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Abstract
An investigation of the breakdown of high intensity discharge (HID) lamps filled with xenon at
pressures from 0.1 to 5 bar is presented. Three power supplies were used in order to provide
voltage rates of increase covering about four orders of magnitude from 5 mV ns−1 to
100 V ns−1, the latter being typical for electronic ballasts driving commercial HID lamps.
Customized lamps ensure a volume breakdown between the tungsten tip electrodes of the
lamp. Voltage and current waveforms were measured by means of electrical probes and the
transient optical radiation was captured by a fast camera system. The breakdown voltage
increases with growing pressure and voltage rate up to several 10 kV. Additional UV
illumination decreases the breakdown voltage and reduces its mean variation. The
experimental results were reproduced with good agreement by a fluid model taking into
account the electron energy balance. The model shows an ionization front propagating towards
the cathode. The front moves due to continuous field compression and relies on electron
avalanches initiated by secondary electrons at the cathode.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

High intensity discharge lamps (HID) have found widespread
use in applications requiring high efficacy, high quality colour
rendering, high lumen output from a small active volume and
a long service life. One such application is the automotive
head lamp. An additional demand of this application is the
immediate light output after switching-on. It is met by filling
HID head lamps with metal halides and xenon at pressures
of several bars so that xenon provides the lumen output of
the lamp during its warm-up period [1, 2]. However, the high
pressures in combination with the high voltage rates dU/dt

delivered by commercial electronic ballasts lead to breakdown
voltages of several 10 kV. The aim of this work is to contribute
to the understanding of the basic processes leading to these
high breakdown voltages.

The reduction in the breakdown voltage is one goal of
HID design and can be achieved by several means. Using

4 Author to whom any correspondence should be addressed.

a two-dimensional model, Lay et al [3] demonstrated that
suitably placed extra electrodes facilitate the breakdown
of lamps filled with argon and mercury. Kushner et al
demonstrated in experiments [4] and by modelling [5] that
admixtures of xenon can significantly reduce the breakdown
voltage of argon filled HID lamps due to particular ionization
kinetics. Beckers et al [6] reported that ac voltages reduce the
breakdown voltage with respect to those obtained by pulsed
voltages.

Due to the high voltages the electron avalanches in
commercial HID lamps pass the Raether–Meek criterion [7]
and form filamentary, streamer-like ionizing channels. Czichy
et al [8] observed that these channels can originate from the
cathode and the anode, and that they can branch and travel
through the gas volume as well as along the inner wall of the
arc vessel. The authors found that breakdown events with
high and low breakdown voltages are associated with volume
and wall propagating plasma channels, respectively. Sobota
et al [9] found cathode-directed ionizing channels during the
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breakdown of argon and reported that these channels have
higher velocities when propagating along the wall than when
propagating through the gas volume. The propagation velocity
of the ionizing channels was found to increase with decreasing
pressure, increasing dU/dt and decreasing distance to the
cathode.

Fluid models of streamers and ionization waves usually
comprise the Poisson equation, species continuity and
momentum balance equations. Non-local effects can be
treated by including the electron energy balance equation
[5, 10–12] or, alternatively, by using particle-in-cell models as
applied to streamers in [13]. For high momentum dissipation
frequencies the electron momentum balance in fluid models
can be replaced by the drift–diffusion approximation. For
high energy dissipation rates the electrons reach a quasi steady
state in which their energy distribution function is only a
function of the local electric field. In this case, the so-
called local field approximation, the electron energy balance
is omitted and the electron transport and rate coefficients
are evaluated as functions of the local electric field. A
comparison of different numerical approaches to models using
both these approximations when applied to streamers was
presented by Ducasse et al [14]. A detailed analysis of a
fluid model of streamers with constant transport parameters
was given by Ebert et al [15]. More advanced models
include photoionization in order to investigate its influence
on propagation speed and branching behaviour [16–21] or
detailed reaction schemes in order to estimate reactive species
densities [22, 23]. Due to their environmental relevance many
investigations were performed on streamers in air propagating
in the upper atmosphere [24, 25] or at ambient pressure as in
e.g. [26, 27].

The current investigation focuses on the volume
breakdown of HID lamps filled with pure xenon. In particular,
the dependence of the breakdown voltage on pressure, voltage
rate and additional UV radiation has been investigated. The
experiments cover pressures from 0.1 to 5 bar and voltage
rates from 5 mV ns−1 to 100 V ns−1. Specially designed model
lamps exclude a wall-assisted breakdown in the experiments
so that the experimental results can clearly be attributed to a
volume breakdown in contrast to the experiments presented
by Beckers [6] and Czichy [8] where both types of breakdown
occur. The experimental results are compared with results of
model calculations. The fluid model of the plasma consists of
the coupled solution of the system of continuity equations of
the relevant species, the electron energy balance, the Poisson
equation and the electrical circuit equation. The particle and
energy balance equations have been solved in time and one
spatial dimension by means of a modern numerical scheme
[28, 29]. In the following, the experimental set-up and the main
features of the model are described at first and then modelling
and experimental results are discussed.

2. Experiment

In conventional HID lamps breakdown is supported by a
starting gas, usually some ten millibar of argon resulting in
a diffuse breakdown through the volume. For HID lamps

Figure 1. Streamer propagation in an automotive lamp along the
walls and in the volume (lamp wall and electrodes are indicated, the
intensities are in false colour).

Figure 2. Quartz model lamp (∅ = 24 mm) with tungsten
electrodes (∅ = 0.5 mm, gap 5 mm).

with higher filling pressures and small discharge volume the
ionizing channels forming during the breakdown are more
constricted and can propagate through the gas volume as well as
along the walls. An example of such a wall-assisted breakdown
of an automotive head lamp filled with xenon (p ≈ 15 bar) is
shown in figure 1.

In order to clearly separate volume and wall-assisted
breakdown in the experiments, special model lamps were
designed and produced by OSRAM. The employed lamps,
depicted in figure 2, consist of a quartz tube with an inner
diameter of 24 mm and a length of 30 mm. They are filled with
xenon in a pressure range between 0.1 and 5 bar where streamer
breakdown appears. The upper limit of the pressure range was
given by safety concerns. The lamps have prolonged tungsten
electrodes with a length of 14 mm, a diameter of 0.5 mm and a
resulting electrode gap d of 5 mm. In a conditioning procedure
the electrodes and the gas filling of the lamps were cleaned
from traces of residual water and oxygen. An example of
the streamer propagation in a model lamp filled with 1 bar
xenon is shown in figure 3. Initial experiments verified that in
the chosen lamp design, a wall-assisted breakdown does not
occur. Images taken simultaneously from the top and from the
front side of the lamps showed that the streamer has no contact
with the walls during breakdown so that volume breakdown is
guaranteed.

The experimental set-up is shown in figure 4. The lamps
were placed in a special mount and connected to the power
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Figure 3. Streamer propagation in the volume in the model lamp
with 1 bar Xe, anode (A) on the left and cathode (C) on the
right-hand side (the intensities are in false colour).

Figure 4. Schematic view of the experimental set-up.

supply. Several power supplies with constant or variable
voltage rises were used. For a slow increase an HV capacitor
charging power supply (HCK800M-20000, FUG) was used
in current limited loading mode charging a capacitor of 10 nF
allowing finally rise times down to 0.6 V µs−1. The breakdown
process itself is some orders of magnitude faster in the range
of nano seconds.

A medium voltage rise of 0.4 V ns−1 was produced by an
automotive induction coil (KW12V, Bosch). In this case a
capacitor of 2 µF was discharged over a part of the induction
coil by opening a semiconductor switch creating a high voltage
pulse at the end. The fastest rise times of 100 V ns−1 were
generated by applying the voltage of a charged capacitor of
1 nF to the lamps with the help of a fast high voltage transistor
switch (HTS 331-03-LC, Behlke). Equally fast pulses were
obtained using an electronic igniter for automotive head lamps
(EVG/AM, OSRAM). In all measurements a positive voltage
pulse was applied to the powered electrode of the lamps while
the second electrode was grounded. Voltage and electrical
current were measured by means of fast probes (P6015A,
Tektronix, and models 2877 and 2878, Pearson Electronics)
and recorded with 500 MHz resolution by a 5 GS s−1 real time
oscilloscope (TDS 7054, Tektronix).

The spatiotemporal development of the electrical
breakdown was observed in the visible spectral range by
high speed photography using a framing camera (Imacon468,
Headland Photonics). The lamps were imaged to the camera
by a special optics. A beam splitter inside the camera spreads

Figure 5. The principle of the measurement is shown for a 3 bar
lamp at a voltage rise dU/dt of 100 V ns−1. The breakdown voltage
with additional UV radiation is 19.5 kV. The framing camera took
pictures as marked in the voltage curve, before and during
breakdown.

the light onto four separately intensified CCDs. In this
way four independent pictures with high spatial resolution
could be recorded allowing exposure times down to 10 ns and
programmable delays without any external synchronization of
the four CCDs necessary.

A second camera allowing exposure times of 2 ns (iStar,
Andor) was used additionally to get an extra picture with
smaller exposure time that could be delayed to the other ones.
This was useful because the streamer velocity is very high as
the calculations show and the propagation time between the
electrodes in the lamps is in the nanosecond range.

The power supplies, the cameras and the oscilloscope were
synchronized by use of an additional pulse and delay generator
(DG535, SI). The delay generator is used to compensate the
signal propagation velocities in the cables and gives the initial
trigger starting the measurements. For high voltage rises the
pre-trigger delivered by the electronic power supply is used as
initial trigger.

A low pressure mercury lamp (HNS12, OSRAM) was
used to illuminate the model lamps with UV radiation in
order to investigate its influence on the breakdown voltage.
In most cases it was used as background illumination. In some
experiments the UV radiation was focused with a spot size of
1 mm2 to various parts of the lamp to investigate the spatial
dependence of the radiation on breakdown.

The principle of the measurement is shown in figure 5.
At the beginning of the breakdown the resistance in the lamp
decreases rapidly and current starts to flow leading in turn to a
drop in the applied voltage. The maximum voltage was taken
as breakdown voltage Ub. The voltage rise dU/dt shown in
figure 5 was 100 V ns−1, and the resulting breakdown voltage
was 19.5 kV. The framing camera took pictures before and
during breakdown as marked in the voltage curve.

An investigation with varied delay time between
measurements showed that the conditioning of the gas by the
preceding breakdown can have a significant influence on the
streamer behaviour. Choosing a pause of 20 s between every
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voltage pulse rules out an influence of the repetition rate on the
measurements presented below.

Multiple electrical and optical measurements allowed a
statistical assessment of the breakdown process. The mean
value and the standard deviation of the electrical measurements
were calculated from 50 shots of 3 to 5 lamps for each xenon
pressure. The combination of electrical values and streamer
snap shots gave a general view of the breakdown process.

3. Description of the model

The plasma during the breakdown is strongly out of
equilibrium so that the mean electron energy can reach several
electron volts while the temperature of ions and neutrals
stays around room temperature. The reaction kinetics of
the excited states of xenon induced by electron and heavy
particle collisions and the formation of excimer molecules
has been investigated in e.g. [30–32]. As the focus of this
investigation is on the dependence of the breakdown voltage
on the circuit parameters, a strongly reduced set of collisional
processes is used in this model. In particular, the ionization
of excited atomic states and excimer molecules by electron
impact and chemi-ionization have not been taken into account.
The plasma is described by a time-dependent, spatially one-
dimensional fluid model consisting of Poisson’s equation,
continuity equations for electrons (e), xenon atomic ions (Xe+)
and molecular ions (Xe+

2) and the energy balance for the
electrons. The spatial inhomogeneity is assumed in the x-
direction. The transport parameters of the electrons and the
rates for collisions involving electrons have been evaluated
as functions of the local mean electron energy. The drift–
diffusion approximation is used to describe the energy flux of
the electron gas and the particle fluxes. Similar models have
been applied in e.g. [10, 33–37].

The equation system employed reads

ε0∇2φ = e (ne − ni − nm) , (1)

∂

∂t
ne + ∇ �e = neNkio − nenik

hv − ne
2niβ

3e − nenmkdr,

(2)
∂

∂t
ni + ∇ �i = neNkio − nenik

hv − ne
2niβ

3e − N2niβ
cv,

(3)
∂

∂t
nm + ∇ �m = N2niβ

cv − nenmkdr, (4)

∂

∂t
ue + ∇ �u = −�eE − neN

(
P el + uiokio + uexkex

)
. (5)

Here, ε0 is the permittivity of free space, e is the elementary
charge, ∇ = ∂/∂x, N is the ground state density, φ is the
potential with the electric field E = −∇φ and ns and �s

are the densities and fluxes of electrons, atomic ions and
molecular ions with index s = e, i and m, respectively.
The quantities kio, kex, khv, kdr, β3e, βcv and P el are the
coefficients for ionization and total excitation of xenon in its
ground state by electron impact, the coefficients for radiative
recombination of Xe+, dissociative recombination of Xe+

2,
di-electronic recombination of Xe+, conversion of Xe+ to Xe+

2

Table 1. Reactions and reaction rates: Te is the electron temperature
in eV.

Reaction Coefficient Source

Xe + e → Xe + e P el a

Xe + e → Xe∗ + e kex a

Xe + e → Xe+ + 2 e kio a

Xe+ + e → Xe + hν khv = 2.7 × 10−19 m3 s−1T −3/4
e

b

Xe+ + 2 e → Xe + e β3e = 8.6 × 10−39 m6 s−1T −9/2
e

b

Xe+ + 2 Xe → Xe+
2 + Xe βcv = 3.6 × 10−43 m6 s−1 b

Xe+
2 + e → Xe + Xe kdr = 1.6 × 10−14 m3 s−1T −1/2

e
b

a Rate calculated from the solution of the Boltzmann equation.
b Data from [7].

and the elastic energy loss of the electrons, respectively. The
quantity uio = 12.123 eV is the ionization energy of xenon
and uex = 8.315 eV is the energy loss in electron excitation
processes. Table 1 summarizes the collisional processes
included in this model.

In the applied drift–diffusion approximation the particle
fluxes read

�s = −sgn(zs) bsns∇φ − Ds∇ns, (6)

where zs , bs and Ds are the charge number, the mobility and the
diffusion coefficient of species s. For the ions the mobilities
bs = bs0 × (273.15 K/T ) × (1 atm/p) with bs0 = 0.5 × 10−4

and 0.75 × 10−4 m2 (V−1s−1) for Xe+ and Xe+
2, respectively,

have been used [38]. The diffusion coefficients are estimated
by the Einstein relation Ds = bskT /e with the Boltzmann
constant k and a gas temperature T of 300 K.

The flux of the energy density is approximated by

�u = buue∇φ − Du∇ue, (7)

where bu = b∗
une/ue and Du = D∗

une/ue. Here, b∗
u and D∗

u are
mobility and the diffusion coefficient of the electron energy
transport.

Figure 6 shows the rate coefficients kio and kex, the
transport coefficients be, De, b∗

u, D∗
u and the elastic loss

term P el used in this model. They were determined by
solving the spatially homogeneous, steady-state Boltzmann
equation of the electrons using a modified version of the
multi-term solution technique [39] adapted to account for non-
conservative electron collision processes [40]. The method
determines the rate and transport coefficients and the mean
electron energy um = ue/ne as functions of the reduced field
strength E/N . In the mean energy approximation used in
this model the coefficients are then evaluated at the local,
time-dependent value um(x, t) of the mean electron energy.
The momentum transfer cross-section in elastic collisions
and the ionization cross-section of xenon ground state atoms
by electron impact were taken from Hayashi [41] and Rapp
and Englander–Golden [42], respectively. The employed
total electron impact excitation cross-section [43] represents
excitation of the xenon ground state into any excited state Xe∗.

In order to solve the coupled system of equations (1)–(5)
appropriate boundary conditions at the spatial margins have to
be employed. At the cathode (x = 0) the boundary conditions
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Figure 6. Electric field E, electron energy losses due to elastic
collisions P el, excitation uexkex and ionization uiokio (a), and
mobilities be, b∗

u , and diffusion coefficients De, D∗
u of the electron

particle and energy transport, respectively, as a function of the mean
electron energy um.

Figure 7. Equivalent circuit with applied voltage U0 = 30 kV,
external resistor R and stray capacity C = 1 × 10−11 F. The
electrode distance in the lamp is d = 5 × 10−3 m and the
cross-section A = 1 × 10−4 m2.

φ = 0, ∇ni = ∇nm = 0, um = 2 eV and the secondary
emission of electrons by ion impact in the form

bene∇φ = γ�i + γ�m (8)

with γ = 0.06 have been used.
At the anode (x = d) the conditions ni = nm = 0 and

∇ne = ∇ue = 0 have been applied. The boundary condition
for the potential φ(d, t) has been obtained from the equation
of the electrical circuit. The equivalent circuit representing the
coupling to lamp and power supply is depicted in figure 7. The

circuit equation reads

U0 = RCU̇(t) + U(t) + RI (t), (9)

where U0 and R are the voltage and the internal resistance of
the power supply being considered as an ideal voltage source,
U and I are the voltage across and the total current through the
lamp and C is the stray capacity. The condition U(t) = φ(d, t)

in combination with the total current

I = ε0A
∂

∂t

∂

∂x
φ − eA

(
�i + �m − �e

)
(10)

leads to the boundary condition

U0

RC
= ∂

∂t
φ(d, t) +

1

RC
φ(d, t) + ε0

A

C

∂

∂t

∂

∂x
φ(d, t)

− e
A

C

[
�i(d, t) + �m(d, t) − �e(d, t)

]
. (11)

Here A is the effective, electron collecting cross-section of
the lamp electrodes. Without charge carriers in the lamp the
voltage U develops according to

U(t) = U0
[
1 − e−t/(RC0)

]
, (12)

where C0 = C + Clamp and Clamp = ε0A/d is the vacuum
capacity of the lamp. The time derivative of U at t = 0, i.e.

dU/dt = U̇ (0) = U0/(RC0), (13)

is used as a parameter for comparing model and experimental
results.

Using the drift–diffusion approximations (6) and (7), the
system of equations (1)–(5) can be expressed by the variables
φ, ne, ni, nm and ue. The continuity and energy balance
equations are solved using the cubic interpolated propagation
scheme (CIP) given by Yabe and Aoki [28, 29]. The CIP
scheme treats differential equations

∂f/∂t + v(f, t)(∂f/∂x) = G(f, t) (14)

for quantities f with advection velocity v and inhomogeneous
term G by splitting each time step into a non-advective and an
advective part. The equations for f and f ′ = ∂f/∂x read

∂f/∂t = G, (15)

∂f ′/∂t = ∂G/∂x − f ′∂v/∂x (16)

in the non-advective step and

∂f/∂t + v(∂f/∂x) = 0, (17)

∂f ′/∂t + v(∂f ′/∂x) = 0 (18)

in the advective step. Equations (2)–(5) are transformed
into form (14) by setting v = −sgn(zs) bs∇φ and bune,
respectively, and by introducing G as the sum of the
corresponding source terms and of sgn(zs)∇(bs∇φ)ns +
∇(Ds∇ns) and −∇(bu∇φ)ue + ∇(Du∇ue) for the particle
densities and the energy density, respectively.

In a time step from t = tn to t = tn+1 the non-advective
step for f = (ne, ni, nm, ue) is treated by first solving (15) by
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the Crank–Nicolson scheme [44] giving values, say, f ∗. Here,
the source terms, transport and rate coefficients are evaluated
at time tn while the products (∇2φ)ns are linearized. The
potential φ∗ is determined by solving the Poisson equation
in parallel to the electron energy balance and the continuity
equations. After (15) is solved, f ′∗ is calculated by applying
the finite difference approximation of (16):

f ′∗
i − f ′n

i

	t
= f ∗

i+1 − f ∗
i−1 − f n

i+1 + f n
i+1

(xi+1 − xi−1)	t
− f ′n

i

vn
i+1 − vn

i−1

xi+1 − xi−1
.

(19)

Here, 	t = tn+1 − tn is the time step and xi the position of the
ith grid point. In equation (19) all quantities except for f ′∗

i are
known at this point of time.

Secondly, the advective step is solved by shifting f ∗

and f ′∗ spatially according to f n+1
i = f ∗(xi − v	t, t∗) and

f
′(n+1)
i = f ′∗(xi −v	t, t∗). For values xi −v	t between grid

points the cubic interpolation function

Fi(x) = [
(aiX + bi)X + f ′∗

i

]
X + f ∗

i (20)

and its spatial derivative

F ′
i (x) = (3aiX + 2bi) X + f ′∗

i (21)

with

ai = 2(f ∗
i − f ∗

i+1)

(xi+1 − xi)3
+

f ′∗
i + f ′∗

i+1

(xi+1 − xi)2
, (22)

bi = 3(f ∗
i+1 − f ∗

i )

(xi+1 − xi)2
− 2f ′∗

i + f ′∗
i+1

(xi+1 − xi)
(23)

and X = x − xi are used for f ∗ and f ′∗, respectively.
The equation system is solved on a fixed, inhomogeneous

grid with increasing resolution towards the cathode so that
(xi+2−xi+1)/(xi+1−xi) = 1.01. The time step is chosen so that
the Courant–Lewy–Friedrichs criterion |vs	t/(xi+1 − xi)| <

0.5 is fulfilled for the energy density and all particle densities
in all grid cells.

4. Results and discussion

The measurements were performed in a xenon pressure range
between 0.1 and 5 bar. The applied voltage increase in the
outer circuit dU/dt was varied between slow (5 mV ns−1) and
fast (100 V ns−1) voltage rises.

The high speed photography showed that for all lamps
and pressures a volume breakdown occurs. Short time
records using the framing camera suggest that for pressures
above 0.5 bar only streamers arise. Their size and temporal
development was investigated. To get a better understanding
of the basic processes the model described above was applied
to the experimental conditions. In this section model solutions
are discussed in detail and compared with the corresponding
experimental results.

4.1. Model results

For comparison between model and experiment appropriate
values for the stray capacity C and the effective surface A of
the lamp have to be chosen. The stray capacity of the wiring in
the experimental set-up can be estimated by the capacity of a
Lecher line with wire diameter d of 2 mm, wire separation a of
5 mm and a length of 1 m giving CLecher = πε0/acosh(a/d) =
1.8 × 10−11 F. On this basis, C = 1 × 10−11 F is chosen as
model stray capacitance.

The lamp surface A has to be between the electrode
cross-section 2 × 10−7 m2 and the inner lamp cross-section
4.5 × 10−4 m2. Approximating the electrode geometry by two
spheres with radius r = 0.25 mm and separation d = 5 mm
gives a capacity C = 2πε0r(r + d)/d of 1.5 × 10−14 F.
A parallel-plate capacitor with identical capacity and plate
separation has a surface of 8.3 × 10−6 m2. Here, A =
1×10−4 m2 is chosen leading to Clamp = 1.8×10−13 F. Model
calculations were also done for A = 10−6 and 10−4 m2 giving
qualitatively identical results as discussed below.

Homogeneous initial particle and energy densities were
chosen with ne = 1×108 m−3, ni = 1×1012 m−3, nm = 0 and
ue = 2 eV×ne. Following the equation for secondary electron
emission the electron density at the cathode assumes a value
approximately four orders of magnitude below ni immediately
after the start of the model. Consequently, for initial density
profiles with ne = ni, a strong electron density gradient forms
near the cathode. In order to avoid numerical instabilities
associated with this gradient an initial electron density close
to the value γ (bini + bmnm)/be given by the equation for
secondary electron emission was chosen.

Setting U0 = 30 kV in the model ensures breakdown even
at a pressure of 5 bar. R is chosen according to (13) so that the
intended initial voltage rate dU/dt is achieved.

Figures 8–11 show the results for the case p = 1 bar and
dU/dt = 100 V ns−1 which is chosen as reference case. First,
the results for this case are discussed in detail, and then the
influence of p and dU/dt on the breakdown is investigated.

The general behaviour of the potential and the electron
density is similar to that reported in e.g. [5, 30]. It can be
divided into three phases: First, an electron avalanche phase
where the space charge density does not influence the potential;
second, the propagation of an ionization front, and third, the
formation of a cathode sheath. During the avalanche phase, the
electrons drift towards the anode and ionize the background
gas so that electron and ion densities increase with time and
distance from the cathode. Ions accumulate due to their small
transport coefficients and corresponding small velocities. For
the reference case the avalanche phase ends after about 132 ns
when the positive space charge imposes a curvature on the
potential via Poisson’s equation and initiates an ionization
front.

Figure 8 shows voltage U , circuit current I and the
contributions to I due to electrons Ie = eA�e and due to the
displacement current Idis = −ε0A∂E/∂t at the anode and the
velocity v of the ionization front as functions of time. During
the avalanche phase the circuit current I is carried mainly by the
displacement current. With the onset of field compression Idis

changes its sign, and the electron current Ie after having gone
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Figure 8. Model results: waveforms of the lamp voltage U , total
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anode and velocity v of the space charge maximum for p = 1 bar,
dU/dt = 100 V ns−1.

through an exponential increase in the avalanche phase starts
to form a plateau. The voltage maximum of 11 kV is reached at
around 142 ns. Due to the electric field remaining on the anode
side of the ionization front, the electron density increases even
after the voltage maximum is passed. The increase in ne in
combination with the decrease in the electric field causes Ie to
reach a maximum of 11.1 A at 148 ns. This maximum current
is of the same order as the experimentally obtained maximum
current.

The behaviour of the electric field and the electron density
during the propagation of the ionization front is illustrated in
figure 9. The positive space charge in the ionization front leads
to field compression, that is an increase in |E| on the cathode
side of the front and a decrease in |E| on its anode side. The
increase in |E| between the cathode and the front enhances the
local ionization rate so that the point where the space charge
influences the potential moves closer to the cathode leading
to a further increase in |E|. This mechanism leads to the
propagation of the front towards the cathode.

The decrease in the electric field strength on the anode side
of the ionization front turns the gradient of the electron flux
negative so that the space charge density first starts to decrease
and then becomes negative at x ≈ 3 mm and t ≈ 142 ns. The
region with negative space charge forming around this point
and its cathode side boundary correspond to the region with
negative ∇E and to the maximum of E, respectively. The
negative space charge also causes |E| to increase at the anode
so that Idis at the anode is positive for times between 141 and
145 ns (cf figure 8).

In a one-dimensional plasma model the total current
density is spatially constant. Figure 10 shows the current
conservation for t = 143 ns. The change in the relevance of
displacement and particle currents at the anode with respect to
time depicted in figure 8 can be found in figure 10 with respect
to space. Between the cathode and the ionization front the total
current is carried by the displacement current Idis. In the region
between 0.8 and 2.0 mm, where the electric field decreases
with time, Idis is negative. Near the anode Idis is again positive
corresponding to the observed intermediate increase in |E|.
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2 ions, respectively, displacement current Idis and
total current I at t = 143 ns for p = 1 bar, dU/dt = 100 V ns−1. Idis

is negative in the interval from 0.8 to 2.0 mm and positive otherwise.

For x � 0.2 mm the ion currents Ii = eA�i and Im = eA�m

are typically two to three orders of magnitude smaller than Ie.
In the ionization front Ii exceeds Im because the ionization rate
is larger than the conversion rate here. The secondary electron
emission at the cathode is mainly driven by Xe+

2 ions. These
ions were created from Xe+ ions by conversion reactions in
three-body collisions.
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Figure 11 shows the energy loss channels and the net
heating acting in the electron energy balance equation and
the mean electron energy um at t = 143 ns. It is found
that except close to the cathode the energy balance is fulfilled
by a local balance of ohmic heating and collisional losses.
Heating and losses differ by less than 10% and 2% on the
cathode and the anode side of the ionization front, respectively.
The electron gas is heated everywhere except in the region
between 1.3 and 1.8 mm where it is cooled. In general the
contributions of ionization, excitation and elastic losses to
the total energy loss are functions of the local mean electron
energy um. For t = 143 ns the mean electron energy exceeds
2.6 eV at each position so that excitation is the dominant loss
channel representing more than 78% of the total energy loss.
As um exceeds 3.5 eV everywhere in the plasma at 143 ns the
remaining losses are caused by ionization (cf figure 6(a)).

For times t < 143 ns the inertia terms of the energy
balance equation represent less than 10% of the ohmic heating.
This indicates that the electrons are well in equilibrium with the
local electric field. A corresponding observation is the small
relaxation length of um near the cathode. After starting with
2 eV at the cathode, um needs approximately only 5 × 10−6 m
to relax to the value um(E/N) given by the solution of the
homogeneous Boltzmann equation for the electrons. Thus the
local field approximation may be applied in the early phase of
the propagation of the ionization front. However, at later times
the inertia terms of the energy balance are important both on
the cathode side of the ionization front and in the bulk plasma.
As long as the inertia terms of the energy balance equation are
small with respect to the heating term, the mean electron energy
um closely follows the value um(E/N) shown in figure 6(a).

In order to test the influence of the initial densities on the
model results, calculations with ne = 1×106 and 1×107 m−3,
ni = 104 ne for the reference case were performed. The results
were qualitatively identical to those with ne = 1 × 108 m−3.
Decreasing ne from 1×108 to 1×106 m−3 led to a delay of the
breakdown by 7 ns, an increase in Ub by approximately 400 V,
a shift of the ionization front 0.2 × 10−3 m towards the anode
and an increase in the current maximum by 18%.
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Figure 12. Model results: circuit currents I at breakdown voltages
Ub for constant voltage increase dU/dt = 100 V ns−1 (��) and
constant pressure p = 1 bar ( ). The pressures for constant dU/dt
are 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 1, 2, 3, 4 and 5 bar.

As the ion density at the time of formation of the ionization
front exceeds the initial ion density by several orders of
magnitude, the value of ni in the volume was expected to
have only a small influence on the model results. This was
tested by a model calculation with a box-shaped initial ion
density profile ni = 1 × 1012 m−3 for x � 0.2 × 10−3 m and
ni = ne = 1 × 108 m−3 else. The results were found to be
identical to those of the reference case.

The influence of the surface A was investigated by
performing model calculations with A = 10−5 and 10−6 m2.
The results were similar to those of the reference case. The
reduction in A from 1 × 10−4 to 1 × 10−6 m2 led to a delay of
the breakdown by 7 ns and an increase in Ub by approximately
500 V. Consequently, the chosen circuit parameters and initial
conditions represent an appropriate choice.

The following paragraphs consider the dependence of
the breakdown voltage Ub on the voltage rise dU/dt and on
pressure p. Figure 12 shows the circuit current at breakdown
as a function of Ub for pressures from 0.1 to 5 bar at constant
rise time dU/dt = 100 V ns−1 and for rise times from 40 to
1000 V ns−1 at constant pressure p = 1 bar. As Ub is the
maximum value of the lamp voltage, and U̇ (t) vanishes at
breakdown, circuit equation (9) leads to

Ub = U0 − RI = U0
[
1 − I

(
C0dU/dt

)−1]
. (24)

Relation (13) has been used to obtain the right-hand side of
(24). Thus, for constant voltage rate dU/dt , I is a linear
function of Ub. According to (24) the maximum possible
current at breakdown for dU/dt = 100 V ns−1 is Ib,max =
C0(dU/dt) = 1.02 A. For given dU/dt , Ib,max is determined
by the choice of the stray capacity C. The model results shown
in figure 12 fulfil (24) and show that high currents I are reached
at low Ub and low pressures.

The model results for constant pressure show an
increase in the breakdown voltage Ub with increasing dU/dt .
According to (24) the breakdown voltage would stay constant
if the current I at breakdown rose by the same factor as
dU/dt . Figure 12 shows that I increases with growing dU/dt ,
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however, not enough to hold Ub constant. Increasing dU/dt

from e.g. 100 to 1000 V ns−1 gives a rise of I by a factor of
only 6.7. Even though the displacement current contributes
to the total current at the anode, one may understand this
behaviour considering the electron density. The electron
density on the anode side of the ionization front follows
ne(t) = ne0 exp[N

∫ t

0 kio(t ′)dt ′]. When dU/dt is increased, U
reaches its former breakdown value Ub in a shorter period of
time, so that ne cannot attain its former value and the current
is yet too small to cause the breakdown. Consequently, U

surpasses the former Ub, so that Ub increases with growing
dU/dt .

Figure 13 shows the velocity of the space charge maximum
versus its distance to the cathode x for various pressures and
voltage rises. The model results show an acceleration of the
front at large distances and a decrease in the front speed in the
vicinity of the cathode. As shown in figure 8 the front velocity
increases before and sinks after the lamp voltage has reached
its maximum, respectively. The maximum velocities are in the
range from 2×105 to 2×106 m s−1. They are of the same order
as those reported by Beckers et al [6] and Sobota et al [9]. In
agreement with these authors the front velocity increases with
increasing voltage rise dU/dt and decreasing pressure p. An
initial acceleration of the front towards the cathode was also
obtained by Sobota et al [9] in measurements of the velocity
of streamers along a dielectric surface.

In model calculations employing a smaller stray capacity
C of 10−13 F the buildup of negative space charge on the anode
side of the ionization front led to the formation of a region
with a reversed, positive electric field. The reversal of the
electric field is a known phenomenon in low pressure dc glow
discharges and was investigated by experiments in e.g. [45] and
by numerical modelling in e.g. [46]. However, a region with
negative space charge and a field reversal was not observed
in the two-dimensional simulations of the breakdown of HID
lamps reported in [3, 5]. The appearance of a negative space
charge region for particular choices of the circuit parameters
may be due to the absence of the radial electron flux in
this model while it is naturally included in two-dimensional
models. Using ne = 1017 m−3, E = −1.5 MV m−1, and
r = 0.25 × 10−3 m as radius of the plasma channel one may
estimate a radial electron flux Dene/r of 4 ×1019 m−2 s−1 and
an axial electron flux−beneE of 4×1021 m−2 s−1. Considering
the high aspect ratio of the plasma channel in the experiment the
radial electron flux may contribute significantly to the electron
continuity equation.

It can be concluded that the model can well describe the
breakdown of the lamp voltage and the early phase of the
propagation of the ionization front. A quantitative model of
the further temporal development of the breakdown and the
transition to a thermionic arc requires the consideration of
radial losses and ionization from excited and molecular states.

4.2. Experimental results and comparison with model
calculations

The measurements show that for all lamps with pressures
between 0.1 and 5 bar a volume breakdown occurs. Short
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Figure 13. Model results: velocity of the ionization front v versus
the position x of the space charge maximum for voltage rises of
10 V s−1 at 1 bar (----), 100 V s−1 at 0.2, 1 and 5 bar (——), and
1000 V ns−1 (– – –) at 1 bar.

time records taken by the framing camera suggest that a
diffuse breakdown does not occur for pressures above 0.5 bar.
Instead only streamers arise then. The streamers show strong
branching at the anode side of the lamp (see figure 3). Their
spatial structure seems to be independent of the xenon pressure.

In lamps with xenon pressures from 1 to 5 bar a dark
region in front of the cathode was observable. Its spatial
extension remained constant during the temporal development
of the breakdown. This behaviour was found for both slow
(dU/dt = 0.4 V ns−1) and fast (dU/dt = 100 V ns−1) voltage
rises. The dark area in front of the cathode decreased its size
with rising pressure and additional UV radiation.

While the UV radiation has no visible influence on the
streamer shape at higher pressures it changes the diffuse
breakdown channel observed for pressures up to 0.3 bar into
a constricted one. This behaviour is shown in figure 14. A
similar constriction for ac ignitions with high frequencies was
reported by Beckers et al [6]. While in the experiments of
Beckers et al this transition may be due to residual electrons
it is caused by photoelectrons emitted by the electrodes in this
study.

In figure 15 the lamp breakdown voltage is plotted as a
function of the xenon pressure for values from 0.1 to 5 bar and a
voltage rise time of dU/dt = 100 V ns−1. The results show an
increase in the breakdown voltage with rising xenon pressure.
Theoretical values of the breakdown voltages were taken from
voltage waveforms as shown in figure 8. Experimental and
modelling results show good agreement. The breakdown
voltage increases with growing pressure because a smaller
reduced electric field E/N leads to a smaller mean electron
energy um (figure 6). A reduced mean electron energy leads
in turn to a smaller ionization frequency Nkio so that a current
sufficient to cause the breakdown is reached at later times and
consequently higher voltages.

At pressures below 0.5 bar diffuse breakdown was
found. An overview of experimentally determined breakdown
voltages for a Townsend breakdown of xenon was presented by
Hess [47]. It is known that the Townsend theory for breakdown
is valid for discharges where the product pd of pressure and
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Figure 14. Discharge channel for xenon pressures of 0.1 and 0.3 bar with and without additional UV radiation. UV radiation leads to
constricted discharge channels.

Figure 15. Comparison of model (——) and experimental
breakdown voltages with (◦) and without (•) additional UV
radiation as a function of the xenon pressure for
dU/dt = 100 V ns−1.

electrode gap has values less than 100 Torr cm. For pd

values larger than 400 Torr cm, corresponding to pressures
above approximately 1 bar in the present experiments, the
extrapolated values given in [47] exceed the measured
breakdown voltages even though the results in [47] do not
account for the impedance of the power supply. The reason
for this difference is the occurrence of the streamer breakdown
in this study. In the model the field compression and the
subsequent streamer-like, cathode-directed ionization front are
initiated before the first secondary electrons have crossed the
electrode gap.

Additional UV background radiation reduces the
breakdown voltage of lamps by up to 5 kV as illustrated in
figure 15. For pulsed ignition a similar reduction in the
breakdown voltage was reported by Beckers et al [6]. The
mercury lamp employed here as UV source emits radiation
at a wavelength of 254 nm corresponding to a photon energy
of 4.66 eV. This energy is too small to ionize xenon in its
ground state, but high enough to force the tungsten electrodes
having a work function of 4.55 eV to emit photoelectrons.

Xenon metastable states can also be ionized by the applied
UV radiation; however, xenon metastable states are rapidly
converted to Xe∗

2 molecules in three-body collisions with Xe
as shown in [30]. With an ionization energy of 11.1 eV Xe∗

2
molecules are not liable to photoionization in this experiment.
Experiments with a spatially limited illumination of parts of the
gas volume between the electrodes showed correspondingly no
influence on the breakdown voltage. The observed reduction
in the breakdown voltage is thus due to UV illumination of the
electrodes.

A comparison of experimental and model breakdown
voltages Ub as a function of the voltage rise dU/dt for
p = 1 bar is shown in figure 16. Theoretical values of the
breakdown voltage were taken from voltage waveforms as
shown in figure 8. The breakdown voltage increases with
increasing voltage rise. Figure 16 shows good agreement
between experimental and theoretical results for voltage rises
in the range provided by commercially applied ignition
devices.

Beckers et al [6] investigated breakdown in xenon lamps
for the two pressures 0.3 and 0.7 bar and voltages pulsed at
1000 V ns−1. They found breakdown voltages above those
reported here for both pressures. As the voltage rises at
100 V ns−1 in the present experiments, this difference is in
good agreement with the fact that Ub increases with dU/dt .

5. Conclusions

Breakdown voltages were determined theoretically and
experimentally for streamer breakdown in xenon at high
pressure. The breakdown voltage could be decreased by
additional illumination of the lamp electrodes with UV
radiation. The breakdown voltage increases with increasing
pressure and growing rate of increase in the applied voltage.
Both these findings can be explained by model calculations.
The employed fluid model gives breakdown voltages in
good agreement with the experiments. In the model the
accumulation of positive space charge initiates a cathode-
directed ionization front. Positive feedback of increased
ionization rate and field compression leads to an accelerated
propagation of the ionization front towards the cathode until
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Figure 16. Comparison of model (——) and experimental
breakdown voltages without (•) additional UV radiation as a
function of the voltage rise dU/dt for p = 1 bar.

the lamp voltage U drops due to the increasing circuit current.
While photoionization can play a role in the experiment the
ionization front obtained in the model propagates without it.
However, the front in the model relies on the existence of
ions near the cathode so that secondary electrons can initiate
electron avalanches.
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