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Abstract

Nuclear fusion is a promising technology that could sustainably satisfy the
growing electric energy demand of the world. Magnetic confinement fusion
is one of the ways proposed to build future fusion power plants. In a mag-
netic confinement reactor, nuclear fusion reactions occur in a high-temperature
plasma that is contained by strong magnetic fields. Two magnetic confinement
fusion reactor designs are the tokamak and the stellarator. For the operation
of these devices, it is important to know the conditions at the boundary of the
plasma, where the neutral gas plays an important role in energy dissipation
from the plasma to the reactor walls.

To measure this neutral gas flux, a special type of hot cathode ionization
pressure gauge is used. These so-called ASDEX pressure gauges or manome-
ters, use a beam of accelerated electrons to ionize neutral gas particles. The
ions are then collected, and the ion current is used as a measure of the un-
derlying neutral flux. Irregular jumps in the ion current have been observed
in gauges operated in the tokamak experiment ASDEX Upgrade and the stel-
larator W7-X. These jumps lead to an error in the measurement of neutral gas
pressure. This master thesis studies the nature of the current jumps to provide
an understanding of the parameter range at which they occur, and to explore
their cause. For this purpose, measurements from the gauges installed in the
tokamak ASDEX Upgrade have been studied, and the ion current jumps were
reproduced under laboratory conditions.

Dependence of the ion current jumps with 4 different parameters was found
within this thesis. These parameters are the neutral gas pressure, the electron
current, the potentials of the electrodes of the gauge, and the magnetic field
angle. The occurrence of the current jumps over the parameter space was
explored. As a result, a pressure range of 10−8 – 6.7×10−2 mbar at which the
jumps happen was found. The exploration of the jumps over the parameter
space in the gauge setup revealed that a certain combination of parameters
can minimize the number of jumps. This combination of parameters is: Vfil =
70 V, VCE = 155 V, VAG = 250 V, and Ie = 200 µA.

In order to search for an explanation for the current jumps, the physical
mechanisms inside gauges were studied, and possible physical hypotheses were
considered and experimentally tested. The most promising hypothesis is based
on the effects caused by the two-stream instability. The experimental hint for
this is the detection of electromagnetic waves with frequencies around 300 MHz
which are associated with the ion current jumps. As the frequency does not
scale with magnetic field strength, the one-half-cyclotron-frequency instability
is ruled out. A correlation was found between the detected frequency and
the oscillation frequency of the electrons in the gauge, which supports the
two-stream instability hypothesis.
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Zusammenfassung

Die Kernfusion ist eine vielversprechende Technologie, die den wachsenden
elektrischen Energiebedarf der Welt nachhaltig erfüllen könnte. Die Kernfusion
mit magnetischem Einschluss ist eine der bedeutendsten Möglichkeiten, um
zukünftige Fusionskraftwerke zu bauen. In einem Reaktor mit magnetischem
Einschluss finden Kernfusionsreaktionen in einem Hochtemperaturplasma statt,
das durch starke Magnetfelder eingeschlossen ist. Zwei Designs von Fusion-
sreaktoren mit magnetischem Einschluss sind der Tokamak und der Stellarator.
Für den Betrieb dieser Geräte ist es wichtig, die Bedingungen am Plasmarand
zu kennen. Dort spielt die Neutralegasdichte eine wichtige Rolle bei der En-
ergiedissipation vom Plasma zu den Reaktorwänden.

Um den Neutralgasfluss zu messen, wird ein spezieller Typ von Heißkathoden-
Ionisationsdruckmessern verwendet. Diese so genannten ASDEX-Druckmessgeräte
oder Manometer verwenden einen Strahl beschleunigter Elektronen, um neu-
trale Gasteilchen zu ionisieren. Die gebildeten Ionen werden aufgefangen und
der Ionenstrom wird als Maß für den zugrunde liegenden Neutralteilchenfluss
verwendet. Unregelmäßige Sprünge im Ionenstrom wurden bei Messgeräten
beobachtet, die im Tokamak-Experiment ASDEX Upgrade und im Stellara-
tor W7-X betrieben werden. Diese Sprünge führen zu einem Fehler bei der
Messung des Neutralengasdrucks. In dieser Masterarbeit wird die Natur der
Stromsprünge untersucht, um ein Verständnis für den Parameterbereich, in
dem sie auftreten, zu bekommen und um ihre Ursache zu finden. Zu diesem
Zweck wurden Messungen von den im Tokamak ASDEX Upgrade installierten
Messgeräten untersucht sowie die Ionenstromsprünge wurden unter Laborbe-
dingungen reproduziert.

Die Untersuchungen zeigt eine Abhängigkeit der Ionenstromsprünge von
vier verschiedenen Parametern. Diese Parameter sind der Neutralgasdruck, der
Elektronenstrom, die Potenziale der Elektroden des Manometer Messkopfes
und der Magnetfeldwinkel. Die Untersuchung des Parameterraumes zeigt
einen Druckbereich von 10−8 – 6.7×10−2 mbar, bei dem die Sprünge auftreten.
Ferner ergab sich, dass eine bestimmte Kombination von Parametern die An-
zahl der Sprünge minimieren kann. Diese Kombination von Parametern ist:
Vfil = 70 V, VCE = 155 V, VAG = 250 V, und Ie = 200 µA.

Um eine mögliche Erklärung für die Stromsprünge zu finden, wurden die
physikalischen Mechanismen im Inneren des Messkopfes untersucht. Verschiedene
physikalische Hypothesen wurden daher in Betracht gezogen und experimentell
getestet. Die vielversprechendste Hypothese basiert auf den Effekten, die
durch die Zweistrominstabilität verursacht werden. Der experimentelle Hin-
weis dafür ist die Detektion von elektromagnetischen Wellen mit Frequenzen
um 300 MHz, die mit den Ionenstromsprüngen verbunden sind. Da die Fre-
quenz nicht mit der Magnetfeldstärke skaliert, wird die Ein-Halbe-Zyklotron-
Frequenz-Instabilität ausgeschlossen. Es wurde eine Korrelation zwischen der
detektierten Frequenz und der Oszillationsfrequenz der Elektronen in der Lehre
gefunden, was die Zwei-Strom-Instabilitätshypothese unterstützt.
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Chapter 1

Introduction

1.1 Magnetic confinement fusion

Nuclear fusion could provide sustainable and reliable energy for the future
once the scientific and technological challenges that it poses are solved. The
most promising way of achieving this is a magnetic confinement thermonuclear
fusion reactor [1]. In this kind of reactor, fusion occurs in a plasma at sufficient
temperature and density so that the reaction is self-sustained. For fusion, two
isotopes of hydrogen are used, deuterium and tritium, in the following reaction:

2
1D +3

1 T→4
2 He +1

0 n + 17.6 MeV. (1.1)

High temperatures are needed to overcome the Coulomb barrier between
both nuclei. At temperatures sufficiently high for fusion, matter exists in a
state called plasma. Plasma is a state of matter in which all or a part of the
atoms are ionized. The high-temperature plasma needs to be confined to avoid
direct contact with the walls of the reactor to reduce damage to the walls, and
avoid cooling of the plasma. Since plasma consists of charged particles, this
can be achieved with a magnetic field through the Lorentz force. There are
different field configurations that can be used, such as the tokamak and the
stellarator, which have the potential to become real power plants. Since the
research for this thesis has been done in Garching, where the ASDEX Upgrade
tokamak is operated, I will focus on the tokamak configuration. The topic of
this thesis, however, is also relevant for any other magnetic confinement fusion
devices.

The tokamak is a magnetic confinement reactor design with toroidal geom-
etry that uses coils to produce a toroidal magnetic field. In addition to the
toroidal field, it also uses a poloidal component created by the electric current
of the plasma itself, which is used for the confinement of the plasma. Fig. 1.1
depicts the general structure of the coils and magnetic field of a tokamak.

ITER is a research tokamak that is being built in Cadarache, France, and
aims to achieve a net positive energy production with a fusion reaction [3].
It will be used to research the science and technology necessary to build and

1



2 1. Introduction

Figure 1.1: Simplified schematic of the coils and magnetic field of a tokamak[2].

The sum of the toroidal field and poloidal components created by the plasma current

result in a helical magnetic field. The outer poloidal field coils are used for plasma

control and the transformer coils at the center are used for ohmic heating and

plasma current induction.

operate future fusion reactors. ASDEX Upgrade is another example of a re-
search tokamak which is run by the Max Planck Institute for Plasma Physics
in Garching, Germany, and started functioning in 1991 [4]. While its goal is
not to achieve fusion, it is used to study the plasma physics relevant for the
operation of fusion devices. In order to understand the physical processes that
occur within these machines, the conditions inside need to be measured.

Apart from the plasma parameters like ion or electron temperature and
density, it is also important to know the pressure of neutral gas that is in the
vacuum vessel. The plasma in the core is completely ionized, but between
the confined plasma and the walls, there is a distribution of neutral particles.
This neutral gas can influence the physical processes in the scrape-off layer, the
outer boundary layer of the plasma [5]. It is therefore an important parameter
for the energy transport from the plasma to the first wall of the device, which
endures the heat and particle flux.

This is of special relevance at the divertor. The divertor tiles are the
plasma-facing components that receives the largest particle flux from the plasma.
This is because the outer magneticfiled lines are open and they cross the walls
at this region. The particles that are outside of the outermost closed magnetic
flux surface, the separatrix, are not confined and will flow to the divertor or
the first wall. In Fig. 1.2 we see the poloidal cross-section of the tokamak AS-
DEX Upgrade and the magnetic flux surfaces. At the bottom, we can see the
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Figure 1.2: ASDEX Upgrade poloidal cross-section. Magnetic flux surfaces (red),

separatrix (blue), pressure gauge position (cyan). The lines represent the magnetic

flux surfaces; The divertor is the region below the X-point of the separatrix, where

the magnetic flux surfaces intersect the walls

divertor, which disposes impurities of the plasma and removes the helium pro-
duced from the nuclear reaction. The interaction between the plasma particles
and the neutral gas, and the recombination of plasma particles into neutral
gas are determining factors in the power flux into the divertor [6]. In [7], it
is explained how the neutral pressure at the divertor region sets limits for the
maximum plasma density at the separatrix while operating in H-mode (high
confinement regime). In order for the divertor to sustain the heat load during
H-mode operation, it is necessary to achieve a state of divertor detachment.
In this state, the plasma is not in direct contact with the divertor and there
is a layer of neutral gas between plasma and divertor. The incident plasma
particles with high kinetic energies collide with the neutral gas particles, which
radiates the energy over a larger area. Without this layer of neutrals, the heat
load would be concentrated on the narrow strike point of the separatrix on
the divertor targets. Therefore, a high neutral gas pressure is desirable in the
divertor region. This makes the measurement of the neutral particle pressure
with high temporal and spatial resolution important for the operation of a
tokamak.

1.2 Hot cathode linear ionization gauges

In order to obtain high in-situ spatial and temporal resolution measurement of
the neutral gas pressure, the ASDEX gauge was developed at the Max Planck
Institute for Plasma Physics in Garching, Germany [8]. It is a hot cathode



4 1. Introduction

ionization manometer with linear geometry that can measure the neutral gas
pressure in a wide range of pressures (from 10−6 to 10−1 mbar). An impor-
tant note is that the gauge does not measure the pressure directly, but the
particle flux density. The pressure can be subsequently calculated if the ther-
mal velocity of the particles is known. It provides a local measurement of the
neutral gas flux density with a time resolution of up to 5 kHz. To operate
inside a magnetic confinement fusion experiment it needs to provide reliable
measurements in the presence of high magnetic fields (of up to 3.5 T in the
case of ASDEX Upgrade) and also has to account for a variation of the angle
of the magnetic field of up to ±25o due to the poloidal component of the field.
Pressure gauges with a similar design will also be used in ITER [9], where the
magnetic field will reach 8 T and they will also have to withstand the neutron
radiation from the nuclear reaction. These manometers are also in operation
in the stellarator Wendelstein 7-X [10].

As a hot cathode ionization manometer, the ASDEX gauge works by emit-
ting electrons from a hot filament, accelerating them and measuring the ion
current produced by the ionization of the neutral gas from the accelerated elec-
trons. The purpose of the gauge is to measure the neutral gas pressure and
for this, it is necessary to have a reliable measurement of the ion current, from
which the pressure is calculated. Because of the presence of a strong magnetic
field, commercially available hot cathode ionization gauges, as Bayard-Alpert
gauges [11], would not work. The magnetic field introduces a Lorentz force on
the electrons and ions that causes them to gyrate around the magnetic field
lines. The radius of this gyration is known as Larmor radius and is given in [1]
by

rL =
mv⊥
|q|B

. (1.2)

Where m is the mass of the particle, v⊥ is the velocity component perpendicular
to the magnetic field, q is the charge of the particle, and B is the magnetic flux
density. With magnetic fields such as the ones in ASDEX Upgrade, the Larmor
radius for the electrons and ions becomes several orders of magnitude smaller
than the dimensions of the instruments. This means the particles are confined
by the magnetic field and can only move parallel to the field lines. Due to the
geometry of Bayard-Alpert gauges, based on a cylindrically symmetric design,
their behaviors would be affected by the magnetic field. The magnetic field
disrupts the trajectories of the charged particles and makes the measurement
unreliable. Therefore, the measurement would be highly dependent on the
direction of the field. For this reason, the ASDEX gauge was developed with a
linear geometry, oriented along the direction of the toroidal magnetic field and
with a design that allows for the variation in the field direction introduced by
the poloidal component [8].
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1.3 Scope of the thesis

The measurement of the pressure in these linear ionization manometers de-
pends on the ion current that results from the ionization. Assuming a con-
stant electron current, the ion current is a function of the density of neutral
gas particles, which is determined by the flux density of particles flowing into
the gauge. Therefore, perturbations in the ion current would decrease the
accuracy of the measurement. The goal of this thesis is to study such per-
turbations. The ion current jumps are sudden changes in the value of the ion
current. They can appear during the operation of the manometers that are
not caused by changes in neutral gas pressure. In Fig. 1.3 we see an example
of an ion current jump that happens during the manometer calibration in AS-
DEX Upgrade. The graph depicts the ion current of the produced ions and the
neutral gas pressure measured by a dual capacitance gauge at the bottom. For
this calibration measurement, there was no plasma generated in the tokamak,
but the toroidal magnetic field was present. Neutral gas was introduced at
a constant rate controlled by piezovalves into the vacuum chamber. During
manometer operation, the electron current is kept constant through control
of the heating of the cathode at 200 µA, while the ion current should have a
smooth dependence with the neutral gas pressure. However, at 6.86 s it can
be seen that ion current increases by 7.5%. This is unexpected because the
pressure increases at a constant rate and therefore, the ion current is expected
to increase smoothly.

Similar jumps have been observed in similar pressure gauges used in the
stellarator Wendelstein 7X [12]. These gauges are constructed with different
materials, and use crystal cathodes of LaB6 as electron emitters instead of
tungsten filaments. This suggest that the jumps correspond to a physical
phenomenon common to all gauges of this type.

These jumps decrease the accuracy of the manometers. In the example
in Fig. 1.3, it is shown how they can happen during calibration, which would
result in erroneous calibration data. And it is also possible that they happen
during plasma operation, though in this case they are difficult to distinguish
from the perturbations on the pressure. It is, therefore, important to under-
stand these instabilities to achieve a better measurement of the neutral gas
pressure in current and future magnetic confinement devices. The goal of
this thesis is to study under which conditions the jumps appear and to try to
find the physical explanation behind them. With this end, experiments have
been performed in controlled lab conditions to reproduce the jumps and study
their dependence with different parameters. The studied parameters include
the pressure, the electron current, the potential of the electrodes within the
manometer, and the angle of the magnetic field.

The main goal of the thesis was to find the parameter range at which the
jumps occur. A secondary goal of the thesis was to, if possible, find a physical
hypothesis that can explain the phenomenon. An understanding of the physics
that produces the jumps could provide a method to avoid or mitigate these
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perturbations.

In chapter 2 we will study the properties of the ASDEX gauges, their mea-
surement principle, and the physics behind their operation. After this, the
general properties of the ion current jumps will be discussed in chapter 3.
Here, we will study the jumps observed in the measurements of ASDEX Up-
grade pressure gauges, and how the jumps have been reproduced in laboratory
conditions. In chapter 4, the dependency of the jumps with different param-
eters will be studied. In this chapter, an exploration of the frequency of the
jump occurrence is done to provide a combination of parameters that mini-
mizes the number of jumps. Finally, in chapter 5 possible physical hypothesis
to explain the current jumps will be studied, and experiments to test thir
validity will be described.



Chapter 2

Linear ionization pressure gauge

2.1 Gauge design

The components of the ASDEX gauge linear ionization manometer are pre-
sented in Fig. 2.1. The picture shows the four electrodes of the pressure gauge.
The electrodes are attached to a base plate by ceramic insulators. The picture
also shows the orientation of the magnetic field. This photography shows the
current version of the ASDEX gauge that is being used inside ASDEX Up-
grade. There are 21 of these manometers installed at different points inside
the vacuum vessel of the tokamak. The placement of the manometers can be
observed in Fig. 1.2.

M
a
g
n
e
tic 

e
ld

Ion collector (IC)

Acceleration grid (AG)

Control electrode (CE)

Filament

1
5
 m

m

Figure 2.1: Photography of a linear ionization manometer for ASDEX Upgrade.

Photography provided by Michael Griener.

The first electrode is a thoriated tungsten filament. An electric current
heats the filament so that it emits electrons by thermionic emission. A feed-
back loop controls this heating current so that the detected current of emitted
electrons is constant. The filament is biased at a potential of 70 V. Next is
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8 2. Linear ionization pressure gauge

the control electrode (CE), which is a metal plate with a rectangular gate par-
allel to the filament. Its function is to permit or stop the flow of electrons in
alternating intervals. It is connected to an electric potential that alternates
between 0 V and 130 V. The electrons are repelled by the CE during the half
of the cycle when the potential is 0 V and can only pass through during the
other half, when the potential is higher than the bias of the filament. The fre-
quency at which the CE potential alternates is called the chopping frequency
and it has a typical value of 5 kHz, which determines the time resolution of
the manometer. The function of this chopping cycle is to counter the error
introduced by residual currents between the electrodes and the base plate due
to imperfect insulation, and other low frequency perturbations. This way the
residual currents can be measured in the half of the cycle when the electron
current is not present and subtracted from the measurement.

AG IC
Fil

CE

B

Figure 2.2: Schematic diagram of the gauge electrodes and their positions as

viewed from the top (based on figure found in [8]). The electrons are emitted in

the filament and follow the magnetic field lines. The magnetic field direction is also

shown.

AS can be seen in Fig. 2.2, behind the control electrode there is the accel-
eration grid (AG). It is a grid of vertical wires whose function is to accelerate
the electrons. It is connected at a constant potential of 250 V and therefore
it attracts the electrons that are emitted in the filament. The electrons oscil-
late back and forth the AG. Lastly, there is the ion collector (IC), which is a
metal plate biased at 0 V that collects the ions produced by the collisions of
the accelerated electrons with the neutral gas particles. This way it measures
the ion current (Ii), which is used to to calculate the neutral gas flux. After
collisions with the neutral gas particles, the electrons lose part of their kinetic
energy and eventually are absorbed by the acceleration grid. The current cre-
ated by the absorbed electrons is measured at the AG to obtain the electron
current (Ie). It is necessary to measure this current because it is used by the
feedback loop that controls the heating current of the filament and it is also
used in the calculation of the neutral particle flux, since the sensitivity in this
kind of gauge is dependent on the Ie. The equation to calculate the sensitiv-
ity is given in eq. 2.2 in the next section. The working of the manometers is
described in [8].
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potential to accelerate the electrons. The electrons can not reach the IC, since it is

at a lower potential than the filament.

The placing of the electrodes and the potential diagram along the path of
the electrons is shown in Fig.2.3. The circles mark the location and potential
of the electrodes. The continuous blue line marks the potential during the
half of the chopping cycle when VCE is high and therefore allows the passing
of electrons. The discontinuous red line marks the potential while VCE is
at 0 V in the second half of the cycle, creating a potential barrier that the
electrons cannot overcome. The point between the acceleration grid and ion
collector where the potential decreases to the same value as in the filament is
the maximum distance that can be reached by the electrons. At this point, the
kinetic energy gained during the acceleration is fully converted into potential
energy and the electrons turn back. For this reason, the volume between the
acceleration grid and this point is known as the ionization volume. All the ions
produced in this volumes will be attracted by the ion collector and neutralized.
The ion collector can only receive the ions produced between it and the AG,
since the ions produced at the other side of the acceleration grid are prevented
by the potential from reaching the ion collector.

The manometers installed at ASDEX Upgrade are protected inside by a
metal box with an opening on the top that allows the neutral gas particles
to enter. This is to prevent damage and interference from charged energetic
particles coming from the plasma. This way, the particles are thermalized by
colliding with the walls as they enter the gauge.
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2.2 Gauge measuring principle

Even though they are referred to as pressure gauges or manometers, the gauges
do not measure the pressure of the neutral gas directly. The measurements of
the Ie and Ii are used to calculate the flux density of neutral gas particles. This
is because there is an equilibrium of particle flux (not of pressure) into and out
of the protective cap of the gauge. Once the flux density is known, the pressure
can be calculated by assuming a thermal velocity for the gas particles. The
method by which the flux density is calculated from the currents is described
in [8]. The general formula to calculate the flux density F measured with
ionization gauges is:

F =
Ii

(Ie − Ii)d(Ii)
, (2.1)

where d(Ii) is the sensitivity of the gauge. As shown in the equation, the sen-
sitivity is not constant but a function of the ion current. In order to determine
the value of this function for all values of Ii, it is necessary to do calibration
measurements in which F is known and the sensitivity curve is obtained by
the reverse equation:

d(Ii) =
Ii

(Ie − Ii)Fknown

. (2.2)

The reason why it is needed to subtract the Ii from Ie in the lower part of the
fraction in eqs. (2.1) and (2.2) is to take into account the secondary electrons
produced by ionization events. Typical values for the sensitivity of the gauges
in operation in ASDEX Upgrade are in the range of 3×10−25 – 3×10−24 m2 s
With the measurements of the currents and F obtained from eq. (2.1), the
pressure can now be calculated if the thermal velocity of the neutral gas parti-
cles is known. Assuming thermal equilibrium, the velocity distribution of gas
particles is given by the Maxwell-Boltzmann distribution [13], and the mean
velocity in one given direction is:

vth1D =

√
2kBT

πm
, (2.3)

being kB the Boltzmann constant, T is the temperature and m, the mass of
the neutral gas particle [13]. However, it must be noted that the velocity
distribution is not necessarily maxwellian during plasma operation. The flux
density is defined as the number of particles that crosses through a certain
area per of time. Only the particles that cross the test area in the positive
direction are taken into account. Therefore, it is calculated with the integral:

F =
no

A

∫
A

∫ ∞
−∞vn>0

f(~v)~v · d ~Ad3v, (2.4)

where A is the test area, f(~v) is the maxwellian velocity distribution and
no is the volume density of neutral gas particles [14]. Since only half of the
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particles moving in the positive direction through the differential of area are
counted, the integral is calculated using the mean velocity of the particles in
the direction perpendicular to the area in eq. (2.3) divided by 2, resulting in:

F = no
vth1D

2
= no

√
kBT

2πm
. (2.5)

Using the ideal gas law as p = nokBT , eq. 2.5 can be rewritten as:

F = p
1√

2πmkBT
. (2.6)

Equations (2.1) and (2.6) can be combined, giving the pressure measure-
ment as a function of the currents Ii and Ie, the sensitivity d, the mass of the
neutral gas particles m and the temperature of the neutral gas T :

p =
√

2πmkBT
Ii

(Ie − Ii)d(Ii)
. (2.7)

Using the mass for molecular deuterium and a temperature of 25 ◦C, the
factor

√
2πmkBT equals 1.32×10−23 kg m

s
.

To understand the physics behind the operation of the gauges, and what
determines the values of Ie and Ii, it is first important to understand the
motion of the electrons inside. Their movement is restricted by their gyration
along the filed lines. The radius of this gyration motion, described in Eq. 1.2,
is in the scale of µm for typical magnetic field strengths of 2 T. Therefore, the
electrons are completely confined by the magnetic field and their trajectory
will follow the field lines. Their motion will be described in more detail in
section 2.3, but for now it will be sufficient if we understand their movement
simplified as the motion with a guiding center approach, considering only the
movement of the center of the gyration motion, which moves only parallel to
the magnetic field lines.

The electrons are emitted at the surface of the filament, with a total ini-
tial velocity corresponding to the thermal velocity at the temperature of the
filament, with typical kinetic energies in the order of 0.1 eV. The component
of this velocity perpendicular to the magnetic field results in their gyration
velocity. The electrons cannot gain additional perpendicular velocity from the
electric field of the gauge, even in the case of the electric field being at a certain
angle from the magnetic field, since their movement is restricted to the parallel
direction. On the other hand, the velocity component parallel to the magnetic
field is accelerated by the electric field of the gauge. The electrons are ac-
celerated to the kinetic energy of 180 eV, which corresponds to the potential
difference between the filament and the AG. The portion of the electrons that
passes through the slits of the AG enters into the ionization volume with this
energy. As the electrons advance, they lose kinetic energy until they return
when they reach the point at the same potential as the filament. If they do not
lose any kinetic energy due to collisions with neutral particles or with other
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electrons, they will return with exactly sufficient energy to be reabsorbed at the
filament. If an electron loses kinetic energy by collisions, it becomes trapped,
as it will not be able to reach the filament again and will oscillate around the
acceleration grid. This means that along the paths of the electrons through
the ionization volume, there is a distribution of velocity that is dependent on
the position. This distribution is also dependent on the portion of electrons
that becomes trapped. Therefore, to calculate the amount of ionization, we
have to calculate the integral over the energy distribution g(ε) of the electrons
and over the ionization volume Vion. This integral to calculate the flux of ions
is given in [8] as

Φi =

∫
Vion

∫ ∞
0

noneσionveg(ε) dεdV, (2.8)

where no, ne are the neutral and electron densities, ve is the electron velocity
and σion is the ionization cross-section. Since the ionization cross-section is
dependent on the electron velocity [15], to know the solution to this integral
we need to know the energy distribution for the electrons. The shape of the
distribution is highly dependent on how much electron-electron interaction
is present. If there is no collisions or collective behavior of the electrons,
then the distribution will be a narrow delta function centered at the energy
corresponding to the electric potential at at each point of the path. If there
is a collective behavior of the electrons, then the distribution will be broader
since there would be momentum transfer from some electrons to others.

In [8], an approximated solution is provided for the integral in (2.8) by
assuming no electron-electron interactions. In this case, the energy distribution
of the electrons is only dependent on the position across the electric potential.
And the integral can be calculated if the ionization cross-section is known for
the neutral gas species (typically molecular hydrogen/deuterium). This way
the resulting ion flux to the IC would be

Φi = noΦion
e

xmax

e(VAG − VFil)

∫ e(VAG−VFil)

0

σion(ε) dε (2.9)

Φion
e is the electron flux into the ionization volume, e is the elementary

charge of the electron and VAG, VFil are the electric potentials at the accelera-
tion grid and filament. Once the ion flux into the IC Φi and the electron flux
to the AG Φe are known, that would allow us to calculate Ie and Ii (Φi = eIi

and Φe = eIe). These currents can be introduced into eq. (2.2) to obtain
a analytical formula for the sensitivity [8]. However, in order to do this, the
electron flux into the the ionization must be calculated. An approximated
calculation will be provided in the next section.
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2.3 Electron dynamics in the gauge

In this section, the motion of the electrons inside the gauge will be studied in
detail to provide a better understanding of the physics behind the operation of
the gauges. The movement of the electrons can be divided into the component
parallel to the magnetic field and the perpendicular component which is the
gyration motion. The time it takes for an electron to complete its trajectory
from the moment it is emitted until it returns back to the filament can be
calculated from the equation of motion. For this we only need to take into
account the dimension parallel to the magnetic field. In this direction only the
Coulomb force is being applied on the electrons, resulting in the equation:

d2x

dt2
=
−eE‖
me

(2.10)
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Figure 2.4: Diagram of the electric potential across the path of the electrons.

The control electrode (CE) is shown only at its high voltage state. The voltage

of the CE is 130 V, which is the value currently used in the gauges installed in

ASDEX Upgrade. This results in a discontinuous potential slope (red dashed line).

A simplified version with a constant slope is also shown (blue continuous line).

In order to calculate the period of oscillation analytically, some approxi-
mations will be used. First, the initial velocity parallel to the magnetic field is
neglected. And the electric field is assumed to be homogeneous in the regions
between the electrodes. A simplified version of the potential diagram is used in
which the CE voltage is assumed to be in line with the corresponding value of
the potential between the filament and the AG at its position. In reality, this
is not necessarily the case. In Fig. 2.4, the potential diagram of the gauges in
operation at ASDEX Upgrade is shown, taking into account the real potential
of the CE. This creates two different values of the electric field at each side of
the control electrode. For the approximated analytical calculation this will be
ignored, using a constant field between the filament and the AG. With these
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assumptions, eq. 2.10 can be integrated and the time it takes for the electron
to accelerate from the filament to the AG is:

TFil→AG =

√
2
me

e

∆x

Ecos2(α)
(2.11)

Where ∆x is the distance between the filament and AG, and α is the
angle between the magnetic field and the axis of the gauge. The angle of the
magnetic field must be considered, since with the magnetic field at an angle,
the component of the electric field that can perform work on the electron is
only the parallel one to the magnetic field. The time it takes for an electron
to decelerate in the reverse direction when it is returning from the AG to the
filament at the last part of the oscillation is the same as in eq. 2.11. For the
other part of the trajectory (from the AG to IC and from IC to AG), the same
calculation can be used, taking into account that the electric field magnitude
is different at each side of the acceleration grid, as shown in Fig. 2.4. By using
E = ∆V/∆x, eq. 2.11 can be rewritten as

TFil→AG =

√
2
me

e

(∆x)2

∆V cos2(α)
, (2.12)

with ∆V as the potential difference between the two electrodes. Therefore,
the total period can be expressed as:

Tosc. = 2 ·

√
2
me

e

(xAG − xFil)2

(VAG − VFil)cos2(α)
+ 2 ·

√
2
me

e

(xAG − xmax)2

(VAG − VFil)cos2(α)
. (2.13)

For a filament votage VFil = 70 V, VAG = 250 V, and α = 0, eq. 2.13 results
in an oscillation period Tosc. = 6.13 ns. For a more nuanced calculation that
can take into account any value of the control electrode voltage, the same
physical principles can be used. But the calculation becomes more complex.
Alternatively, a numerical method can be used to integrate the equation of
motion. Fig. 2.5 shows a simple simulation of the electron trajectory calculated
numerically with Euler method with a time step of 1/10000 of the electron
gyration period. This numerical calculation I made takes into account all the
real potentials of the electrodes, and the initial velocity of the electron. For the
same conditions, but introducing VCE = 130 V, the calculated period is Tosc. =
6.59 ns, which is longer than the previous analytical approximation. With
the same parameters as the analytical method, the computational method
produces the same result, Tosc. = 6.13 ns, precisely up to the third decimal. In
order to have a more precise calculation, one would need to account for the
inhomogeneity in the electric field of the gauge, which is done by A. Scarabosio
et al. in [16].

Now that the motion parallel to the magnetic field has been described,
it is the turn of the motion in the perpendicular direction. The presence of
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Figure 2.5: Projection on 2D of the trajectory of the electrons (blue continuous line

as it moves in positive direction of x, and grey discontinuous when it is returning).

The magnetic field strength is 0.8 T and its direction is parallel to x. The positions

of the electrodes are shown and their voltages are the same values as in Fig. 2.4.

The arrows show a qualitative representation of the electric and magnetic fields.

the magnetic field causes a Lorentz force to act on the electrons if they have
a velocity component perpendicular to the field, which results in a gyration
motion. This gyration occurs in the plane perpendicular to the magnetic field,
with the field lines as axis of rotation [1, p. 46]. The radius of this gyration is
given in eq. 1.2. This radius is of magnitudes smaller than a µm for magnetic
fields of the order of some T, as present in Tokamak devices. The frequency
of this gyration is known as the electron cyclotron frequency. The value of the
angular frequency is given in [1, p. 46] as

ωce =
eB

me

. (2.14)

In Fig. 2.5 the trajectory of an electron across the gauge can be observed.
The total motion is the combination of the gyration and the accelerated parallel
motion. As it can be seen in the figure, the gyration frequency is higher than
the oscillation frequency of the electron for this value of the magnetic field
of 0.8 T. At higher magnetic fields of 2 T or 3 T, which are possible values
in ASDEX Upgrade gauges, the electron cyclotron frequency is even higher
in proportion to the oscillation frequency. For the calculation in Fig. 2.5,
a thermal perpendicular velocity of the electrons is assumed for a filament
temperature of 1800 K for both perpendicular and parallel components, with
155 meV of total kinetic energy, resulting in a gyration radius of 0.93 µm. A
homogeneous electric field is assumed for each of the three regions between
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electrodes. The increase of the effective path length due to gyration only
represents 0.062% of the guiding center path length.

In a tokamak device, in addition to the toroidal component of the magnetic
field, there is a poloidal component. The pressure gauges are installed with
their main axis parallel to the toroidal field. Therefore, the poloidal component
of the field creates an angle between the gauge electric field and the magnetic
field. The ASDEX gauges are designed to operate in fields at angles up to
α = ±25◦ in the vertical direction [8]. There are two effects introduced because
of the magnetic field angles. The first is a reduction in the parallel electric
field, which has been already accounted for when calculating the oscillation
period in eq. 2.13. The second effect is the appearance of an ExB drift. This
drift is described in [1, p. 49], where its associated velocity is given as

~vExB =
~E × ~B

B2
. (2.15)

This drift results in a constant velocity of the guiding centre of the electron
gyration. A representation of this motion can be seen in Fig. 2.6, where the
trajectory of the electron is represented in the presence of perpendicular electric
and magnetic fields.

B

a) b)

e-

B

E

e-

vExB

Figure 2.6: Qualitative representation of the electron gyration (a) around mag-

netic field lines and the ExB drift when a perpendicular component of the electric

field is introduced (b). The acceleration by the electric field causes the electron

velocity to change along its gyration, resulting in a net velocity of its guiding center

perpendicular to both electric and magnetic fields.

In the case of the pressure gauge when the magnetic field is at a certain
angle, there will be three different values for ~vExB, since there are three regions
with different electric field strengths. The direction of the drift velocity will be
reversed at each side of the AG, since the sign of the electric field changes. To
get an idea of the magnitude of this effect and to know whether it can make
a change in the behaviour of the gauge, it must be determined if there is a
net drift distance over the period of one oscillation. For this we can use the
simplified approximation of the electric field shown in Fig. 2.4, where the real
value of the CE voltage is neglected. Under this assumption, we can calculate
the total drift at each side of the gauge using eq. 2.12 combined with the drift
velocity from eq. 2.6:
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ddrift,Fil↔AG = 2vExBTFil→AG = 2 sin(α)
E

B

√
2
me

e

(∆x)2

∆V cos2(α)
. (2.16)

Using E = ∆V/∆x, where ∆x is the distance travelled in x and ∆V the
potential difference, eq. 2.16 can be rewritten. Proving this way that the drift
distance is independent of ∆x and is just a function of the potential difference,
magnetic field and angle:

ddrift,Fil↔AG = 2 sin(α)
∆V

B

√
2
me

e

1

∆V cos2(α)
. (2.17)

Since the potential difference between the filament and AG is the same but
opposite in sign as the one between xmax and AG, eq. 2.17 gives exactly reverse
values for the drift on one side of the grid and the other:

ddrift,Fil↔AG = −ddrift,AG↔xmax . (2.18)
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Figure 2.7: 2D projection of the trajectory of an electron (blue) and of its guiding

centre (red) across the gauge for α = 20◦. The magnetic field is parallel to the x

direction. The axis y is perpendicular to both the magnetic field and the electric

field of the gauge. The vertical deviation is due to ExB drift. The total drift

over a period of the oscillation is 0. The electric field components parallel and

perpendicular to the magnetic field are represented.

Therefore, the total drift over one period of the oscillation is zero. The
ExB drift could only have an effect on the measurement in the case that the
drift on one side of the AG was comparable to the dimensions of the grid.
Calculating this drift with a magnetic field of 0.8 T and an angle of 20◦, one
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obtains a total drift of 0.040 mm. The spacing of the AG slits is 0.4 mm,
larger in for comparison. This result is similar to the one obtained using
numerical calculation taking the CE voltage and initial velocity of the electron
into account, as shown in Fig. 2.7. The simulation for this image has been done
with the same parameters are used as in Fig. 2.5, but turning the gauge axis
respect to the magnetic field by α = 20◦. The result that the total drift cancels
over a period remains true in the numerical calculation. The magnitude of
this drift is small compared with the dimensions of the grid, so no significant
change would be expected in the measurement due to the drift. However,
this calculation does not take into account the real geometry of the electric
field. In [16] numerical simulations are performed, using Poisson equation
to calculate the three-dimensional geometry of the electric field. Among the
results from this simulation is the fact that the inhomogeneity of the electric
field causes ExB drifts to appear. The drifts introduced by the inhomogeneous
geometry of the field affect the behaviour of the trajectory of the electrons
even in the case when α = 0◦ [16].

There are some more complexities in the behavior of the electrons. In [8],
G. Haas and H.-S. Bosch estimated the electron flux into the ionization volume
studying the motion of the electrons from the moment they are emitted in the
filament. Depending on the velocity and angle an electron is emitted with,
there is a probability that it will be reabsorbed by the filament. The proba-
bility of the electron not being reabsorbed is defined as the escape probability
κ, which is experimentally determined around 35% when a magnetic field is
present in [8]. In their pass through the acceleration grid, a certain portion
of the electrons will be blocked by it. The grid has a transparency θ, which
is the fraction of electrons that can pass through. The electrons that are not
directly blocked by the grid, will pass thought and be reflected afterwards. If
they have not lost any kinetic energy, they will reach the filament again and
be reabsorbed. These are denoted as “lost electrons” as they are not measured
as part of Ie in the AG. There is a certain probability that the electrons will
not be reabsorbed after being reflected to the filament. This can be due to col-
lisions with other electrons or neutral particles or drifts as the ones described
in [16]. The survival probability S is the probability of an electron remaining
in the system after its first pass. A fraction S of the electrons will survive each
pass and will become trapped. After defining these factors, the electron flux
to the AG is given in [8] as:

ΦAG
e = κΦpr.

e ((1− θ) + θS). (2.19)

where Φpr.
e is the electron flux being produced at the filament. With an ad-

ditional factor f , which is the number of oscillations a trapped electron will
perform before being absorbed, the flux of electrons in the ionization volume
is given in [8] as:

Φion
e = 2θκΦpr.

e ((1− S) + fS). (2.20)
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The factor of 2 is because the electrons pass through the volume in both
directions. The factor f increases the part of the electron flux that corresponds
to the electrons that survived the first pass through the AG. With equations
2.9 and 2.20, we have a description of both the ion and electron flux given
from the physical mechanisms that happen inside the gauge.

This study of the electron motion will be relevant to understand the phys-
ical mechanisms inside the gauge. The understanding of the behaviour of the
electrons will be important in the search for a physical explanation of the ion
current jumps.
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Chapter 3

Ion current jumps

3.1 Ion current jumps in ASDEX Upgrade pres-

sure gauges

In this section, the instabilities on Ii denominated as ion current jumps ob-
served during the measurements of the linear ionization gauges in operation
inside the tokamak ASDEX Upgrade will be described.
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Figure 3.1: Example of an ion current jump during a calibration shot at ASDEX

Upgrade. The neutral gas pressure is shown in (a), as measured by a dual capaci-

tance gauge. (b) and (c) show the Ie and Ii measured from manometer number 3.

At around t = 12.6 s, the ion current experiences a downward jump.

The first months of the work done for this thesis consisted of the analysis
of the data from the pressure gauges in operation in ASDEX Upgrade. The
goal of this data analysis was to get a general description of the properties of

21
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the jumps and also to find under which condition do the irregular ion current
jumps appear and what parameters influence their behavior.

In Fig. 3.1 we can see an example of an irregular ion current jump. In
this particular case, the current jump occurs during the calibration of the
pressure gauges. In order to determine the sensitivity function of the gauges,
as described in eq. 2.2 a known amount of gas is introduced in the vacuum
vessel of the tokamak and the currents Ie and Ii are measured. In calibration
shots, there is no plasma present, but the coils of the tokamak produce the
toroidal component of the magnetic field. Since there is no plasma current,
the polidal component of the field is absent. The example in Fig. 3.1 shows a
single downward jump in Ii, accompanied by a positive spike in the value of
Ie. The ion current Ii is expected to reproduce a similar curve as the pressure
shown above, which increases at a constant slope. However, at t = 12.6 s,
there is a negative jump on the ion current, resulting in a discontinuity in the
slope. Ie returns back to its previous value after the jump because the emission
of the filament is regulated by a feedback control of the heating current with
the goal of keeping Ie at a constant value. So the heating of the filament is
adjusted once the change in Ie is detected. However, Ii does not return back
to its expected level. The sudden change in the currents cannot be explained
by any real perturbations of the neutral gas pressure.

The current jump in in Fig. 3.1 represents 5% of the total Ii. This will
introduce an error of similar magnitude on the measurement of the neutral
gas flux density. In the case of the jumps occurring during calibration, wrong
calibration data would be obtained after the current jumps. In the case of real
plasma operation, the jumps could also occur, giving erroneous measurements.
In this section, only the jumps observed during manometer calibration and
other technical shots without plasma will be discussed, since in the gauge
measurements during plasma operation, it is challenging to clearly distinguish
between the current jumps and the real perturbations created by the plasma.

The example in Fig. 3.1 shows a single jump, in which the current is mod-
ified just once during the measurement, but the morphology of the jumps can
be more complex. Fig. 3.2 shows another example of ion current jumps during
manometer calibration. In this case, there are multiple jumps within the time
interval between 1.5 s and 4.5 s on the ion current. The electron current also
experiences spikes on the same data point as the jumps on Ii are observed,
but returns afterward to the desired value of 200 µA. In this example, the
amplitude of the electron current spikes represents a maximum of 5% of Ie,
while the relative amplitude of the current jumps on Ii as a fraction of the total
current reaches 15%. Later we will see that this disparity in the amplitude of
the Ii jumps compared with the amplitude of the spikes in Ie is a common
feature.

From the analysis of the calibration measurements from ASDEX Upgrade,
a database was created where all the properties of the jumps and the external
conditions at the moment of current jumps appearance were recorded. The
database contains, for each detected jump, the values of Ii and Ie, the change
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Figure 3.2: Electron (a) and ion (b) currents of manometer number 21 of ASDEX

Upgrade during a calibration shot. In this case, Ii experiences multiple jumps

during the measurement, resulting in an unstable current. Each of the jumps in

Ii is simultaneous with a spike in Ie.

of the ion current, the amplitude of the electron current spike, the neutral gas
pressure, and the strength of the magnetic field. At the end of this analysis, the
database contained 283 ion current jumps. The measurements from which the
data is taken are only from shots without plasma, but with toroidal magnetic
field. The list of 23 shots includes calibration measurements for the pressure
gauges, and also test shots in which the performance of various components
of the tokamak are tested. From each shot, the data of all available gauges
was analyzed. Once this database was made, it was possible to do statistical
analysis to determine what are the general characteristics of the jumps and
which parameters influence the occurrence of the instabilities in the currents.

Fig. 3.3 shows the magnitude of the ion current jumps and the electron
current spikes as a fraction of the total currents. These histograms are made
with all the observed jumps during calibration shots included in the database.
It can be observed that both distributions are symmetrical, with approximately
the same amount of counts in the negative and positive directions. The mean
relative amplitude of the jumps in Ii is 6.7% of the absolute value of the
current and the mean relative amplitude of the electron current spikes is 2.0%.
There appears to be no correlation between the sign of the electron current
spike and the ion current jumps. A Gaussian fit of the distribution of the
relative amplitude gives a σ of 0.09 for the ion current (a), and of 0.03 for
the electron current (b). The reason behind the low number of counts at the
center of the distribution for the relative ion current jump amplitude is that
for lower amplitudes, it is more difficult to detect them, as they can be difficult
to distinguish if there is background noise in the signal. The database only
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Figure 3.3: Histograms of the current variation as a fraction of the total current

for both the ion current (a) and the electron current (b) for jumps observed during

gauge calibrations in ASDEX Upgrade.

includes the events for which there is a variation of the Ii significantly higher
than the background noise. In some cases, the current jumps occur at high
frequencies, comparable to the the time resolution of the gauges of 5 kHz. In
most calibration and test measurements at ASDEX Upgrade, the data from the
gauges currents is stored at a lower time resolution than real resolution of the
gauges, with time resolution of 200 Hz to 1 kHz. At these resolutions it would
not be possible to detect the high frequency jumps. In order to be able to
compare the data from multiple measurements with different time resolutions,
the high frequency jumps were not included in the database.

Statistical analysis of the ion current jumps was conducted to test if the
frequency of their occurrence was influenced by any parameters. The parame-
ters that were considered were the pressure, the strength of the magnetic field,
and the time since the filament heating current was turned on. The time since
the beginning of the heating of the filament was thought to be a potential
parameter to test, because it would be related to the temperature, since the
filament would heat the surrounding parts of the gauge. The magnetic field
strength is calculated by taking into account the position of the gauge in the
tokamak. The result of this analysis revealed that the only parameter that
showed a correlation with the occurrence of the jumps was the pressure.

The distribution of the frequency of the jumps as a function of the neu-
tral gas pressure is displayed in Fig. 3.4. This histogram shows the frequency
of the jumps within each pressure range. The time the pressure gauges have
measured within each pressure range has been calculated by using the inde-
pendent measurement of the pressure provided by the dual capacitance gauges.
For each measurement, it has been taken into account how many of the gauges
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Figure 3.4: Histogram of the occurrence rate of the ion current jumps observed

in the pressure gauges in operation in ASDEX Upgrade. Each bar shows the jump

count within a pressure range divided by the total amount of measuring time within

that range of pressure. The vertical lines mark the standard error.

were active, since not all of the 21 manometers installed in ASDEX Upgrade
are always working. The time of the measurement within a pressure range is
multiplied by the number of active gauges to calculate the frequency. As can
be seen in the histogram, the majority of the jumps occur in the low pressure
range, between 1×10−4 mbar and 4.5×10−3 mbar.

The results from Fig. 3.4 give us an idea of the frequency with which
the jumps appear during a measurement. A typical plasma shot in ASDEX
Upgrade is around 10 to 12 s long. At the pressure range with the maximum
frequency of jumps, approximately 1 jump happens each 3 s. In section 4.2.1,
the dependency of the jumps with the neutral gas pressure will be studied in
more detail. As above, high frequency jumps were not included in this analysis.

This statistical study of the parameters that influence the occurrence of
the ion current jumps was useful to gain insight on how to reproduce the
jumps in the laboratory, which would be the next step of the work for this
thesis. The study of the multiple current jumps observed from the ASDEX
Upgrade measurements also made it possible to know what are the general
characteristics of the jumps.

3.2 General properties of current jumps

The first characteristic that is common to all of the observed ion current jumps
is the spike in the electron current that appears simultaneously as the change
in the ion current. As has already been shown in Fig. 3.3, the amplitude of the
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electron current spike as a fraction of Ie is smaller than the relative amplitude
of the ion current jump itself. The sign of the variation in Ie and Ii is not
necessarily the same, as exemplified in Fig. 3.5. A jump that increases the ion
current could be simultaneous to a negative spike of Ie. This means that the
ion current jumps cannot be explained as a change in the amount of ionization
proportional to a sudden change in the emission current of the filament.
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Figure 3.5: Currents from manometer number 3 of ASDEX Upgrade. The Ii ex-

periences two jumps at around 5.9 s and 8.25 s. The first jump is positive in sign,

while the second one is negative. The electron current shows two spikes at the same

time as the jumps happen. Both Ie spikes are negative in sign.

The electron current always returns back to the desired value, because of
the feedback control of the heating current of the filament. The time it takes
to return depends on the heat capacity of the filament and on the response
time of the feedback loop. A common feature of the ion current jumps is that
Ii does not return to the previous value once Ie has done so. The ion current
remains at a different level until the end of the measurement or until another
jump happens.

Another typical behavior the ion current jumps display is to appear in
pairs. After one jump there is another with a similar amplitude but opposite
sign that returns the ion current to the previous level before the first jump.
Fig. 3.5 shows an example of this, where a positive ion current jump is followed
by a negative one. Though this is not always the case, multiple jumps of the
same sign can happen one after the other. The ion current can also jump with
a high frequency between two levels, with frequencies up to the order of a few
kHz, comparable to the time resolution of the gauges. This behavior suggests
the current jumps happen between a quantized number of levels or “states”.

In Fig. 3.6, an extreme example of the quantized nature of the levels the
ion current can jump between is displayed . In this example, Ii should increase
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Figure 3.6: Ion current of manometer 5 of ASDEX Upgrade experiencing mul-

tiple jumps. Each data-point of the measurement is represented as a blue dot,

corresponding to a cycle of the chopping frequency of the CE. The red line connects

the data-points in chronological order. The accumulation of data-points in discrete

lines shows a quantification of the levels of current.

with a constant slope as the pressure is increased at a constant rate, but the
current experiences multiple jumps over a time of 0.2 s. As each individual
data-point is represented as a dot, it can be seen how they accumulate in a
total of 21 straight lines. The current jumps from one of these “states” to the
others. Each of these lines has the same slope as the current before and after
the jumps, when the current is stable. An example like this one in which so
many levels are clearly visible is rare. In most cases, it can be observed how
the current jumps between 2, 3, or 4 levels.

Fig. 3.7 shows a typical example of the ion current jumps between 3 (or
possibly 4) levels. As in other calibration measurements, gas is introduced at
a constant rate. The current jumps between these “states” until it settles on
the lower one and becomes stable. The data points accumulate on at least 3
distinct lines, including the continuation of the constant slope that the current
follows before the first of the jumps and the one it follows after the last jump.
As it can be seen from the pictures in Fig. 3.6 and Fig. 3.7, the timescale
at which the current jumps can happen is comparable to the period of the
chopping frequency of the CE of 0.2 ms. This means that the physical process
behind this phenomenon must be something that happens within each cycle
of the chopping frequency.

The physical possible significance of the quantized nature the levels of cur-
rent display, as well as the fact that the ion current remains modified even after
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Figure 3.7: Ion current of manometer 18 of ASDEX Upgrade experiencing multiple

jumps from t = 3.4 s to t = 3.57 s. Each individual data point is represented as a

blue dot. During this measurement the data was stored at lower time resolution

than the chopping frequency of the CE, so not all of the points are showed. The

red line connects the data points in chronological order.

Ie has returned to its original value, will be discussed when studying possible
physical explanations for the current jumps.

3.3 Ion current jumps reproduced in labora-

tory

After analyzing the data from the measurements of the pressure gauges inside
ASDEX Upgrade, and observing the general properties of the current jumps,
work was started to reproduce the jumps in laboratory conditions. The exper-
imental setup used in the laboratory consisted of a vacuum chamber placed
inside the axis of an electromagnet. The gauge is placed on a holding struc-
ture inside vacuum chamber, with its axis parallel to the magnetic field. The
holding structure includes a mechanism to rotate the gauge angle horizontally
respect to the magnetic field. All the electrodes of the gauge are connected
by coaxial cables to the electronic module outside the vacuum chamber that
controls the voltages and measures Ii and Ie.

The electromagnet consist of copper coils cooled by a water circuit. It is
designed to generate a magnetic field on its axis of up to 7.8 T, but for practical
reasons, most of the experiments performed for this thesis were carried out
at a value of 0.8 T. This is because the lower current makes it possible to
operate for longer pulses, typically 60 s or 90 s in most measurements, without
concern for overheating of the coils. Also, the power supply necessary for the
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Figure 3.8: Overview of the exterior of the experimental setup. The pressure

gauge is positioned inside the vacuum chamber that runs through the center of the

electromagnet. The electrodes of the gauge are connected by cables to a vacuum

feed-through, from which they can be connected to the electronic module.

operation at this magnetic field is always available, as opposed to the high
current power supply necessary for higher fields. A value of 0.8 T is smaller
than the magnetic fields present in operation in ASDEX Upgrade, but is still
within the same order of magnitude. Therefore, it allows reproducing the
same physical processes inside the pressure gauges as inside the tokamak. An
overview of the outside look of the experiment is displayed in Fig. 3.8. In the
picture, the cylindrical vacuum chamber positioned through the axis of the
magnet coils can be seen. The pressure gauge is in the center of the magnet.
The position of the gauge inside of the electromagnet can be better appreciated
in Fig. 3.9. The gauge itself cannot be observed in the picture as it is covered
by a metal box. The gauges installed in ASDEX Upgrade use these metal
boxes for protection. The hole at the top allows the neutral gas inside the
gauge, so that the flux density can be measured. In order to better replicate
the conditions of the gauges in ASDEX Upgrade, the pressure gauge placed in
the experiments is also covered by a metal cap.

The vacuum is maintained by a combination of turbo-molecular pumps
and roughing pumps. It can achieve pressure values as low as 1×10−8 mbar.
Hydrogen gas can be introduced into the chamber through an inlet valve. The
pressure of the gas inside the vacuum vessel can be controlled by controlling
the outlet flow to the pumps and by a thermo-valve that controls the inlet flow
of hydrogen into the chamber. The thermo-valve is connected to a feedback
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Pressure gauge

Figure 3.9: Left: photography of the pressure gauge in the center of the electro-

magnet, as seen through a window of the vacuum chamber. Right: pressure gauge

with protective cap (photography provided by Michael Griener).

control system that allows maintaining a constant value of the pressure. The
gas pressure can be measured by multiple pressure gauges of different kinds,
including two dual capacitance gauges, a Penning gauge, and a Bayard-Alpert
ionization gauge. The measurement from those pressure gauges is not reliable
during the operation of the magnet. There is also a Pirani gauge connected
to a Wheatstone bridge for pressure stabilization. It is not influenced by the
magnetic field. It does not show the absolute pressure but is sensitive to
changes of the pressure.

In order to control the temperature of the gauge, ohmic heating plates are
placed on the sides of the base plate of the gauge head. A thermocouple is
attached to the bottom of the base plate, directly below the AG. This allows to
measuring the temperature of the gauge. A control system can be used to turn
on the heating plates when the measured temperature is below a certain value.
In this way, the temperature of the gauge can be set to any desired temperature
between room temperature and 300 ◦C before the filament is heated. Once
the filament is heated to emit electrons, the temperature of the whole gauge
increases. Preheating the gauge allows decreasing the effect of the temperature
increase during operation. During most of the measurements conducted, the
gauge has been preheated to 300 ◦C. The temperature can typically increase
up to 350 ◦C after 90 s of filament heating current.

The measurement from the voltages of each of the gauge’s electrodes, as
well as the values of Ie and Ii are recorded during each measurement. The data
recorded also includes the heating current of the filament, the current in the
electromagnet, and the measurement of the pressure from the different kinds
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of pressure gauges.

With this experimental setup it was possible to reproduce the current jumps
in controlled laboratory conditions. As it is not possible to reliably measure
the pressure during the operation of the magnet, it is not possible with this
setup to change the pressure over time in a controlled way. So, in order to
reproduce the jumps, instead of using increasing ramps of the pressure, it is
necessary to change other parameters over time.

It was found that, when increasing Ie over time, similar current jumps to the
ones previously described appear on Ii. These measurements were performed
keeping all other parameters constant. That is a constant value of pressure,
magnetic field, and electrodes potentials. The set point of the feedback control
system that determines the heating current in order to achieve a certain value
of Ie is increased over time so that Ie increases at a constant slope during the
measurements. A similar result is obtained if one simply increases the heating
current over time.
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Figure 3.10: Electron (a) and ion (b) currents from the pressure gauge in the

experimental set up. Ie is increased over time at a constant rate. Ii experiences

multiple jumps during the measurement. The pressure is 0.76 mbar and the mag-

netic field is 0.8 T. In chronological order, Ii experiences a positive jump at 2.2 s, a

second positive jump at 2.6 s, a negative jump at 3.2 s, and after 4.2 s it experiences

multiple jumps until it stabilizes at a lower value.

Fig. 3.10 shows an example of a measurement in which the ion current
jumps appear during an increasing ramp of Ie. The relation between Ii and
Ie is not linear when the gauge operates under magnetic field [16], so the
shape of the trace of the ion current over time is not necessarily expected to
follow a constant slope, but the dependency of Ii on Ie should be smooth.
The jumps appear as discontinuities in this relation. In this case, the current
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jumps between 3 levels. The electron current also experiences simultaneous
perturbations with respect to the ion current jumps, which is hardly to be
seen in the graph, because the amplitude of the electron current spikes is
small compared to the range of values Ie takes during the measurement.

As we will discuss later, the behavior of the jumps is dependent on the
gas pressure. So if one were to repeat the same Ie ramp at a different value
of pressure, the number of ion current jumps could change, or there could
simply disappear. In order to reproduce the jumps, it may be necessary to try
different values of the pressure until the right one is found. Later in the thesis
the dependency of the jumps with pressure will be explored, and the pressure
range at which the jumps can be expected to occur will be discussed.

The possibility of reproducing the ion current jumps in laboratory condi-
tions made it possible to systematically test their dependency with multiple
parameters and to gain insight on what are the physical causes behind the
phenomenon.

3.4 Timescale of the ion current jumps

While studying the data from the linear ionization gauges in ASDEX Upgrade,
it was found that the time interval in which the ion current jumps from one
level to another can be as small as the time between two data points of the
measurement. That is 0.200 ms in the case of the chopping frequency of the
control electrode being 5 kHz. However, the setup in the laboratory allows
measuring the currents Ii and Ie with a 100 times higher time resolution. In
this way, it is possible to observe the time evolution of the jumps.

To explain how this higher time resolution measurement works, it is first
necessary to explain how the measurement of the currents within each cycle of
the chopping frequency works. As explained in chapter 2, the control electrode
alternates between a high voltage state, allowing the electrons to pass, and a
low voltage state in which the electrons are stopped. While the CE is in
the high state the electrons can reach the AG and the ionization volume,
generating ions. A total of 100 data points are measured within the whole
cycle, half of them during each of the two states. In Fig. 3.11, two cycles of
the CE voltage during the measurement of Ii are shown. The change of the
bias potential of the CE from one state to the other produces an “artificial”
spike in the measurement at the beginning of each half of the cycle. This is
due to cross-capacitance between the gauge electrodes. To prevent this initial
spike from introducing error in the measurement, the first 30 points measured
in each half of the cycles are ignored. The discarded points are coloured red in
the figure, and the blue dots represents the points used for the measurement.
To compensate the error introduced by the residual currents or other low-
frequency perturbations, the average of the last 20 points measured at low
voltage are subtracted to the average of the last 20 points during high voltage.
The same method is used to measure Ie. This result in the following formula
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to calculate the value of the current:

I =

∑100
j=80(Ij)−

∑50
j=30(Ij)

20
(3.1)

This formula is the same for either Ii or Ie. The number of data points per
cycle is independent of the frequency at which the chopping frequency is set.
So for different values of the chopping frequency, the time interval between the
data points will be different.
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Figure 3.11: Ion current measured from the gauge in the experimental setup over 2

cycles of the chopping frequency. The chopping frequency is 1 kHz, meaning that the

time interval between cycles is 1.000 ms. The change of voltage at the beginning of

each half of the cycles produces spikes in the measurement due to cross-capacitance.

The first 30 points of each part of the cycle are ignored.

Instead of using eq. 3.1 to calculate each point of the currents, one can
look directly at the original data. This increases the time resolution of the
measurement a 100 times, with a maximum resolution of 500 kHz.

With this method, it is possible to observe the time evolution of the currents
on the timescale on which the current jumps occur. Figures 3.12 and 3.13 show
the ion current jumps within the timescale of a single cycle of the chopping
frequency. The control of the heating current of the filament reaction time is
slow compared with the period of the chopping cycle, so in this timescale, we
cannot observe how Ie is adjusted after the jumps.

The rapid jumps and oscillations of the ion current observed in Fig. 3.13
show that multiple jumps might occur during a single cycle of the chopping
frequency. The average timescale of a single jump is 43 µs for the jumps dis-
played on the figure. Since the average would include the intermediate data
points, this would result in a noisy measurement of the current when eq. 3.1 is
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Figure 3.12: Ion (a) and electron (b) currents during an ion current jump. 2.5

cycles of the chopping frequency are displayed. The chopping frequency is 4 kHz,

which gives a time resolution of 400 kHz. The jump in Ii occurs during the cycle in

the center. The current is stable in the previous cycle at 1.5 µA and is again stable

in the last cycle at 1.8 µA. The ion current increases during the center cycle, with

a timescale of 0.5 ms. A similar increase is seen on the electron current, but smaller

in amplitude relative to the total current. The points are color-coded to represent

whether they would be used for the measurement of the currents or not.
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Figure 3.13: Multiple jumps of the ion current over 8 cycles of the chopping fre-

quency. In this case, the cycle frequency is 1 kHz. Within each cycle the current can

experience multiple jumps, even experiencing one after another, in an oscillation-like

manner.



3.4 Timescale of the ion current jumps 35

used to calculate it. As it can be seen in Fig. 3.13, the jumps can occur during
the part of the cycle that is ignored when calculating the current. This means
that in some cases the jump may occur during this first half of the measure-
ment and then have a stable current in during the points that are used for the
calculation. Therefore, the value chosen for the chopping frequency may have
an effect on how stable the current appears. When the current jumps between
levels within the measured points of the cycle, as it does in Fig. 3.13, the aver-
age value can be in between these levels. This can explain the measurements
in which the data points accumulate in a discrete number of levels, but some
data points are also observed in between, as in Fig. 3.7.

The results from the observations of the high time resolution data is that
the time scale on which a single jumps occur is within the range of 0.01 ms to
0.5 ms.

In the laboratory experimental setup it is possible to modify the electronic
module that measures the currents so that a constant voltage can be connected
to the control electrode. The CE can be connected to an independent power
supply at a constant voltage setting. This allows simplifying the system by not
having cycles that reset the state of the system. In this way, the measurement
is carried out in a steady state operation of the gauge. The downside to this is
that it is no longer possible to compensate for the residual currents, so there is
an introduced error. This is particularly relevant for the electron current, which
is measured from the AG, biased at 250 V. The change in temperature over
the measurement, can change the resistivity of the insulation of the electrodes,
creating a change in the residual current of up to 10 µA for the measurement
of Ie. This must be taken into account while measuring with a constant CE
voltage.

The same measurements, Ie ramps over time keeping all other parameters
constant, were carried out using a constant voltage in the CE instead of an
alternating one. The jumps in the ion current still appear. And in some cases
rapid oscillations like the ones displayed in Fig. 3.13 are present. This rules
out that the occurrence of the jumps is caused by the use of the chopping
frequency of the control electrode.

These measurements have allowed to better observe the nature of the ion
current jumps. The results on the timescale of the jumps in the range of
0.04 ms to 0.5 ms, and the fact that the currents can oscillate multiple times
within a cycle of the CE voltage, will be relevant in the search for a physical
hypothesis to explain the phenomenon. In the next chapter, we will discuss
how the reproduction of the jumps has allowed testing the dependency of the
jump with multiple parameters.
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Chapter 4

Investigation of jumps over
parameter space

Now that it has been possible to reproduce the ion current jumps in laboratory
conditions, we will discuss the parameter dependencies that have been found
by observing how the jump behavior changes when the conditions are changed.
During the course of the work for this thesis, four different parameters were
identified that could influence the occurrence of the jumps. These parameters
being: the pressure, the value of the electron current, the bias potentials of
the AG and CE electrodes, and the angle of the magnetic field.

It is practical to divide these parameters into internal and external pa-
rameters. Being the internal parameters those which are only determined by
the design and setup of the linear ionization pressure gauges, while the ex-
ternal parameters are the ones determined by the conditions of the operation
of the fusion device. It is possible to modify internal parameters such as the
bias voltage and the desired value of Ie. However, during the operation of
the gauges in fusion devices, the values of the external parameters may vary
depending on the plasma boundary conditions. It is the purpose of the gauges
to provide a reliable measurement of the flux density across all the possible
external conditions they might be subjected to.

For the future operation of linear ionization gauges, it is important to know
what combination of internal parameters reduce the occurrence of the jumps,
and within what range of the external parameters the jumps are expected to
appear. In this chapter the dependencies of the jumps with these parameters,
as well as the results of the exploration of the occurrence of the jumps across
the parameter space will be described.

4.1 Internal parameters

4.1.1 Electron current dependence

As previously mentioned in section 3.3, one way of reproducing the ion current
jumps in the laboratory setup is to increase the value of Ie over time. At a

37
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given value of the gas pressure, if one reproduces the same ramp of the electron
current multiple times while keeping all other parameters constant, then the
current jump appears at the same point during the Ie ramps. This means that
the ion current jumps appear at a specific value of the electron current.
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Figure 4.1: Electron current (a) and normalized ion current from a laboratory

measurement in which Ie is increased at a constant rate. Two clear jumps are

observed in the normalized ion current at 28 s and 41 s

Fig. 4.1 shows a measurement in which ion current jumps are reproduced
with this method. For this measurement a pressure of 4.8×10−4 mbar of hy-
drogen gas is used, the magnetic field is 0.8 T and the electrode voltages used
are the same as in the manometers in operation in ASDEX Upgrade (shown
previously in Fig. 2.4). The figure shows how, as Ie is increased at a constant
rate from 50 µA to 500 µA, jumps appear in the normalized ion current. The
normalized ion current, defined as

Inorm
i =

Ii

(Ie − Ii)
, (4.1)

can be better for visualization of the ion current jumps than Ii. That is because
the difference of Ie minus Ii in the denominator eliminates perturbations that
can be explained by a proportional perturbation of Ie. As previously shown in
eq. 2.1, the normalized ion current is the factor used to calculate the neutral
gas flux density. In Fig. 4.1, we can see how Inorm

i follows a decreasing curve
as Ie increases. That is because the dependency of Ii on the electron current
is not linear.

The second ion current jump observed in Fig. 4.1 occurs at around 41 s,
when the electron current reaches a value of 210 µA. Actually, it is not a single
jump, but multiple jumps that happen between two states of the current, until
it stabilizes on the higher state. Fig. 4.2 shows how this particular collection



4.1 Internal parameters 39

0.2 0.4 0.6 0.8 1.0 1.2 1.4
Time (s)

0.009

0.010

0.011

0.012

0.013

I i/
(I e

I i)

b)

0.2 0.4 0.6 0.8 1.0 1.2 1.4
180

190

200

210

220

I e
 (

A)

210 A
a)

Figure 4.2: Electron current (a) and normalized ion current (b) during 4 measure-

ments made to reproduced the second jump observed in Fig. 4.1. During two of the

measurements Ie is increased over time, and in the other two Ie is decreased over

time. In the four cases the ion current jumps appear as Ie reaches a value near to

210 µA. The offset in the Inorm
i curves is caused by temperature differences between

measurements.

of jumps can be reproduced by performing multiple current ramps around this
value of the electron current. This figure represents 4 different electron current
ramps, both increasing and decreasing. It can be observed how the ion current
jumps in all of the measurements appear around 210 µA, within a range of
5 µA. These 4 measurements were done while keeping all the parameters the
same as the ones used for Fig. 4.1.

For the same values of Ie across the 4 measurements in Fig. 4.2, Inorm
i shows

a vertical displacement. This can be explained by the difference in the flux
density caused by the increase in temperature because of the heating of the
filament. The pressure is maintained constant at a value of 4.8×10−4 mbar,
with a maximum variation of 1×10−5 mbar between each of the measurement.
However, since the filament heated the surrounding parts of the gauge, the
temperature of the gas inside the protective cap is increased. Therefore, for the
same value of the pressure, a different amount of flux density can be present.
In the case of these four measurements in the figure, it is possible to explain
the difference in Inorm

i as caused by this effect.

For a given combination of other internal and external parameters, the
jumps appear at specific values of Ie. These values can be identified by per-
forming a ramp of the electron current. If one takes a measurement with a
constant value of Ie for which there were no jumps in the ramp, then the ion



40 4. Investigation of jumps over parameter space

current will not present jumps. However, if a constant value of Ie is chosen
as the value at which a jump was observed in the ramp, then Ii will present
multiple jumps. This will result in an unstable current that will be jumping
between two or more levels.

An example of this behaviour is displayed in Fig. 4.3, in which the currents
during a measurement with a constant value of Ie are shown. The electron
current is set to 380 µA, a value at which ion current jumps had been pre-
viously detected at the same value of pressure, of 7.0×10−4 mbar. It can be
seen how this results in unstable ion and electron currents. The ion current
experiences multiple current jumps. As the picture represents each data point
as an individual dot, it can be observed how the points accumulate in at least
5 distinct levels of current. An increase of the ion current can be seen during
the measurement. This is due to the increase in temperature, which increases
the particle flux density, even if the pressure is kept constant.
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Figure 4.3: Electron (a) and normalized ion current (b) during a measurement at

constant Ie. An unstable current with multiple jumps can be observed in (b). The

electron current is also unstable as it experiences perturbations simultaneous to the

jumps. Individual data point is represented as a dot to allow visualization of the

quantized levels of current.

Everything discussed so far in this chapter, corresponds to observations
done from measurements in which the control electrode is connected to a volt-
age that alternates with the chopping frequency. The dependency of the jumps
with Ie has also been tested using a constant value of VCE. It is still possible
to reproduce the ion current jumps by using Ie ramps without the copping
cycles. The jumps appear at a specific value of the electron current as they
did with the alternating VCE. However, when using both increasing and de-
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creasing ramps of Ie, it was found that the value of Ie at which the ion current
jumps appear can be different depending on whether the electron current is
increasing or decreasing.
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Figure 4.4: Electron (a) and ion (b) currents during a laboratory measurement

in which cycles of increasing and decreasing Ie were performed while keeping a

constant CE voltage. (c) shows the value of the ion current as a function of the

electron current. Ii experiences jumps at different values of Ie during the increasing

and decreasing ramps.

Fig. 4.4 shows the hysteresis behavior of the dependency of the ion current
on the electron current. 4 different cycles of increasing and decreasing Ie are
used to study the response of the ion current. Between 1.85 µA and 2.17 µA
the ion current experiences jumps between 3 levels of current. In (c) from 4.4
a close view of the ion current as a function of the electron current is shown.
It can be appreciated how the behavior of the ion current jumps is depending
on whether it is the increasing or decreasing part of the cycle. While Ie is
increasing, the ion current experiences a positive jump at around when Ie has
a value around 116 µA and then a negative jump after 120 µA. In the other
direction, with Ie decreasing, there is a positive ion current jump at around
105 µA. There is some variation between the four cycles due to thermal effects,
but it can be observed how the each of the jumps appears near the same value
of Ie.

This hysteresis behaviour has been observed during 41 measurements sim-
ilar to the one in Fig.4.4, in which alternating ramps of Ie are used. The
number of jumps, the width of the hysteresis, and the value of Ie at which
the jumps appear varies when parameters like the pressure and the electrode
voltage are modified. This hysteresis behaviour only appears while using a
constant VCE. When VCE alternates with the chopping frequency, the ion cur-
rent is unstable and presents multiple jumps in the range of Ie that correspond
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to the hysteresis cycle. The behaviour of the unstable current is similar to
the one observed in Fig. 4.2. The reason for the absence of hysteresis with
an alternating VCE might be due to the fact that the system is restored to its
starting conditions at the end of each cycle, and therefore, there can be no
memory of the state during the previous cycle.

The reproducibility of ion current jumps at a specific value of Ie has been
observed in all the cases when the same measurements have been repeated
within the same day. However, this reproducibility does not necessarily last
over longer periods. A possible reason for the lack of long-term reproducibility
is the change over time of the emission properties of the filament. It is a known
effect on other hot cathode ionization gauges that the spatial distribution of
electron emission over the filament surface is unstable [17]. With the experi-
mental setup, it is not possible to know what is the spatial distribution of the
electron current density, but only the scalar value of Ie.

During the experiments done for this thesis, ion current jumps have been
observed across all the range of Ie that has been used, of 50 – 800 µA. The
specific point of Ie at which the jumps occur depends on other parameters, as
will be discussed next.

4.1.2 Electrode potential dependence

Apart form the dependency on the electron current, it was found that the be-
havior of the ion current jumps also changes with another internal parameter.
If the bias potential of the different electrodes of the gauge is changed, the
jumps happen at a different point during the measurement. In this section, I
will describe the dependency of ion current jumps on VAG and VCE.

The same Ie ramps described in the previous section were carried out at
different values of AG and CE voltages. It was observed that the values of
Ie at which the ion currents jumps occurred changed depending on the value
of the voltage. Both the changes of VAG and VCE produces modifications of the
behavior of the jumps. During each set of measurements, a constant pressure
is kept, Vfil is set to 70.0 V, and either VAG or VCE is also kept constant while
the other takes a different value in each individual measurement. During these
measurements, chopping of the VCE was active, with a frequency of 4 kHz. 6
sets of measurements, each at a different pressure, were carried out to test the
dependency of the jumps on VAG. Other 4 similar sets of measurements were
done for testing the dependency on VCE. Each of the sets consisted of 20 to
30 electron current ramps, each with a different value of the corresponding
voltage.

Fig. 4.5 shows 8 of the measurements done with different values of VAG. In
the picture, it can be observed how, as the voltage increases, the behaviour
of the ion current jumps changes. With increased voltage, there is also an in-
crease of the kinetic energy of the electrons. Therefore, the amount of ionizing
collisions an electron can cause before being absorbed at the AG increases. At
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Figure 4.5: Normalized ion current as a function of Ie, corresponding to 8 mea-

surements at different values of VAG. VCEis 130 V in all measurements.

the lowest value of the voltage of 158.6 V, no jumps are appearing until the
end of the measurement after 225 µA. In the next value of the voltage, jumps
appear at around 80 µA. These jumps appear at higher values of Ie as VAG in-
creases, until the value of 188.3 V, from which the current becomes unstable,
with multiple jumps across most of the measurement.

In the example in Fig. 4.5, there appears to be a positive correlation of the
value of Ie at which a jumps appear with the value of VAG. However, this is not
a general rule. Within the sets of measurements done to test this dependency,
it is also possible to observe jumps that appear at lower values of Ie with
increasing VAG. The dependency of the jump behavior on both VAG and VCE is
complex, and it was not possible to establish any general rule other than the
fact that a change in the voltage produces a change in the behaviour of the
jumps.

The measurements previously described used a constant value of the voltage
during each measurement, while changing the value between measurements.
Experiments were also carried out with a different setup that allows changing
the value of the voltages over time during a measurement. For this, a remote-
controlled power supply is connected to a version of the ionization pressure
gauge electronic module, which uses external voltage input to set the voltages
of the gauge’s electrodes.

It was found that changing the bias voltage of either the AG or CE over
time, while keeping the Ie constant during the measurement, also produces ion
current jumps in a reproducible way. Fig. 4.6 shows an example of ion current
jumps reproduced by a variation VCE over time. In the same way as the
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Figure 4.6: Electron (a) and ion (b) currents during an experiment in which

VCE is decreased over time. The value of the currents is displayed as a function of

the voltage of CE. An ion current jump can be observed when VCE reaches 141 V,

and another at 137.5 V. Perturbations on Ie are observed simultaneously.

reproducibility of the jumps with Ie, it is only a short-term reproducibility.
Identical experiments taken more than one day away from each other may
produce jumps at different values of voltage.

4.2 External parameters

4.2.1 Pressure dependence

As it was already discussed in section 3.1, the statistical analysis of the ion
current jumps detected in the linear ionization gauges in operation in ASDEX
Upgrade suggested the majority of the ion current jumps happened within a a
range of 1×10−4 – 4.5×10−3 mbar. This led to the notion that there could be
a pressure dependence for the ion current jumps.

During one of the calibrations of the ASDEX gauges operating in the toka-
mak ASDEX Upgrade, additional measurements were done with the purpose
of studying the ion current jumps. The experiments were designed to test the
dependency of the jumps with pressure. As in any of the calibration shots
previously described, there was no plasma generated inside the tokamak, but
the toroidal magnetic field was present and neutral gas was introduced at a
controlled rate. These measurements were divided in three time intervals. In
the first interval, the pressure was kept constant at a certain level, with the
gas introduced in the tokamak beforehand. During the second interval, the
pressure was increased at a constant rate. Finally, in the third time interval
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the pressure was kept constant again. The purpose of this experiment design
was to test whether the jumps appear at a specific point during the increase
of pressure or they can appear randomly during the time intervals when the
pressure is constant. The same experimental concept was carried out with 4
different values of pressure in the range of 4.0×10−4 – 1.2×10−2 mbar. One of
the experiments was repeated with the same pressure to test if the behavior
of the jumps with pressure was reproducible.
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Figure 4.7: Electron (a) and normalized ion current (b) of manometer 1 during

experiments to test the dependency of the jumps with pressure in ASDEX Upgrade.

The currents displayed correspond to two shots that reproduce the same pressure

time trace.

The results from these experiments were the realization that the jumps
appear at a specific value of the pressure. In a given gauge, the ion current
jumps were observed at approximately the same point of the pressure ramp
during the experiments that were repeated with the same conditions. This
showed that there is a dependency of the jumps with pressure, and that this
dependency is reproducible.

It was also observed that in some of the ASDEX gauges, high-frequency
jumps appeared also during the time intervals with constant pressure. This
indicates that if the pressure is within a certain range, the current becomes
unstable and experiences multiple, high-frequency jumps for so long as the
pressure remains in that range. This behavior is consistent with the experi-
ments described in section 4.1.1, where the electron current, the pressure, and
all other parameters were kept constant at the values at which a jump had
been previously detected. In this case, the ion current experienced multiple
jumps in a similar manner.

Fig. 4.7 shows an example of the currents of one of the linear ionization
pressure gauges during the experiments previously described. It shows the
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currents during two of the shots that were repeated with the same conditions.
In the graph, it can be observed how the ion current remains constant during
the first time interval with constant pressure. Then, the current increases with
the pressure and in both cases the ion current jumps appear in both measure-
ments at a similar point around 6.7 s. In the third time interval, with constant
pressure, the current is unstable with multiple high-frequency jumps. The
value of the pressure at the two plateaus was 8×10−4 mbar, and 2×10−3 mbar
respectively.

It was found that the value of pressure at which the jumps appear is dif-
ferent in each of the ASDEX gauges in operation inside the tokamak, which
suggests that the exact behaviour of the jumps is influenced by small variations
in the geometry and manufacturing of each individual gauge.

Experiments were also carried out in the laboratory to test this pressure
dependency. The method used to reproduce the jumps in this experiments
was the same described in section 4.1.1, using Ie ramps over time while keep-
ing other parameters constant. A total of 60 experiments, reproducing the
same electron current ramp were carried out with this purpose in the range of
pressures of 5×10−5 – 1.2×10−1 mbar.
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Figure 4.8: Normalized ion current as function of electron current during exper-

iments in the laboratory in which the electron current is increased over time. The

same experiment carried out at 6 different values of the neutral gas pressure are

displayed.

As a result of these experiments, it was established that the value of Ie at
which the ion currents jumps appear changed with the value of the pressure.
Fig. 4.8, shows Inorm

i as a function of Ie in identical electron current ramps done
at incrementally higher values of pressure. All of the measurements present
a collection of jumps from an upper level of currents to a lower one after
200 µA that appears at higher values of Ie with higher pressure. The three
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measurements with higher pressures experience additional ion current jumps
at lower Ie. The value of the pressure in these experiments is measured by a
dual capacitance gauge.

In some cases, there appears to be a linear relation between the values of
Ie and pressure at which one specific jump happen, as in the jump in Fig. 4.8
which can be observed after 200 µA. However, this is not a general rule. As
with the dependency with voltage, different jumps have displayed positive and
negative correlations, resulting in a complex dependency between the values
of pressure and Ie at which an specific jump occurs.

Another result of the experiments to test the pressure dependency of the
jumps was the finding of an upper limit of pressure at which the jumps were ob-
served. During these experiments, and all other experiments carried out during
this thesis, no jumps were observed at higher pressures than 6.7×10−2 mbar

Once an upper limit of pressure was found, experiments were carried out to
test whether it was possible to find a minimum pressure at which the jumps oc-
cur. The same experiments were carried out in the highest vacuum achievable
in the laboratory setup, with a pressure in the order of 10−8 mbar. At such low
pressures, there is not enough neutral gas particles to produce a measurable
ion current. Therefore, it is only possible to study the electron electron current
perturbations that appear simultaneously as the jumps.
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Figure 4.9: Electron current over time in a laboratory experiment in which

Ie is increased and decreased in cycles. The pressure during the experiment was

1.2×10−7 mbar. Perturbations in the electron current can be observed when it

descends bellow 120 µA, and at 140 µA when it is increasing.

Perturbations in the electron current were observed when the electron cur-
rent was changed over time at the lowest pressures achievable in the experi-
mental setup. These perturbations are similar to the ones that always appear
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at the same time as the ion current jumps. If these perturbations are con-
sidered as the same physical phenomenon as the ion current jumps, then that
would imply that there is no lower pressure limit above 10−8 mbar. It is not
possible to know whether there would be ion current jumps associated with
these perturbations on Ie, as there is not enough amount of ionization as such
low pressures. However, it is highly likely that this is the same phenomenon,
because the perturbations have the same characteristics as the ones observed
simultaneously to the jumps in all cases.

Fig. 4.9 shows an example of the perturbations on Ie in vacuum. In the
experiment represented in the figure, the electron current was increased and
decreased in cycles. A constant value of VCE was used, without chopping cy-
cles. 2 and a half cycles are showed out of the 6 taken in the experiment.
The behaviour of the current in each cycle was similar to the ones displayed.
The perturbations can be observed to appear at the same point of the cycle in
the two cycles displayed. In several experiments like this one, it was observed
how these perturbations experienced hysteresis-like behavior. They appear at
a different value of Ie when the current is increasing than when it is decreas-
ing. This behavior was also observed in the ion current jumps when studying
their dependency with Ie, as described in section 4.1.1. The facts that the
perturbations of Ie observed in vacuum appear at a specific value of Ie in a
reproducible way, and that they display the same hysteresis behaviour as the
jumps, provide further indication that they are the same phenomenon.

The appearance of the electron current perturbations in vacuum leads to
the conclusion that the ion current jumps are caused by a change in the dy-
namics of the electrons, and not the ions. At higher pressures, the collisions
with neutral gas particles and the secondary electrons produced in ionization
causes a difference in the electron density. This might explain why the value
of Ie at which a jump occurs depends on the pressure.

To summarize, the results of the study of the dependency of the jumps
with pressure are that the jumps were observed in pressures within a range
of 10−8 – 6.7×10−2 mbar, that they appear at a specific point of pressure for a
given combination of other parameters, and that there is a complex relation
between the value of Ie and pressure at which a specific jumps appear.

4.2.2 Magnetic field angle dependence

A variation in the angle between the magnetic field and the electric field in
the linear ionization gauges can have possible effects in the behaviour of the
electron inside the gauges, as described in section 2.3. Therefore, it is impor-
tant to test whether the magnetic field angle α has an effect on the behavior
of the ion current jumps.

The first indication that the magnetic field angle could modify the behavior
of the ion current jumps was discovered in tests done during the calibration of
the ASDEX gauges in operation in ASDEX Upgrade to test the dependency
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with pressure. In addition to the test described in the previous section and
exemplified in Fig. 4.7, two more shots were repeated using the same pressure
time trace, but introducing a vertical magnetic field component in addition to
the the toroidal component. This is done with the outer poloidal field coils
of the tokamak. In the experiments without vertical magnetic field, the ion
current ramps appear at the same point of the pressure ramps when the same
experiment was repeated. However, the same experiment with the addition
of the vertical field component results in a difference in the behavior of the
jumps.
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Figure 4.10: Electron current (a) and normalized ion current (b) of manometer

13 during 4 tests in ASDEX Upgrade. In the 4 cases the pressure follows the

same time trace. The first 2 measurements (blue and red) corresponds to test

without vertical magnetic field, and the others (yellow and purple) correspond t

measurements with vertical field. At the position of manometer 13, Bt = -1.43 T

in all four measurements.

The difference in the behaviour of the jumps is showcased in Fig. 4.10,
where the currents are displayed in the four measurements, two with verti-
cal magnetic field (Bz), ant two without. Both components of the magnetic
field displayed, Bt and Bz, correspond to the values at the position of the
manometer. The two measurements in yellow and purple have a vertical field
component of 0.073 T, each in the opposite direction. This produces an angle
between electric and magnetic field α = ±2.9◦. The measurement correspond-
ing to the yellow line shows no jumps during the measurement, while the purple
line experiences some but smaller in amplitude and frequency as the ones in
the measurements without Bz.

The results of these test show that in all 7 of the 12 active ASDEX gauges
that presented jumps during the measurement, it is possible to observe a dif-
ference in the behaviour of the jumps with the introduction of the vertical
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magnetic field. However, no general rule could be derived for the nature of
these change, as it was different in each of the individual gauges. The toroidal
magnetic field is not homogeneous, but decreases with the main radius of the
tokamak. This means that each of the gauges experienced a different angle of
the magnetic field. All of them are placed with the main axis of the gauge par-
allel to Bt, but at different angles with respect to the vertical axis. Whether
the angle α is in the plain parallel or perpendicular to the AG wires could
have different effects on the movement of the electrons. Therefore, these re-
sults cannot provide any conclusion apart from the indication that the ion
current jump behavior is influenced by the angle of the magnetic field. Less
jumps were observed in total in the measurements with vertical field, but since
the measurements were taken at only one range of pressures, it is not possible
to know if this reduces the frequency of the jumps or they simply migrate to
values of pressure outside this range.

In order to explore the influence of the magnetic field angle on the ion
current jumps in more depth, experiments were carried out in the laboratory.
In these experiments, the jumps were reproduced with electron current ramps
between 50 µA and 250 µA. Three sets of measurements were done each at a
different value of pressure at angles between −20◦ and 20◦, with increments of
2◦. The voltages of the electrodes were the same in all of the measurements,
with VAG = 241.0 V, VCE = 115.0 V (alternating at 4 kHz), and Vfil = 70.0 V.

The results of these experiments can be seen in Fig. 4.11, where Inorm
i is

represented as a function of Ie for 4 electron current ramps at different angles.
In the figure, it can be seen how the angle of the magnetic field modifies the
behaviour of the ion current jumps. A small increment of 2◦ can change the
number and characteristics of the jumps in an unpredictable way.

The change in the behavior of the electrons inside the gauge when an
angle α was explored in section 2.3. To summarize, there are two possible
mechanisms in which α could influence the trajectories of the electrons. The
first is a decrease in the parallel component of the electric field, resulting in
a decrease of the acceleration rate of the electrons along their trajectory, and
the second is the ExB velocity drift. To test which of these two mechanism
was behind the differences in the behavior of the jumps with α, each of the
measurements was repeated at 0◦, but adjusting the electrode potentials so that
the total electric field would be the same as the component to the magnetic
field for an angle α. In this way, the amount of kinetic energy gained by
acceleration of the electrons should be the same, and, therefore, only the effect
of ExB drifts could explain a difference in the measurements.

The measurements at 0◦ with adjusted potentials can also be seen in
Fig. 4.11. As it can be observed in the graphs, the measurements with ad-
justed electric field at 0◦ present lower levels of ion current than the reference
measurements at 0◦ with the original electric field. This is to be expected,
since the decrease in kinetic energy of the electrons results in a decrease in the
amount of ionization an electron can cause before it is absorbed by the AG,
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Figure 4.11: Normalized ion current as function of Ie for multiple angles of the

gauge respect to the magnetic field during electron current ramps (blue), same

measurement at α = 0◦ (green), and measurement at 0◦ with adjusted voltages so

that the total electric field is equal to the parallel component of the field at an angle

of α (red). The neutral gas pressure was 2.8×10−4 mbar.

and thus, in a decrease in the ion current. However, the measurements taken
at an angle α, show a behavior different from both the reference measurement
and the measurement with adjusted potentials. Which indicates that the ExB
drift plays a role in determining the behavior of the ion current jumps.

The results of these experiments are consistent with what was observed in
the measurements from the gauges operating inside ASDEX Upgrade, which
also showed a change in the ion current jump behavior with angles in the
range between 1◦ and 3◦. Since the change introduced by small angles of
the magnetic field in the behaviour is so drastic, it would be necessary to do
experiments with smaller increments than 2◦ to observe a continuous change in
the Ie value at which the jumps occur. It must be noted that the experiments
in the laboratory are carried out with a magnetic field strength of 0.8 T, which
is lower than the ones present in ASDEX Upgrade, and much lower than the
fields in future devices such as ITER. The value of vExB is given in eq. 2.15,
and it is inversely proportional to the magnetic field. Therefore, with stronger
fields the influence of this drift would be expected to decrease.
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4.3 Mapping of jump frequency over parame-

ter range

After identifying the different parameters on which the ion current jumps show
dependencies, systematic measurements were done to test which combination
of internal parameters is more desirable in order to avoid the jumps from
happening. As we have already seen in this chapter, the point at which an
ion current jumps happens has complex dependencies on multiple parameters.
For a given value of the angle, potentials of the electrodes, and pressure, ion
current jumps will appear at a specific value of Ie. In addition, it must be
taken into account that the reproducibility of the jumps only lasts for a short
period of around one day.

In these experiments, electron current ramps lasting up to 60 s each were
used to reproduce ion current jumps. Since there are three internal parameters
to be tested (Ie, VAG, and VCE), it was not practical to change the three of them
at the same time. Instead, each of the two voltages was kept constant during
a set of measurements. As described in section 4.1.2, 6 sets of measurements
were taken with constant VCE and incremental changes of VAG, and 4 more
sets with constant VAG and changes in VCE. These are the measurements that
have been used for the internal parameter exploration.
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Figure 4.12: Normalized ion current (a) and processed signal used in the auto-

mated routine to detect ion current jumps (b). The processed signals correspond

to the maximum and minimum values of the average of the ion current within a

time window of 2.75 ms (or 11 data points). Only one jump might be detected per

window of 5.25 ms (or 21 data points).

In order to measure the frequency of the jumps, it was necessary to imple-
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ment an automatic method to detect the jumps from the data of each mea-
surement. The method used is showcased in Fig. 4.12. The method that has
been used for this analysis of the parameter range takes the measurement of
Inorm

i and, as a first step, calculates the moving average within a certain win-
dow w. A Hanninng window function is used to assign weights to the data
points within w. The purpose of this is to reduce the noise of the signal, though
it has the side effect of making the detection of high-frequency current jumps
more difficult. Once this is done, the routine calculates the maximum and
minimum values of the moving average within the window w. For each point,
the maximum and minimum values in a window of w/2 are calculated. If the
difference between the maximum and the minimum is higher than a certain
threshold in each window w, the routine detects a jump. To avoid detecting
the same jump multiple times, a maximum of one jump might be detected
within each window. This effectively reduces the maximum frequency measur-
able with this method to 1/w. Different methods were tried and tested, and
this one proved to be the best at detecting the real jumps while minimizing
the number of false positives.

In all of the measurements done for the internal parameter range explo-
ration, the time resolution used was 4 kHz. The time window used in the
routine to detect the jumps is w = 5.25 ms, which corresponds to 21 data
points. Since only one current jump may be detected per window, the maxi-
mum detectable frequency is 190.5 Hz. In Fig. 4.12 we can observe the original
current, and the processed signals that calculate the maximum and minimum
of the average within that window. The blue dots represent the data points at
which the routine detects that a jump occurs. The threshold in the difference
of the maximum and minimum values that results in positive jump detection
has been set as 1.5% of the total value of the current. In the figure, after 1.4 s
jumps can still be observed, but they are not detected by the routine as the
difference is below the threshold.

Fig. 4.14 shows 2D histograms of the measured jump frequency in the
parameter space of VAG between 138.0 V and 241.8 V, and Ie between 50 µA
and 250 µA. VCE was set to the value of 135.3 V (with chopping) during all of
the measurements represented in this figure. Each of the first six histograms
(from (a) to (f)) represents a measurement set carried out at a constant value of
pressure. The vertical divisions in these first six histograms correspond to each
individual measurement, consisting in an electron current ramp. Therefore
each measurement can be seen as one of the horizontal lines. The horizontal
axis is divided in 20 bins, each corresponding to 10 µA. The colors mark the
frequency of the ion current jumps between the value of 0.33 Hz and 190.5 Hz,
which are the maximum and minimum frequencies that can be measured with
this method. The maximum amount of time in any given rectangular bin is 3 s,
and thus lower frequencies of jumps would not be detected. Within each of the
histograms, each rectangular bin corresponds to an equal amount of measuring
time. The area that appears as white are the points of the parameter space
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where no jumps occurred during the measurements.
The seventh histogram (g) in Fig. 4.14 is a combination of the data from

all of the measurements. Since some of the measurements were taken dur-
ing different time periods, it is necessary to account for that in the weighting
of different measurements. The number of vertical divisions is equal to the
maximum number of divisions in the previous six histograms. Therefore, each
bins contains from 1 to 6 measurements. It can be observed that the dis-
tribution of the jump frequency is roughly homogeneous, with some areas of
higher frequencies, but at least some current jumps occurring across most of
the parameter space.

The same kind of measurements were done to explore the jump frequency
in the parameter space of VCE between 85.0 V and 175.0 V, and Ie between
50 µA and 250 µA. A constant value of 241.8 V was used for VAG. The results
are shown in Fig. 4.15. In the same way as the previous figure, the first 4
histogram correspond to sets of measurements done at a constant value of
pressure and within one day. The way these histogram are constructed is the
same as in Fig. 4.14.

Histogram (e) in Fig. 4.15 is the combination of the data from all the
measurements sets in which the voltage of the control electrode has been in-
crementally changed. It can be observed how the distribution of the current
jump frequency is not homogeneous, but tends towards higher frequencies at
lower values of VCE. In particular, no jumps are observed in the upper right
corner, at voltages higher than 145 V and electron currents higher than 150 µA.

The data represented in figures 4.14 and 4.15 provides useful information
in order to decide the internal parameters in future gauge designs in order to
avoid current jumps. However, the change over long periods of time of the
behaviour of the ion current jumps must be taken into account. In addition,
the analysis of the data from all gauges in operation in ASDEX Upgrade
revealed that small differences in the geometry and manufacture cause each
individual gauge to experience the jumps at different points in the parameter
space. Therefore, the results displayed in these figures should not be taken
as an exact prediction of the points in the parameter space where jumps will
appear. Instead, they should be interpreted as an approximated representation
from which to observe general trends.

4.4 Optimal internal parameters for jump mit-

igation

As has been seen in Fig. 4.14, the jump frequency was distributed across
most of the parameter space, so there is no clearly preferable value of VAG.
There are some values at which lower frequencies are observed, but there is
at least 1 jump per 3 s of measurement across most of the area. The error
introduced in the measurement of the neutral gas flux by an individual jumps
can be equal to the error introduced by multiple jumps happening with high
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frequency. In both cases, the value of the ion current is modified during part of
the measurement. Therefore, it would be desired to choose internal parameters
for which no jumps at all were observed, and this is not possible with any of
the combinations shown in Fig. 4.14.

On the other hand, Fig. 4.15 shows an area of the parameter space were
no ion current jumps were detected in the upper right region. At values of
VCE above 145 V and Ie higher than 150 µA there were no jumps in any of
the measurements sets at different pressures. Also, it can be observed how
the frequency of the jumps decreased as the value of VCE is increased. As
the behaviour of the jumps may change over time and the differences between
individual gauges might introduce changes across different gauges, it would
be preferable to chose a value of internal parameters that is so far as possible
form the regions where jumps are detected in order to minimize the probability
of jumps occurring. The AG voltage used during the exploration of different
values of VCE was 241.8 V instead of the 250 V, but these two values may be
close enough to expect similar results.

Mitigating ion current jumps is important to reduce the error in the mea-
surement of the neutral gas flux density. However, it is not the only factor
that has to be taken into account to select the internal parameters to be used
in the future. The performance of the gauge at those parameters is also to
be considered. In [18] different combinations of the potential of the electrodes
in the prototype linear ionization gauges for ITER are tested for their perfor-
mance in the high pressure range. The ITER gauge prototypes have a different
geometry as the ASDEX pressure gauges. The CE is closer to the filament in
these prototypes [18], with a distance of 1.5 mm, which increases the electric
field between filament and CE. This might be beneficial, since the results in
Fig. 4.15 suggest, a higher VCE reduces the occurrence of jumps.

With these consideration, a proposed internal parameter configuration is
given with the combination of electrode voltages given in table 4.1, and Ie =
200 µA.

Table 4.1: Electrode positions and optimal voltage configuration for jump fre-

quency reduction.

Electrode x (mm) Voltage (V) Electric field to next electrode (103 V/m)

Fil. -5 70 -34

CE -2.5 155 -38

AG 0 250 25

IC 10 0 -

Fig. 4.13 shows 5 measurements consisting of electron current ramps taken
with this internal parameter configuration. No jumps can be observed in any
of the measurements within the range of Ie = 150 – 250 µA. For each of the
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measurements displayed in the figure, an additional measurement using a con-
stant Ie of 200 µA during 60 s was taken, showing no detectable jumps in that
interval. All of these measurements were taken with a magnetic field of 0.8 T
at an angle α = 0◦ respect to the electric field of the gauge.
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Figure 4.13: Inorm
i as function of Ie during multiple measurements using the

internal parameter configuration of Vfil = 70 V, VCE = 155 V, VAG = 250 V, and

Ie = 200 µA. Each measurement is taken at a different value of pressure.



4.4 Optimal internal parameters for jump mitigation 57

150

200

V A
G
 (V

)

a) P = 2.0e-04 mbar b) P = 3.7e-04 mbar

Ie ( A)
150

200

V A
G
 (V

)

c) P = 8.0e-04 mbar d)

P = 1.81e-03 mbar

50 100 150 200 250
Ie ( A)

150

200

V A
G
 (V

)

e) P = 3.87e-03 mbar

50 100 150 200 250
Ie ( A)

f) P = 8.86e-03 mbar

50 75 100 125 150 175 200 225 250
Ie ( A)

140

160

180

200

220

240

V A
G
 (V

)

g) All pressures

0.3

25.0

50.0

75.0

100.0

125.0

150.0

190.0

Ju
m

p 
fre

qu
en

cy
 (1

/s
)

Figure 4.14: 2D histograms of the jump occurrence rate as function of VAG and

Ie at different values of pressure (a, b, c, d, e, f). (g) shows the combination of the

previous six histograms, with the appropriate weights for each bin according to the

amount of measuring time within each bin. VCE = 135.3 V.
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previous four histograms, with the appropriate weights for each bin according to

the amount of measuring time within each bin. VAG = 241.8 V.



Chapter 5

Search for a physical hypothesis

In this chapter, I will study possible physical mechanisms that could cause
the ion current jumps. All the aspects of the ion current jumps discussed in
previous chapters of the thesis will be taken into account.

The observation of the characteristics and parameter dependencies of the
ion current jumps described so far in this thesis strongly indicate that the cause
of the jumps is a collective behavior of the electrons. We have discussed several
parameters with which the jumps show dependency. All of these parameters
can have an influence in the behavior of the electrons.

The pressure is linked to the amount of electron-neutral collisions, and,
therefore, it regulates how many electrons are trapped oscillating back and
forth the AG, and for how long do the electrons remain in the system until
they lose all their kinetic energy. The ionization events also produce secondary
electrons, which add to the total electron density.

The electron current has a direct impact on the electron density, by increas-
ing the number of electrons, which possibly also increases electron-electron
interactions. These electron-electron interactions may also have an effect on
the amount of trapped electrons due to momentum transfer between electrons.
With no electron-electron momentum transfer, the kinetic energy distribution
of the electrons at one point in the trajectory would be a narrow function with
width according to the initial energy distribution (assuming a low fraction of
electrons collide with neutrals). The center of the distribution would corre-
spond to the potential at that point. However, the interactions could widen
the distribution, causing some electrons to gain energy and others to lose it.
The ones that lose energy become trapped, as they do not have the energy
needed to return to the filament.

The magnetic field angle also has an effect in the electron behaviour due
to ExB drift. The fact that small variations of the angle change the behavior
of the jumps, also supports the idea of the current jumps being driven by
electron behaviour. The results of the simulations in [16] also indicate ExB
drifts regulate the density of electrons by decreasing the amount of time the
electrons stay trapped. These simulation only follow the trajectory of one
electron at a time, without accounting for the space-charge density of the
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other electrons.

The voltages of the electrodes also have an influence in the movement of
the electrons, as they determine the kinetic energy they have at each point of
the trajectory.

In addition, the detection of the electron current spikes in vacuum (at
pressures of the order of 10−8 mabr), with the same characteristics as the ones
observed simultaneous to the ion current jumps, implies that the motion of
the electrons alone is responsible of this phenomenon. The ions may play a
role in the case when there is enough neutral gas for ionization, but they are
not necessary for the jumps to occur.

In order to explain why the value of the ion current remains modified
even after the electron current returns to its previous value, two hypothetical
scenarios are proposed.

In the first, there is a change in the survivality of the electrons that modify
for how long they stay in the system. The measurement of Ie just measures
how many electrons are absorbed in the AG per unit of time. Therefore, we
have no information of the number of oscillations they complete before they
are absorbed. In this scenario, the same value of measured electron current
would correspond to different electron flux densities in the ionization volumes
before and after the jump, and thus, in different amount of ionization.

In the second scenario, the change in ionization would be caused by a
change in the velocity distribution of the electrons. As it was discussed before,
the ionization cross section is a function of the electron velocity. From the
measurement of Ie, is impossible to know the electron velocity distribution.
In this way, two operating states with different velocity distributions, would
produce the same value of Ie, but different amounts of ionization.

In the following sections of this chapter, known physical mechanism that
could explain one of these scenarios will be explored.

5.1 Space-charge effects

The description of the electron behavior done in section 2.3 considers only
the electric field generated by the potentials of the electrodes of the gauge.
It neglects the effect on the electric field of the space-charge of the particles
themselves. The distribution of charged particles in the gauge (specially the
electrons as their density is higher the ions) could create disturbances to the
electric field, which would modify the electron motion.

There is evidence of the presence of sufficient space-charge in the gauges to
modify the electron behavior. In the experiments done with different potentials
of the electrodes, it was observed that if the potential difference between the
CE and the filament was smaller than 15 V, then the measured Ie is greatly
decreased compared with the value measured with the same filament heating
current and the standard potentials. An accumulation of negative space-charge
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near the filament explains this effect. The electrons are repelled by the region
of negative space-charge and prevented from escaping the filament.

The trajectory of the electrons in the gauge was displayed in Fig. 2.5. The
difference in velocity of the electrons along the trajectory causes increased
electron density near the filament and the turning point because the electrons
are slower in those regions. This causes a local accumulation of space-charge
around these points.

This suggest the possibility that space-charge effects could cause the insta-
bilities that result in the ion current jumps. Two possible mechanisms caused
by space-charge effects will be discussed in this section.

Space-charge limited extraction

The first space-charge effect that has been considered is the space-charge lim-
ited extraction. In [19], R. Timm and A. Piel describe current jumps in
thermionic discharges. Their experiment used a heated tungsten filament to
produce thermionic electrons, which are emitted in a chamber with neutral gas
at pressures smaller than 1×10−3 mbar. The filament is biased with respect to
the walls of the chamber, and the emitted electron current is measured at the
walls. Their experiments were not done in strong magnetic fields as the ones
present during the operation of the ASDEX gauges, but instead permanent
magnets in cusp arrangement around the vacuum chamber. They observed
sudden current jumps in the electron current when they varied the bias volt-
age of the filament from 0 to 40 V.

The current jumps observed in [19] display a two-state behaviour. There are
two states of the emissions of electrons from the filament. They measured the
electric potential at different points between the filament an the walls. They
concluded that the low state of emission, is caused by the negative space-
charge of electrons around the filament, which prevents other electrons from
being emitted, and they observe hysteresis in the way the current jumps from
one regime to the other, depending on whether the bias potential is increased
or decreased over time.

More experiments have reported this hysteresis behavior of jumps between
two states of the thermionic emission by hot cathodes. In [20] the authors
describe the similar current jumps and hysteresis cycles, and reports that the
jumps not only appear with a variation of the bias voltage of the filament, but
also with variations of the neutral gas pressure or the heating current of the
filament. In a follow-up paper by the same authors, the same experiments is
carried out using magnets in a cusp formation closely around the filament, and
the current jumps are also observed in this setup [21].

Even tough there are differences between the setup of these experiments
and the ASDEX gauges, it was considered as a possible explanation for the ion
current jumps, given the similarities between the phenomena. The reported
current jumps caused by this effect occur between only two levels, so further
explanation would be needed for the multiple discrete levels of current.
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Space-charge - electron trajectory interaction

Another mechanism in which accumulations of space-charge could cause in-
stabilities in the motion of the electron is by modifying their trajectories. An
accumulation of space-charge at any region inside the gauge could create distur-
bances in the electric field that would modify the trajectories of the electrons,
changing the number of oscillations that they complete before being absorbed
in the AG. Since the electron density would also change in that case, then
a feedback mechanism could be possible, by which the electron space-charge
modifies the electron trajectories. The change in the trajectories results in a
change in the electron density, and therefore, in the space-charge.

Such a complex feedback system could result in instabilities that could ex-
plain the ion current jumps in the gauges. The simulations in [16] conclude
that the ExB drifts play an important role in regulating the number of oscil-
lations the electrons are able to do before being absorbed. Inhomogeneities
in the electric field caused by the space-charge could amplify the effect of the
ExB drifts. In order to know whether this feedback system could explain the
discrete levels of current, the distribution of space charge in the gauge should
be studied to know the nature of this interaction.

5.2 Counter-streaming electron beams insta-

bilities

In this section, instabilities known to appear in a system with electron beams
moving in opposing directions in the presence of a magnetic field will be de-
scribed.

Two-stream instability

The two stream instability is a known phenomenon that occurs when there are
two populations of charged particles of the same species moving in opposing
direction to each other [22, p. 206]. It is caused by an unstable solution of the
dispersion relation of space-charge waves in such a system.

In [23], an experimental study is done on the two-stream instability with
similar parameters to the ones present in the gauges. Instead of two counter-
streaming electron beams, one electron beam interacting with a stationary
plasma of the same density is used. The authors report being able to ex-
cite the unstable mode of space-charge oscillations by modulating the electron
beam with frequencies in the range of 27 – 300 MHz. We will see in section 5.3
that similar oscillations were detected in the experiments in the laboratory
associated with the ion current jumps.

The parameter point at which the unstable modes appear is dependent on
the plasma frequency and the velocity of the electrons [23]. In the case of
the gauges, these parameters are dependent on the electron density, and the
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electrode voltage, which would be consistent with the parameter dependencies
of the ion current jumps.

One-half-cyclotron-frequency instability

Similarly to the two-streams instability, the one-half-cyclotron-frequency insta-
bility appears in systems with counter-streaming electron beams in the pres-
ence of a magnetic field. It is the result of the interaction of a space-charge
wave moving in one direction and a cyclotron moving in the opposite one [24].

Experimental observations of this phenomenon are reported in [25] and [24].
In both cases, the respective authors report instabilities in counter-streaming
electrons associated with a characteristic frequency equal to one half of the
electron cyclotron frequency. In [25], this instability is reported to cause a
widening of the parallel velocity distribution of the electrons. This would be
consistent with one of the possible scenarios to explain the ion current jumps
discussed above. In addition, these instabilities have a self-damping behaviour,
by which once the instability has completely developed, it stops and starts
anew. This self-damping behaviour could explain the high-frequency jumps in
which the current rapidly changes from one level to another. Taking this into
account, it was considered worth of investigating as a possible hypothesis.

In [24], additional frequencies of oscillations are detected, corresponding to
lower frequency modes. If this phenomenon was present in the pressure gauges,
the additional modes could explain the discrete levels of current between the
upper and lower states.

5.3 Experimental tests of possible hypothesis

Now that possible hypotheses have been described, I will discuss the experi-
ments that have been done to test their validity.

Space-charge tests

First, experiments were done to test if the counter-streaming motion of the
electrons is necessary for the jumps to appear, or on the contrary, they can
appear in a similar system with an unidirectional electron beam. In order to
do this a modified pressure gauge was used in which the acceleration grid could
be covered with a metal plate to stop the electrons from passing through and
then returning. This pressure gauge used can be observed in Fig. 5.1. In the
picture, it can be seen that the covering plate attaches to the backside of the
AG. This is in order to have a similar geometry of the electric field between
the filament and AG whether the plate is attached or not. To simplify the
system, the control electrode was removed. Measurements were taken with
and without the covering plate to compare the results.

In the experiments, the value of filament heating current was fixed, while
the bias potential of the acceleration grid VAG was increased and decreased in
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Figure 5.1: Photography of modified pressure gauge without CE and a metal plate

covering the acceleration grid.

cycles. The measurements taken with the regular AG without the covering
plate resulted in jumps, as the ones described in section 4.1.2. However, in the
experiments done with the attached plate on the back of the AG, no jumps
were observed. Measurements were taken for different pressures in the range
of 1×10−7 – 6.0×10−2 mbar.

Fig. 5.2 shows the voltage-current curve during the measurements with cov-
ered AG. In order to properly measure the current with a changing VAG, the
residual current was measured as a function of the voltage and subtracted from
the value of Ie. As can be observed, the current exhibits no jumps. The fact
that the current is low at low voltages suggest that the effect of space-charge
limited extraction is present. But the hysteresis cycle described in [19] associ-
ated with the transition between the space-charge limited extraction regime,
and the temperature limited regime are not observed. The voltage-current
curve follows the same path when the current is increasing and decreasing, the
only deviation between multiple cycles is explained by temperature effects.
The fact that the current continues to increase with the voltage instead of sat-
urating suggest that the gauge operates in the space-charge limited extraction
regime in all the range of VAG. Therefore, in the parameter range that was
studied, the transition from the space-charge limited extraction, would not be
expected to cause current jumps. No jumps were observed in the parameter
range that was investigated with this experimental setup. It must be noted
that the absence of a CE during these experiments implies a different electric
field in front of the filament.

However, in other experiments with a similar setup in which only a filament



5.3 Experimental tests of possible hypothesis 65

100 120 140 160 180 200 220 240
VAG (V)

50

100

150

200

250

300

350

400

I e
 (μ

A)

Figure 5.2: Electron current as function of VAG during four cycles of increasing

and decreasing voltage between 100 V and 250 V when the AG was covered by a

metal plate.

and a biased plate were placed in a vacuum chamber without magnetic field,
similar phenomena to the current jumps were observed. This experiments were
conducted with an electron current much higher than the ones investigated so
far, of up to 20 mA. This opens the possibility of the jumps also appear-
ing without magnetic field and without the counter-streaming motion of the
electrons, but at different regions of the parameter range.

Detection of instabilities oscillation frequencies

Next, experiments were done to test the validity of the one-half-cyclotron insta-
bility hypothesis. The frequency of the waves associated with this instability is
equal to half the gyration frequency of the electrons. Therefore, it scales with
the magnetic field. With this purpose, the ion collector was used as an antenna
and connected to an oscilloscope in order to try to detect the oscillations as-
sociated with this instability. In order to reduce the half-cyclotron-frequency
to a measurable value, the magnetic field was reduced to 0.001 T. With this
magnetic field, half the electron cyclotron frequency is in the order of 100 MHz,
which is measurable with the oscilloscope used (Lecroy Waverruner 204Xi [26]),
with up to 5 GHz of sampling rate. The ion current jumps were reproduced
with an Ie ramp and the oscilloscope measurement was triggered at the point of
the jump. In order to do this, other channels of the oscilloscope were connected
to analogue voltages proportional to the measurements of Ie and Ii.

This method allowed to detect oscillations that are visible after the jumps
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Figure 5.3: Oscillations in the voltage of the ion collector (a), and frequency

analysis (b) of the oscillations before and after an ion current jump that occurs at

t = 0.00 µs.

with frequencies in the range of 280 – 335 MHz. Fig. 5.3 shows the oscilloscope
measurement taken at same time an ion current jump was observed. Analysis
of the oscillation frequencies that are visible before and after the jumps reveal
the signal observed after the jump was already present before the jump, but
with a smaller amplitude. The secondary frequency peaks seen in the figure
around the main peak at 327 MHz can be caused by amplitude or frequency
modulation of the signal.

In addition, before the jumps happen, multiple frequencies can be observed.
Fig. 5.3 also shows the frequency analysis before the ion current jump was
observed. The same peak at 327 MHz (though with a displacement of 0.5 MHz)
can be observed, with smaller amplitude. At least 2 more peaks are visible
in this measurement. The total time of measurement used for the frequency
analysis is 62 µs before the jump and 138 µs afterwards.

The same measurements with the oscilloscope were done with different
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combinations of VAG and VCE values and pressure. After taking multiple mea-
surements before and after the jumps, the general observations are that after
the jumps, there is a signal in the range of 280 – 335 MHz, which is also present
before with smaller amplitude. Before the jump (and in some cases also after,
with decreased amplitude) there is always at least one signal in the range of
157 – 167 MHz. The latter is roughly half the frequency of the other, but not
exactly, discarding the possibility that the higher frequency is the harmonic
of the lower one. The jumps used for all of these measurements were single
positive increases of the current.

As the cyclotron frequency increase with the field strength, this rules out
that the oscillations observed are caused by this instability. The same oscilla-
tions were detected in ion current jumps with magnetic fields in the range of
0.002 – 0.8 T. This means that another phenomenon must be the cause of the
ion current jumps.

It was found that the oscillation frequency showed dependence on both the
values of the AG and CE electrodes. This led to the realization that these
frequencies could be related to the oscillation frequency of the electrons. The
electron oscillation frequency was calculated to be approximately 150 MHz,
for VAG= 250 V and VCE= 130 V. This value is similar to the lower frequency
observed before the ion current jumps. The simulations to calculate this used
a simplified geometry of the electric field, so it can only be taken as an ap-
proximation.
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Figure 5.4: Relation between the frequency of the oscillations detected after the

ion current jumps and the oscillation frequency of the electrons in measurements

with different values of VAG and VCE.

Calculating the electron oscillation frequency, for each of the combinations
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of CE and AG voltages, there appears to be correlation between it and the
frequency of the signals detected. Fig. 5.4 shows this correlation. A linear
regression fit is shown in the picture, with an slope m = 2.48 ± 0.16 and a
constant c = −39 ± 23. This suggests a relationship between the instability
that causes the jumps and the oscillation motion of the electrons.

These results are consistent with the reports of the two-stream instability
described in [23]. In the experiment in this article the frequency associated with
the space-charge waves that create the instability is of the same order. Further
similarities are the fact that the frequency of the oscillation is dependent on
the electron velocity, which is related to the electron oscillation frequency.

Taking all of this into account, the two-stream instability is considered a
promising hypothesis to explain the ion current jumps. The instability would
result in a widening of the velocity distribution, which would cause an increase
of trapped electrons, and a change in the amount of ionization. The question
remains of why the ion current jumps are observed between multiple discrete
levels of current. A possible explanation would be multiple oscillation modes
of standing space-charge waves, that can take discrete values of frequency due
to the fixed boundary conditions of the electrons oscillating in a finite length.
These standing waves are also reported in [23] associated with the oscillations
that cause the instability.

These results show that the understanding of the electron motion and
space-charge waves in the gauge are important keys for the full explanation of
the ion current jumps. Therefore, more detailed experiments in this direction
are subject to future investigation.



Chapter 6

Conclusion, discussion and
outlook

The results obtained from the work of this thesis have provided a better knowl-
edge of the nature of the ion current jumps observed in linear ionization gauges.
The dependency of the jumps with four different parameters has been analyzed.
The parameters being the neutral gas pressure, the angle of the magnetic field,
the electron current, and the electrode voltages.

The ion current jumps which first had been seen in gauges installed in AS-
DEX Upgrade and W7-X, were successfully reproduced in the laboratory, and
their occurrence has been explored over a wide parameter range. This revealed
a range of pressures where the jumps were observed of 10−8 – 6.7×10−2 mbar.
Hysteresis cycles have been found in the current jumps with increasing and
deceasing ramps of electrode voltages and electron current. Furthermore, the
study of the jumps dependence with magnetic field angle revealed that the
angle causes differences in the measurement that cannot be explained by the
reduction of the parallel component of the electric field, and must therefore
be caused by ExB drifts. The exploration of the jumps for different electrode
potentials, provided a desirable combination of internal parameters of Vfil =
70 V, VCE = 155 V, VAG = 250 V, and Ie = 200 µA, which minimizes the num-
ber of jumps. It must be noted that these observations could be specific to the
individual gauge that was used in the experiments. Furthermore, it was found
that the parameter set that reproduces a specific jumps can change over days,
most likely caused by changes in the electron emission from the filament.

The search of a hypothesis to explain the physical mechanism behind the
ion current jumps has provided useful insight into the nature of the phe-
nomenon. Multiple hypothesis have been considered. The transition between
space-charge-limited emission and temperature-limited emission in the filament
has been ruled out as a possible mechanism. The current-voltage curve of the
electron emission from the filament indicates that the gauges operate under
space-charge emission regime in the explored parameter range. However, the
presence of space-charge accumulation in the gauges has been proven. Thus,
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space-charge effects should be considered when studying the motion of the
electrons inside the gauge. A possible subject for future investigation is the
development of simulations that take the electron-electron interactions into
account.

Oscillations of a characteristic frequency around 300 MHz were detected
before and after the jumps. The amplitude of these oscillations has been
observed to increase at the same time as the jumps appear. This strongly sug-
gests that some instability associated with space-charge waves is responsible for
the jumps. The half-cyclotron-frequency instability hypothesis was discarded
due to the fact that the detected frequencies do not scale with magnetic field
strength.

The two-stream instability is considered a promising hypothesis to study
in future efforts to understand the physics behind the ion current jumps. The
detected electromagnetic frequencies are similar to the space-charge waves as-
sociated with this instability and reported in experimental observations. Fur-
thermore, it was found that the detected electromagnetic frequencies scale
with the oscillation frequency of the electrons in the gauge, which is consistent
with the two-stream unstable waves, whose frequency scales with the electron
velocity.

The thesis has characterized the ion current jumps over a wide parameter
range. With this knowledge, the electrode potentials can be adjusted to min-
imize the number of current jumps. Despite their simple design concept, the
linear ionization gauges have proven to be complex physical systems. At the
same time, they are not easily accessible for non-intrusive diagnostic methods
that could determine the conditions inside of the gauges without disturbing the
physical processes inside. The understanding of all the physical mechanisms at
play inside the gauge could provide a method to prevent the ion current jumps
completely, improving the measurement of the neutral gas flux density.
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