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Summary

Design of cables and connectors for operating voltages exceeding partial discharge in-
ception can be delicate, especially in combination with other factors relevant for the
application. Such factors may include variable gas pressure in aircraft and spacecraft,
flexibility in robotics, material restrictions in clean rooms and endurance as required in
most applications. An application where aforementioned aspects meet is the modern
EUV (extreme ultraviolet) lithographic equipment. In order to increase the perfor-
mance of the wafer stage actuators the supply voltage needs to reach voltages above
the Paschen minimum. Gas filled voids located in electrically stressed regions, such
as the braided structure of cable conductors or the mating interfaces in connectors,
are unavoidable. The operating pressure (1–10 Pa) and servicing pressure (ambient) in
combination with relevant void sizes, can be situated near the Paschen minimum. Par-
tial discharges are likely to arise in these voids, making long-term damage conceivable.
Estimates of the material life span are uncertain because the complex electrochemical
process is not well understood. For this reason it is preferred to opt for a design that is
partial discharge free. Therefore a methodology is needed to quantify the partial dis-
charge inception in relation to cable connection design.

In this thesis, an experimental setup is developed that characterizes the partial dis-
charge inception voltage for cables and connectors over a wide pressure range (0.1 Pa–
100 kPa) in an argon and nitrogen environment. Partial discharges are detected with
a background noise down to 40 fC. The setup is largely automated, in terms of pres-
sure and voltage control, to improve measurement consistency and allow for gathering
sufficient data to have statistical significance. Preceding the design characterization,
preparations are required to actually measure the partial discharge inception voltage
originating from the cable or connector and cope with the vacuum conditions. This is
achieved by custom made terminations and providing a gas-tight seal for the cables.
In order to deal with venting timescales via the narrow voids between bundled wires
in cable conductors, a lumped element model is presented and validated by measure-
ments. This model is employed to simulate the internal pressure distribution within
a cable along its length in order to determine the settling time needed before reliable
measurements can be taken.
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CONTENTS

The coaxial structure offers a well-defined ground geometry and enables operation
voltage well above the Paschen minimum. Multiple coaxial cables with different struc-
tures are characterized and a distinction can be made between partial discharges gener-
ated from the terminations or the void containing interface. In the latter case, a convex
relation between partial discharge inception voltage and pressure is observed. Electro-
static voltage distribution simulations based on the microscopy cable cross-sections are
performed to determine the fraction of the applied voltage on the cable conductor and
voltage over the voids. Based on this ratio and the size of each individual void, scaled
Paschen curves are constructed that define the expected partial discharge inception
voltage. Overall good agreement is obtained between measurements and simulations,
despite some deviations. Possible causes are discussed, including experimental condi-
tions, uncertainty in Paschen curves, inhomogeneity of the electric fields and the fact
that a cross-section represents a single snapshot. Nevertheless, both qualitatively and
quantitatively the expected behaviour from void size, shape and position is close to ex-
perimental determined minimum breakdown voltage.

Reproducibility needs to be investigated in view of the stochastic occurrence of par-
tial discharges in cable voids differing in shape and size. From a cable with braided
screen, the variation of the partial discharge inception voltage as function of pressure is
characterized, both for tests on different samples and for consecutive tests on the same
sample. Variation between different samples is significantly larger, but overall the per-
formance reproduces within ±35%. Based on analysis of variance, results are found to
be robust against experimental parameters defining the partial discharge inception cri-
teria. In addition, the influence of external parameters as temperature, magnetic field
and radiation exposure, which can be part of the operational conditions of lithographic
equipment, is investigated. It is found, that temperature rise resulted in a performance
increase of the cable, which is not in line with expectations from the change in gas
density, but may be attributed to reduced secondary electron emission. Exposure to
magnetic field and γ-radiation did not show noticeable effect.

The proposed methodology is applied for the design of a cable connector. An anal-
ysis is made for regions where critical voids can be expected at the transitions in cable
connector and feedthrough. For the interface transition of two mating connectors, a
flat connector concept is presented with a pliable insulation material that complies with
the restrictions imposed by material compatibility for the aforementioned application.
A prototype is constructed based on electrostatic field simulations and its partial dis-
charge inception voltage is characterized for the low and medium vacuum range. The
proposed flat connector has good potential for applications with high voltage, up to a
few kilovolts. For the transition from cable to connector, a concept is presented with
pliable semi-conductive material allowed for cleanroom conditions. The conductivity
of this material is measured and simulations reveal that it has the desired effect for
preventing partial discharge activity. Based on the previous two concepts and a list of
requirements from industry, a miniaturized prototype connector is designed and made,
suitable for lithographic equipment.
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1 Introduction

Since the discovery of the transistor in 1947 by Bardeen, Brattain, and Shockley [1, 2]
and the invention of the integrated circuit in the mid-to-late 1950s, the development
of the semiconductors has led to a new technological revolution. In 1965, Moore pre-
dicted that the number of transistors per chip would roughly double every year [3].
Later, his prediction was modified and named Moore’s Law which eventually became
a goal for the entire semiconductor industry (the International Technology Roadmap
for Semiconductors) [4]. During the past decades, new manufacturing technologies
have resulted in an increase of processor performance and clock rate by improving the
positioning accuracy, see Fig. 1.1. At the same time, the manufacturing costs per tran-
sistor declined due to gains in productivity despite the increased costs of those new
technologies [5].

Higher productivity demands for higher speed and acceleration levels of the moving
stages inside the lithography machines. This has been achieved by incremental increases
in current and voltage over the years resulting in higher actuator power. Nowadays,
limitations of the current are reached since the mass of thicker cables required to handle
current with acceptable dissipation losses, hamper the accuracy of the moving stages
during the lithography process. The option pursued here therefore is higher voltage
to increase actuator power. The current voltage level of the actuators can be as high
as 600 Vpp, whereas the aimed level for the next generation is 2000 Vpp. Higher power
through a higher voltage has consequences on three levels:

• electromagnetic, mechanical and thermal stresses for the actuator;
• power electronic concepts to accurately, efficiently and reliably power the actua-

tor;
• the connectivity in between power electronics and actuator.

The project ’High Voltage Actuation System for Future Generation Lithography
Machines’ aims to provide options to attain increased voltage levels. The aforemen-
tioned topics, illustrated in Fig. 1.2, are addressed in different studies within the project

13



1 Introduction

Figure 1.1: Specifications of integrated circuits over the years, dark blue: tran-
sistors per chip in thousands, light blue: maximum clock speed (MHz), grey:
thermal design power (W), green: the amount of transistors bought in millions
per dollar [6].

as they relate to different competences. The connectivity is the focus of the present the-
sis. The increase in the voltage level in itself seems technically rather straightforward,
but insulation of this voltage can become a main issue. Under static and atmospheric
conditions, partial discharge, i.e. small electrical discharge bridging part of the dielec-
tric insulation, has already been shown to be a significant failure mechanism at the
current voltage level. This is aggravated by the need for flexile interconnection allowing
for movement together with the need to operate under low pressure conditions.

M
P

p·d

Vbr

A
×

Figure 1.2: Schematic representation of the different studies within the project
of High Voltage Actuation System for Future Generation Lithography Machines;
A: amplifier (power electronics), M: motor (actuator), P: pump (providing the
pressure regime inside where gas insulation is governed by the Paschen curve).
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1.1 Background

As flexibility is a strict requirement for lithography machines (several billions move-
ments during their lifespan) connecting cables have essentially a braided structure.
They unavoidably contain voids which are regions where potentially partial discharge
activity can initiate. A similar situation occurs for the connectors at the end of the
cable. The motivation for having connectivity as part of the project is to address
options to assure reliable long-term operation at increased voltage levels during any
operational pressure.

Damage is conceivable after sustained partial discharge activity and lifespan esti-
mations under these conditions are uncertain due to the complex degradation mech-
anisms [7–11]. Further, partial discharge activity may contribute to the presence of
contamination in the equipment in terms of material and free charges. To ensure
reliable operations, solutions preventing any discharge activity are preferred. There-
fore the aim in the present research is to develop a methodology that quantifies the
performance of cables and connectors in relation to their design. This offers the oppor-
tunity to design a connection that is in essence free from partial discharge activity and
therefore durable. The methodology must be robust in terms of reproducibility, sensi-
tivity to test parameters and also take into account operating conditions of lithographic
equipment which may affect discharge characteristics.

1.1 Background

The breakdown behaviour of gas discharges has been studied for a long time, but it
was until 1889 before Friedrich Paschen discovered a relation between the breakdown
voltage Ubr of two electrodes surrounded with gas as function of the product pressure p
and gap length d [12]. This convex relation is known as the Paschen law and it has been
found by Carr to hold for a large range of low pressures at that time [13]. Every gas has
its own characteristic curve with a minimum breakdown of a few hundred volt [13–21],
see Fig. 1.3. John Townsend came a few years later with a theory that was able to
explain the convex behaviour based on ionisation by collision [22].

To initiate an electrical discharge between the electrodes, free electrons from a
prior emission or scattering process are required, such as cosmic radiation or ultra-
violet light. Under the influence of the applied electric field, these free electrons are
accelerated in the direction of the anode. This acceleration is interrupted whenever a
collision with a gas particle occurs. The distance travelled between successive collisions
has a statistical distribution and the average value is referred to as the mean free path.
It scales with the reciprocal gas density, which translates into being inverse proportional
with pressure. During this travel, a part of the free electrons gain sufficient energy to
generate positive ions when they collide with other gas molecules. What matters in this
ionization process is that an avalanche effect occurs so that the number of ions continues
to grow until a substantial current is established. According to John Townsend, the
breakdown voltage may therefore be defined as the minimum required potential to
maintain a very small current in the gas. After all, the ionization process has become
self-sustained due to positive feedback mechanisms. Unfavourable conditions decrease
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Figure 1.3: Collection of Paschen curves consisting of air [21], argon [16], carbon
dioxide [13], hydrogen [19], neon [15] and nitrogen [21].

the probability of ionizing the gas and causes Paschen’s law to exhibit a minimum
value.

• High p · d values: At the right side of Paschen’s minimum, the gas density is rel-
atively high causing gas molecules to collide with each other on a regular base.
An increase of pressure results in a decrease of the mean free path. Electrons can
therefore gain less energy before a collision resulting in less successful ionization.
A similar situation occurs for larger distances between the electrodes. Although
the mean free path remains unchanged, the electric field strength decreases re-
sulting also in less energy gain of the electrons between successive collisions.

• Low p · d values: At the left side of Paschen’s minimum, the gas density is rela-
tively low causing gas molecules to collide with the walls more often than with
each other. A longer mean free path due to a pressure decrease or a smaller
distance between the gaps at the same pressure results in a reduced number of
collisions before crossing the gap and thus less ionizations. In order to compen-
sate for both effects, larger voltages for breakdown are required.

In reality, more processes are involved in the electrical breakdown of gasses, such
as the photoelectric effect, Compton scattering, electric field emission and possible
metastable states of gas atoms or molecules. Nowadays we also known that the ap-
plicability of Paschen’s law is limited and different breakdown mechanism may occur
for particular situations as will be discussed later in Chapter 2 of this thesis. Gas dis-
charges can also take place in voids where one or both electrodes are covered with
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1.1 Background

insulating material, such as cables and connectors. They are called partial discharges
because they only partly cross the insulation. The charge is deposited on the insulat-
ing material during the breakdown process and counteracts the applied electric field
and extinguishes the discharge shortly after.

Modern extreme ultraviolet lithography machines have operating pressures in the
range of 1–10 Pa. This value is sufficiently low for transmission of the EUV light and
still allows for flushing of the optical system to prevent contamination. This pressure
in combination with relevant distances in the geometric configuration can be situated
near gas breakdown according to the Paschen’s law as is illustrated on the cover of
this thesis. The coaxial structure offers a well-defined geometry in order to enable
operation voltages well above Paschen’s minimum, although partial discharges cannot
be excluded. When reliability is an important requirement, over dimensioning of the
device requirements is a used design technique. For example, operating semiconductors
at maximum 70% of the breakdown voltage significantly improves the mean time to
failure due to terrestrial cosmic rays [23, 24]. One could pose the question why the
lithography industry does not opt for a commercially available solution for a few kilovolt
connection. There are two reasons for this. There is no standard methodology to
design such parts nor test systems that can verify whether the design requirements are
actually met. For that reason, datasheets of connectivity parts are lacking information
on maximum operational voltages as function of pressure. Secondly, the combination of
requirements on electrical, thermodynamical and mechanical performance in the EUV
lithography equipment demands for a unique kind of cable and connector that are not
of the shelf available.

Nowadays, power cables with accessories for energy distribution are capable of han-
dling voltage up to 500 kV [25,26]. This is achieved by eliminating electrically stressed
voids in and near the insulation material by the use of (semi-)conductive layers. As
flexibility is a strict requirement for the lithography machines, avoiding voids is not
possible because of the need of braided conductors. In addition, system modularity
calls for connectors rather than fixed joints used in energy distribution making electri-
cally stressed gas filled regions unavoidable. Other requirements like weight, size and
material compatibility are a significant design obstacle in the lithography equipment.
The use of (semi-)conductive layers could prevent partial discharge activity despite the
weight and size penalty. However, material compatibility only allows for a small range
of materials with limited outgassing properties in order to prevent contamination of
the delicate optical system. Materials that contain e.g. carbohydrates or silicon are
out of the question.

The aerospace industry experiences similar pressure conditions as the lithography
industry. Equipment such as satellites and rovers for space missions are also exposed
to vacuum conditions and high reliability is expected, since maintenance after leaving
our planet is hardly possible. The vacuum pressure, below 1 Pa as from altitudes above
80 km, in combination with relevant distances, is located significantly far at the left
side of Paschen’s minimum forming no barriers for voltage levels in the kilovolt range.
Also, during launch, when pressure drops, these systems can be switched off. For this
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1 Introduction

reason, high vacuum (10−5–10−1 Pa) and ultra high vacuum (<10−5 Pa) cables and
connectors can be used that are commercially available [27, 28]. This is not the case
for the lithography machines, for which operation should be possible over the complete
medium and low vacuum range. In addition, venting of cables plays a dominant role
when partial discharge activity occurs for a limited pressure range. Trapped gas inside
the connectivity parts will slowly escape due to pressure deviations (going from ambient
pressure to operational vacuum conditions or vice versa) causing a pressure distribution
along a cable for an unknown period of time. Such conditions can provide long-term
PD activity and thereby seriously endanger the reliability of modern EUV lithography
machines.

1.2 Research objectives

Opting for the solution of increasing voltage as means of increasing power, the chal-
lenge is to develop a connectivity design, which prevents partial discharge activity to
occur in susceptible electrically stressed regions. These regions should have only lim-
ited voltage differences when the desired operating voltage is applied. However, this
method is seriously constrained by the requirement of flexile cables and connectors
that support the low-pressure environment. To tackle the connectivity problem, the
following research questions are identified.

Research question 1. — How can the relation between design and performance in
terms of partial discharge activity experimentally be verified?

Experimental setup and test procedures need to be developed that characterizes
the partial discharge inception voltage of cables and connectors for medium vac-
uum up to ambient pressure. Further, a methodology is needed that can quantify
the cable and connector performance in relation to its design.

Research question 2. — Within the framework of the application for lithography
machines, to what extent can the restrictions associated with the Paschen minimum be
circumvented by proper geometrical design of the connection between power amplifier
and actuator?

Choosing for a coaxial structure of the connectivity parts is key to overcome the
present restrictions. The proposed methodology provides information to what
extend voltage levels and dimensions of the voids can be allowed. Connectors at
the cable ends will need repeated mounting and similar gas filled regions as in the
cables arise. Voids in connectors should be carefully located in low electrically
stressed regions while minimizing dimensions for the lithography industry.

Research question 3. — How statistical significant are tests in terms of test method-
ology, test reproducibility and sensitivity to typical operating conditions of EUV lithog-
raphy machines?

18



1.3 Chapter overview

The experimental characterization of cable samples and connectors must be sig-
nificant in terms of reproducibility and meaningful for the operating condition
of the equipment. The statistical significance of the methodology must be ro-
bust with respect to the precise choice of experimental test parameters. It must
also be reproducible for repeated testing of a chosen design. Further, sensitivity
to operating conditions which potentially affect discharge behaviour must be in-
vestigated. In particular, magnetic field, temperature and increased exposure to
radiations (high altitude operation) are factors of concern.

1.3 Chapter overview

After providing an overview of relevant physical background, the research questions
as stated in Section 1.2 are dealt with in different chapters for cable designs. The
methodology is also applied for cable connector concepts. More specifically, the thesis
content is arranged as follows.

• Chapter 2 gives a summary of gas insulation and discharges relevant for the EUV
lithography machines. The Townsend model for gas discharges and the relation
towards Paschen’s law are briefly discussed. Paschen curve measurements from
literature are compared with model expectations. Deviations in Paschen curves
are addressed, in particular for narrow gaps and gas mixtures.

• The experimental setup for the PDIV (partial discharge inception voltage) char-
acterization of cables and connectors is described in Chapter 3. A list of re-
quirements is specified in order to develop the electrical system, vacuum system
and software for the automated setup. The procedures for the preparation of
cable samples and connectors are given. A model for the venting behaviour of
a cable is presented and validated to estimate the settling time due to pressure
changes.

• In Chapter 4, the methodology is presented to quantify the cable performance
in relation to its design. Electrostatic simulations from the microscopy cross-
section of multiple coaxial cables are executed. Based on void voltage and size,
scaled Paschen curves are determined to predict the PDIV performance. These
simulations are compared with the cable’s measured PDIV characteristic and the
results are discussed.

• Since deviations in the proposed methodology are found, its robustness is invested
in Chapter 5. The reproducibility is examined both for tests on different cable
samples and for consecutive tests on the same cable sample using analysis of
variance. In addition, experimental parameters and external parameters relevant
for the operational conditions of the lithographic machines are investigated.

• Chapter 6 gives an analysis of the critical regions in connectors for medium vac-
uum up to ambient pressure. A flat connector concept is presented and its PDIV
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performance is characterized. Measurements are compared with simulations and
the results are discussed. Further, a concept is presented for the transition be-
tween cable and connector. A miniaturized prototype connector is presented
suitable for lithographic equipment based on both concepts and a list of require-
ments.

• Finally, the conclusions of this thesis and recommendations for future work are
presented in Chapter 7.
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2 Gas insulation and discharges

2.1 Introduction

The electrical insulating strength of a gas is determined by the minimum required
voltage to obtain a conductive path through a gas. The breakdown characteristics and
mechanisms for gases are studied for over a century. In this chapter, the most important
aspects of gas discharges relevant for the connectivity demands in EUV lithography
machines are discussed. This includes the Townsend model for the discharge mechanism
resulting in a quantitative description of breakdown in gases and an understanding of
its relation with pressure and discharge distance. This relation is referred to as the
Paschen law. The Paschen curves play a key role in gas discharge physics, but it is
not straightforward to experimentally determine them. A brief literature overview is
provided on how they are measured. Also, deviations are addressed which occur when
dealing with narrow gaps and with mixtures of gases.

2.2 Townsend discharge mechanism

Townsend was one of the pioneers in the field of gas discharges and proposed the first
fairly satisfactory theory based on ionisation by collision [22]. He discovered that prior
to a self-sustained discharge, there is a region in which the current grows exponentially
for an increasing voltage. He stated that the electrons emitted from the cathode obtain
sufficient energy from the applied electric field, to be capable to ionize gas atoms or
molecules by collision during their crossing towards the anode. The number of newly
produced ions per unit length and per electron along the electric field lines is called the
first Townsend ionisation coefficient α. When N0 initial electrons are present, e.g. from
cosmic radiation, ultraviolet light or X-rays, the number of electrons Npri reaching the
anode with gap distance d is:

Npri = N0eαd (2.1)
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2 Gas insulation and discharges

The ionisation coefficient α depends on the energy gained by an electron before im-
pact and on the probability that such impact leads to ionisation. The latter is specific
for the type of gas. The electron energy gain between successive collisions is propor-
tional to the applied electric field strength and inverse proportional to the gas pressure.
Therefore, the mean free path between two successive collisions is an essential quan-
tity deciding whether sufficient energy gain can be obtained for causing ionisation.
Townsend found that a smooth curve could be obtained by expressing α/p as function
of E/p. This behaviour is quite fundamental. If the electric field and pressure would
both be increased with the same factor, the energy gain between successive collisions
is equal. The faster acceleration from the field is compensated by the shorter distance
between collisions. This implies that the probability of causing ionisation upon a colli-
sion remains the same and consequently the number of ionisations over the distance of
the mean free path remains the same. As the mean free path scales with 1/p, one can
conclude that each value of α/p corresponds to a value of E/p. In Fig. 2.1 for a num-
ber of gases the experimentally determined relations are shown. A proposed expression
to describe these relations is:

α = Ape−
B

E/p (2.2)

in which A and B are parameters. The values for of these parameters and the region of
applicability for a different number of gases are provided in Table 2.1. The dependency
in Eq. 2.2 can be theoretically derived when taking simplifying assumptions regarding
the ionisation process, see e.g. [29, 30].
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Figure 2.1: First Townsend ionisation coefficient as function of the electric field
strength and pressure for multiple gasses according to [31].
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2.2 Townsend discharge mechanism

Table 2.1: Parameters A and B for the first Townsend ionisation coefficient α in Eq. 2.2 and
regions of applicability from [32].

Gas A
(

1
Pa·m

)
B
(

V
Pa·m

)
Range of E/p

(
V

Pa·m

)
Air 11.3 274 75–600
Ar 9.0 135 75–450

CO2 15.0 350 375–750
He 2.3 26 15–113
Hg 15.0 278 113–450
H2 3.8 98 113–450

H2O 9.8 218 113–750
Kr 12.8 180 75–750
Ne 3.0 75 75–300
N2 6.6 206 20–150
N2 9.0 257 75–450
Xe 19.5 263 150–600

Beyond the region in which the current grows exponentially with increasing volt-
age, the current grows towards a self-sustained discharge. According to the Townsend
model, this rapid increase occurs due to a secondary ionisation process that produces
new electrons. This positive feedback is caused by emission processes from positive
ions, photons and metastable atoms interacting with the cathode. For the sake of sim-
plicity, only considering the positive ions, the second Townsend ionisation coefficient γ
is defined as the number of secondary emitted electrons from the cathode for each bom-
barding positive ion. The value of γ is highly affected by the cathode properties and
is strongly dependent experimental conditions. The example in Fig. 2.2 shows values
for an inert and a highly reactive electrode material. A list of values of γ for different
gasses and cathode materials are provided in Table 2.2.

Table 2.2: Values of the second Townsend ionisation coefficient γ for slow ions from [34].

Metal Ar H2 He Air N2 Ne
Al 0.12 0.095 0.021 0.035 0.10 0.053
Ba 0.14 – 0.100 – 0.14 –
C – 0.014 – – – –

Cu 0.058 0.050 – 0.025 0.066 –
Fe 0.058 0.061 0.015 0.020 0.059 0.022
Hg – 0.008 0.020 – – –
K 0.22 0.22 0.17 0.077 0.12 0.22

Mg 0.077 0.125 0.031 0.038 0.089 0.11
Ni 0.058 0.053 0.019 0.036 0.077 0.023
Pt 0.058 0.020 0.010 0.017 0.059 0.023
W – – – – – 0.045
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Figure 2.2: Values of γ as function of E/p for a platinum and sodium cathode
in hydrogen gas [33].

2.3 Breakdown voltage

The electron avalanche eventually reaches the anode. For a gas discharge to become
self-sustained, the positive feedback mechanism from the secondary electrons must be
sufficient to compensate the loss of the primary electrons. So, in order to obtain an
avalanche, the number of secondary electrons must be larger than the initial number
of electrons

Nsec
N0

> 1 (2.3)

Let’s assume that the generation of secondary electrons Nsec is caused by bombardment
from positive ions, that were generated by primary electrons at the cathode. The
number of these positive ions is equal to Npri−N0. Therefore the number of secondary
electrons is given by:

Nsec = γ(Npri −N0) = γN0(eαd − 1) (2.4)

Applying the condition of Eq. 2.3 results in:

αd > ln
(

1
γ

+ 1
)

(2.5)

Assuming that the Townsend first and secondary ionisation coefficients are constant
for a homogenous electric field, E = Vbr

d , the minimum required breakdown voltage Vbr
can be obtained by substitution of Eq. 2.2 in Eq. 2.5 resulting in:
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2.4 Paschen curve measurements

Vbr >
Bpd

ln

 A

ln
(

1
γ

+ 1
)
+ ln (pd)

(2.6)

This equation gives the minimum required breakdown voltage for different gas and
cathode properties. In addition, it also shows that the breakdown voltage is a convex
function of the product pressure and gap distance as Paschen [12] already had discov-
ered in his experiments. This function exhibits a minimum. Differentiating Eq. 2.6
with respect to p · d and setting the derivative equal to zero gives:

pdmin = e
A

ln
(

1
γ

+ 1
)

(2.7)

Applying this condition to Eq. 2.6 results in a minimum breakdown voltage of:

Vbr,min = eB
A

ln
(

1
γ

+ 1
)

(2.8)

For each gas and electrode material the characteristic breakdown voltage differs. In
addition, due to the dependence with γ, E/p and electrode material will enter the
equation, see Fig. 2.2. For this reason it is important to be aware of the conditions for
applicability of specific Paschen curves.

2.4 Paschen curve measurements

The breakdown voltage for many gases have been experimentally determined for more
than a century [12]. A commonly used experimental setup consists of two circular
electrodes having a homogeneous field in between, shaped with a profile at the edges
(e.g. Rogowski [35] or Bruce [36]) to prevent field enhancement, see Fig. 2.3a. However,
such a configuration can only be reliably used for the characterization at the right
side of the Paschen curve. The discharge will occur along the shortest gap distance
d, independent of pressure, because an increased path requires a higher breakdown
voltage. This is in contrast with the left side of the Paschen curve. The discharge
prefers to strike across a longer available distance, since it helps growing of the electron
avalanche. The path length has an undefined value for the experimental setup in
Fig. 2.3a. The configuration in Fig. 2.3b on the other hand offers a better defined
longest path, but lacks a shortest one.

A configuration was introduced by [37] that used a tank design with flat plate
electrodes provided with a radius r at the edges, see Fig. 2.3c. This enables characteri-
zation of the breakdown voltage from the left to the right side of the Paschen curve. In
order to prevent indirect discharges or side-wall effects, the electrode diameter D must
be significantly larger than gap distance d, which in turn must be significantly larger
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Figure 2.3: Experimental setups for the characterization of low-pressure gas discharges with
designs reliabile for measurements at (a) the right, (b) the left and (c) both sides of the
Paschen curve according to [37].

then edge radius r. However, the tank design has fundamental limitations so that rel-
ative high breakdown voltage for small pd values cannot be characterized. Detailed
information about the design and its limitations are given in [37].

A key element in the characterization of a gas is to obtain a homogeneous electric
field. The derived breakdown voltage in Eq. 2.6 is based on this condition. However,
in practical situation, such homogeneity is not always present. The discharge char-
acteristics under non-uniform electric field at low pressures is studied in [38, 39] for a
number of different electrode configurations. The most interesting configuration is the
cone-plane electrode arrangement with a cone angle of 79° and a tip radius of 150 µm.
The non-uniformity of the electric field distribution in the gap space is defined as the
ratio of the maximum value to the average and found to be 5.44 for this configuration.
Despite this inhomogeneity it appears that the discharge inception characteristics agree
closely with those under uniform electric fields. The discharge path de is not for all
pressures equal to the minimum gap distance g. The transition of the discharge path
length is quantitatively evaluated by processing discharge images from the glow after
inception in the experiments. An example is given in Fig. 2.4 in which equipotential
lines are drawn in between the electrode configuration. The location Gc of the cen-
troid for negative glow is obtain using the images and the electric field line that passes
through Gc is drawn. The length of this electric field line is defined as the discharge
length de.

The estimated length of the discharge paths as function of gas pressure for helium
and air are given in Fig. 2.5a. The minimum gap length g varies between 5 mm and
15 mm in which discharges occur that are related to the right side of the Paschen
curve (situation 1). Below a certain pressure, the discharge path length increases since
the conditions are related to the left side of the Paschen curve (situation 2). The
dimensions used in the cone-plane electrode configuration allow a maximum discharge
path of 115 mm (situation 3). The measured inception voltages as function of the
product gas pressure and estimated discharge path are given in Fig. 2.5b with different
markers for helium and air. The solid lines are reference Paschen curves obtained
in uniform electric field and are in good agreement with the measurements from the
cone-plane electrode configuration.
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2.4 Paschen curve measurements

de
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Figure 2.4: Equipotential lines and estimated discharge path length de for cone-
plane electrodes [38].
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Figure 2.5: Cone-plane electrodes in a helium and air environment with (a) the estimated
discharge path length de as function gas pressure and (b) the discharge inception voltage as
function of the product gas pressure and estimated path length. The solid lines in (b) are
reference Paschen curves taken from [40,41]. Figures are copied from [39].
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2 Gas insulation and discharges

In case of strongly inhomogeneous fields, such as the point-plane configurations in-
vestigated in [42], the Paschen law does not apply anymore due to the spatial variation
of the electric field which influences the Townsend first ionisation coefficient signifi-
cantly. Apparently Paschen curves obtained for an uniform field can be applied to a
certain extend to inhomogeneous electric fields.

2.5 Paschen curve deviations

For the design of high voltage equipment Paschen curves are very useful references, de-
spite aforementioned deviations. Application of Eq. 2.6 to determine the breakdown
voltage based on the gas pressure and gap distance has its limitation because of two
reasons. The parameters A, B and γ are applicable for a limited domain. As an il-
lustration, a couple of reference Paschen curves are given in Fig. 2.6 together with the
breakdown voltage according Eq. 2.6. Tweaking the model parameters to obtain an
adequate match with the measured Paschen curves is hardly possible. In addition, the
breakdown mechanism proposed by Townsend also has its limitations. For sufficient
low pressures, the mean free path of the accelerated free electrons is in the order of the
length of the discharge path whereby the exponential growth of primary electrons is no
longer possible. According to [43] a gradual transition from gas to vacuum breakdown
(independent of gas pressure) occurs in the range of 10–100 Pa ·mm for experiments
with a 1 mm gap. The electrode distance thereby influenced the characteristic break-
down voltage of the left side and near the minimum of the Paschen curves.

For the curves of Lisovskiy [18] and Penning [15] in Fig. 2.6 the overlap is gradual
due to similar gap distances, whereas a lowered breakdown voltage is found by Klas [16]
for sub-millimetre gaps. These small distances may be relevant for the connectivity of
EUV lithography machines. For even smaller gap sizes (below 10 µm), the breakdown
voltage continues to decrease nearly linear with the gap distance. This is caused by the
relative high electric fields (about 100 V/µm) leading to a field-dominated breakdown
consisting of secondary emission due to ion bombardment and ion-enhanced field emis-
sion [44]. However, such voids sizes do not play a role, as with the intended voltage of
a few kilovolt only a minor voltage fraction will drop over gaps of this size.

2.6 Gas mixtures

A mixture of gases does not necessarily have an intermediate breakdown voltage of the
values for gases involved. A well-known combination is helium or neon provided with
a small amount of argon. The breakdown voltage of the mixture is significantly lower
than for both pure gases, see Fig. 2.7. The metastable helium and neon atoms have a
relative high energy level, which is sufficient to ionize argons atoms during a collision.
This is called the Penning effect and results in a reduced breakdown voltage, which
can for example be beneficial for starting a gas discharge lamp.

A relevant gas mixture for the EUV lithography machines is hydrogen with nitrogen.
Hydrogen is used during operation whereas the system may be flushed with nitrogen.
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Figure 2.6: Collection of Paschen curves in argon from Klas [16], Lisovskiy [18]
and Penning [15] provided with electrode gap distance and the breakdown voltage
according to Eq. 2.6 with the constants A and B taken from [32] and γ estimated.

Fig. 2.8 shows a minimum breakdown voltage when using about 25% hydrogen, but a
clear explanation for this effect is not provided in [45]. The same effect was noticed
in [46] when studying the electrical characteristics of the glow discharge in nitrogen-
hydrogen mixture. According to [46], the increase of the discharge current when adding
hydrogen gas, can be explained by the enhanced second Townsend ionisation coefficient
due to a reduction of the surface oxides and surface cleaning by hydrogen. A further
increase of the hydrogen concentration reduces the discharge current which may be
caused due the smaller ionisation cross section of hydrogen molecules resulting in a
reduced collision probability.

2.7 Summary and conclusions

Townsend’s model accounts for the gas pressure and gap distance dependency of
gaseous breakdown. The relation can be presented as function of the product of pres-
sure and distance providing the Paschen curves. Strictly, the curves are valid for
homogeneous electric fields, but also works reasonably well for a minor inhomogeneity.
Paschen curves are, however, not only dependent on the type of gas. Cathode mate-
rial and precise electrode configuration may alter the curves and one needs to select
curves which best match the actual situation. For the EUV lithography machines par-
tial discharges may occur in voids between conductors and insulation, which will be
in the range of tens to hundreds micrometer in size. Also the filed inhomogeneity can
be such that deviations occur. Hydrogen is the gas admitted during operation of EUV
machines. However, the Paschen minimum voltage of hydrogen may be lowered if it is
mixed with nitrogen. This gas may still be present in the voids from flushing.
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Figure 2.7: Paschen curves for different mixtures of neon and argon [15].
The minimum breakdown voltages for Ne and 0.1% Ar are about 244 VDC and
163.5 VDC respectively.
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Figure 2.8: Paschen curves for different mixtures of hydrogen and nitrogen
[45]. The minimum breakdown voltages for N2, 25.5% H2 and 100% H2 are about
265 VDC, 219 VDC and 242 VDC respectively.
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3 Experimental setup and procedures

3.1 Introduction

Cable connectivity is preferably arranged without suffering from partial discharge ac-
tivity under operational conditions. This implies that the partial discharge inception
voltage (PDIV) is not exceeded in any part of the connection. In order to characterize
the PDIV performance of a cable or connector at and also beyond operating pres-
sures, an experimental setup is developed. This chapter addresses the main elements
of the setup that has been designed, built and used throughout the research project.
A schematic overview is given in Fig. 3.1 and will act as a guideline in this chapter.
A photo of the setup is given in Fig. 3.2. The electrical system, vacuum system and
software are outlined in separate sections. Further, cable sample, connector and ex-
periment preparation preceding measurements are discussed.

The main requirements for the experimental setup are:

• partial discharge noise level below 100 fC
• 50 Hz variable voltage source up to 10 kVrms
• easy (de)installation of device under test
• variable pressure in the range of 0.1 Pa–100 kPa
• multiple input gases (in particular Ar and N2)
• (semi-)automated operation

The aim is an as low as reasonably achievable PD detection level. For synthetic
underground power cables (XLPE) such detection limit is set to 5 pC (IEC 60502-2
standard). Here, the dimensions of the cable samples, 1 to 10 m long, and connectors
are relatively small. For devices that size, detectable PD magnitudes can be beneath
1 pC. Therefore, the aimed noise level is chosen to be at least one order lower in
magnitude. This choice has implications for the high voltage source and requires EMC
precautions for the complete setup.
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The voltage to be supplied is bipolar and its amplitude should increase from the
present ±300 Vp to at least ±1000 Vp. Although future high-precision motion systems
will operate up to a kilovolt with frequencies in the order of 50 Hz, the voltage limita-
tions of the device under test must be characterized at all times, also beyond this level.
A voltage of 10 kVrms would provide an order of magnitude margin, while a low noise
level needed to measure partial discharge activity down to 100 fC is still manageable.

In this project multiple cable structures and connector prototypes will be charac-
terized. A modular mounting mechanism provides easy (de)installation of the device
under test. This prevents mechanical stress on the cable during mounting which could
reduce its high voltage withstand capacity.

EUV lithography machines operate normally within a pressure range of 1–10 Pa.
Maintenance is done under ambient pressure, while the systems are still energized.
To accommodate all situations, the setup is designed to control pressure from 0.1 Pa,
providing a factor 10 margin at the low pressure side, to ambient (100 kPa) or even
beyond. To accommodate a stable pressure of over six orders of magnitude, differ-
ent pressure control approaches are implemented. Paschen minima are in the range of
1 Pa·m [13–21] causing voids sizes from microscale up to meters long to become poten-
tial hazards. Any path length within the setup, allowing charged particles to bridge
a voltage difference exceeding the Paschen minimum value, may act as discharge path
and must be avoided.

Hydrogen, which is the operational gas for lithography machines, will not be used
because of safety issues. Instead, gases are employed that have similar behaviour.
Knowledge of the PDIV for different gases allows to predict the expected performance
also in a hydrogen atmosphere. The applied gases are argon for its relatively low
breakdown voltage [15–18] and nitrogen since it is used as a purging gas.

Automation allows for extensive measurement series to obtain statistically signif-
icant results and to minimize the human factor by improving measuring consistency.
Pressure control and voltage ramping have to be automated. Still, human interfer-
ence cannot be completely ruled out, because the behaviour of partial discharges may
change suddenly due to its stochastic nature and also failures may occur.

3.2 Electrical system

The design of the electrical system is divided into three main elements, namely the
partial discharge equipment to detect the PDs generated by the device under test
(DUT), a high voltage power supply circuit and EMC precautions to fulfil the PD
noise level requirement.

3.2.1 Partial discharge detection equipment
A standard PD detection circuit is employed as shown in Fig. 3.1 [29]. The apparent
charge from the PDs is detected over the acquisition unit MPD 600 from Omicron. This
unit has a PD input impedance of 50Ω and maximum input voltage of 10 Vrms in the
range of 0–20 MHz. The detection circuit closes via a coupling capacitor C1 (MMC 124,
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Figure 3.1: Experimental setup consisting of the electrical system with PD
detection (MPD600/MCU502), vacuum system with controllable gas admission
(RVC300) and a cable under test inside the vacuum vessel.

Figure 3.2: Photo of the realisation of the experimental setup in the laboratory.
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24 kV 1.2 nF). The cable samples with typically several metres of length will represent
a capacitance of a few hundred picocoulomb, appreciably smaller than the coupling
capacitance. An optical fibre is used to transmit the data from the detected PDs and
applied voltage via the control unit MCU 502 to the PC on which the data stream
is recorded and analysed with the included dedicated software. A centre frequency of
2 MHz, a bandwidth of 1 MHz and a PD threshold of 40 fC are selected throughout this
research. The frequency spectra from the fast PD events is constant in this region and
owing to the shielded environment the noise level can be sufficiently lowered by selecting
a relatively wide bandwidth. Further, the high centre frequency allows detection of
highly repetitive PD events. The PD magnitude is calibrated every time the DUT is
swapped with the CAL 542 B injector from Omicron. The calibration is performed by
injecting an equivalent charge of 2.0 pC directly over the terminals of the DUT. The
high voltage generation is decoupled from the PD detection circuit via resistance R1.

3.2.2 High voltage generation

For the generation of high voltage the noise level added by power supply must re-
main below the target noise level of less than 100 fC. Commercial voltage sources with
switching regulators to convert voltage levels efficiently are inappropriate due to their
relatively high noise level. A custom solution is implemented starting with a sinusoidal
waveform from a PC controlled function generator (Hewlett Packard 33120A) with
RS232 communication. The generated signal is transmitted via a coaxial shielded ca-
ble through the EMC cabinet to an analogue audio amplifier A1 (Omnitronic A-3800)
with an output power of 2x1900 W at 4Ω or 2x1300 W at 8Ω. The amplified signal is
then transferred to a voltage transformer T1 (AEG EY30b, 750 VA, 36 kVrms,max) to
generate the high voltage. The output of the voltage transformer is connected via a se-
ries resistor R1 (Vishay Sfernice 120 kΩ 5%, 280 W) to the PD detection circuit. The
resistor limits the current in fault situations and acts as a low-pass filter together with
the coupling capacitor. The cut-off frequency is the range of 1–2 kHz depending on the
capacitance of the DUT. A maximum voltage of 10 kVrms at 50 Hz is achieved while
maintaining the noise requirement, see Fig. 3.3. Voltage measurements are based on
the MPD 600 unit output. Therefore, calibration is performed regularly by applying
1 kVrms with respect to ground at the node of resistor R1 and the coupling capacitor
measured with Fluke 289 industrial logging multimeter.

3.2.3 EMC precautions

In order to comply with the PD noise criterion, the main components of the electrical
system are placed within a shielded environment. For instance, external equipment,
such as the power supply for the turbomolecular pump, caused electromagnetic distur-
bance in excess of the noise limit. The vacuum vessel is made of 8 mm thick stainless
steel providing sufficient electromagnetic shielding for the DUT. A custom EMC cab-
inet made out of 3 mm thick aluminium sheets provides shielding for the remaining
electrical components and is tightly connected to the vacuum vessel. The mains power
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entering the EMC cabinet is filtered. The signal from the function generator to the
analogue audio amplifier enters the EMC cabinet via a BNC feedthrough also tightly
connected to the cabinet, which is connected to the ground potential. These EMC
precautions resulted in high sensitivity down to 40 fC.

Figure 3.3: PD noise level of about 40 fC according to the MPD 600 software at
10 kVrms without a DUT.

3.3 Vacuum system

In this section the equipment is specified for exposing the DUT to different gas atmo-
spheres over six orders of pressure range. Also the procedures for flushing the vacuum
vessel and configuring the system for measuring in a specific pressure range are pointed
out.

3.3.1 Equipment

A cylindrical vacuum vessel with an inner diameter of 60 cm and a height of 50 cm
provides sufficient space for the DUT. The vacuum vessel, shown in Fig. 3.2 is equipped
with a window, a door to insert components and multiple flanges of which one will serve
as an exchangeable electrical feedthrough for the DUT. It is a modified blind flange
(DN40CF) to which the DUT is mounted with custom feedthroughs. The feedthrough
design is described in Section 3.5.
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To obtain a minimum pressure below 0.1 Pa, a series connection of a pre-pump
Pfeiffer Balzers DUO 004B P1 and a turbomolecular pump Pfeiffer Balzers TPH 240
P2 running 40,000 rpm with matching power supply Pfeiffer Balzers TCP 380 is used.
A custom made water cooling unit and air fans are added to prevent overheating of
the turbomolecular pump and pre-pump respectively. For safety reasons, the exhaust
gas from pump P1 is connected to the gas extraction of the laboratory.

Two ceramic capacitive gauges measure the pressure inside the vacuum vessel
and offer gas type independent readings. They cover consecutive pressure ranges S1
(CMR 361, temperature compensated) for low (100 Pa–100 kPa) and S2 (CMR 374,
temperature regulated) for medium vacuum range (0.1 Pa–100 Pa), both from Pfeiffer
Vacuum [27,28]. The required pressure gauge can be selected for the RVC 300 pressure
controller with switch SW.

The inlet gas for the vacuum vessel, either argon or nitrogen in this research project,
has a purity of 99.999%. The selected gas passes a couple of valves before entering the
vacuum vessel. Valve V1 cuts off the gas supply when needed and V2 reduces the
pressure to about 2 bar absolute. For a high gas flow, required for pressure operation
in the low vacuum range or flushing the vacuum vessel, valve V4 is used to guide gas
from V2 to the motorized needle valve V5. Valve V3 is used for pressure operation in the
medium vacuum range. Irreversible damage to the turbo molecular pump may occur
when it is suddenly exposed to a relatively large gas flow. An orifice O1 in series with
V3 limits this gas flow to a safe level. The motorized needle valve adjusts the gas flow
to the vacuum vessel and is controlled by the RVC 300 to obtain the required pressure.
When the pumps are not operational, venting is required to prevent oil mist from P1
moving to the vacuum vessel. This is achieved by closing valve V6 and opening V7.

3.3.2 Operation

After installing a DUT in the experimental setup, the vacuum vessel is flushed since
air has entered reducing the gas purity significantly. Flushing is performed by draining
the vessel with the pumps P1 and P2 operational to a pressure well below 0.1 Pa (this
is the lowest measurable pressure). Also the current of the TCP 380 is monitored since
it also provides an indication of pressure. When a relative low (<1.0 A) and stable cur-
rent is reached, the pumps continue to run for a couple more minutes. Hereafter, the
pumps are disabled and the vacuum vessel is refilled with argon or nitrogen to atmo-
spheric pressure. This process is repeated once again.

During measurement the pressure inside the vacuum vessel has to be constant.
Different methods are employed depending on the pressure range.

• For the pressure range 0.1–100 Pa the RVC 300 pressure controller precisely ad-
justs the flow inlet gas (upstream control) while both pumps are running contin-
uously. This upstream configuration prevents gas purity degradation inside the
vacuum vessel due to the unwanted outgassing of materials. Via RS232, the re-
quired pressure and associating PID-values for pressure control are sent from the
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PC to the RVC 300. The pressure is monitored with gauge S2 and the inlet gas
passes valve V3.

• For the pressure range of 100 Pa–25 kPa, the turbomolecular pump is disabled
since it is not functional in low vacuum. The pressure is monitored with gauge
S1 and the inlet gas passes valve V4.

• In the pressure range of 25 kPa–100 kPa, both pumps and the pressure controller
are disabled. At these relative high pressures, the throughput of pump P1 would
require a high flow of inlet gas. For high pressure range, this is pointless in
terms of the gas purity inside the vacuum vessel since the inlet gas is already in
abundance. Therefore, the vessel pressure is set manually by opening and closing
valve V5 via the PC. Pressure is monitored with gauge S1.

3.4 Software

The wish for a semi-automated setup arises from the need for a large number of mea-
surements to obtain statistical significant results. The acquisition unit MPD 600 from
Omicron is equipped with dedicated software to record and analyse PD activity. How-
ever, pressure and voltage control need to be automated to improve measuring consis-
tency. A custom made application is developed in MatLab which operates parallel to
the PD software. Fig. 3.4 illustrates the interface of this application. The upper part
is responsible for pressure control and monitoring and the lower part for the voltage
control. Voltage monitoring is already included in the PD software.

The button group ”Pressure sensor” switches between CMR374 and CMR361 rep-
resenting gauge S2 and S1 respectively. The button group ”Valve” controls the state of
the motorized needle valve V5, which can be closed, open or pressure controlled by the
RVC 300. With pressure control, the desired pressure can be specified. The colour of
the indication behind the text ”Pressure stable?”, either red or green, indicates whether
the targeted pressure is stabilized. A stable pressure means that the absolute differ-
ence between actual and specified pressure is smaller than 3% of the specified value
for at least 20 s and the standard deviation of the actual pressure is within 3% of the
specified pressure for at least 20 s. The pressure (Pa) over the last 60 s is monitored.
The pressure values can be logged during a measurement by checking the tick box.
After each measurement, the mean pressure and corresponding standard deviation is
displayed in between the two graphs and can be reset by clicking the ”Reset” button.

The ramping of the voltage for the DUT is performed by the voltage control part of
the application. Three sequential stages can be distinguished, namely a fast ramp rate,
a slow ramp rate and an ending phase. The fast ramp rate begins at 0.1 Vpp by clicking
the ”Start” button. Pressure values are now recorded. The voltage increases stepwise
as specified in ”Fast rise” setting. When the ”Intermediate” voltage level is reached,
the voltage increases with a slow ramp rate according to the ”Slow rise” setting. During
any time during these stages, the ramping can be terminated or interrupted with the
”Stop” (previously ”Start”) or by the ”Pause” button. After reaching the ”Maximum”
voltage level, the voltage is kept constant for a couple of seconds (”Wait”) before it
returns to zero. The pressure record ends and the mean pressure and corresponding
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standard deviation are displayed. All indicated voltages correspond to the output
voltage of the function generator and a graph visualizes the past 60 s.

Figure 3.4: Interface of the MatLab application developed for PDIV measure-
ments.

3.5 Cable and connector preparations

The test cable sample or connector is mounted with custom cable feedthroughs (Fig. 3.5)
to an exchangeable blind flange (DN40CF) for easy installation onto the vacuum ves-
sel. The cable end of the test cable are both located inside the EMC cabinet creating
a cable loop in the vacuum vessel, see Fig. 3.1. This ensures that only the cable sam-
ple or connector is characterized, since other possible PD sources are excluded, with
the exception of cable ends. For testing connector designs this is achieved by provid-
ing them with semi rigid cables, that are free of voids. Mechanical preparation of the
cable sample is required in order to perform the experiments for three reasons:

• The gas that is trapped in the voids of the cable, must have a venting hole
to equalize pressure with the vacuum vessel. This is established by removing
3 mm of the sheath halfway, see Fig. 3.1. A model is described in Section 3.6 to
estimate the pressure settling time. Note, that venting is only possible for the
braided shielding of a coaxial cable. Venting voids along the core conductor is
only possible via the cable ends located outside the vacuum vessel. These voids
remain at ambient atmospheric pressure.

• The cable ends offer additional venting holes for the insulation-shielding interface.
To prevent any gas leakage for the vacuum vessel and pressure distributions
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along the cable, a gas tight sealing is applied. This is established by moulding
low viscosity glue (301-2FL from EpoTek) into vertical positioned cable ends, to
enable the glue to penetrate into the shielding for a few centimetres.

• Finally, surface discharges from the cable ends are undesired, since they would
interfere with the characterization of the cable sample or connector. Terminations
are added to reduce the electric field stress and increase the PDIV of these surface
discharges. Fig. 3.6 shows that field enhancement in the termination is prohibited
by proper shielding of the conductor end and by applying potting material with a
relative permittivity larger than the cable insulation material. An increase of the
core conductor diameter limits exterior field enhancement. Only this last step is
applied for the semi rigid cable used in case of testing connector designs.

nut

bushing

washer

o-ring

Figure 3.5: Cross-section of a single cable feedthrough mounted on a blank
vacuum flange (DN40CF).

3.6 Cable venting modelling

The cable under test has a venting hole halfway to equalize the trapped gas pressure
along the cable with the pressure of the vacuum vessel. Settling time of the internal
cable pressure near the terminations can be substantial in case of relative long cables
and narrow voids, as is in particular the case for spiral shielded cables, see Fig. 3.7. To
perform reliable measurements of the PDIV, pressure gradients along the cable must
be minimized. The internal pressure behaviour to estimate the required settling time
is modelled before executing the experiments.

In this section, a mathematical model is presented to simulate the pressure be-
haviour along the cable. The model is validated with experimental results obtained for
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Figure 3.6: Termination used for cable preparations, a: static E-field simulation
with 1 kVp applied on cable core on logarithmic scale, b: realization of termination.

a spiral shielded cable. From the result an estimate for the pressure settling time is
obtained.

Figure 3.7: Microscopy cross-section of a spiral shielded cable.

3.6.1 Pressure response model
The voids in a cable interface can be considered as long small non-circular channels in
which gas can be transported along the axial cable direction. These channels vary in
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diameter and are locally connected due to manufacturing tolerance. For the venting
model, as a worst case approach, all channels are modelled as cylindrical pipes with
equal size in parallel. The estimation of the pipe diameter is depicted in Fig. 3.8. Here,
the critical void is located between the two wires with radius R and the insulation.
An imaginary circular pipe can be positioned in this void with a maximum radius
rmax = 1/4R.

rma x

R

wire wire

insulation

pipe

Figure 3.8: Schematic representation of the cross-section of the insulation-
shielding interface of the spiral shielded cable.

In reality, the flow conductance is higher, because the void cross-section is larger
than the circular area of the imaginary pipe, and the voids are larger due to manufac-
turing imperfections. As the gas flow depends on the precise shape, a correction factor
β for rmax is defined, which will be experimentally determined.

The mathematical model of the cable venting behaviour is based on a lumped
element model. Each element of the model consist of a section of the pipe with length
Δl and diameter d, and its corresponding volume Vx, see Fig. 3.9. One end of the
lumped element is connected to a vacuum vessel with volume V1, the other end is
floating to represent the gas-tight sealing of the cable ends. Every element of the
model has its own set of parameters. Volume and pipe are characterized by their
pressure pi(t) and conductance Ci(t) respectively, which change as function of time.

V1

l,d V2
l,d VM

cable

vacuum vesse l

pipe
volume

C1(t),
Q1(t) p2(t),

N2(t)

CM-1(t),
QM-1(t) pM(t),

NM(t)

Figure 3.9: Lumped element model of a cable under test with one side connected
to a vacuum vessel and the other sealed gas-tight.

The flow conductance for vacuum technology is influenced by different types of
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flow, namely molecular, continuous and Knudsen [27, 28]. In molecular flow the gas
molecules move freely without mutual interference, except for wall contact. The mean
free path is much larger than the dimensions of the gas system. For the continuous flow
there is frequent interaction between gas molecules, yet relatively less contact with the
walls. The mean free path of the gas molecules is significantly shorter than the size
of the gas system. Knudsen flow describes the transition between the molecular and
continuous flow. The flow conductance covering all three regimes of a long straight
circular pipe of length l, valid for a gas at 20 °C and expressed in SI units (diameter d
and length l in m and pressure p in Pa), is given by [27]:

C = 1.35 · 103 · d
4

l
p̄+ 1.21 · 102 · d

3

l
· 1 + 192dp̄

1 + 237dp̄ (3.1)

where p̄ is defined as the average pressure at the pipe ends. Using the ideal gas law
with the Avogadro constant NA, gas constant R and absolute temperature T being
293 K, the number N of gas molecules in a volume can be calculated from:

N = NApV

RT
(3.2)

The amount of gas transport along a pipe per unit time, referred to as pV -throughput
Q, is defined for a pipe as:

Q = d(pV )
dt

= C∆p (3.3)

where Δp is the pressure difference over the pipe. The number of particles trans-
ported per unit time is the time derivative of Eq. 3.2, which in combination with the
throughput of Eq. 3.3 results in:

dN

dt
= NAQ

RT
(3.4)

The pipe is subdivided in M elements and Eq. 3.4 is solved numerically. For the spiral
cable there are 120 pipes in parallel and the complete length was subdivided into 100
elements.

3.6.2 Validation

To simulate the venting behaviour of a cable all voids are modelled as circular pipes.
In reality, the voids are not circular and a correction factor β is introduced for the
pipe diameter to obtain an effective radius such that simulations match measurements.
Model validation and determination of the correction factor β is performed by examin-
ing the pressure response at one cable end, when the other end is exposed to a sudden
pressure step. The characterization setup is depicted in Fig. 3.10. The vacuum vessel
contains a valve for suddenly admitting atmospheric air to mimic a positive step re-
sponse, and a pump for causing a negative step response. One cable end is connected
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with the vacuum vessel, the other with a pressure gauge to measure the pressure re-
sponse. The gauge connection adds to volume VM which is incorporated in the model.
Care is taken to prevent leakage through the sheath and the cable core.

vacuum 
vessel

cable

Figure 3.10: Characterization setup for the cable venting model.

The measurement and simulation results for a 30 cm spiral shielded cable exposed
to a pressure step from 100 Pa to 100 kPa and vice versa, are displayed Figs. 3.11a and
3.11b respectively. The pressure response for the negative step is significantly slower.
It takes relatively long time for the gas to be completely evacuated from the cable when
the process is governed by molecular flow, whereas upon a positive step the gas is forced
into the cable. The measured flow (continuous line) is faster than simulated (dotted
line). This can be expected because the pipe diameter rmax is underestimated. The
effective flow area is larger than modelled with the pipe (a factor 2.2 for the situation
shown in Fig. 3.8). However, the flow conductivity is dependent, besides on its area,
also on the shape. The ratio of the channel area provides only an indication. Agreement
between measurement and simulation is obtained for β = 1.65 (corresponding to a factor
2.7 in area). The initial deviation upon the positive step response in Fig. 3.11 is caused
by the time it takes until the vacuum vessel reaches atmospheric pressure, due to the
limited flow through the valve. This takes a few seconds, which is not included in the
simulation.

3.6.3 Simulation results

The correction factor is determined for the low-vacuum pressure range (102–105 Pa),
while the PDIV characterization of a cable also extends to the medium vacuum regime
(10−1–102 Pa). For the medium vacuum pressure and void size (pipe diameter) are such
that the conductance is determined by the second term of Eq. 3.1. In this molecular
flow regime the mean free path is much larger than the dimensions of the gas channels
and the conductance becomes independent of pressure. The correction factor therefore
also applies for the medium vacuum range.

Simulation results upon a pressure drop from 10 to 1 Pa, obtained for a 75 cm long
spiral cable, is given in Fig. 3.12a. A low pressure range is chosen, since it contributes
to the major part of the pressure settling time. The vacuum vessel and pipe end are
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Figure 3.11: Measurement and simulation results of a 30 cm long spiral shielded cable
exposed to a (a) positive step response from 100 Pa to 100 kPa (b) negative step response
from 100 kPa to 100 Pa.

located at a distance of zero and 75 cm respectively. Each curve represents the internal
cable pressure distribution as function of the location along the cable and is calculated
after different times. It can be concluded that an idle time of 4 minutes for the PDIV
experiments is sufficient to equalize the internal cable pressure in between successive
measurements. The pressure variation is limited to maximum about 3%. The needed
time increases significantly when starting from ambient pressure and with longer cables.
For a 3 m cable it takes two hours to reach a homogeneous pressure distribution at 1 Pa,
see Fig. 3.12b.

3.7 Measuring procedure

The test procedure involves measurement of the PDIV over a wide range of pressures.
During each measurement, the pressure in the vacuum vessel is monitored to obtain
the mean value and standard deviation. Throughout this thesis, the PDIV is defined
as the voltage from which PDs occur with a minimum apparent charge of 100 fC for
at least 10 s, unless stated otherwise. This level is chosen since it clearly above the
background noise level (typically 40 fC). The PDIV is found by increasing the voltage,
starting with a relative fast ramp rate (approximately 67 Vrms every 2 s), followed by a
relative slow one (approximately 1.7 Vrms every 4 s). An estimate of the PDIV is based
on prior measuring results and when reaching 1 kVrms below the expected PDIV value,
the rate of increase is lowered. A measurement is rejected when the PDIV is reached
during the relative fast voltage ramp rate.
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Figure 3.12: Simulated pressure distribution of a spiral shielded cable under test upon a
step response in the vacuum vessel (a) from 10 to 1 Pa after a time ranging from 0.1 second to
4 minutes for a length of 75 cm (b) from 100 kPa to 1 Pa after a time ranging from 0.1 second
to 2 hours for a length of 300 cm.

3.8 Summary and conclusions

The experimental setup is capable to perform sensitive measurements. With a noise
level corresponding to 40 fC a PD detection level of 100 fC is selected. Both voltage
and pressure control is automated and remotely controlled. Although the maximum
test voltage is 10 kVrms, the actual limitation is formed by the construction of the
terminations which connects the DUT to the outside equipment. This construction is
delicate and has to be performed for each cable sample or connector design. Realized
values are in the range of 5 to 10 kVrms.

The venting of the cable to equalize pressure determines the time between succes-
sive measurements at different pressure. In particular at low pressure, the idle time
between measurements that should be respected is relatively long as the gas trans-
port is governed by molecular flow. This leads to the following order of measurements.
After flushing, the setup measurements are taken at typically 20 different pressures
starting at 0.2 Pa and ending at 100 kPa. When the software indicates a stable pres-
sure inside the vacuum vessel, an idle time of three minutes is set for cable sample of
1.5 m in length. Hereafter, typically five consecutive measurements are performed.

For the lithography equipment, the venting behaviour of cables and connectors
must be respected during the design process. Pressure settling times are certainly
longer, since these cables are multiple meters in length and venting may be hampered
by other parts of the machine. For this reason, we have chosen to design cables and
connectors that function not only at operational and ambient pressures, but also the
intermediate range. Only then can the endurance be guaranteed due to the lack of
partial discharges.
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4.1 Introduction

To ensure that electrical ageing of cable insulation does not jeopardize the connec-
tion integrity on long term, partial discharge (PD) free cable designs are aimed for in
lithography machines. The challenge for PD free design arises from the need for flex-
ile cables regarding the billions of movements during the cable lifespan. This calls for
a braided conductor structure, which inevitably leaves gas filled spaces. Such regions
are subjected to the laws of discharge physics, in particular considering the intended
operational pressure regime for the cable. A methodology is needed that enables to
quantify the performance of cables and also cable connectors in relation to their de-
sign. To this end, potentially critical voids need to be identified and in view of the
Paschen curves their discharge characteristics need to be evaluated. The overall partial
discharge inception voltage (PDIV) is determined by the discharge path providing for
the lowest value within the cable. As Paschen curves depend on the product of pres-
sure and distance, with different void size and different operating pressures, there will
be a range of conditions to be considered to establish the most critical void responsible
for the observed PDIV.

This chapter is divided into two main sections. In Section 4.2, the methodology
developed for testing the cable performance is introduced. With the experimental setup
and measurement procedures described in Chapter 3 the PDIV performance of a coaxial
cable is characterized. It is expected that the void sizes inside the cable will have a
PDIV behaviour according to the Paschen curve. The concept of scaled Paschen curves
is introduced to relate the microscopy structure of the cable cross sections to the PDIV
measurements. In Section 4.3, the proposed methodology is applied for different cable
designs and for both nitrogen and argon as insulating gases for verification. For safety
reasons the behaviour in hydrogen gas, being used in actual lithography machines, is
not experimentally investigated. The methodology, however, aims to enable prediction
of the PDIV for any insulating gas with a known Paschen curve.
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4.2 Methodology

Cable designs applied in a medium vacuum environment need to have an earth screen.
Otherwise, the full applied voltage tend to arise outside the cable insulation. This
would limit its maximum value to the Paschen minimum as it can be expected that
somewhere a discharge path length is present coinciding with the Paschen minimum
(see thesis cover). For the medium vacuum pressure range of 0.1–100 Pa these distances
range typically from 10 m down to 1 cm. An earthed cable shield limits the available
discharge distance and with these narrow gaps significant part of the voltage will drop
over the cable insulation layer instead of the gas. For a cable design with well-defined
earth shield structure the methodology will be examined.

4.2.1 RG58U cable sample

For a coaxial cable structure PDs can occur in voids at the outside of the inner con-
ductor as well as at the inside of the outer conductor. Cables for lithography machines
are intended for currents up to 100 A peak and voltages up to typically 1 kVDC. The
insulation layer will therefore be relatively thin as compared to the inner conductor
diameter. This implies that the electric field strength in voids at both side of the insu-
lation layer will have similar magnitude and whether PDs arise at the inside or outside
depends on the void sizes present and the pressure conditions inside them. Outgassing
of the voids located around the core of a coaxial cable can only be achieved via the
cable ends without disturbing the integrity of the cable insulation layer. However, plac-
ing the cable ends, with a modified ground geometry, also in the vacuum environment
will make it hard to distinguish between PDs generated from the cable or from the ca-
ble ends. For this reason, the cable ends are placed outside the vacuum environment
at ambient pressure, so that outgassing of the core is not possible, see Fig. 3.1. As a
consequence, only the voids at the shield-insulation interface are characterized. The
inner conductor design and its current carrying capacity becomes less important for
the development of the test method. This is even more so, when opting for a solid core
with the insulation layer tightly around it, eliminating space for any void. An option
to allow for venting of the core conductor is presented in Appendix A.

The selected cable type which meets the previous specifications is the RG58U coax-
ial cable with solid core and braided shielding. Cable specifications are listed in Ta-
ble 4.1. The microscopy cross section of the cable depicted in Fig. 4.1 clearly shows
the critical voids between the insulation-shield interface. In addition, there are also
relatively large voids present between the strands. The cable ends are provided with
terminations in order to reduce the electric field stress as described in Section 3.5. The
termination design employed for this specific cable sample, is shown in Fig. 4.2. It is
the first version and differs from the improved design of Fig. 3.6 being used for most
experiments, which has a better electric field control at its end. The cable has a length
of about 1.5 m and has the venting opening for the earth screen halfway.
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Figure 4.1: Microscopy cross section of a braided shielded RG58U cable. The
arrows indicate dominant voids near the earth screen.

Figure 4.2: Prototype termination only used for the RG58U cable sample, a:
electrostatic field simulation with 1 kVp applied on the cable core on logarithmic
scale, b: realization of the termination.
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Table 4.1: Cable specifications for RG58U.

conductor
shape single wire

material bare copper
wire diameter 0.812 mm

insulation material polyethylene (εr = 2.25)
outer diameter 2.95 mm

shielding

shape single layer of braided wires
braiding 16 strands, 7 parallel wires per strand
material tinned copper

wire diameter 0.120 mm

sheath material type I PVC
outer diameter 4.95 mm

4.2.2 PDIV characterization
The PDIV is measured over a gas pressure range of about six orders of magnitude,
ranging from 0.2 Pa up to 100 kPa (ambient pressure). In total 60 measurements are
taken with an average of three for each pressure. Including the necessary idle time
between measurements in order to make sure that the pressure at the earth screen
has equalized with the pressure in the vessel, the complete measurements series took
place over a period of five days. The selected gas in the vacuum vessel is nitrogen and
pressure deviations are kept within 1.7% of the nominal pressure. The measurement
data are displayed in Fig. 4.3a with circles.

The data show two distinct patterns. The PDIV for the pressure range 0.2–300 Pa is
nearly constant with an average of 5.47 kVrms. A convex relation for the pressure range
0.5–100 kPa is observed with a minimum value of 1.70 kVrms occuring at a pressure of
5.1 kPa. A third order polynomial function is fitted for the convex relation as function
of the logarithm of pressure. The coefficients are based on a best fit (in a least-squares
sense), resulting in:

PDIV = −0.5653(log10p)3 + 9.036(log10p)2 − 43.71(log10p) + 68.35 (4.1)

The distinct regions can each be linked to a specific part of the cable connection un-
der test. The convex part resembles the Paschen curve behaviour and will be discussed
in the upcoming section. The measurement results from the pressure range 0.2–300 Pa
originate from the terminations at ambient pressure. There are three observations in
support of this assumption.

• The PDIV is essentially independent of the pressure. The observed small devia-
tions in the PDIV can be a result of fluctuations of the ambient pressure during
the measuring days and because partial discharge is a stochastic process.

• The electrostatic field simulations as depicted in Fig. 4.2 show surface spots
with an enhanced field exceeding 0.4 kV/mm simulated at 1 kVp. For a PDIV of
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5.47 kVrms, this corresponds with a value above 3.1 kV/mm. According to [47],
such an electric field is sufficient to produce surface discharges in air at ambient
pressure.

• At 300 Pa pressure additional measurements were taken after mixing SF6 gas in
the vicinity of the termination. The results, indicated with crosses in Fig. 4.3a,
are in line with the convex relation as given in Eq. 4.1. The breakdown strength of
SF6 is about three times higher with respect to air [48], so that surface discharges
near the terminations are inhibited.

The PDIV performance of the RG58U cable sample is also characterized for an
argon environment and the two distinct patterns are again present, see Fig. 4.3b. The
horizontal relation has an average value of 5.44 kVrms and is in close agreement with
the nitrogen measurement. The convex relation is shifted to higher pressure and has a
lower minimum PDIV of 1.40 kVrms at 16 kPa. A polynomial fit results in:

PDIV = 0.5010(log10p)4−8.602(log10p)3+56.26(log10p)2−165.9(log10p)+187.1 (4.2)
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Figure 4.3: Partial discharge inception voltage as a function of gas pressure for a braided
shielded RG58U cable sample (a) in nitrogen (b) in argon. The constant and convex relation
originates from partial discharges at the termination (at atmospheric pressure) and cable
respectively.

Partial discharge activity exhibits characteristic behaviour with respect to the phase
angle of the applied voltage depending on the PD mechanism. These patterns can be
used to distinguish between different PD origins by means of deduced quantities and
statistical operators [49, 50]. The phase angle, with 0–180° for the positive and 180–
360° for the negative half of the voltage cycle, is divided into 8000 phase windows.
The number of detected discharges and mean PD magnitude for each phase window is
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represented with the distribution Hn(φ) and Hqn(φ) respectively. The most relevant
operators for the PD patterns analysis are:

• discharge factor Q: quotient of the mean discharge level of the positive and
negative distribution

• cross-correlation factor cc: evaluates the difference in shape of distributionH+
qn(φ)

and H−qn(φ)
• modified cross-correlation factor mcc: product of Q and cc
• skewness Sk: represents the asymmetry of the distribution
• kurtosis Ku: represents the sharpness of the distribution

The mathematical definitions of these operators are provided in [50]. The partial
discharge measurements in the range of 0.2–300 Pa in nitrogen, originate from surface
discharges at the terminations. A fingerprint for surface discharges in air from [50]
is displayed in Fig. 4.4d. The results of the most relevant operators applied to these
measurements are given in Figs. 4.4a–4.4c. It is clear that for all operators, there is
quite some deviation in the values with respect to pressure. Upon closer inspection, the
only matching operator with the fingerprint is the cross-correlation factor. It seems that
the PD activity from the terminations differ significantly from the experimental setup
used to define the fingerprint. For the convex relation, also a match was attempted,
but no unambiguous agreement could be found.

An alternative method is the pulse sequence analysis (PSA). The PSA visualizes
the two voltage differences between three consecutive PDs. Each insulation defect can
be linked to a specific pattern [51,52]. In the nearly constant PDIV range all PSAs are
similar and an example is given in Fig. 4.5. According to [51, 52] this pattern corre-
sponds to the presence of surface discharges, see Fig 4.6. Fig. 4.7 shows PSA patterns
that relate to the convex part. As consistency is lacking, both in aforementioned sta-
tistical parameters and in the PSA patterns, it was decided to focus only on the PDIV
as indicator.

4.2.3 Identification of critical voids

The measurement results from the pressure range 0.5–100 kPa originate from the insu-
lation-shielding interface which is in equilibrium with the vessel pressure. Discharge
activity in the gas-filled voids here are governed by the Paschen relation. With in-
creasing voltage applied on the core conductor with respect to the earth screen, part of
the voltage drops over the insulation and only a fraction arises over the voids. Many
discharge paths are available, but the ones for which the minimum Paschen voltage is
exceeded first are most susceptible for PD activity. The voltage over the correspond-
ing void, which depends on pressure and gas type, determines the PDIV. The PDIV of
a cable can be obtained by identifying the different discharge paths in the cable cross
section and by determining for each of them the associated voltage drop over the path
length. This process involves scaling as the Paschen curve needs to be evaluated for
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Figure 4.4: Statistical results of the PD patterns from nitrogen measurements in the range
of 0.2–300 Pa with (a) the factors, (b) the skewness and (c) the kurtosis. (d) A fingerprint for
surface discharges taken from [50] indicating the most probable value between the limits X1
and X2.
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Figure 4.5: The ∆Un(∆Un−1) pattern for the RG58U cable in nitrogen at 1 Pa,
with terminations at atmospheric pressure.
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Figure 4.6: The ∆Un(∆Un−1) patterns taken from [51]. (a) electrode bounded
cavity, (b) point-to-dielectric gap in air, (c) corona discharge in air, (d) surface
discharge, (e) electrical treeing in polyethylene, (f) stochastic discharge sequence.
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Figure 4.7: Different ∆Un(∆Un−1) pattern for the RG58U cable in nitrogen for the pressure
range 500 Pa–100 kPa.

the gas pressure (horizontal scaling) and for the voltage fraction of the applied volt-
age that arises over the considered discharge path (vertical scaling). We shall refer to
them as scaled Paschen curves (SPC).

By means of electrostatic field calculations as depicted in Fig. 4.8, the fraction of
the applied voltage over a void is determined. A scaling factor k can be defined relating
the void voltage Uvoid along a discharge path to the Paschen breakdown voltage Ubr
over this path:

k = 1√
2Uvoid

Ubr (4.3)

This factor must be multiplied with the voltage applied for the electrostatic field
simulation (1 kVp) to obtain the voltage to be applied on the conductor to reach in-
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4 Scaled Paschen curves

ception. Note that the PDIV is expressed as an rms voltage. The breakdown voltages
Ubr for argon and nitrogen are taken from the Paschen curves provided in [16] and [21]
having a minimum value of 206 VDC and 258 VDC, respectively. The PDIV is deter-
mined by the trajectory which results in the lowest Ubr. This depends on the voltage
fraction over this distance in relation to the product pressure and distance according
to the Paschen curves. In Fig. 4.8 four locations as identified in the microscopy cross
section in Fig. 4.1 are provided with static voltage distribution simulations. The free
distance of the path along the electric field lines, and voltage Uvoid between a single
shield wire and the outside of the insulation are determined. It should be noted that
this procedure only provides a snapshot of the cross section and possibly critical voids,
e.g. to cable manufacturing tolerance, can be missed. Further, it is assumed that the
field inhomogeneity along a discharge path is sufficiently low and Paschen curves from
literature, determined for homogeneous fields, can be used.

For every distance and related voltage drop a scaled Paschen curve can be con-
structed. The actual PDIV will be determined by the overall minimum of all Paschen
curves. Fig. 4.9a provides the results for the RG58U cable with dotted curves indicat-
ing the Paschen curves for nitrogen. The continuous curve provides the polynomial fit
from Eq. 4.1 obtained from the measurements. The scaled Paschen curves show good
agreement with the right side of the convex relation for nitrogen. The minimum PDIV
of the measurement is also in good agreement with the scaled Paschen curve represent-
ing the void distance of 210 µm. Apparently, this discharge path was decisive for the
overall cable performance in terms of the PDIV. The left side is less precisely repre-
sented and the best matching discharge path is shown in Fig. 4.8d. A better situation
would need a longer free path parallel with the electric field and a lower voltage of 90 V
with respect to 1 kVp applied on the cable conductor for the electric field simulation.
According to the electrostatic voltage distribution simulations, such path is not present
in the shown cross section. Possible explanations are discussed in Section 4.3.4.

For Fig. 4.9b a similar procedure is applied for measurements in argon atmosphere.
The agreement between the simulations and measurements is still reasonable, in par-
ticular the minimum PDIV is well represented by the 210 µm void, but the pressure
levels seem to be shifted which leads to an underestimation of the minimum PDIV
pressure.

4.3 Method verification

The proposed methodology will be applied to a variety of cable geometries for verifi-
cation. Three different cable designs are introduced that potentially have interesting
characteristics for application in lithography machines. They are investigated for an
argon and nitrogen gas environment and are analysed in terms of scaled Paschen curves.

4.3.1 Examined cable designs
Cable segments, each 1.5 m long, of three different coaxial cable geometries are ex-
amined. The selection of these cable types is based on their flexible screen and/or
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4.3 Method verification

Figure 4.8: Electrostatic voltage distribution simulation of the cross section of
the RG58U cable located at the interface between insulation and shielding with
1 kVp applied on the cable core.
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Figure 4.9: Scaled Paschen curves from different voids at the insulation-shield interface
together with a fit of the PDIV of the braided shielded RG58U cable sample (a) in nitrogen
(b) in argon.
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4 Scaled Paschen curves

conductor structure which leaves open spaces in between, where PDs can develop. Ca-
ble specifications are listed in Table 4.2.

• The conductors of the first cable consists of round strands with a spiral shielding
in a single layer in order to achieve sufficient flexibility and minimize voids size.
From the microscopy cross section, shown in Fig. 4.10a, it is observed that the
voids at the core-insulation interface are minimal due to the extrusion process,
making PDs unlikely to occur there. The geometric structure is interesting for
its flexibility, but the core conductor has limited current capacity, see Table 4.2.

• The second cable is less flexible due to the solid core and extensive shielding.
The shielding is composed of a layer of aluminium/polyester/aluminium foil, and
braided shielding to obtain a high shield coverage, as shown in Fig. 4.10b. As
a result of the additional foil layer, the void sizes at the insulation-shielding
interface are decreased.

• The third cable, shown in Fig. 4.10c, is originally an unshielded cable, but shield-
ing is added for the measurements. It is capable to carry a current up to 30 Arms,
while maintaining a high level of flexibility. For the experiment, a braided shield-
ing and heat-shrinkable sleeve is added to obtain a coaxial geometry. PDs can
be expected from the core-insulation interface, as a consequence of flexibility.

(a) (b) (c)

Figure 4.10: Microscopy cross section of (a) a spiral shielded cable, (b) a foil shielded cable,
and (c) a flexible high current cable with added shielding. The arrows indicate the voids that
are analysed.

4.3.2 PDIV characterization
In total 190 measurements are taken over a period of 9 days with typically three tests
for each condition. Pressure deviations are kept within 2.4% of the nominal pressure.
The measurement results are displayed in Figs. 4.11–4.13 with circles for the different
cable designs and gases.
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4.3 Method verification

Table 4.2: Cable specifications for a spiral shielded, a foil shielded and a flexible high current
cable type.

spiral shielded foil shielded flex. high current
conductor

shape 19 wires single wire 840 wires
material bare copper alloy bare copper bare copper alloy

wire diameter 0.127 mm 0.573 mm 0.0797 mm
insulation

material PTFE (εr = 2.1) PE (εr = 2.25) PTFE (εr = 2.1)
outer diameter 2.20 mm 2.25 mm 3.70 mm

shielding

fo
il material - Al/polyester/Al -

thickness - 50 µm -

br
ai

di
ng

shape layer of spiral wires layer of braided wires layer of braided wires

braiding 60 parallel wires 16 strands, 8 parallel 16 strands, 10 parallel
wires per stand wires per stand

material bare copper alloy tinned copper tinned copper
wire diameter 0.101 mm 0.120 mm 0.101 mm

sheath
material PTFE type IIIA PE heat-shrinkable sleeve

outer diameter 2.60 mm 5.59 mm 5.00 mm

The results for the spiral shielded cable, Fig. 4.11a for argon and Fig. 4.11b for
nitrogen, show also the two distinct patterns as discussed in Section 4.2.2. The nearly
constant part has an average value just below 5 kVrms. The minimum PDIV for the
convex part is 3.0 kVrms at 17 kPa and 3.7 kVrms at 8.8 kPa for argon and nitrogen
respectively. The lower inception voltage and the shift towards a higher pressure for
argon with respect to nitrogen is in line with the relevant Paschen curves presented in
Fig. 1.3.

For the foil shielded cable in Fig. 4.12 the termination has a PDIV above 10 kVrms.
Using argon as gas, the minimum PDIV is 4.2 kVrms occurring at 14 kPa. Results in
a nitrogen environment for this sample are lacking, because the cable got damaged
during the measurements.

For Figs. 4.13a and 4.13b, obtained with a flexible high current cable, the PDIV is
relatively low: 603 Vrms at 7.1 kPa for argon and 724 Vrms at 4.6 kPa for nitrogen. Only
the convex relation is present, since the test voltage did not exceed the PDIV of the
terminations. The experimental data are fitted with polynomial relations as function
of the logarithm of pressure. Associated formulas for each fitted relation and figure are
provided in Table 4.3.
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Figure 4.11: Partial discharge inception voltage as function of gas pressure for the spiral
shielded cable in (a) argon and (b) nitrogen.
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Figure 4.12: Partial discharge inception voltage as function of gas pressure for
the foil shielded cable in argon.
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Figure 4.13: Partial discharge inception voltage as a function of gas pressure for the flexible
high current cable in (a) argon and (b) nitrogen.
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Table 4.3: Fitted relations of the measurement results for different cable designs.

Cable Gas PDIV constant PDIV convex relation (kVrms)design relation (kVrms)

Ar 4.75 −0.2323(log10p)3 + 5.503(log10p)2

Spiral −34.05(log10p) + 66.19
shielded N2 4.64 −1.319(log10p)3 + 18.67(log10p)2

−85.75(log10p) + 132.3
Foil Ar −

−1.408(log10p)3 + 22.57(log10p)2

shielded −114.7(log10p) + 192.0

Ar −
−0.108(log10p)3 + 1.644(log10p)2

Flexible, −7.865(log10p) + 12.67
high current N2 −

−0.101(log10p)3 + 1.611(log10p)2

−7.736(log10p) + 12.41

4.3.3 Identification of critical voids

The proposed procedure introduced in Section 4.2 is applied for the three cable types
shown in Fig. 4.10. For each of them the critical discharge paths are identified and
subjected to electrostatic field simulation. For every distance and related voltage drop
a scaled Paschen curve can be constructed. The actual PDIV will be determined by
the overall minimum of all scaled Paschen curves. The overall behaviour is compared
with experimental results.

Spiral shielded cable: In Fig. 4.14a two locations of the microscopy cross section of
the spiral shielded cable shown in Fig. 4.10a are provided with the simulated static volt-
age distribution. The free distance of the path along the electric field lines, and voltage
Uvoid between a single shield wire and the outside of the insulation are determined. It
should be noted that this procedure only provides a snapshot of the cross section and
possibly critical voids, e.g. to cable manufacturing tolerance, can be missed. For in-
stance, during the mechanical preparation of the cable under test, a relative large void
became visible when removing a piece of the sheath as shown in Fig. 4.15. No simi-
lar opening was present in the microscopy cross section of Fig. 4.10a. A static voltage
distribution simulation for this situation is presented in Fig. 4.14b. Fig. 4.16 provides
the results using argon and nitrogen Paschen data, indicated with dotted curves. The
continuous line provides the polynomial fit from Table 4.3 obtained from the measure-
ments. The scaled Paschen curves reproduce the convex relation of the spiral shielded
cable for both argon and nitrogen. The minimum PDIV of the measurements are in
good agreement with the scaled Paschen curve representing the void distance of 114 µm.
Apparently, this defect was decisive for the overall cable performance in terms of the
PDIV.
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4 Scaled Paschen curves

Foil shielded cable: Four locations of the microscopy cross section in Fig. 4.10b are
provided with static voltage distributions in Fig. 4.17. The associated scaled Paschen
curves for argon, are provided in Fig. 4.18 and show good agreement with the mea-
sured data. Apparently, the 43 µm void in Fig. 4.17d does not contribute to the voltage
limitation of the foil shielded cable, because the corresponding Paschen curve is com-
pletely positioned above the measured PDIV according to Fig. 4.18. The minimum
PDIV corresponds well with the scaled Paschen curve representing the void distance
of 118 µm.

Flexible high current cable: Four locations of the microscopy cross section in Fig.
4.10c are provided with static voltage distributions in Fig. 4.19. The associated scaled
Paschen curves for argon and nitrogen are provided in Fig. 4.20 and resemble the
measured data. The path distance of 255 µm in Fig. 4.19c results in a lower PDIV
as measured. Possibly the strongly curved electron path is unlikely to occur. The
minimum PDIV corresponds well with the scaled Paschen curve representing the void
distance of 225 µm. The void distances of 78 µm and 134 µm are positioned just above
the measured PDIV. Apparently different voids exist, other than the ones indicated in
Fig. 4.19, which are dominant for the PDIV. The geometric structure of the flexible high
current cable is more complex with respect to the other cables due to the extensive
braiding of the core and shielding. A single microscopy cross section may not be
sufficient to find all relevant void trajectories to obtain good agreement between the
measured PDIV and scaled Paschen curves over the full pressure range.

Figure 4.14: Electrostatic voltage distribution simulations from the cross sec-
tion of the spiral shielded cable located at the interface between insulation and
shielding with 1 kVp applied on the cable core.

4.3.4 Deviations

In the analysis of the four cable designs examined in Sections 4.2.3 and 4.3.3, overall
agreement is found, though some deviations are found between the measured PDIV
and the scaled Paschen based on the voltage distribution and void size of the cable
cross section. Possible reasons for these differences are related to:

62



4.3 Method verification

Figure 4.15: Photo of the spiral shielded cable with a small part of the sheath
stripped showing a relative large void between the shielding wires.
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Figure 4.16: Scaled Paschen curves from different voids at the insulation-shield interface
together with a fit of the PDIV of the spiral shielded cable in (a) argon gas and (b) nitrogen
gas.
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Figure 4.17: Electrostatic voltage distribution simulations at different locations
from the cross section of the foil shielded cable located at the interface between
insulation and shielding with 1 kVp applied on the cable core.
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Figure 4.18: Scaled Paschen curves from different voids at the insulation-shield
interface together with a fit of the PDIV of the foil shielded cable in argon gas.
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Figure 4.19: Electrostatic voltage distribution simulations at different locations
from the cross section of the flexible high current cable located at the interface
between insulation and shielding with 1 kVp applied on the cable core.
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Figure 4.20: Scaled Paschen curves from different voids at the insulation-shield interface
together with a fit of the PDIV of the spiral shielded cable in (a) argon gas (b) nitrogen gas.
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• Experimental conditions: This is related to the measuring setup and method.
The breakdown of a gas discharge path [37] and PDs [53] is characterized by a
probability as function of voltage. This means that the measuring method plays
an important role for the determination of the inception voltage. E.g. rate of
voltage increase can affect results. Another aspect of the measuring method is
the definition of the PDIV. In [54], three criteria were tested, namely the lowest
voltage at which a given charge amplitude is detected, the voltage for which a
minimum number of PDs occurs in a certain time and the voltage at which a
significant change in PD activity is recorded. None of them provided a unique
and meaningful definition of the PDIV according to the authors. The voltage at
which a ‘dramatic’ change of PD activity is observed, with respect to background
noise, appeared to have the most merit. The chosen definition of the PDIV in
Section 3.7 tries to mimic this.

• Paschen curves: In the simulations, the PDIV is estimated by scaling Paschen
curves from [16] and [21], based on voltage and size of the voids found in the cross
section of the cable. However, in general, the Paschen curve exhibits deviations,
as can be observed from the collection of published argon Paschen curves given
in Fig. 4.21. Main causes are electrode geometry [18], electrode material [55] and
gap distance. In the latter case, Paschen curves belonging to (sub)-micrometre
separations deviate significantly due to differences in breakdown mechanisms,
e.g. electric field emission [16, 17] and ion-enhanced field emissions [16, 19]. The
Townsend discharge mechanism, in which free electrons accelerate, collide with
gas molecules and generate additional free electrons, requires a mean free path λ
that is appreciably shorter than the gap distance. The mean free path is pressure
dependent, which means that a minimum pressure is required for the Townsend
discharge mechanism [56] to develop within a certain gap distance. To obtain an
estimation of this pressure, the mean free path is calculated with:

λ = RT

σNAp
(4.4)

where σ is the collisional cross section. The required minimum energy for ioniz-
ing nitrogen and argon neutrals is respectively 15.6 eV and 15.8 eV. Energy gained
between consecutive electron-molecule collisions for the Townsend discharge to
develop should be of this magnitude. The associated collisional cross for ioniza-
tion ranges up to 2 · 10−20 m2 [57, 58]. Fig. 4.22 provides the free path region
needed based on aforementioned cross section as a function of pressure. Accord-
ing to this figure, voids with a size of approximately 100 µm, as encountered in
the cable shielding, are expected to have a different breakdown mechanism than
Townsend, when pressures are below 1–10 kPa. This could be related to why the
scaled Paschen curve methodology, overestimates the PDIV on left side of the
measured convex relations.
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4.4 Summary and conclusion

• Inhomogeneous fields: To estimate the PDIV, scaled Paschen curves are applied
for different discharge trajectories of the cable voids. Paschen’s law states that
the breakdown voltage is dependent on the product of gas pressure and electrode
distance for homogenous electric fields. It is also highly dependent on electrode
material in this range of p · d values [18, 55]. The discharge trajectories in the
cable encounter inhomogeneous fields due to the void shape. According to [42],
deviations can be expected due to inhomogeneous fields. However, for the con-
ditions with the cables in this study the variations are limited. In Table 4.4 the
minimum, maximum and average field strength along different trajectories are
given. Especially for the foil shielded cable, where good agreement between the
measured and simulated PDIV was obtained, see Fig. 4.18, the field distribution
is close to homogeneous.

10
2

10
3

10
4

10
5

100

200

400

600

1000

2000

4000

Figure 4.21: Collection of Paschen curves in argon from Klas [16], Lisovskiy [18],
Penning [15] and Radmilović-Radjenović [17] provided with electrode gap distance.

4.4 Summary and conclusion

A methodology is developed to quantify cable performance in relation to its design.
Four cables designs are characterized for applications in a low-pressure regime with
an argon and nitrogen environment. Analyses are performed by constructing scaled
Paschen curves based on electrostatic voltage distribution simulations of the microscopy
cross sections of the cables. Cross sections of the cable provide an indication of risk re-
gions and void sizes. However, a cross section is a snapshot and the weakest point of
the cable, in terms of PDIV, could have been missed. Despite this uncertainty, both
qualitatively and quantitatively the expected behaviour from void size, shape and po-
sition was close to experimental determined minimum breakdown voltage.
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Figure 4.22: Mean free path as function of pressure at 293 K for cross section
ranges up to 2 · 10−20 m2 by electron-molecule impact.

Table 4.4: Electric field deviations as compared to average values of the discharge trajectories
from the different cables in Fig. 4.8, Fig. 4.14, Fig. 4.17 and Fig. 4.19.

cable U (V) d (µm)
E-field

avg. min. min. (%) max. max. (%)
(kV/mm) (kV/mm) (kV/mm)

spiral 42 50 0.84 0.50 60% 1.18 140%
shielded 46 63 0.73 0.65 89% 0.78 106%

49 114 0.43 0.24 56% 0.69 161%
42 22 1.91 1.67 87% 2.09 109%

braided 60 49 1.22 1.14 93% 1.61 131%
shielded 100 210 0.48 0.37 78% 0.64 134%

90 320 0.28 0.14 50% 0.70 249%
19 43 0.44 0.40 91% 0.47 105%

foil 29 62 0.47 0.45 95% 0.50 107%
shielded 32 88 0.36 0.35 95% 0.40 118%

35 118 0.30 0.24 81% 0.35 118%
flexible 174 78 2.23 2.10 94% 2.75 123%

high 196 134 1.46 1.40 96% 1.80 123%
current 236 225 1.05 0.80 76% 1.40 133%
cable 280 255 1.10 0.75 68% 1.70 155%
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4.4 Summary and conclusion

The PDIV performance of the cable, is a convex relation, like the Paschen curve.
The right (high-pressure) side of the minimum is in good agreement with the estimated
PDIV based on the constructed scaled Paschen curves. The deviations in the convex
relation are mainly caused by the measuring setup and method, inhomogeneous fields,
and variations in published Paschen curve depending on electrode geometry, material
and gap distance. This is a possible reason why the PDIV is overestimated with re-
spect to the measurements for the left (low-pressure) side of the convex relation. The
constant relation that appeared during the cable performance characterization is re-
lated to the PDIV of the terminations.

The lowest PDIV occurs around 10 kPa for the tested cables designs. This means
that the cable performance in the medium vacuum regime (below 100 Pa) is relatively
unproblematic and thus good news for the lithography machines. In applications the
overall performance depends also on the cable connectors. Here, larger void distances
are likely present and could result in a minimum PDIV at lower pressure values. Any-
how, the methodology offers the ability to identify the dominant voids in terms of PDIV
performance which enables us to find solutions in terms of material choices, electrical
and mechanical design.
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5.1 Introduction

An experimental procedure was presented in Chapter 4 to investigate the partial dis-
charge inception voltage (PDIV) over a wide gas pressure range. The procedure was
applied to four different cable designs. The results could be interpreted in terms of
critical void distances causing inception at a pressure which correlates with Paschen
curves and their minima. Though generally agreement was satisfactory, also deviations
were observed. This raises the question on the reproducibility of testing and its sensi-
tivity to experimental conditions. In addition, the effect of external parameters, which
may be relevant for the intended applications, on the results should be investigated
and interpreted in terms of the partial discharge mechanisms.

To quantify the robustness of the methodology, the reproducibility for repeated
tests and for varied external conditions is studied. The reproducibility is examined in
Section 5.2 by comparing the observed variance between testing different cable samples
with similar design and results from multiple tests obtained with the same cable sample.
Influence of experimental factors are studied in Section 5.3 wherein the voltage ramp
rate and definition of PDIV are addressed. Section 5.4 looks into external factors to
which a single cable sample is exposed. These factors include magnetic field, elevated
cable temperature and increased level of radiation. Section 5.5 summarizes the results
and conclusions are drawn.

Experiments are performed with argon gas as it can be safely applied, in contrast
to hydrogen which is used in the EUV lithographic machines. Argon has a relatively
low Paschen minimum voltage and may be considered as a worst case situation, see
Fig. 1.3. RG58U samples are taken for the experiments as they are readily available
and have characteristic void structure similar to the cables actually being used. Four
cable samples are prepared with terminations, numbered I to IV. They are 1.5 m in
length expect for sample III which is six times longer compared to the others. Note
that sample I refers to the RG58U cable sample employed for Chapter 4.

The results are compared for statistical significance using the analysis of variance
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(ANOVA) method. An ANOVA test relates the variances observed under the same con-
ditions with the variances obtained for different parameter values and informs whether
differences can be considered to be coincidental within a defined significance margin.
An ANOVA does not indicate the origin of the differences. Therefore a post-hoc test
is required such as the Tukey’s honestly significant difference (HSD) procedure.

5.2 Reproducibility

As the occurrence of a most critical void at a certain pressure is stochastic, variation
between samples is expected. The PDIV of four different cable samples is characterized
over a pressure range of 0.2 Pa–100 kPa to test its reproducibility. Typically, 2–5 tests
are performed for each pressure and cable sample. Pressure deviations are kept within
3% of the nominal pressure. The experimental results for the PDIV as function of
pressure are given in Fig. 5.1a. The region of constant PDIV is ascribed to limitation
by the end terminations. The convex part relates to PD activity in the cable voids.
The minimum PDIV for all cables is found for sample I with a value of 1.40 kVrms
at 16 kPa. Sample II shows the best overall performance with a minimum PDIV of
2.00 kVrms at 10 kPa.

The results show that the deviations in PDIV performance are significant. The
stochastic nature of void dimension and location makes such deviations conceivable,
see Fig. 4.1. Besides, one should not rule out that the PDIV performance of the cable
under test is affected by mechanical stress during the preparation or installation. The
main idea behind performing multiple PDIV characterization on a single cable sample
is to detect whether similar (systematic) differences occur. Multiple testing in itself
may have effect on the discharge behaviour. For instance, conditioning is a common
phenomenon for vacuum discharges [59, 60] and similar processes may proceed here
during testing.

In the experiments, cable sample IV is characterized five times at 19 different pres-
sures in the range of 0.2 Pa–100 kPa. Pressure deviations are kept within 3% of the
nominal pressure. The experimental results are displayed in Fig. 5.1b. The lowest
PDIV is found in measurement A at 4.7 kPa with a value of 1.45 kVrms. The minimum
PDIV increases and shifts to higher pressures during the five measurements.

Whether or not there is a significant difference in the measured PDIV performance
over time, is investigated by means of the analysis of variance. A one-way ANOVA is
performed for each pressure with the null hypothesis that all means of the measure-
ments are the same with a significance level α = 0.01. The probability that the null
hypothesis is valid (p-value) is calculated as function of pressure. Fig. 5.2 shows a set
of ANOVA analyses, where all, all but the first, all but the first two, and so on, mea-
surement series are invoked. Obviously, measurement A strongly deviates from the
others. This is reflected in extremely low p-values ruling out any coincidence. The
ANOVA shows a gradual increase of the p-values when one-by-one excluding earlier
performed measurements. This suggests that the PDIV proceeds to a more steady be-
haviour. When comparing measurements D and E, it appears that differences tend to
disappear and a stable situation is reached.
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Figure 5.1: Partial discharge inception voltage as function of argon gas pressure for (a) four
different cable samples with length of 1.5 m or 9 m (b) five measurements (ranked in time of
performing the experiment) with cable sample IV.

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
-30

10
-20

10
-10

10
0

Figure 5.2: P-values of the one-way ANOVA as function of argon gas pressure
for the five measurements with cable sample IV.
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It is clear that the variance, certainly after omitting measurement A, is appreciably
less than the variance observed with multiple cables. The ANOVA makes it plausible
that conditioning takes place. In Section 4.2, scaled Paschen curves are applied on
the microscopy cross section as indicated in Fig. 4.1 and it appears that void sizes
of approximately 100 µm can be expected to cause PDs at around 20 kPa. According
to [61], it is expected that such void sizes at pressures below 1–10 kPa start to have
a tendency to vacuum-like breakdown mechanism considering the mean free path for
electron-molecule collisions. For pressures above 20 kPa, the breakdown mechanism is
likely a Townsend mechanism, since the mean free path for electron-molecule collisions
is significantly smaller than the gap distance. This is confirmed by a good match of
the PDIV measurements with the scaled Paschen curves in Section 4.2.

5.3 Experimental factors

In the PDIV tests choices have been made with respect to the test parameters. These
choices concern the application of the voltage and how the PD threshold level is defined
on which the PDIV is based.

5.3.1 Voltage ramp rate
A high ramp rate is convenient considering duration of the experiments, but it could
result in erroneous findings caused e.g. by time lags in PD initiation [53]. Six different
pressures are chosen ranging from 1–300 kPa and six voltage ramp rates from 0.2–
35.5 Vrms/s. At each condition five measurements are taken. The measurement order
is performed with a decreasing ramp rate at each pressure. Pressure deviations during
a single test are kept within 1%. The results in Fig. 5.3a show that the largest variance
is found at 1 kPa and the minimum PDIV is 1.45 kVrms at 4.0 kPa for a ramp rate of
10.6 Vrms/s. Generally, the PDIV decreases with higher ramp rates at the left side of
the convex relations. At the right side, it is rather constant, see Fig. 5.3b.

A one-way ANOVA is performed for each ramp rate with the null hypothesis that all
means are the same with a significance level α = 0.01 [62]. The p-values are calculated
and shown in Fig. 5.4a as function of pressure. Hence, the null hypothesis is accepted
for the pressure range 30–300 kPa. For pressures below 30 kPa, there is a significant
difference between at least two ramp rates. The ANOVA only informs on the validity of
the null-hypothesis, not on which data series are responsible for rejecting it. Therefore,
a post-hoc analysis is performed with Tukey’s HSD test to recognize the deviant ramp
rates [62]. The result at 1 kPa is given in Fig. 5.4b. The circles show the average
PDIV for each ramp rate with the bars corresponding to the margin associated with
the chosen significance level based on the ANOVA result. This figure indicates that
the ramp rates of 35.3 Vrms/s and 10.6 Vrms/s differ significantly from each other and
the other ramp rates. The lower four ramp rates show no significant difference.

The measurement results suggest that reliable PDIV characterization can be ob-
tained with ramp rates up to about 4 Vrms/s according to Tukey’s HSD test. However,
as noticed in Section 5.2, conditioning can take place during any experiment. This
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Figure 5.3: Partial discharge inception voltage of cable sample II in argon gas (a) as function
of pressure with different voltage ramp rates (b) as function of ramp rate at 1 kPa and 300 kPa.
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Figure 5.4: Statistical results for cable sample II (a) p-values of the one-way ANOVA as
function of argon gas pressure for the different ramp rates (b) visualized results of the Tukey’s
HSD test at 1 kPa.
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means that the order of the tests is relevant. The first performed tests with cable
sample II are those with variable ramp rate, starting at 1 kPa and continuing with in-
creasing pressure. Moreover, the measurement order is performed with a decreasing
ramp rate which would result in an increase of the PDIV along the measurements when
conditioning occurs. This is indeed observed at 1 kPa, see Fig. 5.3b. Therefore, one
may conclude that conditioning may also have contributed to the observed tendency
as comparable variation was observed with multiple measurements on the same cable
sample in Fig. 5.1b. For the lower ramp rates used when reaching the expected PDIV
the results reproduce well and are therefore suitable for testing anyhow.

5.3.2 Definition of inception voltage
The definition of the PDIV is characterized by PD magnitude threshold and minimum
duration of the PD activity. Criteria for proper PDIV definition are investigated in [54].
The authors concluded that the voltage at which one observes a “dramatic” change
of the PD activity with respect to the background noise, has the best merit. By
requiring a PD activity with discharges exceeding 100 fC, based on background noise,
for at least 10 s, a high level of sensitivity is maintained and short periods of early
PD activity are filtered out. However, one would prefer that the results are robust
and do not strongly depend on precise choices in the PDIV definition. Six alternative
choices are investigated by changing both the PD threshold level (100 fC and 1 pC)
and the minimum stable period (1 s, 3 s and 10 s). Higher PD threshold values are not
considered since the maximum apparent charge during the measurements is found to
be in the range 1–60 pC.
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Figure 5.5: Partial discharge inception voltage as function of argon gas pressure
for six different PDIV definitions on measurement E with cable sample IV.

The data obtained from measurement E with cable sample IV are used, since this
cable is already conditioned from prior tests as Fig. 5.2 indicates. The results in Fig. 5.5
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show good agreement, but a larger variation is noticed at the left side of the minimum
PDIV. A minimum PDIV value of the polynomial fit is found to be 1.7 kVrms at 6.4 kPa
when requiring a PD activity above 100 fC for at least 1 s. For this PDIV criterion also
some low values in the PDIV measurements are found.
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Figure 5.6: Statistical results for cable sample IV (a) p-values of the one-way ANOVA as
function of argon gas pressure for the different ramp rates (b) visualized results of the Tukey’s
HSD test at 1.4 kPa.

A one-way ANOVA is performed with a significance level α = 0.01 and the p-
values are given in Fig. 5.6a as function of pressure. The null hypothesis is accepted
for the pressure range 2–100 kPa. This is where we expect that PDs occur according
to the Townsend discharge mechanism. For most pressures below 2 kPa, differences
are significant. During many of these measurements, short periods occur of early PD
activity with significant inception voltage deviations as a result, see the Tukey’s HSD
test result depicted in Fig. 5.6b. In general, it shows little influence between 100 fC and
1 pC threshold magnitudes. The definition of the PDIV does not seem to be critical
upon the chosen PD threshold and is in line with the results in [54]. The duration
of the activity does matter. For the 1 s criterion near the minimum PDIV in Fig. 5.5
spurious low values are found. This may be related to charging effects directly after
ramping the voltage. For cable tests described in this paper, a threshold of 100 fC for
at least 10 s appears to be adequate.

5.4 External factors

For varying external factors, additional features are implemented in the experimen-
tal setup described in Chapter 3. An external magnetic field for the cable under test
is achieved by means of four neodymium magnets (15 x 15 x 50 mm) configured as a
quadrupole, see Fig. 5.7a. An aluminium frame keeps the magnets positioned around
the cable under test. The neodymium material has a remanence and coercive force of
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1.37–1.42 T and at least 955 kA/m respectively. The experiment with elevated cable
temperature is realized with three parallel connected ceramic infrared plates (maxi-
mum 1500 W) positioned inside the vacuum vessel. A variable autotransformer located
outside the vacuum vessel offers manual control of the required heating power. The
temperature inside the vacuum vessel is monitored via four digital sensors (SHT15) and
an evaluation kit (EK-H5) on the PC with a maximum accuracy of 0.8 °C. Two sensors
are floating inside the vessel and the other two are mounted against the sheath of the
cable and are covered with foam insulation to prevent exposure to direct heat radia-
tion. Adequate heating time is taken (over 4 hours) before performing measurements
to guarantee a stable temperature of the cable sample during each test. The effect of
γ-radiation is examined using three radioactive samples containing the isotope Cs-137.
The samples are attached to the cable sample at regular positions, see Fig. 5.7b. Each
radioactive sample has an activity of about 0.13 MBq producing 662 keV γ-rays.
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Figure 5.7: Provisions for the experimental setup (a) four neodymium magnets positioned in
a quadrupole configuration around the cable under test (b) three radioactive samples (Cs-137)
fixed against the cable under test.

5.4.1 Magnetic field

A magnetic field influences the trajectory of a charged particle through the Lorentz
force. A distinction must be made regarding the direction of the magnetic field with
respect to the electric field. According to literature a perpendicular magnetic field
[63–65] seems to have a larger effect than a field in parallel [66, 67]. A schematic view
of the ballistic motion of an electron between two separated electrodes is depicted in
Fig. 5.8. These trajectories, however, are interrupted each time the electron interacts
with the gas. The electron energy transfer is marginal for elastic collisions as it scales
with the mass ratio of electron to gas particle [29]. When an electron is subjected to
an electric field, it accelerates along the field lines in opposite direction as indicated
with the dashed line in Fig. 5.8.
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Figure 5.8: Trajectory of an electron in an electric field with (blue solid line) and without
(gray dashed line) magnetic field, (a) perpendicular magnetic field, (b) parallel magnetic field
with respect to the electric field.

• Under the influence of a perpendicular magnetic field (Fig. 5.8a), the electron
tends to move to the anode along a curvature. The gyroradius r of the circular
motion of a charged particle q with drift speed v, uniform magnetic flux density
B and mass m is:

r = mv⊥
|q|B

(5.1)

On average the trajectory becomes tilted with respect to the electric field, mean-
ing a longer path length, but lower energy gain between successive collisions.
This is referred to as equivalent-reduced-electric-field [63] and can be interpreted
in terms of an increase in equivalent pressure [65]. Indeed, higher pressure also
leads to less energy gain per mean free path and increased number of mean free
path lengths to reach the anode. Left of the Paschen minimum this causes a re-
duction of PDIV. The longer path increases the number of (ionizing) collisions,
which explains the reported drop in breakdown voltage in [63–65]. At the right
side of the Paschen minimum the mean free path is smaller, making it less likely
to reach sufficient energy for ionizing collisions. The breakdown voltage increases
but relatively moderate at higher pressure as the mean free path becomes much
lower than the gyroradius in Eq. 5.1 and the trajectory is determined by multiple
scattering rather than by curvature from the magnetic field.

• The influence of a parallel magnetic field is essentially different because the mag-
netic field does not act on the increasing velocity component caused by the electric
field. For an electron moving in the direction of the electric field, the magnetic
field has no influence. However, collisions occur and an electron may obtain a ve-
locity component perpendicular to the fields causing a spiral trajectory shown in
Fig. 5.8b. The magnetic field only contributes to a changing direction of the ve-
locity component perpendicular to the fields, not to a change in its magnitude.
Therefore, scattering and probability of an ionizing collision are not expected
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to change. Nevertheless, in [66, 67] a decrease of the breakdown voltage around
Paschen minimum is observed. The authors attribute this reduction to con-
finement of electrons such that their escape from the experimental observation
volume, after which they may collide with surrounding walls, is prevented.

The void size in a RG58U cable can reach to about 200 µm, see Fig. 4.1. A gyrora-
dius significantly exceeding this value will hardly have effect. Magnetic field strengths
by actuators in lithography machines can go up to tens of millitesla depending on the
distance to the magnets or current carrying wires, and electron-molecule collision re-
quire about 15 eV for ionizing e.g. nitrogen and argon neutrals. According to Eq. 5.1
the gyroradius of an electron under these conditions is in the order of 1 mm, see Fig. 5.9.
This is not favourable for a significant effect. Therefore, ten times larger magnetic field
strengths, up to a few hundred millitesla, are tested.
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Figure 5.9: Gyroradius of an electron as function of energy and magnetic flux
density.

For experimental verification, four neodymium magnets (Fig. 5.7a) are arranged
as quadrupole to obtain a magnetic field in both perpendicular and parallel direction.
Magnetostatic field simulation of the quadrupole is given in Fig. 5.10. The measurement
results presented in Fig. 5.11, with and without magnetic field from the quadrupole,
show no significant effect on the PDIV. The overall differences are only a few percent
and are likely due to stochastic behaviour of the partial discharge process. It can be
safely concluded that the internal magnetic field strength in modern EUV lithography
equipment is no issue for its operation considering the PDIV.

5.4.2 Temperature

Temperatures inside a EUV lithography machine may go up to about 60 °C. In exper-
iments with the RG58U cable, temperatures are kept below this value due to thermal
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Figure 5.10: Magnetostatic field simulation results of the quadrupole made out
of four neodymium magnets.
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Figure 5.11: Partial discharge inception voltage as function of argon gas pressure
with and without the magnetic quadrupole near cable sample IV.
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limitation of the insulation material. According to Dunbar [68], elevated tempera-
tures can have two major effects, namely a decrease in gas density and a change of the
relative permittivity of the insulation material.

• For an ideal gas, an increase of absolute temperature T results in a lower density
N at constant pressure p with kB the Boltzmann constant:

p = NkBT (5.2)

This causes a horizontal shift of the Paschen curve since the breakdown voltage
is a function of the product gas pressure (room temperature) and gap distance.
Note, that the pressure in the p·d dependency actually reflects the gas density [29].

• For the relative permittivity of the polyethylene (PE) insulation material, a de-
crease can be expected of not more than 2% when increasing the temperature
from 20 °C to 60 °C according to [69–72]. With a change in dielectric permittivity
also the electric field strength in voids will change. Electrostatic field simulations
of the microscopy cross section (indicated with arrows in Fig. 4.1) show that the
voids undergo a voltage increase of also not more than 2%, thus having only a
minor effect.

In the experiments, cable sample IV is characterized in two cycles varying between
room and increased temperature at 19 different pressures in the range of 0.2 Pa–100 kPa.
Pressure deviations are kept within 3% of the nominal pressure and the four consecutive
mean temperatures are 24 °C, 52 °C, 23 °C and 54 °C. The experimental results are
displayed in Fig. 5.12a and show that an increase in temperature results in an overall
increase of the PDIV, especially in the convex (>700 Pa) part. For the constant relation
(≤700 Pa), a small increase of 3.5% is found between the mean values of measurement
C and D at 5 Pa, see Fig. 5.12b, where the relative deviation with respect to the average
is plotted as function of pressure.

Discharges in the flat region relate to the terminations and their construction limits
the maximum applicable voltage in the experiment. These discharges are suspected to
take place in remaining voids inside the terminations filled with atmospheric air left
behind from the construction. The low variance in the PDIV values makes discharge
activity in vented regions unlikely as origin since such activity tends to show relatively
large variance Fig. 5.1b. The small PDIV increase can be attributed to a temperature
rise of the terminations taking place during the measurements.

The convex part shows on average an increase of about 26%. This is surprising in
view of the expected shift based on ideal gas behaviour as dominant factor. As the
void regions in the cable braiding are vented and pressure equalizes with the vessel,
the mean free path increases with temperature. An equivalent pressure drop inverse
proportional to the absolute temperature (constant density) would provide the same
mean free path, i.e. a shift of the Paschen curve with similar value for the minimum
voltage. Such shift however would hardly be noticeable as the absolute temperature
could only be varied over 10%.

82



5.4 External factors

Observations based on measured Paschen curves with a 1 mm electrode distance are
reported in [73], showing that the behaviour is not simply in accordance with applying
a correction based on the ideal gas law. In addition to a shift the authors observe an
increase of the minimum voltage and a change of the shape of the Paschen curve. The
experimental setup in [73] is different from the situation described in this thesis both
in terms of void distance and electrode geometry. Therefore the situations cannot be
directly compared, but a similar effect is noticed. One qualitative speculation is that
at higher temperature, due to a higher diffusion rate, the secondary electron emission
process is inhibited as excited and ionized gas particles diffuse out of the region of PD
inception. In particular for argon gas, where long-lived metastable atoms significantly
contribute to the generation of secondary electrons [74,75], this leads to a reduction in
their number and therefore in an increased PDIV. In addition, a temperature depen-
dency of the secondary electron emission is found for solid polyethylene [76, 77]. The
secondary electron emission shows an increasing decline as temperatures reach the ma-
terial melting point. It is suggested that the crystallinity of the polyethylene material
plays an important role, as the volume of the amorphous part grows with heating.

An additional set of measurements is performed on the same cable but now with
nitrogen gas, lacking long-living metastable states [78]. Cable sample IV is character-
ized three times between room and increased temperature at 19 different pressures in
the range of 0.2 Pa–100 kPa. Pressure deviations are kept within 3% of the nominal
pressure and the consecutive mean temperatures are 23 °C, 49 °C and 23 °C. The ex-
perimental results are displayed in Fig. 5.13. The right side shows a slight increase
of the PDIV due to the temperature rise, which is line with the speculation that the
secondary electron emission process is inhibited. The effect is smaller in comparison
with argon, in line with the expectation from lacking metastable particles in nitro-
gen. The left side appears to show a PDIV increase as a result of the measurement
sequence. A distinct explanation for this phenomenon is currently unavailable, but
possible causes are deviations due the vacuum breakdown mechanism or a condition-
ing effect due to the use of a different gas. Anyway, for practical applications a modest
higher temperature does not seem to jeopardize the connecting cable performance.

5.4.3 γ-radiation

Requirements for electrical gas breakdown are sufficient electric field strength for the
electron avalanche and presence of initial free electrons. Cosmic radiation is a source
for these electrons. A time lag exists between applying sufficient electric field strength
and the moment of breakdown. Depending on the applied voltage ramp rate on the
cable under test, different values of the PDIV may be found when the availability of
free electrons is promoted. Cable sample IV is exposed to three Cs-137 samples as
depicted in Fig. 5.7b with each having an activity of about 0.13 MBq. After β-decay
of Cs-137 (Fig. 5.14), γ-rays with energy of 662 keV are emitted from an intermediate
excited Ba-137 state:

137
55 Cs 30.2 yr−−−−→ 137

56 Ba∗ + β−; 137
56 Ba∗ 153 s−−−→ 137

56 Ba + γ (5.3)
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Figure 5.12: Results of cable sample IV under influence of four different temperatures (a)
partial discharge inception voltage as function of argon gas pressure (b) relative deviation of
the partial discharge inception voltage as function of argon gas pressure. Crossed markers
indicate individual measurements, the means of five measurements for each pressure and
temperature are indicated with lines.
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Figure 5.13: Results of cable sample IV under influence of three different temperatures (a)
partial discharge inception voltage as function of nitrogen gas pressure (b) relative deviation of
the partial discharge inception voltage as function of nitrogen gas pressure. Crossed markers
indicate individual measurements, the means of five measurements for each pressure and
temperature are indicated with lines.
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Free electrons from this radiation can be created by photo-ionization and Compton
scattering [79]. In [80] significant effect of radiation on the statistical time lag was
observed. The applied radioactive source, Co-60, emits γ-rays of 1.17 and 1.33 MeV.
This energy is sufficient to produce electrons also through pair creation, but it is only
just above the positon-electron rest energy of 1.022 MeV, keeping the contribution of
this process negligible [79].

137  Cs55 Cs

137  Ba56 Ba

β- 1172keV
(5.4%) 137m Ba

β- 510keV
(94.6%)

γ 662keV
(85.1%)

56 Ba

Figure 5.14: Decay scheme of Cs-137.

The measured results displayed in Fig. 5.15 show no significant deviations upon
radiation. Though the employed radioactive source is less energetic with respect to
[80], the energy level is sufficient to reach cable voids through the insulation layer.
Typically, a layer of about 5 mm of lead would be needed to half the transmitted
radiation according to the mass absorption coefficients tabulated in [81]. The absence
of any effect is possibly related to the cable void sizes being much smaller than the
covering insulation. This makes interactions inside voids unlikely. As this will also be
the case for operating EUV machines, no adverse effects from increased radiation at
higher altitudes is expected. Moreover, a few small spurious PDs will not contribute
to cable degradation in practice.

5.5 Summary and conclusion

The methodology to investigate the PDIV for different cable designs is quantified on
robustness. This is done by studying the reproducibility and influence of external
factors relevant for EUV lithography equipment. Experiments were performed with
argon gas having a 17% lower minimum Paschen voltage than hydrogen gas which is
actually applied.

Measurements show that the deviations in PDIV performance between different
cable samples are significant, but within ±35%. ANOVA results from multiple PDIV
characterization on a single cable sample suggest that conditioning takes place during
testing, increasing reproducibility over time. Robust experimental parameters could
be identified with respect to criteria defining the PDIV.
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Figure 5.15: Partial discharge inception voltage as function of argon gas pressure
with and without caesium-137 isotopes on cable sample IV.

From the external factors, potentially affecting cable performance under considered
conditions, external magnetic fields and increased radiation exposure did not signif-
icantly influence the cable under test. In contrast, elevated temperature did show a
positive effect on the PDIV. The effect seems to depend on gas type and was over 20%
in argon for an increase from about 20 to 50 °C.
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6.1 Introduction

To obtain system modularity for the connectivity in between power electronics and
actuator, cable connectors are necessary. The discharge physics of the voids in the
connectors will not differ from those in cables and in essence the analysis method
developed and applied in the previous chapters can be adopted. The focus of this
chapter is on the design of a PD free connector to enable operation in the medium
and low vacuum range for voltage levels up to a few kilovolts to be applied in future
lithography machines. The main challenge is that voids are virtually unavoidable in the
design of connectors, especially at the mating interface, leaving regions prone to partial
discharge activity. Therefore, the design should prevent reaching the partial discharge
inception voltage (PDIV) in these regions in order not to jeopardize the connection
integrity in the long term.

In Section 6.2 the terminology of different types of connectors and transitions are
introduced. These transitions are evaluated on the presence of voids and solution di-
rections are discussed in the subsequent sections. Section 6.3 elaborates on the concept
of a flat mating interface with a pliable insulation material in terms of its potential
to minimize voids and shift them towards low electric field regions. A prototype con-
nector based on these concepts has been constructed, is characterized on its PDIV
performance and the experimental results are compared with simulations. A solution
for the transition between cable and connector is proposed in Section 6.4 by aid of a
semi-conductive pliable dielectric material. Electrodynamic field simulation results are
provided to characterize the relation between the PDIV and the electric material prop-
erties. In Section 6.5 both concepts are merged into a single miniaturized connector
taking the requirements from the lithography industry into account. The PDIV perfor-
mance is measured and discussed. Section 6.6 summarizes the results and conclusions
are drawn.
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6.2 Transitions inside connector designs

In general a distinction can be made between two different types of connectors, each
serving a different goal. These types are illustrated in Fig. 6.1 for a well-known BNC
connector type. The cable connector (left) offers the ability for a modular connection
in signal transmission between source and load. The feedthrough connector (right)
offers the possibility to transmit across a boundary, e.g. to an electromagnetically
shielded space but also when environmental conditions differ, which is the case when
transmitting power to actuators inside the vacuum conditions of lithography machines.
Three transitions can be identified for the connector types shown in Fig. 6.1.

cable-connector 
transition

interface 
transition

connector-connector 
transition

Figure 6.1: Two types of connectors with on the left side a cable connector
(BNC type) and on the right side a feedthrough connector (BNC SHV type). The
arrows indicate three distinct transitions that can generally be distinguished in
connectors.

• Connector-connector transition: This transition is only present in feed-
throughs. This specific part of the feedthrough, where the physical boundary
between two different environments is crossed, can be seen as a rigid piece of
coaxial cable. For this reason it can be realized without leaving any void and is
in principle not a design issue.

• Interface transition: The interface transition occurs for both type of connec-
tors and is most challenging. Many connectors are made with sliding electrical
contacts to obtain an adequate conductive current path. Fig. 6.2 illustrates the
mating contacts for the miniaturized high voltage (MHV) BNC connector. This
connector is able to handle a voltage up to 5 kVDC in air at atmospheric condi-
tions but is unsuitable for low pressure conditions. This is due to the presence of
voids situated at the mating interface as a result of mechanical tolerances. These
voids, especially in the radial direction, are susceptible for PDs when the voltage
differences exceed the Paschen breakdown voltage. At some pressure, such con-
nector design will have a low PDIV performance. In general, connectors which
are not specifically designed for vacuum and low pressure applications suffer from
such discharges. An example is provided in Appendix B.
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6.3 Flat mating transition

• Cable-connector transition: A similar situation occurs in the transition from
cable to connector, as is illustrated in Fig. 6.3 for a MHV BNC connector. In the
assembled situation, a void appears between the outward folded shielding and the
outside of the cable insulation. As discussed in Section 3.5, such configurations
are susceptible for surface discharges. Note, that the void is located near the
shield of the coaxial structure, but a similar situation arises for the core conductor
as illustrated in Fig. 6.4. This transition can be made without voids by applying
for example proper potting material. However, such approach is only feasible for
applications with a permanent joint.

reference plane

critical 
void critical 

void

critical 
void

Figure 6.2: Schematic representation of MHV BNC connectors with the female
part on the left and the male part on the right. The reference plane where the
mating occurs and critical voids of the interface transition are indicated.

clamp nut gasket

washer
clamp braid 

sleeve

coaxial 
cable

a

critical 
void

b

Figure 6.3: Schematic representation of a MHV BNC connector showing (a) the
individual parts mounted on a coaxial cable and (b) the assembled configuration
revealing the critical void at the cable-connector transition.

6.3 Flat mating transition

The transition between two mating connectors is far from straightforward, because
connectors with sliding contacts have voids as a result of mechanical tolerances. A
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critical void

Figure 6.4: Photo of a flexible high current cable provided with a heavy mate
female single contact from Amphenol. A critical void arises just past the inter-
ruption of the cable insulation.

solution is to accept the presence of voids, but only in low E-field regions, or to reduce
the void size by applying soft pliable insulation material which fills empty spaces. An
example that employs both techniques, is the cone shaped connector shown in Fig. 6.5
which is able to handle over hundred kilovolt [68, 82]. The main disadvantage of this
connector is its dimensions. Voltage levels aimed for here, though being well above
the Paschen minimum, remain limited to a few kilovolts. The proposal is therefore
to use a flat mating interface with a coaxial structure along with a flat O-ring made
from pliable insulation material, as shown in Fig. 6.6a. Core and shield voids are
allowed, since the local E-field strength inside these voids is reduced by adding the
‘core bushing’ and ‘shield bushing’ at each connector half. Both connectors halves are
female type (Fig. 6.6b–6.6d) and equipped with a ‘heavy mate female single contact’
from Amphenol. Together with a separate ‘connection pin’ (Fig. 6.6c), a conductive
path for the core conductor is established. The ‘connection nut’ realizes a similar
situation (Fig. 6.6a–6.6b) for the shield conductor. It is provided with venting holes to
equalize the pressure of the ‘shield void’ with the environment. The narrow voids along
the core remain at atmospheric pressure and do not cause discharge activity. The solid
insulation material at the connector mating interface and the cable-connector transition
is a low viscosity epoxy (301-2FL from EpoTek). The flat mating interface requires
adequate polishing to minimize void sizes. For testing purposes the connectors will be
provided with semi-rigid coaxial cables. These cables lack voids and do not produce
PDs during PDIV characterization of the connector.

6.3.1 Permittivity characterization

For the interface of the prototype connectors, a soft pliable insulation material is re-
quired to minimize void sizes. The lithography machine application restricts the choice
in materials to prevent contamination of the extreme ultraviolet (EUV) optics. Silicone
based material may not be used, but a specific type of material referred to as Viton
brown, specially designed for the semicon industry, is compatible. Unfortunately, the
permittivity is not specified and has to be determined before performing the electro-
static voltage simulations.

To this end, a disc capacitor is made with brass electrodes glued with a thin layer
of epoxy to the Viton brown material, as depicted in Fig. 6.7. The capacitance Cmeas
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Figure 6.5: 160 kVDC cone shaped connector type CA12 from Varex Imaging
Corporation. The insulation at the mating interface has a length of 158 mm and
a maximum diameter of 45 mm.

core 
void

flat Viton 
O-ring

heavy mate female 
single contact 

connection pin

nut

semi-rigid 
coaxial cable

epoxy 
insulation

connection 
nut

venting hole

shield void

core
 bushing shield 

bushing

E-field control 
threaded bushing

a

b c d

Figure 6.6: Two jointed prototype coaxial connectors equipped with semi-rigid coaxial
cables, a: schematic view in axial direction provided with a description of the main compo-
nents, b: realization of left connector half with connection nut, c: realization of connection
pin with flat shaped Viton brown O-ring, d: realization of right connector half.
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D  

b

t

Figure 6.7: Schematic view of the disc capacitor with Viton samples as dielectric
material and brass electrodes. The dimensions for the test configuration for Viton
brown: electrode diameter D = 39.50 mm, thickness of electrodes t = 9.45 mm,
leaving space for a sample width b = 1.00 mm. For the Viton black sample:
D = 44.00 mm, t = 10.25 mm and b = 1.50 mm.

is measured at different frequencies with two different LCR meters (Agilent 4263B,
Hameg 8118), and the relative permittivity εr is calculated with correction for the
fringing field according to [83] with:

εr = Cmeas − Ce
Cn

(6.1)

Ce = 1/2ε0D

[
ln
(

8πD
b

)
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(
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b

)
ln
(

1 + t

b

)
− t

b
ln t
b

]
(6.2)

Cn = ε0πD
2

4b (6.3)

Here, D and t are the electrode diameter and thickness respectively, and b the
distance between the inner faces of the electrodes. The relative permittivity in Fig. 6.8
shows linear behaviour over the measured frequency domain, and has an extrapolated
value of 13.2 for 50 Hz.

The capacitance of the disc capacitor is simulated with a 2D rotational symmetric
solver (Electro from Integrated Engineering Software) for the range of relative permit-
tivity values from Fig. 6.8. The simulated capacitances together with the measured
results are shown in Fig. 6.9. The measurements and simulations are in good agreement
and show linear behaviour.

6.3.2 Simulation
The permittivity value of the Viton brown is used to analyse the electric field distri-
bution inside the connector to estimate the PDIV as described in Chapter 4. Fig. 6.10
shows the electrostatic voltage distribution simulation result of two joint connector
parts with 1 kVp applied on the core with respect to the ground shield. A zoomed view
of the shield void is shown in the inset of Fig. 6.10, which indicates that the maximum
void voltage difference is approximately 37 V. The 1 mm thick flat Viton brown O-ring
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Figure 6.8: The relative permittivity as
function of frequency of the Viton brown disc
capacitor.
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Figure 6.9: Capacitance of Viton brown
disc capacitor as function of the relative per-
mittivity.

has an outer diameter of 12.0 mm leaving an open region on its outside of 1.5 mm.
The minimum breakdown voltages Ubr for argon and nitrogen are 206 VDC [16] and
258 VDC [21] respectively. Using Eq. 4.3 to calculate the scaling factor k, the expected
minimum PDIV for the connector is about 3.9 kVrms and 4.9 kVrms for argon and ni-
trogen.

The cable-connector transition in Fig. 6.10 shows smooth equipotential lines. For
the flat mating transition near the voids, however, the electric field simulation shown in
Fig. 6.11 reveals field enhancement at the material interface between brass, epoxy and
Viton brown. This is caused by differences in material permittivity and interface geom-
etry. Perfect rectangular shapes induce simulation singularities near the edges, which
can be eliminated by introducing a rounding radius. However, due to the polishing
process of the connector interface, it is hard to define a precise rounding radius and ob-
tain reproducible results. According to specifications of the epoxy manufacturer [84],
the material should be able to handle electric field strength up to 20 kV/mm. The
simulations results using a rounding radius only of 1 µm, reveal that the electric field
strengths are significantly lower and no problems are expected.

6.3.3 Results and discussion

In total 40 and 22 measurements are taken at different pressures in the range of 0.2 Pa
to 100 kPa for argon and nitrogen gas. Pressure deviations are kept within 2.3% of the
nominal pressure. The measurement results for argon are displayed in Fig. 6.12a. The
cable terminations are located in an air environment at ambient pressure and the flat
mating connector is in the vacuum vessel at the selected pressure. The results show the
two distinct patterns that were observed in the cable measurements in Chapter 4. The
nearly constant part with a PDIV value just above 5 kVrms is related to the PD inception
occurring in the terminations located outside the vessel. The convex part is related
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Figure 6.10: Electrostatic voltage distribution simulations for 1 kVp of two joint connectors
viewed in axial direct with a close-up taken at the shield void.

Figure 6.11: Static electric field simulations for 1 kVp applied voltage near the
connection interface of two connectors with a close-up of the shield void.

to PDs occurring inside the ‘shield void’ and can be associated with the Paschen law.
The minimum PDIV is 2.5 kVrms at 3.05 kPa. The measurements for nitrogen presented
in Fig. 6.12b are all nearly constant and have a value just above 5 kVrms. The PDs
originate from the terminations over the full pressure range and the test configuration
did not allow to characterize the connector for a nitrogen environment.

The inset of Fig. 6.11 depicts a few possible discharge trajectories within the void
outside the viton O-ring. For these trajectories the scaled Paschen curves (SPCs) are
plotted in Fig. 6.13 both for argon and nitrogen. The maximum voltage inside the
void can be found halfway on top of the O-ring. From this region the longest discharge
paths arise. Left and right of this region the voltage differences are less, resulting in
higher conductor voltages needed to reach discharge inception along the corresponding
paths. However, the discharge path distances are shorter, resulting in Paschen curves
being shifted to higher voltage and higher pressure.
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Figure 6.12: Partial discharge inception voltage as a function of gas pressure for the con-
nector in (a) argon gas (b) nitrogen gas.

In Fig. 6.13a the continuous curve represents the fit based on the experimental data
for argon from Fig. 6.12a. It is observed that the measured PDIV is significantly lower
than is expected from simulations. The measured lowest value is 2.5 kVrms whereas
the model predicts a voltage of 3.9 kVrms, i.e. a factor 1.56 difference. The PDIV in
nitrogen was not reached for the connector design because the terminations started
discharging already at lower voltages. The curves in Fig. 6.13b indeed are close to
this voltage level for any pressure value and it is conceivable that the PDIV for the
connector is just not reached.

A hypothesis for the deviation between measured and simulated PDIV is that due
to discharges, charge accumulates on the Viton material. The electric field from this
charge adds to the electric field strength from the applied voltage on the core conductor
when its polarity has reversed. Surface potential as a result of charge accumulation
on insulation materials is a common phenomenon. The surface potential decay of
polymeric materials is investigated for different materials [85–87], but no information is
available on charge accumulation for this particular insulation material, nor for similar
fluorelastomers.

To determine whether prior PDs influence inception, the PDIV of the connector
is measured several times consecutively at a fixed pressure. However, prior to the
first measurement, an idle period is introduced allowing surface charge to leak away.
The required duration is not known beforehand as relevant material characteristics are
lacking, but a minimum of over 10 hours was taken as an educated guess.

The consecutive PDIV measuring results in argon for different pressures are dis-
played in Fig. 6.14. In total 17 measurements are performed, five at 1.5 kPa and
3.0 kPa, and seven for 1.0 kPa. The idle period prior to the first measurement is over
104 hours (material was not used before), 20 hours and 14 hours for increasing pres-
sure, respectively. The first measurement at 1.5 kPa and 3.0 kPa, and the first two
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Figure 6.13: Scaled Paschen curves of the connector void together with a fit of the PDIV of
the connector (a) in argon gas (b) in nitrogen gas.

at 1.0 kPa are significantly higher compared to the values in the subsequent measure-
ments. The results of the consecutive PDIV measurements infer that inception voltage
can drop as a result of prior PDs. A striking observation concerns the PDIV ratio of
the first measurement and the mean of the subsequent measurements at 3.0 kPa, the
pressure at which the lowest PDIV is observed. The ratio of 1.67 is close to the ratio
of the simulated and measured PDIV.
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Figure 6.14: Partial discharge inception voltage of consecutive measurements
at different pressures in argon. The idle period prior to the first measurement is
over 104 hours (1.0 kPa), 20 hours (1.5 kPa) and 14 hours (3.0 kPa).
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6.4 Cable-connector transition

The transition between cable and connector is relatively straightforward in comparison
with the interface transition when it is realized as a permanent connection. This
can be achieved by the use of a (viscous) liquid that either cools down or cures into
a solid insulation material and is applied among others for power chords. Proper
application of such technique avoids the presence of larger voids that could lead to
inception of PD activity. However, the process takes time and the success of the
transition depends on how skilled the process is carried out. Also, for machine servicing
a demountable construction may be preferred. Likewise the approach for the interface
transition described in the previous section, the presented design aims to situate open
spaces, when they cannot be avoided, in regions with low electric fields.

Fig. 6.15 shows the assembled configuration of the cable-connector transition. The
shield conductor of the coaxial cable is folded outward and provided with a Viton
(black) O-ring on each side. The exposed cable insulation is provided with two Viton
(brown) O-rings and positioned against the Viton black ring. A heavy mate female
single contact from Amphenol is crimped on the core conductor. The entire cable
configuration is slid into the shield bushing such that the crimped contact moves into
the core bushing. A clamping nut with washer presses the stacked Viton O-rings against
the PEEK (polyether ether ketone) insulation of the cable-connector to minimize void
sizes. In addition, the braiding of the shield conductor is pressed against the inside of
the shield bushing to obtain electrical contact.

There are two locations where critical voids can be expected, namely at the core
and at the shield as depicted with ellipses in Fig. 6.15. Potential PD activity around
the core conductor (see Fig. 6.4) void can be avoided by the aid of a surrounding metal
bushing (’core bushing’) that minimizes the electric field. The void near the shield
conductor, as illustrated in Fig. 6.3, is more complicated due to the relatively large
margins in the outward folded shielding together with mechanical tolerances in the
cable insulation thickness. The proposed option is to redirect the electric field lines
by the use of both insulating and semi-conductive pliable dielectric materials. Viton
brown introduced in Section 6.3.1 is compatible with the EUV optics and serves as
insulating material. Viton black is a variant with semi-conductive properties. The
idea is to make a joint between the insulation material of the cable and the PEEK
insulation of the connector using Viton brown without introducing voids. Further, the
remaining voids at the shielding are sandwiched between Viton black layers resulting
in a reduced electric field strength.

6.4.1 Conductivity characterization

To perform simulations on the proposed concept for the shielding voids, the specific
conductivity for both Viton brown and black is measured. Since the operating fre-
quency is about 50 Hz, electrodynamic simulations will provide sufficient insight into
whether the desired behaviour can be achieved.
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Figure 6.15: Concept for the cable-connector transition applied on a coaxial structure
consisting of semi-conductive pliable material to decrease the electric field strength in the
shield voids. A low electric field for the core void is obtained by means of a core bushing.

With the disc capacitor shown in Fig. 6.7 the resistance of the Viton brown sample is
measured by means of an insulation resistance tester (Megger MIT510/2). On average a
resistance is found of 2.0 GΩ for applied voltages in the range of 250 to 1000 VDC. This
corresponds with an electric conductivity σ of about 4 · 10−10 S/m. For the Viton black
material, a similar test sample construction is employed. The current is measured with
the Fluke 289 industrial logging multimeter shortly after applying the voltage. The
electrical conductivity and power dissipation of the Viton black material are displayed
in Fig. 6.16 as function of the applied test voltage. The electrical conductivity of Viton
black is larger than 10−6 S/m and increases with applied voltage (Fig. 6.16a). The
power dissipation in the test sample can be quite significant and exceeds 1 W for a test
voltage above 40 VDC (Fig. 6.16b). Therefore, the voltage could only be supplied for a
short time to prevent temperature influences as a result of heating.

6.4.2 Simulation and discussion

Electrodynamic voltage simulations of the proposed concept for the shield voids in
Section 6.4 are performed at 50 Hz and the result is shown in Fig. 6.17. For the
conductivity of the Viton materials a value of 10−7 S/m is taken for Viton black and
10−10 S/m for Viton brown. These values are taken slightly lower than the measured
values to ensure that their effect is underestimated in order to obtain a safety margin.
The relative permittivity for the Viton black material has not been experimentally
determined, but is assigned a value of 10 as it will be in the same range as the Viton

98



6.5 Miniaturized flat mating connector

10
0

10
1

10
2

10
-6

10
-5

10
-4

10
-3

10
-2

(a)

10
0

10
1

10
2

10
-6

10
-4

10
-2

10
0

10
2

(b)

Figure 6.16: Measuring results of the Viton black sample as depicted in Fig 6.7 with (a) the
conductivity and (b) the power dissipation as function of the applied test voltage.

brown material. For the final design, proper field control could be achieved when the
conductivities of the two Viton material types differs at least three orders of magnitude.
The simulations showed that the voltage differences across the Viton black material is
just above 100 Vp and the PDIV is not reached. For the void near the core, the voltage
levels remain below 100 Vp.
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Figure 6.17: Electrodynamic voltage distribution simulations at 50 Hz of the cable-
connector transition with electrical conductivity values of 10−10 S/m and 10−7 S/m taken
for Viton brown and black respectively, and 1 kV applied on the core conductor.

6.5 Miniaturized flat mating connector

The lithography industry demands for a continuous growth in productivity. To achieve
this goal for the next generation of machines a target voltage level for the moving
stages is 2000 Vpp. Sections 6.3 and 6.4 provided conceptual solutions for handling
such voltage level in connectors to be applied for the medium and low vacuum. These
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two concepts need to be combined in a single connector design. However, besides PD
free operation at the aimed voltage, there are additional constraints that should be
met.

6.5.1 Requirements and design
The requirements for the connectors to be applied in the lithography machines involve,
besides the electric characteristics (voltage and current), aspects related to environ-
mental conditions (pressure and temperature), to material compatibility and there are
also practical issues related to installation. An overview is summarized below:

a. pressure range: 0.1 Pa–100 kPa
b. voltage: up to 2000 Vpp
c. core current: up to 30 Arms
d. contact resistance between core conductors: below 1 mΩ
e. contact resistance between shield conductors: below 10 mΩ
f. minimal dimensions and mass: comparable or smaller as the MHV BNC connec-

tor
g. EUV compatible materials
h. operating temperature: within -20–85 °C
i. easy assembly: no or limited special tooling
j. easy installation: no special tooling
k. self-locking: to prevent spontaneous unmating

Voltage and current related requirements:

The flat mating transition obtained with Viton as pliable insulation material fulfils
the pressure and voltage specifications (requirements a,b) for the connector-connector
transition. For the cable-connector transition, the use of potting material is undesired
as assembling should be possible in typically one minute (requirement i). Therefore, this
transition will be established with semi-conductive (Viton black) and insulating (Viton
brown) material. Both materials are compatible with EUV application (requirement
g).

The minimum cross sectional area of the cable needs to be about 4.0 mm2 in order
to handle 30 Arms and keep resistive losses to an acceptable level (requirement c). The
same holds for the core connection pins between the two mating connectors. Therefore,
the heavy mate contacts from Amphenol is used (requirements d). Measurements with
a low resistance ohmmeter (Megger DLRO10HD) at 10 ADC reveal that the contact
resistance between the male (Amphenol: VN01 025 0033 1C) and female pin (Amphe-
nol: VN02 025 0033 1C) is about 300 µΩ. Dissipation at maximum current is only a
few tenths of watt. The contact resistance between the shield conductors is less crit-
ical because it does not need to carry large currents. This will be checked after the
connectors are realized (requirement e), see Section 6.5.3.

For coaxial structures the impedance can be a critical requirement when relative
high frequency signals are involved. However, in case of the lithography machines, a
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coaxial structure is chosen to minimize void sizes to prevent partial discharge activity.
The presented design is suitable for this application as the main frequency components
are low. If performance at high frequencies would be an additional requirement, in
particular when transmission line effects and characteristic impedances need to be con-
sidered, the design has limitations.

Mechanical and handling related requirements:

An important aspect related to the moving stages of lithography machines is that
the available space is limited and added mass must be kept to a minimum in order
not to compromise positioning accuracy. The MHV BNC connector will be used as
an reference device having acceptable mechanical characteristics for the application.
This connector can easily be assembled, installed and is provided with a self-locking
bayonet mechanism (requirements i,j,k). A bayonet mount requires a spring mechanism
such as a crinkle washer as implemented in all types of BNC connectors. However,
crinkle washers lack sufficient force to keep the mating connectors firmly pressed against
the Viton O-rings. Adequate force is needed to prevent radial voids in between the
connector interface and Viton brown material. Pliable O-rings behave in fact similar to
a spring mechanism. By choosing a suitable pitch of the bayonet mount, the insulation
material can, for example, be pressed to 90% of the original thickness to obtain the
locked situation.

Another advantage of the bayonet mount is that expansion from changing opera-
tional temperature can be accommodated (requirement h). The pliable materials used
for the cable-connector transition also offer flexibility to adapt to small expansion if
they have sufficient thickness.

Fig. 6.18 shows a design satisfying aforementioned requirements for a female cable-
connector and male feedthrough that can be mounted on the linear actuator. From the
cross sectional view given in Fig 6.19 it is evident, that the female heavy mate contact
pin is dominant for the cable-connector length. Replacing the commercially available
Amphenol contact pin by a custom made version can reduce the total connector length
with at least 7 mm. This is attractive as the connector would become smaller and
lighter as compared to the reference MHV BNC connector (requirement f).

6.5.2 Simulation

The proposed miniaturized flat mating connector in Fig. 6.18 contains four critical
voids which determine the PDIV performance. The expected joint performance of
both connectors can be obtained with the construction of scaled Paschen curves. For
each void, the path with the highest voltage difference is taken using electrodynamic
voltage distribution simulations. The shield and core void for the cable-connector and
mating transition are displayed in Fig. 6.20 and Fig. 6.21 respectively. A scaled Paschen
curve for each void is constructed and merged in Fig. 6.22 for an argon environment.
The simulation results reveal that the minimum PDIV is about 1.6 kVrms at 8.1 kPa
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(a) (b)

Figure 6.18: Miniaturized flat mating connector with in (a) a female connector provided
with flexible high current coaxial cable and in (b) a male feedthrough to be connected on the
actuator.

Figure 6.19: Cross sectional view of the miniaturized flat mating connectors.

caused by the void core at the cable-connector transition, see Fig. 6.20b. Note that this
limitation can be relaxed by choosing a slightly thicker cable insulation resulting in a
smaller void. The overall performance is dominated by the voids in the cable-connector
transitions. A proper estimation for the shield void limitation is hard to give, as it is
uncertain how the void is shaped with the pliable material in practice. Overall, the
simulations indicate that the connectors should meet the specified voltage requirements
over the medium and low vacuum range.

6.5.3 Results and discussion

Fig. 6.23 presents the realized female cable-connector and male feedthrough. Unfor-
tunately the mating interface transition was not supplied according to the provided
specifications, making it necessary to double the thickness of the Viton layer. Despite
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(a) (b)

Figure 6.20: Electrodynamic voltage distribution simulations at 50 Hz of the cable-connector
transition with 1 kV applied on the core conductor for (a) the shield void and (b) the core
void as indicated in Fig. 6.15.

Figure 6.21: Electrodynamic voltage distribution simulations at 50 Hz of the
flat mating transition with 1 kV applied on the core conductor. Above the shield
void, below the core void as indicated in Fig. 6.6.
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Figure 6.22: Expected partial discharge inception voltage of the miniaturized
flat mating connector. Scaled Paschen curves are only constructed for the most
dominant voids in the connector.

this deviation, characterization of the PDIV could still be performed and compared
with simulations to judge whether the proposed miniaturized flat mating connector
meets the voltage requirements over the medium and low vacuum range. The re-
sistance between the shield conductors is measured with a low resistance ohmmeter
(Megger DLRO10HD) at 10 ADC and found to be 8.0 mΩ.

For testing purposes the cable-connector is provided with a custom rigid cable, a
cable feedthrough and a termination as described in Section 3.5. The feedthrough
is mounted on a hollow box filled with insulating mineral oil (Shell Diala S3 ZX-I
Dried) to prevent PD activity. The PDIV characterization is performed in an argon gas
environment with typically three measurements for each pressure value. The measuring
results are given in Fig. 6.24. The constant part has an inception voltage of only
1.7 kVrms. It orignates from the termination which was poorly made. The curved
part consists of one local minimum of 1.33 kVrms at 4.6 kPa and a global minimum of
1.25 kVrms at 3.6 kPa.

The scaled Paschen curves for both cable-connector voids are given together with
a fit of the curved part in Fig. 6.25 (continuous curves). The figure shows that the
expected performance was overestimated, but as mentioned earlier, it is difficult to pre-
dict the final void shape due to the pliable materials. Two additional scaled Paschen
curves are provided to illustrate the actual length of the discharge path and void volt-
age (dotted curves) to obtain a match with the experimental results. The discharge
path length of the shield void is in good agreement with expectation, but the core
void appears to be longer as the minimum is found for a lower pressure. However, in
Fig. 6.20b a discharge via a longer path can be constructed, so the prediction could
have been better. The miniaturized flat mating connector shows a minimum PDIV per-
formance of about 1.2 kVrms in an argon environment. This means that the maximum

104



6.6 Summary and conclusion

Figure 6.23: Photo of two mating connectors consisting of a female (cable-)connector and
male feedthrough with on top the realized miniaturized flat mating and below a MHV BNC
connector as a reference.

allowable voltage is 3.4 kVpp with a symmetric power supply for argon conditions. For
the hydrogen and nitrogen gas used in the EUV lithography machine, the performance
will be even better because of their higher Paschen voltages, see Fig. 1.3.

6.6 Summary and conclusion

In two types of connectors different transition regions were identified. Two of them are
found to have voids that potentially can endanger the connector due to partial discharge
activity: the mating interface and the transition from cable to connector. For the
interface transition, a concept is proposed that uses pliable insulation material between
the flat mating interfaces of both connectors. Critical voids are minimized and shifted
towards low electric field regions. A prototype connector is constructed and tested,
and its performance was found to be adequate for applications needing 2 kVpp over a
wide pressure range. However, the expected performance for an argon environment
was overestimated. Consecutive PDIV measurements with a sufficient idle period in
between have revealed that the measured PDIV performance significanlty drops after
the first measurement. For the cable-connector transition, a concept is proposed with
pliable semi-conductive and insulating material that enables short assembly time. The
conductivity of the pliable materials are characterized and simulations of the proposed
concept reveal that voltage levels across critical voids are well below inception voltage
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6 Flat mating connector
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Figure 6.24: Partial discharge inception
voltage as function of gas pressure for the
miniaturized flat mating connector in argon
environment.
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Figure 6.25: Scaled Paschen curves for
the expected and actual voids at the cable-
connector transition together with a fit of the
PDIV of the miniaturized flat mating connec-
tor in argon environment.

for the aimed operational voltage levels.
Both concepts are merged into a single connector design also addressing additional

constrains for the EUV lithography industry. A miniaturized flat mating connector
is proposed taken all requirements into account. The construction of scaled Paschen
curves for the critical voids suggests that the aimed voltage requirements are met. A
female cable-connector and a male feedthrough connector are designed and constructed
with the proposed concept. These two mating connectors as a whole are characterized
and found to slightly perform below the expectations. This may be the result of the
pliable material, which makes it difficult to estimate the exact shape of the critical
voids. However, the miniaturized flat mating connector still meets the requirements
for EUV lithography machines operating at 2 kVpp.
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7 Conclusions and recommendations

For future EUV lithography machines an increase of the voltage for actuating the
moving stages is foreseen. Though a voltage level of 2 kVpp aimed for in itself is easy
to handle, the conditions in which it has to be realized poses challenges which are
addressed in this thesis. The conclusions drawn from the research are summarized
in Section 7.1. The thesis contributions relate to options to achieve and verify the
connectivity demands over a wide pressure range (0.1 Pa–100 kPa). An overview is
provided in Section 7.2. Some aspects are identified for which further research would
be of interest. They are mentioned in the recommendations given in Section 7.3.

7.1 Conclusions

In this section the research questions posed in the introduction are addressed. The
objectives concern the relation between design and performance with experimental
verification, the design methodology to realize connectivity within the framework of
EUV lithography machines, and the reproducibility of testing and sensitivity to differ-
ent operational conditions.

Experimental verification of relation between design and performance

The selected diagnostic technique is based on partial discharge (PD) measurement.
The presence of PDs may degrade the connectivity and therefore their inception volt-
age is taken as measure for the connectivity performance. The pressure dependency
of the PDIV (partial discharge inception voltage) provides useful information on the
long term reliability, both for the cables and the connectors. This behaviour could be
interpreted in terms of gas-filled voids inside cables in relation to Paschen curves. To
this end, the concept of scaled Paschen curves was developed by which the PDIV can
be predicted based on simulation of the voltage distribution inside cable voids (taken
from a cable cross section) and breakdown properties of the applied gas. For the four
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7 Conclusions and recommendations

tested cable designs a good match was found between expected PDIV and the actually
measured values over the investigated pressure range, in particular for the right side of
the Paschen minimum. For the left side the discharge path lengths become longer and
more inhomogeneous which may cause deviations. For the presented connector design
the scaled Paschen curves overestimated the PDIV. This could be attributed to charge
accumulation on dielectric material applied in the design. Its electric field adds to the
field from the alternating applied voltage.

Connectivity design for future EUV lithography machines

When increasing the operating voltage well above the Paschen minimum, a coaxial ca-
ble structure is essential to prevent continuous corona activity at gas pressures used in
operation of EUV machines. Void sizes in braided conductors, needed to provide suf-
ficient flexibility, lead to a typical pressure of lowest PDIV in the range of 1–10 kPa.
This is a factor 1000 above the operational vacuum conditions. From the presented
venting model to estimate the duration to reach an equalized pressure inside the ca-
ble with the environment it is observed that long settling times can occur. Therefore,
the pressure can vary along the cable, suggesting that for PDIV free application one
should not only consider the operational pressure, but assume that a slowly equaliz-
ing pressure distribution is (still) present. It is therefore desirable to opt for a design
that never exceeds the minimum PDIV. This is feasible for the cable if the fraction of
the applied voltages over the voids is sufficient small as compared to the voltage drop
over the cable insulation. For connectors, larger voids are difficult to avoid due to de-
sign tolerances. This leads to lower pressures for the minimum PDIV, typically up to a
factor 10. With insulating material which is sufficient pliable, when pressed, the voids
can be minimized and shifted to regions with low electric field. A point of concern is
the aforementioned dielectric surface charging which can lower the PDIV for AC ap-
plication.

Statistical significance and sensitivity to operational conditions

PDIV performance did reproduce, but also significant variation (within ±35%) was
found between different samples and multiple tests on a single cable sample. This
can be attributed to a stochastic variation in the presence and dimensions of voids
due to manufacturing tolerance and cable handling. Also cable samples tend to get
conditioned during testing, and thereby acquiring an increased performance. The PDIV
definition was based on a PD level exceeding 100 fC, which is clearly above the attained
noise level of 40 fC, during at least 10 s. The results were robust against the choice of
the PD threshold, but the duration had a slight effect. The ramp rate of the AC
voltage showed no conclusive influence, but the effect was small and could also be
ascribed to conditioning. From the environmental conditions in lithography machines
three aspects that potentially affect the PDIV were identified. From the magnetic field
(permanent magnets in actuator and feeding current) and enhanced radiation level
(when operating at high altitude) no influence was observed. Elevated temperature
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7.2 Contributions

(actuator heat dissipation) did slightly improve the performance. It is postulated
that with higher temperature, diffusion increases which allows charged and excited
gas particles to escape from the discharge region. In particular for argon, long-lived
metastable atoms may vanish and as a consequence the secondary emission is lowered.

7.2 Contributions

The main thesis contributions can be summarized as follows:

• An experimental setup, largely automated, is developed that enables charac-
terization of cables and connectors upon partial discharge activity over a wide
pressure range for different gases. The noise for PD detection is reduced to a
minimum level of 40 fC for test voltages up to 10 kVrms, permitting large flexibil-
ity in the definition of the PDIV. Special attention is given to the preparation of
cables and connectors necessary for meaningful PDIV performance characteriza-
tion. This includes the provision of venting holes to equalize pressure of trapped
voids near the shielding, sealing the cable ends to avoid a gas leakage towards the
vacuum vessel and terminations at the cable ends to prevent interference during
performance characterization as a result of surface discharges. A cable venting
model is presented and validated to estimate the internal pressure distribution as
function of the location along the cable and venting time, essential for defining
proper measurement procedures.

• The concept of scaled Paschen curves is introduced which enables performance
prediction based on the electrostatic voltage distribution and void dimensions of
a design. The overlapping set of scaled Paschen curves provides a lower limit for
expected inception voltage that results in a convex relationship. Scaled Paschen
curves are applied on the microscopy cross sections of different cable designs.
It enables to distinguish internal discharges in voids from external discharges at
the terminations. The methodology was verified for different cable designs, and
provided guidelines for developing a connector concept satisfying requirements
for application in EUV lithography machines.

• Statistical methods are adopted to quantify the significance of the results, the
repeatability of testing and the sensitivity to operational conditions. Analysis of
variance is used to judge the statistical variation for different measurements, test
samples and test conditions. To identify circumstances that have led to statistical
deviations Tukey’s honest difference method was employed.

• A concept for PD free design for connectors is presented. It is based on limiting
the void voltage below Paschen minimum breakdown voltage. The proposed
methodology offers the possibility to predict the performance based on its design,
determine the dominant voids and find specific solution in terms of material
choice, electrical and mechanical design. The concept is applied for a miniaturized
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7 Conclusions and recommendations

flat mating for which critical transitions are identified and suitable solutions are
proposed.

7.3 Recommendations

A number of aspects could be investigated in more depth in future research:

• The discharge paths relevant for the PDIV are selected by manual inspection,
based on experience. The process of selecting relevant discharge paths from a
given design, determining their lengths and voltage drops could be automated.
This would provide a full set of scaled Paschen curves from which the minimum
PDIV as function of pressure is determined. This could be a useful tool in
developing designs of cables and connectors to be applied at low and medium
vacuum.

• In designs inhomogeneous electric fields occur. Appropriate Paschen curves for
specific type of inhomogeneity could improve the scaled Paschen curve method-
ology. At the left side of the Paschen minima the discharge trajectories start to
become increasingly ballistic as the mean free path gets longer. In inhomoge-
neous field particles will not tend to follow the electric field lines directly due to
their inertia and this may affect the travelled distances.

• A better knowledge of charging dielectric media can be employed to account for it
in simulations of the voltage distribution. By adding appropriate conductivity to
the dielectric material the charge may leak away on a sufficiently short timescale.
This could increase the PDIV for AC applications.

• Improved terminations with much higher discharge inception would be interest-
ing. For the PDs inside the cable or connector the convex curve is noted, but
with lowering pressure vacuum discharge mechanisms will completely take over
when the free mean path exceeds the void distance. This transition is not ob-
served now due to the cable terminations, which start discharging before reaching
PD inception of the voids in the operational pressure regime for EUV lithography
machines (1–10 Pa).
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A Concept for venting a coaxial cable

For the performance characterization of the connectivity parts, adequate venting is
required so that the requested pressure is reached within an acceptable time frame.
For coaxial structures, which are key to enable high voltage operation in medium and
low vacuum conditions, this is not evident. Venting of the shield conductor could
be achieved by removing a part of the cable sheath as discussed in Section 3.5. The
trapped gas in voids located near the cable shield is offered an escaping route via the
braided shielding.

For the core conductor such option is not feasible. Drilling a hole through the ca-
ble insulation enables venting of the core, but introduces a new void that is very likely
to exhibit partial discharge activity below the actual PDIV performance of the DUT.
Drilling a small hole that runs almost parallel to the axial direction of the coaxial struc-
ture which has no influence on the connectivity performance, will most probably result
in inadequate venting. A more favourable option is to enable venting via a feedthrough
to become independent of the required coaxial structure. The question is then how
to obtain a path between the core conductor and the feedthrough surroundings (zero
potential) without introducing disruptive partial discharges.

The solution is found in [88] where the required breakdown field strength is pre-
sented for different cavity sizes in solid dielectrics, see Fig. A.1 for air filled cavities.
This is achieved by modifying the Paschen curves for multiple pressures and cavity
sizes. The figure shows that no partial discharge activity will occur for the conditions
below the dashed line, because this is below Paschen’s minimum breakdown voltage
for any given pressure. Note that for a flat cavity with respect to the electric field
direction, the field strength will increase with the dielectric constant εr of the dielec-
tric material. So, roughly speaking, multiple cavities may be interconnected as long as
the cavity height remains within limits. A porous insulation material has this prop-
erty and also offers venting possibilities. The porous insulating material needs to be
located inside a region with an electric field strength within acceptable limits. This
can be achieved for example by means of a spiral shaped resistor mounted around the
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A Concept for venting a coaxial cable

porous material. A schematic concept is given in Fig. A.2.
At the left side of the proposed core venting construction, the coaxial structure has

been retained. The core conductor is provided with a hole to enable venting. Gas
located in a cable can escape via a cable-connector to a feedthrough provided with
this venting construction. The ends of the spiral shaped resistor are provided with end
caps for electrical connection and to decrease the local electric field for both venting
holes. The venting construction is finished with a solid insulation material in between
the spiral shaped resistor and the outer shielding of the construction. Note that the
electric field strength is determined by the length of the spiral shaped resistor.

A realization of this concept has not been built nor tested because a suitable porous
material could not be obtained. A point of concern is the presence of free charge, that
could probably accumulate inside the porous material. Surface charge could cause a
change of the local electric field and start PD activity. To prevent this to happen, a
semi-conductive porous material could be applied.
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Figure A.1: Modified Paschen Curve from [88]. Field strength at breakdown in
air as function of cavity thickness and air pressure. The minimum of the Paschen
curve appears here as a straight (dashed) line.
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Figure A.2: Schematic representation of a concept to enable core venting of
a coaxial structure. This construction should be mounted on one side of a
feedthrough.
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B PDIV characterization of a Lemo connector

MI-partners, a company specialised in innovative mechatronic solutions, requested in
2017 an investigation of the PD behaviour of their newly developed linear actuator
to be used for the EUV lithography machines. This linear actuator consists of sev-
eral piezo actuators and is subjected to the vacuum conditions which can occur in the
machine (0.1 Pa–100 kPa). However, the aimed voltage level of 260 Vpp is significantly
lower and even below the Paschen minimum breakdown voltage, see Fig. 1.3. Still local
field enhancement could be sufficient to cause partial discharge activity and is unde-
sired for the intended application. In this appendix the PDIV performance in argon of
two mating Lemo connectors, which are part of the electrical chain for the piezo actu-
ator, are examined to determine the voltage limitations.

A schematic representation of electrical chain is given in Fig. B.1. It consists of an
amplifier A, a cable exposed to ambient pressures (cable 1), a vacuum feedthrough, a
cable exposed to vacuum conditions (cable 2) and the piezo actuator M . The electrical
connection from source to load consists of two electric conductors with shielding. All
electrical connection transitions are made with Lemo connectors. More specifically, the
transition from “cable 2” to the piezo actuator consists of similar construction as the
mating connectors FGG.0B.302.CYCD42 and PHG.0B.302.CYMD42 from Lemo, see
Fig. B.2.

A Mcable 1 cable 2

vacuum
feedthrough

Figure B.1: Schematic representation of the electrical chain for the piezo actu-
ator.
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B PDIV characterization of a Lemo connector

(a) (b)

Figure B.2: Mating Lemo connectors (a) male connector (b) female connector.

For the connector preparations, similar procedures are performed as described in
Section 3.5. An essential difference is that the mating connectors are provided with
twisted pair shielded cable instead of the semi-rigid cables as in Chapter 6, to obtain
a realistic situation for the application. In addition, the cables ends are provided with
simplified terminations, because expected PDIV performance of the connectors will
not reach voltage levels above 1 kVrms anyway, and it is therefore not worth the extra
effort. Fig. B.3 shows the mating connectors prepared for the measurements. In the
experimental setup, one wire of the twisted pair cable is connected to ground while the
other is connected to the voltage source.

The PDIV performance is characterized with the experimental setup and according
to the procedures of Chapter 3. In total 57 measurements are performed with typically
three for each pressure. The results are displayed in Fig. B.4. The two characteristic
relations as discussed in Section 4.2.3 can be recognized. The discharges from the
terminations arise above 1 kVrms. The convex relation arising from the connector has a
minimum of 220Vrms at 840 Pa. In the pressure range of 100–150 Pa, the PD behaviour
was found to be heavily fluctuating between both relations. This behaviour has not
been observed before. One can speculate that if field enhancement is important initial
electrons should arise from a very localized region to allow for a gas discharge. This
could contribute to statistical time lags. Another aspect is the pressure range with the
Paschen minimum being lower than for the measurements described in Chapters 4 and
5, which also affects the probability of an initial electron to arise in the critical region.

All discharge patterns from the convex relation exhibit similar behaviour and an
example is displayed in Fig. B.5. One phenomenon that can clearly be identified is
corona. The saw tooth profile seen at the two tops of a period from the measured
voltage (green line) and the PDs (blue dots) with equal amplitudes forming horizontal
lines in the phase resolved partial discharge pattern (PRPD) show the existence of
corona discharges [89, 90]. The remaining PDs just after the zero crossings indicate
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Figure B.3: Device under test made with the mating Lemo connectors
FGG.0B.302.CYCD42 and PHG.0B.302.CYMD42, simplified terminations with
respect to the ones in Fig. 3.7 and a custom cable feedthrough as given in Fig. 3.5.
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Figure B.4: Partial discharge inception voltage as a function of gas pressure for
the mating Lemo connectors in argon environment
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B PDIV characterization of a Lemo connector

that also another phenomenon is present, but the PD pattern is too limited to be
conclusive.

The insulation surface of the male connector in Fig. B.2a shows a black layer af-
ter testing indicating signs of degradation. As there is no solid insulation between the
two pins and the shielding corona discharges can be expected, which is confirmed by
the PD patterns. The PDs occurring just after the zero crossings are likely caused by
surface discharges or by electrical treeing.

Despite the measured corona phenomena and degradation of the fixed insulation,
these mating connectors with twisted cables are PD free at the intended operation
voltage. Furthermore, the results show that the voids around the mating surfaces are
dominant for the connector performance. To enhance connector performance up to a
few kilovolts of within the limited size will be a challenge for a twisted pair cable.

Figure B.5: Screenshot of the measured PD activity at 10 kPa over a period of
1 s (20 cycles) around PDIV from the Omicron software. Top: the green line rep-
resents the selected voltage amplitude over a single period, the blue dots display
the amplitude of the individual detected PDs as function of phase (PRPD); Bot-
tom: the red (ramped) line represent the rms voltage as function of record time,
the black vertical line indicated the selected time.
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Nomenclature

ANOVA Analysis of Variance

DUT Device Under Test

EMC Electromagnetic Compatibility

EUV Extreme Ultra Violet

HSD (Tukey’s) Honest Significant Difference (test)

PD Partial Discharge

PDIV Partial Discharge Inception Voltage

PEEK Polyether ether ketone

PRPD Phase Resolved Partial Discharge (pattern)

PSA Pulse Sequence Analysis

SPC Scaled Paschen Curve

119





Bibliography

[1] I. M. Ross, “The invention of the transistor,” Proceedings of the IEEE, vol. 86, no. 1,
pp. 7–28, 1998.

[2] W. F. Brinkman, D. E. Haggan, and W. W. Troutman, “A history of the invention of
the transistor and where it will lead us,” IEEE Journal of Solid-State Circuits, vol. 32,
no. 12, pp. 1858–1865, 1997.

[3] G. E. Moore, “Cramming more components onto integrated circuits,” Proceedings of the
IEEE, vol. 86, no. 1, pp. 82–85, 1998.

[4] K. Flamm, “Measuring moore’s law: Evidence from price, cost, and quality indexes,”
Working Paper 24553, National Bureau of Economic Research, 2018.

[5] H. Butler, “Position control in lithographic equipment [applications of control],” IEEE
Control Systems, vol. 31, no. 5, pp. 28–47, 2011.

[6] The Economist - Technology Quarterly, “After moore’s law.”
https://www.economist.com/technology-quarterly/2016-03-12/after-moores-law, Feb
2016. accessed: 8th Jun 2018.

[7] E. Sili, J. P. Cambronne, N. Naude, and R. Khazaka, “Polyimide lifetime under partial
discharge aging: effects of temperature, pressure and humidity,” IEEE Transactions on
Dielectrics and Electrical Insulation, vol. 20, pp. 435–442, Apr 2013.

[8] I. Mladenovic and C. Weindl, “Artificial aging and diagnostic measurements on medium-
voltage, paper-insulated, lead-covered cables,” IEEE Electrical Insulation Magazine,
vol. 28, pp. 20–26, Jan 2012.

[9] T. Liu, Q. Li, X. Huang, Y. Lu, M. Asif, and Z. Wang, “Partial discharge behavior and
ground insulation life expectancy under different voltage frequencies,” IEEE Transactions
on Dielectrics and Electrical Insulation, vol. 25, pp. 603–613, Apr 2018.

[10] F. Guastavino and P. Tiemblo, “Models for life prediction in surface pd on polymer
films,” IEEE Transactions on Dielectrics and Electrical Insulation, vol. 4, pp. 189–196,
Apr 1997.

[11] A. J. Shields and I. J. Kemp, “Degradation and breakdown of mica under partial discharge
stressing,” IEE Proceedings - Science, Measurement and Technology, vol. 147, pp. 105–
109, May 2000.
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[72] B. Zazoum, E. David, and A. D. A Ngô, “Ldpe/hdpe/clay nanocomposites: Effects
of compatibilizer on the structure and dielectric response,” Journal of Nanotechnology,
vol. 2013, p. 10, 2013.

125



BIBLIOGRAPHY

[73] E. Sili, F. Koliatene, and J. P. Cambronne, “Pressure and temperature effects on the
paschen curve,” in 2011 Annual Report Conference on Electrical Insulation and Dielectric
Phenomena, pp. 464–467, Oct 2011.

[74] A. Bogaerts and R. Gijbels, “Modeling of metastable argon atoms in a direct-current
glow discharge,” Phys. Rev. A, vol. 52, pp. 3743–3751, Nov 1995.

[75] A. Sobota, F. Manders, E. M. van Veldhuizen, J. van Dijk, and M. Haverlag, “The role
of metastables in the formation of an argon discharge in a two-pin geometry,” IEEE
Transactions on Plasma Science, vol. 38, pp. 2289–2299, Sep 2010.

[76] N. Ueno and K. Sugeta, “Secondary electron emission spectroscopy of solid and liquid
high-density polyethylene,” Solid State Communications, vol. 34, no. 5, pp. 355–358,
1980.

[77] N. Ueno, K. Seki, K. Sugita, and H. Inokuchi, “Nature of the temperature dependence
of conduction bands in polyethylene,” Phys. Rev. B, vol. 43, pp. 2384–2390, Jan 1991.

[78] W. Lichten, “Lifetime measurements of metastable states in molecular nitrogen,” The
Journal of Chemical Physics, vol. 26, no. 2, pp. 306–313, 1957.

[79] K. S. Krane, Introductory nuclear physics. New York, NY: Wiley, 1988.
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