

100 p

)
, (5.17)

α/p = 2900exp
(
−28070

p

E

)
. (5.18)

Many authors have determined ion swarm parameters for various conditions [70, 71].

Based on cross sections, ion swarm coefficients have been calculated in dry air from

an optimized Monte Carlo method adapted for ion transport in gas mixtures [71].

Swarm parameters for N+
2 and O+

2 are similar. Since the ion density ratio of N+
2 to O+

2

is unknown, the transport coefficients of N+
2 have been taken as an approximation for

ions in air. Ion diffusion and mobility fit expressions used in this numerical simulation

are:
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µi = 4.6 ·10−5 +0.0801exp

(
−0.005 ·

(
E

100 p
+1251

))
, (5.19)

Di ·p = 0.645163+0.0562447

(
E

100 p

)0.8378

. (5.20)

The secondary electron emission coefficient γse has been set with a typical value

of 0.01 on both rings and vacuum chamber walls for the numerical simulation as

in [53]. As the rings and the chamber walls are made of different metals it can be

expected that γse could be different [72]. γse can also vary according to the kind of ion

impacting on the electrodes. γse has been studied for different electrode materials

and gases [73, 74, 75] or temperature [76]. The results show variations over several

orders of magnitude for γse as a function of reduced electric field or temperature

which would strongly affect the breakdown voltage calculations as can be seen from

equation 2.9. Moreover the secondary electron emission coefficient could be consid-

ered as an effective coefficient of secondary emission [73] taking into account not only

secondary electrons released by ion or metastable impact on the cathode but also

other contributing secondary electron production processes such as photoemission.

Each additional process modifies the value of γse as illustrated by [77] which showed a

γse change with electron backscattering consideration. Figure 5.4 illustrates the effect

of γse on breakdown voltages using analytic expression (equation (2.9)). A higher γse

decreases the minimum breakdown voltage and shifts (pd)VBd to the left (see equation

(2.10)).

5.2 Model validation in a parallel plate geometry

In order to verify our model, breakdown voltages for a single gap parallel plate ge-

ometry were calculated numerically and compared to the analytic expression. The

simulation is in good agreement with the theoretical expression of the Paschen curve

as shown in figure 5.5. Moreover the coefficient A and B extrapolated from the simu-

lation curve have the same order of magnitude as the values given for air in [6, Table

14.1] or [9, Table 4.1].

In the steady state case with unidirectional drift and assuming that diffusion is neg-

ligible in comparison to drift, the continuity equation (5.3) changing the fluxes into
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m−1).
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current densities becomes:

dJi

dx
= −α · Je (5.21)

dJe

dx
= α · Je (5.22)

The background ionization Scosmic has also been neglected because its value is weak

compared to the particle production by ionization. The total current density is ob-

tained by adding the two equations above and integrating:

J = Ji + Je = const , (5.23)

as in figure 5.6. In the next paragraph the profile of the ion and electron current

densities will be deduced. The current density boundary conditions at the anode

(x = 0) is determined by the secondary electron emission by ion impact and at the

cathode (x = L) the absence of ion emission:

Je(x = 0) = γse Ji(x = 0) = γse

1+γse
J︸ ︷︷ ︸

using equation (5.23)

(5.24)

Ji(x = L) = 0 (5.25)

Je(x = L) = J (5.26)

For a fixed pressure, a steady state case and a uniform electric field across the gap,

α(E/p) = const. Equation (5.22) is integrated across the gap and the current density is

obtained with the help of the boundary condition on the cathode (equation (5.24)):

Je(x) = γse

1+γse
J exp(αx) (5.27)

Additionally the boundary condition on the anode can be satisfied only if the self-

sustained criterion is fulfilled: exp(αL) = 1+1/γse [9]. Using this last equation the

current density can be written:

Je(x) = J exp[α(x −L)] (5.28)

⇒︸︷︷︸
equation (5.23)

Ji(x) = J {exp[−α(x −L)]−1} (5.29)

These two last equations describing the electron and ion current densities across the

gap now fulfill both the boundary conditions (defined by equation (5.24), equation

(5.25) and equation (5.26)). These electron and current profiles correspond to the
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Figure 5.6: Calculated total, electron and ion current densities across 100 mm single
gap geometry at 1 Pa and 1 kV. Total flux constant over the gap as in [9, figure 8.6] and
in agreement with equation (5.23).

ones calculated in the numerical simulation as presented in figure 5.6.

The electron and ion density as well as the fluxes across the gap are represented

in figure 5.7-figure 5.8. The ions are moving towards the cathode, in the opposite

direction of the electrons as expected. Based on equation (5.23) the total flux is

constant across the gap by adding the electron and ion flux whatever the pressure.

Moreover the electron and ion density gradients are bigger at high pressure because

diffusion becomes important only at low pressures and is quite negligible at high

pressures.

5.3 Double and multi gap geometries

As a second step for understand breakdown in complex geometry, it is helpful to

consider a double gap geometry as shown in figure 5.9 which is an axisymmetric

geometry with a 1 mm central gap (d1) surrounded by a 100 mm gap (d2). These

dimensions were chosen in accordance with the shortest and longest electric field line

lengths in the ring assembly geometry. The 100 mm gap corresponds approximatively

to the distance from the anode ring to the farthest cathode, the grounded vacuum

chamber, whereas the 1 mm gap represents roughly the smallest distance between
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(a) Electron density (b) Ion density

(c) Electron flux (d) Ion flux

Figure 5.7: Parallel plate geometry with 1 mm gap at 0.001 mbar and 1000 V. The
X-axis is the radius and the Y-axis is the height in m. The top electrode is grounded
and the bottom electrode is at high voltage.

(a) Electron density (b) Ion density

(c) Electron flux (d) Ion flux

Figure 5.8: Parallel plate geometry with 1 mm gap at 1000 mbar and 1000 V. The X-axis
is the radius and the Y-axis is the height in m. The top electrode is grounded and the
bottom electrode is at high voltage.

two conductor rings. In figure 5.9(a), the electrodes are separated by an insulating wall

and therefore electric field lines are vertical, so there are only two distinct path lengths

for breakdown. If the insulating wall is replaced by a conductor as in figure 5.9(b), the

geometry can be considered to be multi-gap because all path lengths between 1 mm

and 100 mm are available for breakdown as shown by the curved electrical field lines.

Figure 5.10 shows the dimensions of the double and multi-gap geometries used in the

numerical simulation.

Figure 5.11 shows the calculated breakdown voltages versus pressure for single gap

parallel plates geometries (1 mm and 100 mm) compared to the double and multi-

gap geometries in figure 5.9(a) and figure 5.9(b). Breakdown voltages are shown as

a function of pressure, not pressure times distance as in the Paschen curve, because

these geometries present more than a single breakdown path. Expressed as a function

of pressure times gap width, breakdown voltage curves for parallel plate geometries

with single gap widths of 1 mm and 100 mm are superposed (Paschen curves). These
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5.3. Double and multi gap geometries

Figure 5.9: Schematic of cylindrically-symmetric (d1 and d2) geometry showing elec-
tric field lines between the electrodes taken from COMSOL. The base electrode is at
positive potential V and the other electrodes are grounded. (a) Double gap: Insulator
separation (grey region) between the two gaps leading to only two electric field path
lengths. (b) Multi gap: All surfaces are conductors and therefore many electric field
path lengths are available for breakdown.

Figure 5.10: Dimensions of the double or multi-gap geometry. The cut lines are set
for current densities profiles across the small and big gap (1 mm and 100 mm).

single gap curves are shifted on the X-axis in figure 5.11 by a factor 100 corresponding

to the ratio of their gap width because the breakdown voltage is expressed only versus

the pressure and no more versus pd . For gas pressures above 1 mbar, double gap

geometry breakdown voltages correspond to 1 mm single gap ones. In fact, breakdown

occurs in the smallest gap of the double gap at these high gas pressures because
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Figure 5.11: Calculated breakdown voltage versus pressure curve for 1 mm single gap,
100 mm single gap, double gap and multi-gap geometry.

breakdown in the 100 mm gap needs a much higher voltage as in the 1 mm gap as

shown in figure 5.11. For gas pressures below 1 mbar, breakdown is located in the

100 mm gap because lower voltage is needed for breakdown in bigger gaps than for

smaller gaps for so low gas pressures. For the double gap geometry in figure 5.9(a),

the locus of the breakdown curve therefore follows the lowest values of the 1 mm and

100 mm Paschen curves. The breakdown switches from one gap to the other as the

pressure changes across the curve intersection near 1 mbar. The same explanations

can be used to describe the breakdown voltages for the multi-gap geometry in figure

5.9(b). Breakdown occurs in the gap which needs the least voltage for breakdown

compared to the other gaps. Contrary to double gap geometry, multi-gap offers

not only 1 mm and 100 mm breakdown paths but also every distance in between.

An example of breakdown in an intermediate gap is shown in figure 5.13 by the net

current density following a curved intermediate-length electric field line. This explains

the constant minimum breakdown voltage from 0.02 mbar to 1 mbar in figure 5.11. At

higher and lower gas pressures, the breakdown is located respectively in the smallest

and biggest gap of the double gap geometry as confirmed experimentally by Marić

et al. [78]. The electron densities in figure 5.12 at different pressures support these

last conclusions. Above 2.5 mbar the densities reach their maximum in the smallest

(1 mm) gap. If the pressure decreases, the difference between the double and multi-

gap geometry becomes clear: The densities spread in the biggest gap for the double

gap geometry whereas the electrons remain in an intermediate gap of the multi-gap
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geometry. When the pressure is low enough (p < 0.02 mbar) the densities look again

similar because both fill the biggest gap. Due to high diffusion at lower pressure the

particles can fill almost the entire volume.

The validity of the fluid model needs to be discussed for double and multi-gap geome-

tries. For a single gap parallel plate geometry the low pd threshold based on equation

(2.10) equals to 9.25 ·10−4m ·mbar (with A = 4984 mbar−1 ·m−1 from the fit in figure

5.5 and γse = 0.01 default value as used in simulation). According to this value and

to the fluid model validity criterion pd > 6.42 ·10−4 mbar ·m calculated in 5.1 it is

possible to confirm the fluid model validity in our case for parallel plate geometry. The

Knudsen number Kn =λmfp/d is theoretically defined with the smallest characteristic

dimension in configuration studied, i.e. 1 mm for our present geometries. Based

on the fluid validity criterion, the pressure should therefore be more than 0.64 mbar

to ensure the fluid model validity. Below this pressure, the mean free path is longer

than a tenth of the small gap width which is a necessary condition to use the fluid

model. Nevertheless, the fluid model can still be used even for pressures below this

fluid validity criterion, because breakdown no longer occurs in the 1 mm gap but in a

longer path length where the fluid model is still valid.

This last conclusion can be supported by the current densities across the gap in

the multi-gap geometry (figure 5.14 and figure 5.15). Cut lines have been placed at

r = 0.002 m for the 1 mm gap and at r = 0.2 m for the 100 mm as shown in figure 5.10

and are used to show the current densities along the line across the small and the big

gap. The total current density is constant across the smallest gap at higher pressure

because the fluid model is valid figure 5.14(a)-(b). The model then loses its validity

(figure 5.14(c)-(f)) below 1 mbar, around the fluid model validity threshold. Contrary

to the smallest gap the total current density is constant in the biggest gap (100 mm)

illustrated in figure 5.15. No plasma is present in the 100 mm gap (figure 5.15(a)-(d)).

In fact the linear profile of the electron and ion current densities shows the absence of

plasma. When the first ionization coefficientα is very small these current densities are

linear according to equation (5.27). Breakdown occurs in the biggest gap only below

0.1 mbar in figure 5.15(e)-(f) because in the multi-gap geometry breakdown can still

ignite in the intermediate gaps. Moreover as the pressure decreases, the diffusion

becomes more and more important compared to the drift. The constant current

density across the gap defined by equation (5.23) is no longer respected as shown

by figure 5.15(f) at 0.04 mbar. In fact equation (5.23) was deduced by neglecting the

diffusion.
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(a) Zoom on double gap at 6 mbar (b) Zoom on multi-gap at 6 mbar

(c) Zoom on double gap at 2.5 mbar (d) Zoom on multi-gap at 2.5 mbar

(e) Double gap at 0.4 mbar (f) Multi-gap at 0.4 mbar

(g) Double gap at 0.06 mbar (h) Multi-gap at 0.06 mbar

(i) Double gap at 0.01 mbar (j) Multi-gap at 0.01 mbar

Figure 5.12: Electron densities (1/m3) at breakdown voltage in a double gap geometry
on the left and in a multi-gap geometry on the right. The smallest gap is 1 mm whereas
the biggest one is 100 mm. The X-axis is the radius and the Y-axis is the height in m.
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Figure 5.13: Calculated net current density of electron and ion fluxes following electric
field lines (white) in double gap geometry (1 mm and 100 mm) at 0.039 mbar in air
just before breakdown.
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(a) 10 mbar (b) 4 mbar

(c) 1mbar (d) 0.4mbar

(e) 0.1 mbar (f) 0.04 mbar

Figure 5.14: Total current density (red full line), for ions (blue dashed line) and for
electrons (green dash-dotted line) in the small gap (1 mm) of the multi-gap geometry
(1 mm and 100 mm). The cut line is at r = 0.002 m.
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(a) 10 mbar (b) 4 mbar

(c) 1mbar (d) 0.4mbar

(e) 0.1 mbar (f) 0.04 mbar

Figure 5.15: Total current density (red full line), for ions (blue dashed line) and for
electrons (green dash-dotted line) in the big gap (100 mm) of the multi-gap geometry
(1 mm and 100 mm). The cut line is at r = 0.2 m.
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5.4 Ring assembly geometry

The electic field lines between the ring assembly and the chamber as well as between

the rings itself are shown in figure 5.16 respectively figure 5.17. Obviously due to

the complex nature of the setup there are many possible breakdown path lengths:

Between the high voltage and the grounded ring as shortest path and between the

high voltage ring and the vacuum chamber walls as longest path.

The calculated current densities in the ring assembly show the evolution of the break-

down location: At high pressure a channel forms between the rings (see figure 5.19(a)-

(b)). When the pressure deceases it is more and more extending in the volume and

moving away from the grounded rings and extending in the volume as in figure 5.19(c)-

(h). This effect is also illustrated by the calculated ion density (figure 5.20). At low

pressure the ions fill almost the full vacuum chamber in figure 5.20(a) due to the

breakdown in the longest path and the higher diffusion at lower pressure. When the

pressure increases the ion density becomes more and more compact but the discharge

still breakdown against the wall. At around 1 mbar the breakdown takes place only

between the rings. At high pressure the ion density is concentrate in thin channels

between the rings according to the experimental observations (figure 5.20(g)-(h)).

These simulation results were obtained using the same swarm parameters and sec-

ondary electron emission coefficient as for the simpler geometries with no fitted pa-

rameters. Figure 5.18 shows the experimental and the simulated breakdown voltages

versus pressure for the ring assembly. As in the multi-gap geometry, the breakdown

voltage remains relatively constant over a decade of intermediate pressures. At high

pressure the simulated breakdown voltages are slightly high than the experimental

ones. In this region of pressure the densities become so high that the space charge

which has been neglected could play a role. Moreover the neglected photo ionization

processes are certainly also contributing to the breakdown voltage difference between

the experimental and calculated breakdown voltages.

At lower pressure the calculations give higher values than the measured ones. Below

1 mbar the observation showed the apparition of positive corona. This kind of dis-

charge needs a photo emission processes which have not been taken into account

for the numerical simulation. Moreover the parameters chosen in the simulation

could also contribute to the difference in breakdown voltage between simulation

and experiment. As discussed in section 5.1.4 the swarm parameters and secondary
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5.4. Ring assembly geometry

Figure 5.16: Electric field lines for a schematic of cylindrically-symmetric (axis in red)
ring assembly geometry (yellow and brown) held by the PTFE holder (purple) in the
grounded vacuum chamber.

electron emission coefficient can vary with the electric field and the pressure. The

only parameter that has no been adjusted or calculated is the secondary electron

emission coefficient. The simulation could therefore be made to fit the experimental

values by suitable choice of γse (which then will be called effective secondary emission

coefficient). The uncertainty in the values for γse means nevertheless that numerical

simulation approach cannot give precise predictive results for the experimental break-

down voltage, but it is still useful to understand the general shape of the breakdown

curve.
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Figure 5.17: Zoom on the ring assembly in figure 5.16. Ring assembly with the same
dimensions as in experiment (figure 3.6(b)) Electric field lines between the conductor
rings (yellow) of a ring assembly hold by the PTFE holder (purple). The insulator rings
(brown) internal barriers limit possible breakdown paths.
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Figure 5.18: Experimental and simulation breakdown voltage versus pressure for the
ring assembly geometry. No fitted parameters were used. The experimental values are
the same as in figure 4.1 for the gas discharge region.
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(a) 15 mbar (b) 6 mbar

(c) 1.5 mbar (d) 1 mbar

(e) 0.6 mbar (f) 0.25 mbar

(g) 0.06 mbar (h) 0.025 mbar

Figure 5.19: Calculated net current density just before breakdown in the ring assembly
(view as in figure 5.17) for various pressures. The X-axis and Y-axis are the radius
respectively the height in m.
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(a) 0.025 mbar (b) 0.06 mbar (c) 0.15 mbar

(d) 0.6 mbar (e) 1.5 mbar (f) 4 mbar

(g) 4 mbar (h) 15 mbar

Figure 5.20: Calculated ion density just before breakdown in the ring assembly (view
as in figure 5.16 and figure 5.17) for various pressures. The X-axis and Y-axis are the
radius respectively the height in m.
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5.5 Another approach for breakdown study

This section presents another interesting numerical method for breakdown study.

Eriksson tried to calculated the streamer criterion (equation (2.13)) in a complex

geometry using COMSOL 4.3 which offers the possibility to calculate integrals over

field lines [19]. Breakdown criterion is defined by:∫
αdl =αd = ln(1+1/γse) , (5.30)

as shown in section 2.1. It is therefore theoretically possible to calculate the left term

of equation (5.30) and observe if breakdown condition is reached. As γse = 0.01 has

been set in the simulation, breakdown should occur for αd > 4.61 in parallel plates.

In order to verify the breakdown condition the integral was calculated in a parallel

plate geometry (1 mm) for each pressure with a breakdown voltage taken from the

numerical simulation results presented in figure 5.11 from section 5.2. As illustrated in

figure 5.21 the breakdown criterion fits well at high pressures. It should theoretically

stay constant but below 100 mbar the value decreases. The breakdown criterion is

defined over a limited reduced field range. Unfortunately large pressure and voltage

ranges generate reduced electric fields over several orders of magnitude as presented

in figure 5.22. At high pressure breakdowns, the reduced electric field remains quite

low because both the pressure and the electric field are high. But for pressures below

p(VBd)min , the pressures becomes low and the electric field is still high, generating large

values of E/p. Additionally the different swarm parameters (first ionization coefficient

and particle diffusion and mobility) are also defined over a limited range of reduced

electric field. In order to have a comparison with experimental values, this method

has been applied to the ring assembly:

Based on experimental breakdown voltages the left term of equation (2.8) was solved

for particle trajectories along electric field lines without attachment coefficient. Inte-

grating the ionization coefficient along all possible breakdown paths gives not only the

breakdown location but indicates the length of the breakdown path, the value of γse as

well as the electric field strength. The maximum value of the integral ofα over the field

lines (for a fixed voltage and pressure) gives the most favorable breakdown location as

shown in figure 5.23 where breakdown occurs between the rings at 666 mbar.

The breakdown path lengths over the gas discharge pressure range (figure 5.24) show

a clear transition of breakdown locus. At high pressures the breakdown occurs in

the shortest gap. When the pressure decreases below 10 mbar, the breakdown still

occurs between the ring but is following longer field lines. The threshold of breakdown

between the ring and the wall just below 1 mbar is consistent with the observations
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in a 1 mm parallel plate geometry. The voltage was set to the calculated voltage from
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Figure 5.22: Reduced electric field in a 1 mm parallel plate geometry from the fluid
model simulation for each pressure.
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Figure 5.23: Calculation of the left term of equation (5.30) along electric field lines in
the ring assembly at 666 mbar and 4452 V. The maximum values are colored in red
and show that breakdown occurs between the rings.

(section 4.2). The longest breakdown path, corresponding to the distance from the

ring to a top or bottom edge of the chamber, is longer than the chamber radius.

Obviously γse is not a constant and figure 5.25 shows that it can vary with the reduced

electric field. γse depends on the contributions by positive ions, photons and metasta-

bles and therefore a generalized coefficient can be used to encompass a large pressure

values in gas discharges, i.e., reduced electric field [14]. Moreover when the break-

down switches location and more importantly metal type, γse should show a clear

transition. This is probably compensated by an additional processes from photons,

positive ions or metasables. If these values of γse would have been used instead of

0.01 in the fluid model simulation, the breakdown voltage between the experiment

and the calculations will be in better agreement.

There are some assumptions which could lead to errors: Attachment has been ne-

glected, the particle trajectory has been set along the field line even if the diffusion at

low pressure could change their paths, andα(E ) for high E/p values is not well defined.

Nevertheless it is possible with this approach to see the approximate breakdown loca-

tion with much less effort than resolving the fluid model and electrostatics equations.

Breakdown will occur where the breakdown condition described by equation (2.8) is

the highest. The difficulty is to know exactly the different coefficients and how they

evolve with the external parameters such as electric field and pressure.
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Figure 5.24: Breakdown path length in the ring assembly calculated using the experi-
mental breakdown voltages for air as input for COMSOL.
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Figure 5.25: Secondary emission coefficient γse determined using the calculated
value of the breakdown condition (equation (2.8)) in the ring assembly with the
experimental breakdown voltages for air as input for COMSOL

In this chapter we focused on gas discharge breakdown because experimentally the

breakdown voltage were low compared to vacuum discharges. As shown, the fluid
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5.5. Another approach for breakdown study

model is no longer valid for breakdowns in vacuum discharge area. Breakdown in

high vacuum could nevertheless be calculated with a different approach: a particle in

cell simulation which handles very low densities. Moreover the real slip ring assembly

has brushes which should also be considered because breakdowns could also occur

between brushes. The introduction of brushes in the numerical simulation implies a

3D geometry instead of a 2D cylindrically-symmetric one, leading to a large increase

of memory use and calculation time even with a simple numerical model.
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6 Conclusions and applications

This work presented an investigation of DC breakdown in a complex geometry (ring

assembly) for a large pressure range. Breakdowns for a complex geometry showed

not only gas discharges above 10−2 mbar but also discharges governed by vacuum dis-

charge mechanisms below 10−3 mbar. Between 10−3 and 10−2 mbar both mechanisms

act together. This distinction was also supported by optical emission spectroscopy and

observations. Various geometrical parameters have shown their impact on breakdown

voltage such as the external insulator barrier. Moreover, during the current-voltage

investigations for gas discharges, the external circuit has been identified as the key

component determining the kind of discharge after breakdown. The kind of discharge

is not only dependent on pressure but also on current and voltage. Varying the current

and voltage after the breakdown showed various discharges such as positive and

negative corona, glow discharges or arcs. Some of these discharges with high currents

have clearly shown that damages or failures are possible. For lower pressure vacuum

discharges are in any case modifying slightly the experimental setup surface due to

the nature of the breakdown mechanisms. The use during a long time of metal vapor

to ignite vacuum discharges can finally lead to failure.

A numerical model based on fluid and electrostatics equations was developed for

breakdown simulation in air. Starting from the understanding of breakdown in simple

geometries like single gaps, the overall shape of breakdown voltage versus pressure

has been clarified for more complex geometries such as double and multi-gap ge-

ometries. The constant voltage zone near the minimum breakdown voltage finds

its origin in the multiple discharge path availability in complex geometries. The low

(high) pressure thresholds are determined by the longest (shortest) electric field path

length where breakdown occurs. The comparison of simulated and experimental

breakdown voltages for a complex geometry such as a ring assembly was helpful to

identify the strongly impacting parameters such as the secondary electron emission
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coefficient and swarm parameters. Finally the general breakdown behavior in air for a

complex geometry has been well described by a model which nevertheless needs to

be improved to exactly fit the experimental data of gas discharges. Breakdown will not

occur only in the smallest gap but can appear in longer gaps according to pressure.

The numerical simulation approach can be used to determine approximately the DC

breakdown voltage for any kinds of geometry. Additionally the second approach based

on the integral of the ionization coefficient along the electric field lines could even

inform about the breakdown location.

The experimental and numerical approach are based on the same structure. We

started with a geometry as simple as possible and tried to establish an understanding

of breakdown. Based on this knowledge it was possible to further investigate step by

step and finally to obtain a description of breakdown in more complex geometries.

6.1 Impact for the industrial project

Initially the objective of our project on "Robust Electrical Transfer System" (RETS

129.62) funded by European Space Agency (ESA) was to identify the weakness of the

slip ring assembly of our industrial partner RUAG Space [1]. Rapidly our investigations

showed high breakdown voltages compared to the functional voltages for their slip

ring assembly. Instead of improving their design, a test bench has finally been setup to

qualify their products: A breakdown limit test and a functional test. Both tests will be

done with an automated base procedure similar to our experimental investigations:

pressure and voltage sweep. The change in temperature will additionally be tested.

The first test will determine the worst case breakdown voltage limit. The second test is

a simulation of a real operational situation and should show if the device is safe under

standard functional conditions.

These tests are approved by ESA to qualify power transmission mechanisms and

should contribute to improve the reliability of this important functional part in satel-

lites.

After investing in several research and development projects during the past few years,

our industrial partner RUAG Space got its biggest contract ever signed at the end of

the year 2011: 167 collectors (containing slip ring assembly). These pieces will equip

81 satellites of the Iridium satellite constellation, next worldwide telecommunication

satellite generation [79].
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6.2 Outlook

This thesis focused on DC breakdown in complex geometries. We first consider further

experimental investigations followed by numerical ones.

Secondary electron emission mechanisms are key processes for breakdown in gas

discharges. The number of released secondary electrons per ion impact is not con-

stant but depends on many parameters such as pressure, gas type, electric field or

electrode material. It is hard to quantify the secondary electron coefficient in com-

plex geometries because it depends on the reduced electric field [75] and a simple

geometry such as parallel plate is needed for this kind of experimental investigation. A

change of the secondary electron emission coefficient may for example impact on the

minimum breakdown voltage as shown in figure 5.5. A change of conductor material

will not only change the secondary electron emission but also impacts on breakdown

of vacuum discharges because the work function is changed. Using conductors with a

high work function will increase the breakdown voltages for vacuum discharges, but

these materials should have high electric conductivity in order to keep an optimal

electric power transmission.

Moreover each kind of discharge observed such as corona, glow discharges, arcs could

be investigated for complex geometries in much more detail with time-resolved spec-

troscopy, fast imaging or current/voltage characteristics. The study of the transition

between a glow discharge and an arc for example could give more information on how

to avoid this phenomena and damages by the same time.

The numerical model could be extended with a secondary electron emission coef-

ficient varying with the reduced electric field to obtain a more realistic calculation

but this coefficient needs to be known. Additional processes such as space charge at

high pressures or photoionization at lower pressures could also complete the model.

The model has been developed for DC breakdown in gas discharges but it could be

modified to calculate discharges with an external circuit or with a pulsed voltage input.

This approach is useful to obtain the particle densities, the current flowing between

the electrodes or even the power of the discharge. The ring assembly is the simplified

representation of a slip ring assembly. The breakdown could also be calculated for

this really complex geometry including the brushes but using a 3D geometry. The

calculation time will nevertheless strongly increase with such kind of input.

Finally the vacuum breakdown could be investigated with a particle in cell approach

because the densities are so low that the fluid model is no longer valid. The Paschen

model is therefore replaced by typical processes for vacuum breakdown such as field

or thermionic emission.
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