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Abstract

In this thesis the potential of the three classical surface analysis techniques Auger
electron spectroscopy (AES), X-ray photoelectron spectroscopy (XPS) and static
secondary ion mass spectrometry (SSIMS) for the characterisation of non-evaporable
getter (NEG) materials is assessed and artefacts are described. The various NEG samples
have been analysed in the context of the development of NEG thin film coatings for use
in accelerator ultra high vacuum (UHV) systems.

The secondary electron yield (SEY), which is a functional surface property of great
importance for the application of NEG to accelerators, has been measured. The maximum
SEY of an air exposed TiZr and TiZrV coating can be reduced from above 2.0 to below
1.1 during a 2 h heat treatment at 250 and 200 °C, respectively. Saturating an activated
TiZrV surface in UHV increases the maximum SEY by about 0.1. Thus, in UHV the SEY
of an activated NEG coating does not exceed the threshold value of 1.35, above which
multipacting is predicted to occur in the LHC beam vacuum system. The influence of air
exposures on the SEY of metals and the effect of thermal treatments in general are
discussed.

Electron beam induced surface modifications on technological metal surfaces in the
electron dose range 10-6–1 C mm-2 have been studied in the context of the surface
conditioning in accelerator UHV systems. Electron irradiation causes a surface cleaning
through electron stimulated desorption (ESD) and simultaneously the deposition of a
carbonaceous surface layer. Both processes reduce the SEY. On a saturated NEG electron
stimulated carbon adsorption from gas phase CO and CO2 takes place while the CH4

pressure has no influence on the carbon deposition rate. The mechanism and the kinetics
of the different processes are discussed.
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Glossary

TI NEG activation initiation temperature

Tc NEG activation completion temperature

EP photoelectron energy

h Planck constant (h = 6.626�10-34 J�s)

f photon frequency

EB binding energy

O electron attenuation length

d depth from which characteristic Auger or photoelectrons are emitted

Id current of electrons with characteristic energy emitted from a depth d

If current of characteristic electrons which are emitted by an infinitely thick
pure material

T electron emission angle relative to the sample surface

EKLL kinetic energy of a KLL Auger electron

Gmax maximum secondary electron yield

EPE primary electron energy

E1 primary electron energy at which the SEY exceeds unity

E2 primary electron energy at which the SEY decreases below unity

Emax primary electron energy at which Gmax is obtained

ic collector current

is sample drain current (without sample bias)

ib primary electron beam current

e elementary charge (e = 1.602�10-19 C)

P(hf) photon absorption coefficient

VESD electron stimulated desorption cross section

S slope with which the O-KLL peak intensity changes in a certain
temperature interval

RZr ratio of the peak-to-peak heights of the 147 to 141 eV components of the
Zr-M4,5N2,3N4,5 peak
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List of used abbreviations

AES Auger electron spectroscopy

XPS X-ray photoelectron spectroscopy

SSIMS Static secondary ion mass spectroscopy

SEY Secondary electron yield; is here defined as the number of all secondary
electrons per primary electron.

NEG Non-evaporable getter

UHV Ultra high vacuum; refers to total pressure < 10-5 Pa and is here defined as
a residual gas that contains no gases apart from H2, CO, CO2, CH4 and
H2O.

ESD Electron stimulated desorption

LHC Large Hadron Collider

LEP Large Electron Positron Collider

CERN European Laboratory for Nuclear Research (Centre Européen pour la
Recherche Nucléaire)

WF Surface work function

FWHM Full width at half-maximum

EDS Energy dispersive X-ray spectroscopy

WDS Wavelength dispersive X-ray spectroscopy

SIMS Secondary ion mass spectroscopy

DSIMS Dynamic secondary ion mass spectroscopy

SSIMS Static secondary ion mass spectroscopy

ToF Time-of-flight (mass spectrometer)

ML Monolayer

SEM Scanning electron microscopy

CMA Cylindrical mirror analyser

OFE Oxygen free electrolytic copper

RT Room temperature

PE Primary electron

SE Secondary electron
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1 Introduction

The Large Hadron Collider (LHC) [1], which is currently being constructed at CERN,
consists of two proton storage rings in which the proton bunches are circulating in
opposite directions and brought to head-on collisions at distinct points. The LHC will be
installed in an already existing tunnel with a circumference of 27 km, in which the former
Large Electron Collider (LEP) was housed. This circumference requires a bending
magnetic field of 8.4 T in order to reach the LHC design energy of 7 TeV per proton
beam. These very high magnetic fields are provided by 15 m long superconducting
magnets.

Figure 1: First full-scale prototype LHC dipole magnets installed for testing at CERN. The superconducting
magnets reach a field of 8.4 T. For this purpose NbTi superconductors are used which are operated at 1.9
K. The two beam pipes are incorporated into a common iron yoke, which is housed in a single cryostat. The
whole magnet is immersed in a bath of superfluid helium [2].
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Two beam pipes, in which the proton beams of 530 mA will be stored, are incorporated
into a common iron yoke, which is housed in a single cryostat. The whole magnet is
immersed into superfluid helium at 1.9 K.

In order to achieve the design beam lifetime of 22 h the gas density in the LHC
beam pipes must not exceed a certain threshold value (e.g. 1015 H2 molecules m-3 in the
LHC arcs [3]). The density of the different gas molecules in the beam pipe is determined
by the effective pumping speed and by the rate with which these molecules are desorbed
from the vacuum chamber walls through thermal and beam induced outgassing.

In the past accelerator UHV systems were pumped by external pumps, which were
connected to the beam pipe in regular distances. As a result, effective pumping speeds in
the long and narrow beam pipes were strongly conductance limited. In modern particle
accelerators large effective pumping speeds are commonly provided by distributed pumps
like integrated sputter ion pumps or non-evaporable getter (NEG) pumps. The main
pumping of the UHV system of CERN’s former LEP collider [4], as an example, has
been provided by a Zr-Al NEG strip.

In addition to the effective pumping speed the properties of the internal vacuum chamber
walls of accelerator UHV systems have a strong influence on the dynamic vacuum
stability and as a consequence on the maximum beam current which can be stored in the
beam pipe. In order to combine a high effective pumping speed with a very low chamber
wall outgassing NEG thin film coatings [5] are currently being developed for use in the
LHC. These NEG coatings can be deposited directly onto the vacuum chamber walls and
they can be activated passively during a chamber bake-out.

The functional vacuum properties of the NEG coatings are characterised at CERN by
pumping speed-, ultimate pressure- and electron stimulated desorption (ESD) yield
measurements [6]. These measurements are rather laborious and require samples with a
large geometrical surface area, which makes the sample production complicated. It is
therefore desirable to make a pre-selection from a wide range of candidate NEG materials
by other measurements which are less laborious and for which the sample production is
more flexible.

Auger electron spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS)
have already been used for various studies of bulk getters [7,8,9,10] and to monitor the
activation of TiZrV NEG thin film coatings [11,12]. Recently also secondary ion mass
spectrometry (SSIMS) has been applied to study the NEG activation process [13]. In this
thesis the potential of these three classical surface analysis techniques for the analysis of
NEG is compared.

Getter materials are notoriously difficult to analyse because of their chemical reactivity
(sticking factors for residual gas molecules like CO and CO2 on activated getter surfaces
are close to unity [14]). Hence, in order to draw useful conclusions from surface analysis
of NEG it is important to ascertain whether the observed surface modifications are related
to the intrinsic properties of the NEG material or if they are caused by the surface
analysis procedure.

Based on experimental results from the investigation of more than 100 different NEG
samples the characteristic features in the Auger-, photoelectron- and secondary ion mass
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spectra and their variation during the NEG activation process are described. The
usefulness of certain spectral changes for the characterisation of NEG materials is
discussed and the possibility of instrumental artefacts is considered. Most presented
surface analysis results were obtained by AES and these results are complemented by
XPS and SSIMS data.

The secondary electron yield (SEY), i.e. the number of emitted electrons per
incident electron, is a functional surface property of great importance for the application
of NEG in accelerator UHV systems. If the SEY of the internal vacuum chamber surfaces
exceeds a critical value a resonant electron multiplication (multipacting), driven by the
electric field of successive bunches of the particle beam [15], can severely hamper the
performance of a particle accelerator.

In order to avoid beam induced multipacting the NEG coatings for use in particle
accelerators should therefore provide a low SEY. For the internal surfaces of the LHC
vacuum system a critical maximum SEY of Gmax = 1.35 is predicted, above which beam
induced multipacting can occur [16]. In this context the SEY of different NEG coatings
has been measured in the as-received state and as a function of thermal treatment. The
possibility to assess the NEG activation temperature from SEY measurements is
discussed.

A further main subject of this thesis is the study of electron induced surface
damage [17], which is an artefact that can obscure AES and SEY measurements. Electron
induced surface modifications occur also on the internal vacuum chamber walls of a
particle accelerator. In the terminology of accelerator physicists particle induced surface
damage is referred to as “conditioning” or “beam scrubbing”. The surface modifications
which occur during this process are advantageous for the operation of accelerators since
they usually decrease particle induced outgassing [18] and the SEY [19] of air exposed
metal surfaces.

The cold sections of the LHC vacuum system [3] inside the superconducting magnets can
not be heated in-situ. Therefore, the SEY of the internal surfaces of this part will initially
be far above the critical value of 1.35 and the vacuum stability will rely on surface
conditioning during the initial operation of the LHC. The design beam current of the
LHC will only be achieved after a certain conditioning period and the understanding of
the conditioning process is therefore important in order to predict the required
conditioning time. The electron dose dependent AES measurements presented in this
thesis are therefore relevant for the interpretation of the Auger electron spectra as well as
for the understanding of the conditioning procedure in particle accelerators.
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2 Basic concepts

2.1 The LHC beam vacuum system

The LHC layout is composed of eight straight sections and eight bending arcs, the arcs
accounting for almost 48 km of the total 54-km beam pipe. In the arcs the entire beam
pipe is kept at cryogenic temperatures while a part of the straight sections is operated at
room temperature.

In the centre of the bending magnets the so-called cold bore beam pipe is in direct contact
with the helium bath at 1.9 K. In this part of the beam vacuum system pumping relies
entirely on cryopumping on the cold bore walls, which provide an efficient cryopump
with practically unlimited capacity for all gas species except He [3].

However, the design of the LHC beam vacuum system does not only reflect the vacuum
needs but it must also fulfil other requirements such as the limitation of the beam induced
heat load into the 1.9 K cryogenic system. For this purpose a thermally insulated heat
shield, the so-called beam screen, is inserted into the cold bore pipe. The beam screen is
cooled by gaseous helium to a temperature between 5 and 20 K, at which heat removal is
more efficient than at 1.9 K. A schematic view of the UHV system [3] in the bending
magnets is shown in Figure 2.

Figure 2: Cross-section of the LHC beam pipes in the cold parts of the LHC. The inner tube is the so-called
beam screen, which limits the beam induced heat load into the 1.9 K cryogenic system. The beam screen is
cooled by gaseous helium to a temperature between 5 and 20 K. The slots in the beam screen allow residual
gas molecules to reach the so-called “cold bore” walls of the magnets, which are immersed in a superfluid
helium bath at a temperature of 1.9 K. At this temperature the cold bore tube represents an efficient
cryopump with practically unlimited capacity for all gasses except He.



5

During the LHC operation a flux of 1017 photons s-1 m-1 with a critical energy of 46 eV
[20] impinges on the beam screen walls, releasing molecules from the surface through
photon stimulated desorption. The gasses released (mainly H2) are re-adsorbed onto the
beam screen. At the beam screen temperature of between 5 and 20 K H2 does not
condense and the H2 equilibrium pressure is a function of surface coverage. Therefore,
the H2 equilibrium pressure in the beam pipe would increase to an unacceptably high
value if no additional H2 pumping would be provided. For this reason the beam screen
contains slots through which the H2 molecules can reach the 1.9-K cold bore walls, on
which H2 is cryopumped with practically unlimited capacity.

The design of the LHC UHV system which is operated at room temperature is not yet
approved. However, the warm parts of the LHC beam pipe can be baked and the internal
beam pipe surfaces will be coated by a TiZrV NEG thin film, in order to obtain a surface
with a low SEY and with low thermal and particle induced outgassing rates. The
pumping of the activated NEG coating may allow to omit titanium sublimation pumps,
which would be needed when using non-NEG coated vacuum chambers.

2.2 Non-evaporable getters

A getter is a material which is able to chemisorb gas molecules on its surface [21]. In
order to form stable chemical compounds with impinging gas molecules the getter
surface must be clean.

2.2.1 Evaporable and non-evaporable getters

One distinguishes between evaporable getters and non-evaporable getters depending on
the way of producing a clean getter surface. In the first case a fresh getter film is
deposited in-situ inside the vacuum chamber. Commonly used evaporable getters are
barium getters, which are for instance applied to maintain the required vacuum level in
cathode ray tubes. Sputter ion pumps and titanium sublimation pumps are evaporable
getters which are often applied to the UHV system of particle accelerators. These pumps
are also used to obtain the UHV in the surface analysis experiments used for this work.

When evaporable getters can not be used, e.g. because there is not enough room to
produce a sufficiently large getter surface or when the evaporated getter film can cover
delicate parts of the vacuum system or cause short circuits, non-evaporable getters can be
an interesting alternative. On NEG a clean getter surface is obtained by dissolving the
passivating surface oxide into the getter bulk when heating the getter material under
vacuum (NEG activation) [22].

2.2.2 The definition of the NEG activation temperature

An important property of NEG materials is their activation temperature, i.e. the heating
temperature which is required to obtain the desired functional NEG properties in a certain
time. The definition of the activation temperature is phenomenological, i.e. it depends on
the NEG application. The activation temperature may be for instance defined as the
temperature to which the NEG must be heated in order to provide a specified pumping
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speed. When a NEG is used as an anti-multipacting [15] coating the activation
temperature could be defined as the temperature needed to reduce the SEY to a certain
threshold value.

When using solely analytical methods for characterising a NEG another definition of
activation temperature is needed. In an investigation of different Zr-alloy getters [8] two
characteristic temperatures at which characteristic features are observed in the XPS
spectra are described. The first is the temperature at which the oxides start to convert into
metallic state and the second is the temperature at which this process is completed. The
authors call these two temperatures initiation temperature TI and completion temperature
Tc respectively. Accordingly, these terms are used throughout this thesis in order to
compare the onset and the completion of NEG activation as observed by AES and XPS.

2.2.3 The main characteristics of a NEG material

The most important characteristics of a good NEG material are a high chemical affinity
for the different gas species to be pumped, a high diffusivity of the surface chemisorbed
species in the NEG bulk and a high oxygen solubility [23].

The most restrictive requirement for a good NEG material is a high solubility limit for
oxygen in order to allow several NEG activations to be carried out [5]. This requirement
is best met by the elements in the 4th column of the periodic table, notably Ti, Zr and Hf.
In the present study NEG composed of the elements Ti, Zr and V have been investigated.

H He

Li Be B C N O F Ne

Na Mg Al Si P S Cl Ar

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn

Fr Ra Ac

Figure 3: Periodic table of elements with an indication of the elements with a high solubility limit for
oxygen. The oxygen solubility limit at room temperature of the elements in the 4th column, notably Ti, Zr
and Hf, exceeds 20 at.% [24].

The surface topography of a getter has a great influence on the sticking probability of
impinging gas molecules and on the pumping capacity. Therefore, NEG are often
deliberately very porous materials with specific surface areas orders of magnitude larger
than their geometric area.

~1%   >20 %   ~1%

High O solubility
limit at RT
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2.2.4 NEG thin film coatings

The aim of NEG thin film coatings is to transform the walls of a vacuum chamber from a
gas source into a pump [22]. For this purpose a thin NEG film is deposited onto the inside
of the vacuum chamber where the coating is activated “passively” during a vacuum
chamber bake-out. The NEG coating traps the gas from the underlaying surfaces and
when activated provides a clean surface with a low thermal and particle induced
outgassing. In this way the structural properties of the vacuum chamber walls are
combined with the functional surface properties of a NEG pump.

NEG thin film coatings must have a low activation temperature since the activation
temperature determines if a certain NEG material is compatible with the commonly used
vacuum chamber materials like stainless steel, aluminium or copper. If a NEG is
deposited onto an aluminium or copper vacuum chamber its activation temperature must
not exceed 200 °C in order not to deteriorate the structural properties of the vacuum
chamber wall during the bake-out.

2.3 The surface composition of air exposed metal surfaces

Surfaces are energetically unfavourable since surface atoms have a greater free
energy than bulk atoms. This excess free energy is called surface free energy. When
a clean metal is exposed to air a series of processes take place, successively reducing its
surface free energy. The influence of air exposures on the surface composition of initially
atomically clean metals has been studied extensively, mainly because of its importance
for adhesion phenomena. A review of this topic is given in reference [25].

Atomically clean metal surfaces have a high surface free energy. If such surfaces are
exposed to the ambient air they are immediately oxidised by the chemical reaction
between the metal and the oxygen in the air. Several monolayers (ML) of oxygen are
chemisorbed during the oxidation of the metal surface, reducing the surface free energy
to a few 100 mJ m-2.

According to the Cabrera-Mott theory for thin film oxidation [26] the oxide growth is
controlled by the transport of metal cations or oxygen anions through the oxide, which
acts as a solid electrolyte. The transport of ions across the film is driven by an electric
field, which results from a potential of about 1 V between the metal and the outer oxide
layer. The field strength is very high when the oxide layer is thin and, as a result, the rate
of oxidation is initially very high. With increasing oxide thickness the field strength
decreases and the growth rate slows down. Once an oxide thickness of typically 2 nm has
formed the electrical field is so low that the metal oxidation in air at ambient temperature
virtually stops, provided that a protective oxide film is formed.

Subsequent exposure to humid air leads to a transformation of the outermost metal oxides
into hydroxides [27]. On top of the hydroxides a thin layer of H2O is adsorbed, which
free surface energy is approximately 70 mJ m-2.

Above the inorganic phase hydrocarbons are adsorbed from the air in a dynamic process,
which can continue for many days. XPS measurements show that the airborne
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hydrocarbon contamination can grow to a thickness similar to that of the underlying
oxide [25]. Water can be bonded to the organic layer through hydrogen bonds and several
MLs of water, extending through the entire surface film, can be adsorbed in the presence
of hydrocarbon contamination [25].

2.4 Surface analysis by X-ray photoelectron spectroscopy (XPS)
and Auger electron spectroscopy (AES)

2.4.1. XPS

In XPS the sample is irradiated by X-rays with a well defined energy, typically Al KD

(hf = 1486.6 eV) or Mg KD (hf = 1253.6 eV). When these X-rays interact inelastically
with a sample atom this is ionised and the X-ray quantum transmits its entire energy to
the ejected electron. If this electron escapes into the vacuum without making inelastic
collisions its kinetic energy EP is

EP = hf – EB - WF            Equation 1

where EB is the characteristic binding energy of the electron and WF is the surface work
function.

The photoelectron spectrum, i.e. counts per kinetic energy interval per unit time, is
usually converted into a binding energy scale. In this spectrum all elements except
hydrogen can be identified from their characteristic photoelectron peaks, provided that
their quantity exceeds the detection limit, which is typically 1 at.%.

2.4.2 AES

In AES, electrons with an energy of typically 5 keV are used to excite core levels of
sample atoms. If an ionised atom relaxes the core hole is filled via a transition from a
level of higher energy. The energy difference between the two levels involved becomes
then available as excess energy, which leads either to the ejection of a characteristic X-
ray quantum (which can be used for bulk analysis by EDS/WDS) or to the ejection of a
so-called Auger electron.

The Auger electron energy is hence determined by three energy levels as shown in Figure
1. Those are the core level ionised by the primary radiation, the level from which the
electron originates which fills the initial core hole, and the level of the Auger electron,
which is simultaneously ejected. A doubly ionised atom is left after the Auger process
and the ejected Auger electron has a kinetic energy equal to the energy difference of the
singly ionised initial state and the doubly ionised final state of the emitting atom.
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Figure 4, Process for de-excitation of an atomic core hole by the emission of an Auger electron.

In first approximation the Auger electron energy with respect to the Fermi level can be
estimated as the difference between the binding energy of the core electron (EK) and the
binding energy of the two outer electrons (EL1 and EL2,3).

EKL1L2,3 | EK - EL1 – EL2,3            Equation 2

EL2,3 in Equation 2 is not the ground state binding energy but the EL2,3 binding energy
in the presence of a hole in the level L1.

Since the energy of an Auger electron is a function of the characteristic atomic energy
levels any element which emits Auger electrons, i.e. all elements but H and He, can be
identified by the corresponding Auger transitions.

The main advantage of electron induced AES over XPS is the high spatial resolution
which can be obtained with this technique. With modern instruments equipped with a
field emission source spot sizes of 5 – 15 nm can be achieved [28].

2.4.3 Depth resolution of AES and XPS

Both AES and XPS rely on the detection of characteristic electrons with a kinetic energy
between approximately 100 and 1500 eV and both techniques are therefore similarly
surface sensitive.

The attenuation length O determines the surface sensitivity of electron spectroscopy
through the Beer-Lambert equation:

Id = If exp(-d/OsinT)           Equation 3 [29]

The exponential attenuation of the electrons generated at a depth d results in the
decreased electron intensity Id relative to the intensity If emitted by an infinitely thick,
clean substrate. T is the electron take off angle relative to the sample surface.

With the Beer-Lambert equation one can calculate that the probability of an electron to
escape without inelastic energy losses from a depth d = O perpendicular to the surface is
37%. 95% of all detected Auger- or photoelectrons originate from within a depth of 3 O.
In elements O corresponds to a few MLs.

excitation de-excitation
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XPS measurements as a function of T can be used to obtain a non destructive depth
profile through a thin overlayer structure. If the elemental composition in a depth greater
than a few nm is of interest destructive depth profiling by ion etching combined with
electron spectroscopy can be applied.

2.4.4 Chemical specifity of AES and XPS

In addition to elemental identification AES and XPS can provide information about the
chemical state of the electron emitting elements if the characteristic electron energy can
be measured precisely.

Chemical shifts are of the order of a few electron volts. The energy resolution in XPS
depends on the intrinsic line width of the characteristic peaks, the energy width of the
characteristic X-rays used to excite the sample atoms and the peak broadening in the
electron spectrometer. In a modern XPS instrument the energy resolution, which can be
obtained with a sufficiently high signal to noise ratio, is less than 1 eV (FWHM) [30].
Hence, XPS can in many cases yield chemical state information and it is a commonly
used technique for chemical state analysis.

AES is often regarded as a method which has no potential for chemical state analyses.
However, the reason for this is in many cases the instrumentation with which AES is
carried out. Traditionally AES has been mainly used for elemental surface analysis and
the electron spectrometers (typically a cylindrical mirror analyser or retarding field
analyser) were optimised for the highest possible transmission. In such instruments the
electrons are not retarded before they enter the analyser and due to the broadening of the
Auger peaks in the spectrometer the small chemical shifts are often not observed in the
Auger spectra even if the peaks have a small intrinsic line width.

The resolution of an electron spectrometer increases with pass energy. Therefore, high
resolution spectrometers make use of an electrostatic field in order to retard the electrons
before they enter the energy discriminating part. If chemical state information has to be
obtained from peaks across the whole energy spectrum, the spectrometers are operated
with constant pass energy, i.e. with constant absolute energy resolution.

With such high resolution spectrometers useful information about the chemical
environment of many elements can be obtained. Notably the Auger lines of the post
transition elements are very narrow and their LMM transitions contain better information
than their respective photo lines [31].

If peak shifts are small fine structure in the Auger spectra can sometimes be exploited in
order to yield chemical state information. A typical example is the C-KLL carbon Auger
peak in different chemical situations [32]. Graphite, diamond and various carbides can be
distinguished by the corresponding characteristic Auger peak shape and the associated
fine structure.
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2.5 Surface analysis by static secondary ion mass spectroscopy
(SSIMS)

In SIMS the sample surface is sputtered away by primary ions with an energy between
typically 5 and 10 keV. Among the sputtered atoms and molecular clusters a small
fraction are ions with an energy between zero and several hundred eV, which are partly
transferred into a mass spectrometer where the secondary ions are analysed according to
their charge-to-mass ratio.

SIMS has important advantages over the electron spectroscopic techniques. Besides
chemical and elemental specificity (all elements including hydrogen can be detected)
SIMS has also isotopic specificity and its sensitivity is higher than that of any other
surface analysis technique (detection limits can be in the part-per-million to part-per-
billion range [33]). The dynamic range of a SIMS analysis can in favourable cases be
more than 6 decades. The most important disadvantage of SIMS is that it is extremely
matrix sensitive, which makes a quantitative analysis without the use of standards
practically impossible.

SIMS can provide elemental and molecular surface analysis, in-depth elemental analysis,
an elemental imaging of the surface or an imaging depth profile. These applications are
called static SIMS (SSIMS), dynamic SIMS (DSIMS), and imaging SIMS, respectively.
In the following only the SSIMS mode is discussed.

A surface analysis can be obtained by SSIMS, provided that ion beam induced surface
damage and surface charging are kept sufficiently low. Ion beam damage becomes
evident in the secondary ion spectra of organic materials after removal of 0.01 MLs [34].
The static limit of SIMS measurements is typically obtained between 1013 and 1014 ions
cm-2. Measurements within the static limit are most easily achieved using a mass
spectrometer that works in parallel detection mode, i.e. a time-of-flight (ToF) analyser.
Quadrupole mass analysers, which work in serial detection mode, are also used for
SSIMS. With an analysis depth between 1 to 3 MLs SSIMS is the most surface sensitive
of the surface analysis techniques described here.

Secondary ion spectra contain peaks from elemental ions and cluster ions (fragment ions
are defined as cluster ions originating from solid organic substances or from adsorbed
organic species [35]). The intensity of cluster ions is strongly dependent on the stability
of the cluster composition and it is not necessarily identical with the sample composition.

2.6 Secondary electron emission

When electrically charged particles with sufficiently high kinetic energy impinge on a
solid surface, this surface emits electrons. The emitted electrons are called secondary
electrons (SE) and the impinging particles are called primary particles. If the primary
particles are electrons these are called primary electrons (PE) and the electron emission
process is called secondary electron emission. The secondary electron yield (SEY) is here
defined as the number of all SE which are emitted per PE.



12

SE emission can be described as a three step process. The first step is the penetration of
the PE into the target during which they produce SE through inelastic collisions with the
target material. The second step is the transport of the generated SE to the surface. The
escape of the SE through the surface into the vacuum is the third step.

The mean escape depth of SE is in order of 3 - 5 nm [36] and thus the probing depth of
SEY measurements is similar to that of AES and XPS. However, in the electron
spectroscopic techniques the electrons which contribute to the characteristic peaks have a
kinetic energy of more than 100 eV while the vast majority of the SE has an energy of a
few eV only. As a consequence the WF influences the escape probability of SE whereas
the WF has practically no influence on the escape probability of Auger or photoelectrons.

A complete quantitative description of the SE emission process consists of the SEY
versus PE spectrum and the energy distribution spectrum of the emitted SE at each PE
energy. The SE energy distribution at a certain PE energy may also be useful for
monitoring the NEG activation process but this possibility has not been tested and in the
following only the SEY versus PE spectra are discussed.

The SEY versus PE energy spectra of all materials have a s similar shape. As an example
the SEY spectrum of an air exposed TiZrV coating is shown in Figure 5.
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Figure 5: Total SEY G of an air exposed TiZrV coating in dependence of the PE energy.

All SEY versus PE energy curves can be described by the following characteristic values:

Gmax:  maximum SEY

Emax:  energy at which Gmax is attained

E1: energy below which the SEY is less than unity

E2: energy above which the SEY is less than unity

Because of their uniform shape SEY versus PE energy spectra have no elemental
specifity. Some information about the electronic structure [37] and the surface
topography of the SE emitting surface may however be obtained from the slope of the
SEY versus PE energy spectrum. Usually at low PE energies very rough surfaces emit

Gmax
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less SE than smooth surfaces while at high PE energies rough surfaces can have a higher
SEY than smooth surfaces.

Since only one maximum occurs in the SEY versus PE energy spectrum the value of this
maximum, i.e. the maximum SEY Gmax, of different materials is often compared. For
smooth and atomically clean metal films which are evaporated in-situ the maximum SEY
varies between 0.5 (lithium) and 1.8 (platinum). The yield of elemental semiconductors is
also of the order of unity [38]. The maximum SEY of insulators is considerably higher
than that for metals and semiconductors, mainly because of the large escape depth of SE
in insulating materials. Quartz as an example has a maximum SEY of about 3. For other
insulators maximum SEY values above 10 have been measured [39].

Secondary electron emission of pure metal surfaces has been studied extensively and
reliable SEY data for most atomically clean metals has been published already several
decades ago. As an example, Gmax of titanium and zirconium is 0.9 and 1.1, respectively
[40]. For vanadium one can also expect a Gmax value between 0.9 and 1.1 since the SEY of
metals shows a trend to increase with atomic number and also from the left to the right in
the periodic table.

However, despite the fact that for many applications the SEY of air exposed surfaces is
relevant rather than the SEY of atomically clean surfaces, SEY data of air exposed
surfaces is rare and the reasons for the SEY variation during air exposures of atomically
clean metals are still discussed controversially. There are mainly two reasons for this.

Firstly, it is difficult to define precisely an air exposed surface because of the many
parameters influencing the surface composition (e.g. initial sample state, air exposure
time, humidity and concentration of contaminants in the ambient air).

The second reason why SEY data of air exposed surfaces is often questionable is the fact
that the SEY of such surfaces is much more sensitive to electron irradiation than the SEY
of atomically clean surfaces [37]. Therefore, SEY measurements of air exposed surfaces
provide in many cases the SEY of an electron beam damaged surface, which has a much
lower SEY than the as-received surface. For reliable SEY measurements of air exposed
surfaces the electron dose accumulated during the SEY measurements must not exceed
10-6 C mm-2 [41].
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3 Experimental

3.1 Sample preparation

The investigated samples are thin film coatings composed of Ti, Zr and V with a
thickness of approximately 1 Pm. The NEG coatings are deposited by magnetron
sputtering either onto copper or stainless steel substrates. The samples are produced in
two different coating systems.

Most samples are coated in a sputtering configuration which comprises three elemental
cathodes that can be powered independently. Six pairs of samples with the dimension
10 mm x 14 mm x 1 mm can be produced in one coating run. The composition of each
sample pair can be varied over a large compositional range. During sample coating in the
three-cathode system the substrate temperature never exceeds 100 qC.

The bulk composition of each NEG coating is determined by energy dispersive X-ray
spectroscopy (EDS). Scanning electron microscope (SEM) images reveal that the TiZrV
coatings deposited onto smooth copper and stainless steel substrates are smooth on a
microscopic scale (see Figure 6).

Figure 6: SEM images of a TiZrV coating on a copper (left plot) and on a stainless steel substrate (courtesy
of G. Jesse, CERN, EST-SM).

In the second sputtering system [5] a single cathode is used, which is made by
intertwisting commercially available single element wires. The coating composition
depends in this case on the number and size of the wires for each element. When using
one wire of the same size for each element an approximate film composition of
Ti-30 at.%, Zr-20at.% and V- 50 at.% is obtained. The cathode temperature, which may
exceed 1000 qC, can also have an important influence on the NEG film composition since

1 Pm 1 Pm
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the vapour pressures of Ti and V may become so high that they influence the deposition
rate of these elements while the Zr vapour pressure remains negligibly low [42]. The
substrate to be coated is in the form of a tube, to which samples may be attached with a
size that is compatible for surface analysis or SEY measurements. In the one-cathode
system the substrate temperature can be easily varied, by heating or cooling the tube to be
coated. For more information about the NEG thin film production see reference 5.

For the measurements of electron beam induced surface modifications a TiZrV thin film,
a niobium thin film and a chemically cleaned oxygen free electrolyte (OFE) bulk copper
sample were used. The Nb thin film was sputter deposited onto chemically polished
copper [43]. Such Nb coatings are used at CERN as superconducting coatings in radio
frequency cavities for particle acceleration. More information about the chemical
cleaning procedure of the OFE copper sample can be found in reference 44.

After thin film deposition, all coating systems are vented to a dry N2/O2 mixture and the
time during which the samples remained in air before being introduced into the
experimental vacuum systems was approximately 1 h. After this treatment the NEG
samples are referred to as “as-received” samples. The thin film coatings were not
submitted to any chemical cleaning procedures and hence the surface measurements of
the as-received coatings show the influence of the air exposure on atomically clean
surfaces.

3.2 Sample characterisation

3.2.1 AES analysis

3.2.1.1 Auger electron spectrometer

Unless explicitly mentioned AES measurements were carried out with an unique
instrumement, which is described in detail elsewhere [45]. The single-pass cylindrical
mirror analyser (CMA) PHI 15-110B of this instrument can be retracted from the
experimental chamber and kept under vacuum in an independent vacuum system when
the experimental chamber is exposed to atmospheric pressure. The CMA is optimised for
high sensitivity and signal-to-noise ratio, i.e. the maximum analyser aperture has been
chosen. This results in a poor relative energy resolution 'E/E of 1.2% (full width at half-
maximum).

Core electrons are excited by a 2.5 keV electron beam with a current of typically 1 PA, at
normal incidence to the sample surface. The electron beam diameter which is impinging
on the sample surface is about 0.15 mm.

Sample heating in the surface analysis systems is achieved by radiation from a hot
filament and the sample plate temperature is measured by a K-type thermocouple. The
sample heater has been designed in order to allow sample temperature measurements
with an estimated accuracy of r 3 °C. Therefore, the samples are tightly clamped to an
OFE copper sample plate by means of four screws so that a good thermal contact
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between sample plate and the samples is assured. Two different sample mountings a and
b have been used in the Auger electron spectrometer, which schematic view is shown in
Figure 7. For XPS measurements the sample mounting a was used.

a Two samples with the dimensions 14 mm x 10 mm x 1 mm are clamped to the
heatable OFE copper plate by means of a copper mask, which partly covers the
sample surface. For some measurements the copper mask has been entirely coated
by a TiZrV thin film.

b One sample with the dimensions 50 mm x 40 mm x 1 mm is directly fixed to the
sample plate by means of four screws.

Figure 7: Schematic view of the different sample mountings a and b, which were used for sample heating in
the Auger electron spectrometer. Sample mounting a allows to clamp two samples with the dimensions
14 mm x 10 mm x 1 mm to the sample plate by means of a mask, which covers the sample edges. With
mounting b only one sample with the dimensions 50 mm x 40 mm x 1 mm is fixed to the sample plate
using four screws.

The rate with which the sample temperature is raised up to the chosen value is about
10 qC min-1. The surface analysis measurements are either carried out as a function of
heating temperature, which is kept constant during 1 h, or as a function of heating time at
constant temperature.

The UHV system of the Auger electron spectrometer is pumped by a combination of a
turbomolecular pump and sputter ion pumps. In addition a Ti sublimation pump with an
estimated effective pumping speed in the order of 1000 l s-1 for N2 has been installed in
order to reduce the residual contamination during sample heating. Compared to the global
pumping speed of the system the pumping speed of the activated NEG samples is
negligibly small.

The total base pressure in the vacuum chamber of the Auger electron spectrometer before
sample heating is 10-7 Pa (N2 equivalent), H2 being the dominant gas species followed by
water vapour (pH2O a 2�10-8 Pa). During sample heating the total pressure in the
experimental vacuum chamber increases to about 5�10-6 Pa at 350 °C, again with H2 as
the main gas followed by H2O (pH2O a 5�10-7 Pa) and CH4 (pCH4 a 5�10-7 Pa). The
partial pressures of CO and CO2 during sample heating at 350 °C are in the order of
10-7 Pa.

For partial pressure measurements a quadrupole mass spectrometer for residual gas
analysis (Balzers QMG 112) is used. The sensitivity of the mass spectrometer for CO has

Sample
mounting a

Sample
mounting b
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been estimated by injecting pure CO and recording the corresponding detector current
(mass 28) at a total pressure of 10-5 Pa.

3.2.1.2 Data acquisition

Auger electron spectra are acquired in the direct EN(E) mode with a 1 eV step.
Afterwards the spectra are numerically differentiated. The acquisition of one spectrum
lasts about 1 min (energy range 30 – 1000 eV, 1 eV step, 20 ms/step, 3 repeats) and the
PE dose accumulated during the acquisition of one Auger spectrum is hence about
3�10-3 C mm-2.

All NEG surfaces are first analysed in the as received state after thin film deposition and
air exposure. Afterwards the samples are heated with a rate of about 10 °C per min to
120, 160, 200, 250 and sometimes also to 300 and 350 °C. Each temperature is kept
constant for 1 h. Afterwards the sample heater is switched off and an Auger electron
spectrum is acquired, i.e. the samples are still hot during the measurements.

In order to limit the influence of the primary electron irradiation on the results only one
measurement is carried out after each thermal treatment and afterwards the sample
position is changed so that all Auger measurements are carried on sample areas, which
were not previously exposed to electron irradiation.

3.2.1.3 Data processing

3.2.1.3.1 Normalisation of the Auger spectra

Since the elements which are detected on the investigated surfaces are not uniformly
distributed in the analysed volume a calculation of relative concentrations is avoided.
Instead the evolution of the absolute Auger peak intensities is monitored in order to
compare the amount of oxygen and carbon after the different surface treatments.

The use of absolute peak intensities requires a normalisation of the Auger spectra in order
to reduce the influence of instrumental parameters like fluctuations of the PE current and
the detector efficiency. In particular the amplification of the secondary electron multiplier
(channeltron) showed a systematic decrease with acquisition time when the channeltron
voltage was kept at 1 keV.

For the normalisation all direct EN(E) spectra are multiplied by a constant factor so that
the background intensity value at 600 eV of all spectra equals the same value. The
background intensity at 600 eV is averaged over an energy range of 20 eV in order to
reduce the effect of noise.

3.2.1.3.2 The measurement of peak intensity

In principle the correct way to measure peak intensity in Auger electron spectra is to
measure the peak area after background subtraction in the direct EN(E) spectrum,
since this intensity measurement is not influenced by the peak shape and the
spectrometer resolution. However, peak area measurements are often avoided in



18

AES because the subtraction of the large background in Auger spectra causes
serious experimental difficulties.

Differentiating the Auger spectra effectively suppresses the electron background in
the spectral region where it is slowly varying. Therefore, often the well defined
peak-to-peak height is measured in the differential dEN(E)/dE spectrum and it is
assumed that this is proportional to the peak area in the direct mode. The drawback
of this method is that the peak-to-peak height is strongly influenced by instrumental
parameters and the Auger peak shape. The influence of the peak shape variations
during NEG activation on the peak-to-peak height of carbon is shown in Figure 8.
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Figure 8: Comparison between peak-to-peak height and peak area measurement of the C-KLL peak on a
TiZrV NEG thin film as a function of heating temperature. All C-KLL area values in the right plot have
been multiplied by a constant factor in order to get the same value for the peak-to-peak height and peak
area measurement in the as received spectrum.

If the C-KLL peak-to-peak height would be used as intensity measurement these peak
shape changes would result in a strong overestimation of the carbon surface content when
the initial hydrocarbons are transformed into carbide, as shown in Figure 8. Therefore,
unless explicitly mentioned peak intensities are defined as the peak area after subtraction
of a linear background (from 200 eV to 285 eV and 499 to 518 eV for C-KLL and O-
KLL, respectively). Using peak areas in the direct spectra has also the advantage that a
better signal-to noise ratio is obtained.

The linear background is taken for its simplicity and does not represent the true
background shape. It is however assumed that the systematic error caused by the
deviation of the linear background signal from the true background for a certain
Auger peak is similar on all described surfaces. Unless explicitly mentioned the
Auger spectra are not smoothed. All Auger peaks used for intensity measurements are
listed together with their kinetic energy positions in Table 3of the appendix.

3.2.1.3.3 Quantification

When an element is only present in the outermost surface layer Auger and photoelectron
peak intensities are proportional to the number of the corresponding atoms on the sample
surface. This condition can be expected for Cl which segregates to the surface upon NEG
heating and also in the case of residual gas adsorption in UHV. In this special case an
absolute quantification in terms of atoms per cm2 or fractions of a ML is possible,
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provided that sensitivity factors are available which relate the peak intensity to the
quantity of the corresponding element.

For the AES measurements presented in this thesis the sensitivity for carbon is estimated
as 400 C-KLL peak intensity units per ML. This sensitivity factor has been obtained by
saturating a sputter-cleaned Zr surface with CO (with identical experimental parameters
as those used during the reported measurements). The ML coverage of an atomically flat
surface is in the order of 5�1014 molecules cm-2 [22] and for the present study a saturation
ML coverage of approximately 1015 molecules cm-2 is estimated, taking into account a
certain degree of surface roughness.

The reported O-KLL peak area values have been scaled so that a value of 400 units
corresponds also with 1 ML oxygen present on the outermost surface layer (again
determined by saturating an atomically clean Zr surface by CO). If carbon or oxygen are
distributed in depth the AES sensitivity decreases due to the attenuation of the
characteristic Auger electrons by overlying material. The sensitivity factors must be
regarded as rough estimates, which are affected by several uncertainties, such as the
influence of surface roughness on the ML capacity and the influence of the sample matrix
[46] on the C-KLL and O-KLL intensities.

The amount of Cl on the outermost sample surface is estimated using published ratios of
the Cl-LMM intensity to the peak intensity of the substrate metal. For a complete chlorine
ML on top of pure titanium a Cl-LMM / Ti-LMM ratio of 9.5 is given in reference [47]
and for a ML Cl on pure zirconium a Cl-LMM / Zr-MNV ratio of 2.2 has been reported in
[48] (peak intensity always defined as peak-to-peak height).

The published data stated above has been acquired with retarding field analysers, which
transmission function differs strongly from that of the cylindrical mirror analyser, which
is used for the AES measurements reported here. Therefore, the published intensity ratios
can only be used for a rough estimation of the Cl surface coverage on the heated NEG
samples.

The larger the kinetic energy difference of the compared peaks the stronger is the
deviation of the reported ratio from the true ratio, which is caused by a different analyser
transmission. Since the kinetic energy of the Zr-MNV peak (EZr-MNV = 147 eV) is rather
close to that of the Cl-LMM peak (ECl-LMM = 181 eV) this ratio is used to estimate the Cl
coverage.

In the present study the Zr peak at 92 eV is chosen for intensity measurements because it
is much less affected by changes in oxidation state than the peak at 147 eV [7]. In the
reference spectrum for pure zirconium shown in [49] the peak-to-peak height of the Zr
peak at 147 eV is 3.5 times larger than that of the peak at 92 eV. The ratio Cl-LMM / Zr-
MNN(92 eV) for 1 ML Cl on pure Zr is thus estimated as about 8.

3.2.2 XPS analysis

XPS measurements are carried out with a PHI ESCA 5400/SIMS 3600 multi-purpose
system. The PHI model 10-360 spherical sector electron spectrometer is operated with
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fixed pass energy (fixed analyser transmission mode). The transmitted electrons are
detected with a position sensitive detector. Unless explicitly mentioned the emission
angle under which the electrons are accepted by the electron spectrometer is 40°, relative
to the sample normal. Photoelectrons are excited by non-monochromatic Mg KD X-ray
source (hf = 1253.6 eV) operating at 400 W / 15 kV. The X-ray source position is at 54.7°
relative to the analyser. The analysed sample area has a diameter of about 1.1 mm
(entrance slit No. 3) and unless explicitly mentioned the electron take off angle is 40°
(relative to the sample normal).

The thermal sample treatment in the XPS system is identical to that carried out in the
Auger electron spectrometer, i.e. the sample was first analysed as received and afterwards
after 1 h heating at 120, 160, 200, 250, 300 and 350 °C.

The UHV system of the photoelectron spectrometer is pumped by a 400 l s-1 sputter ion
pump. The total pressure in this system without heat treatments is about 10-7 Pa, mainly
due to H2. The H2O partial pressure is approximately 3 �10-8 Pa.

The energy scale in the photoelectron spectra is expressed as binding energy (BE) with
reference to the scale position of the photoelectrons emitted from the Fermi level. The
energy scale has been calibrated using the Au 4f7/2 peak (84.00 eV r 0.1 eV) and the Cu
2p3/2 peak (932.66 eV r 0.1 eV) [50]. In the case of charging problems the scale zero is
roughly estimated from the C 1s peak BE position of adventitious carbon, which has
been measured as 285.2 – 285.4 eV. Published BE values for the C 1s line vary from
284.8 to 285.2 eV [51].

Low resolution survey spectra are acquired with 89.5 eV pass energy and recording one
survey spectrum lasts about 3 min (range 0-1100 eV, 1 eV step size, 50 ms/step, 3
repeats). High resolution multiplex spectra are acquired with 35.8 eV pass energy in 0.2
eV steps. Peak areas in the N(E) spectra after subtraction of a Shirley background are
used for intensity measurements [52].

Curve fitting is carried out with the PHI software, using symmetric Gaussian shaped
peaks. The energy position, the peak height and the peak width (FWHM) are chosen
manually. The Zr 3d, V 2p and Ti 2p peaks are fitted with a fixed energy interval 'E
between the two doublet peaks ('EZr = 2.43 eV 'EV = 7.64 eV, 'ETi = 6.17 eV). Up to 4
pairs of peaks are used to fit the Zr 3d and Ti 2p peaks and the V 2p curve fit is realised
using 3 doublets. Curve fitting of the V 2p peak is affected by an overlap of V 2p1/2 with
the O 1s satellite peak. The available deconvolution routine did not give satisfactory
results and was therefore not used.

Relative concentrations in atomic percent cx are determined from the peak intensities Ix,
and the corresponding sensitivity factors Sx:
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Equation 4

Relative atomic surface concentrations were calculated in order to compare the surface
composition (determined by XPS) with the volume composition of the NEG coating
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(determined by EDS). The used atomic sensitivity factors [53] relative to F 1s are shown
in Table 4 of the appendix.

3.2.3 SSIMS analysis

SSIMS measurements are carried out in the same PHI ESCA 5400/SIMS 3600 multi-
purpose system, which vacuum system is described in 3.2.2. Secondary ions are
generated using 2 keV Ar+ ions, provided by a differentially pumped PHI 04-303 noble
gas ion gun. For mass separation a Balzers quadrupole mass analyser is used.

Positive and negative secondary ion spectra are acquired with an ion beam current of 5
nA, which is scanned over a surface area of 0.15 cm2. The acquisition time for one
spectrum in the range 0 to 200 amu is about 60 s and hence the ion dose needed for the
acquisition of one secondary ion spectrum is about 1.5�1013 ions cm-2. After each SSIMS
measurement the sample position is changed to a new non damaged surface area.

3.2.4 SEY measurements

The main difficulty of SEY measurements is that these must be carried out using low
electron doses because the SEY of air exposed metal surfaces is strongly modified by
electron irradiation [54]. Ordinary AES instruments are therefore not suitable for SEY
measurements.

The SEY measurements presented in this thesis were carried out with the apparatus
shown schematically in Figure 9. It basically consists of an electron gun, a collector for
the emitted electrons, a revolving sample holder and the necessary UHV equipment.

X plates Y plates

Electron
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Electron
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Samples
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Figure 9: Experimental set-up for the measurement of the total SEY G [55].

The revolving sample holder allows the loading of the experiment with two standard
samples (chemically cleaned and air exposed Cu and Al) in addition to the NEG sample
to be studied.

The electron gun, Riber CER 306, consists basically of the electron emitting tungsten
hair-pin cathode, the Wehnelt cup, the anode, an electrostatic lens and two pairs of
deflection plates which guide the electron beam. Electrons are ejected from the cathode
by thermionic emission. The introduction of a so-called Wehnelt cup, which is negatively
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biased with respect to the cathode, allows to concentrate the electron emission within a
small area of the filament tip. The electrons are accelerated in the electric field between
the negatively biased cathode and the grounded anode to energies between 60 eV and 3
keV. During beam adjustment for every PE energy the Wehnelt voltage is regulated
together with the voltages of the focusing lens and the deflection plates. A special
program coordinates the different voltages such that the beam current reaching the
sample has a maximum value.

The PE are then guided by electrostatic deflection plates through a hole in the collector
onto the sample. The collector is biased at +45 V with respect to ground in order to
capture all SE which are emitted by the sample and also to re-capture SE which are
emitted by the collector itself.

The sample current is and the collector current ic are measured simultaneously. The
collector current equals the secondary electron current, provided that the fraction of
backscattered electrons that can escape is neglible. Two current amplifiers Keithley 427
are used as electrometers and the signals are digitised by an AD-converter. The data
acquisition is realised with a PC driven by LabVIEW. The Keithley current amplifiers
have an accuracy of 1 % in the relevant range and the accuracy of the presented SEY
values is estimated as r 0.03.

The total SEY is calculated as follows:
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           Equation 5

where the sum of the sample current is and the collector current ic represents the beam
current ib.

i i ib s c �            Equation 6

Low primary electron currents of typically 5�10-9A and a pulse length of 300 ms are used
to have a sufficiently high signal to noise ratio without affecting the SEY by PE
bombardment. With an estimated beam area of 1 mm2 the electron dose for one
measurement is 1.5�10-9 C mm-2, which is more than 5 orders of magnitude lower than the
PE dose accumulated during the acquisition of 1 Auger electron spectrum.

The NEG samples are tightly clamped to an OFE copper plate by means of 4 screws in
order to keep the sample in good thermal contact with the heatable sample holder.
Heating is done by resistive heating of a tungsten-rhenium wire and the sample plate
temperature is measured by a thermocouple type K.

The total base pressure in the SEY experiment before thermal treatments is in the 10-7 Pa
range and during sample heating the total pressure increases up to 5�10-6 Pa (N2

equivalent). SEY measurements are carried out on samples in the as-received state and
after in-situ heating at 120, 160, 200, 250, 300 and 350 qC. The rate of temperature
increase is 10 qC min-1 and the heating time during which each temperature is kept
constant is always 2 h. SEY measurements are carried out immediately after the end of
the heating cycle when the samples are still hot.
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4 Results

4.1 The NEG activation process monitored by AES

The elements detected on the as-received TiZrV surface are Zr, V and Ti together with C
and O. The Auger electron spectra show distinct variations when the NEG surface
becomes activated (see Figure 10). The O-KLL peak intensity decreases, the C-KLL peak
intensity and shape change and a Cl-LMM peak grows. The Zr-MNV line shape is initially
characteristic of Zr in ZrO2 and changes to the shape of metallic Zr.
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Figure 10: Direct EN(E) and derivative dEN(E)/dE Auger electron spectra of a TiZrV NEG thin film
(Ti-21 at.%, Zr-57 at.%, V-22 at.%) as-received and after different thermal treatment. The spectra were
normalised to the 600 eV background in the direct EN(E) spectra. In the EN(E) spectra after 300 and 350
°C heating a linear background from 200 to 285 eV is shown, which is subtracted for the C-KLL peak area
measurements.

In the following each characteristic Auger peak variation during the activation process is
described in detail and a possible use of the observed peak variations for determining the
initiation and completion temperature for NEG activation (TI and Tc) is discussed.
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4.1.1 O KLL intensity evolution

Since the surface oxide disappears during activation the variation of the absolute O-KLL
intensity (in the normalised spectra) with increasing heating temperature can be used to
compare the activation temperature of different NEG materials. In vanadium containing
samples the V-L3M4,5M4,5 peak contributes to the oxygen signal. This effect is however
small [56] and it is neglected in the O-KLL intensity measurement.
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Figure 11: O-KLL intensity (peak-to-peak height) emitted from Ti, Zr, V, TiZr, TiZrV and ZrV thin films
as a function of the heating temperature (heating time 1 hour). The O-KLL intensity of the TiZrV and the
ZrV alloy decreases strongly during 1 hour 200 °C heating, indicating the dissolution of the surface oxide
layer. On the Ti thin film the O-KLL intensity remains practically unchanged up to 300 °C, indicating that
higher temperatures are needed to activate this sample.

In Figure 11 it can be seen that the O-KLL intensity on the TiZrV and ZrV thin films is
strongly decreased after 1 hour 200 qC activation. The TiZr thin film shows a similar
decrease at higher temperature, whereas the O-KLL intensity emitted from the Zr, Ti and
V sample decreases comparatively slowly.

In Figure 12 the O-KLL intensity emitted from several TiZrV and ZrV NEG thin films is
plotted as a function of heating temperature. Absolute O-KLL intensities of as-received
NEG samples and after thermal treatment vary strongly mainly depending on the sample
history (sample venting after film deposition and sample storage). The slope with which
the O-KLL intensity decreases with increasing temperature is nevertheless similar for
most samples.
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Figure 12: Variation of the absolute O-KLL intensity emitted from various TiZrV and ZrV thin films as a
function of heating temperature. The absolute intensities of the different samples after a certain treatment
vary strongly but the slope with which the intensity decreases in the temperature interval between 120 °C
and 200 °C is similar.

In Figure 13 the influence of the sample storage on the O-KLL intensity is shown. Both
NEG thin films (44 and 44b) were deposited simultaneously and were hence initially
identical. The difference between both samples is that sample 44 was exposed to air for
about 1 hour before it was introduced in the UHV system of the Auger spectrometer,
whereas sample 44b was stored and handled several weeks in air before the Auger
measurements. This storage resulted in an increased contamination of the sample surface
by carbon containing species, which attenuate the oxygen signal.
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Figure 13: O-KLL peak-to-peak height and C-KLL peak area as a function of activation temperature of the
samples 44 and 44b, which were identical after production, but 44b was stored and handled in air during
several weeks and as a result was strongly contaminated with carbon containing species.



26

The absolute O-KLL intensity emitted from sample 44 after 250 °C activation is still
higher than the O-KLL intensity emitted from sample 44b after 200 °C activation as
shown in Figure 13. Thus, the measurement of the absolute O-KLL intensity only is not
sufficient in order to conclude on the activation behaviour of a certain NEG sample.

However, the slope with which the O-KLL intensity decreases is clearly correlated with
the NEG activation and the example of samples 44 and 44b shows that this slope is much
less influenced by surface contamination than the absolute O-KLL intensity. Therefore,
the slope S with which the O-KLL intensity decreases in a certain temperature interval has
been chosen as a quality factor, which describes the ability of a NEG material to dissolve
oxygen. S is defined as the absolute value of O-KLL intensity decrease
IO-KLL(T1) - IO-KLL(T2) per temperature difference T2 – T1 of a certain temperature interval.

12

21
)()(

TT

TITI
S KLLOKLLO

�

�

 

��

In Figure 14 S is given for various TiZrV and ZrV NEG samples in the temperature
interval 120 – 200 °C. The temperature interval chosen has obviously a strong influence
on the S value and must be adopted to the NEG materials of interest. The interval
between 120 – 200 °C has been chosen because the aim of the present investigation is to
compare NEG materials with low activation temperature, which show the strongest
variations of the O-KLL intensity already below 200 °C.

O-KLL variations during the 1 h heating at 120 °C are not taken into account since they
result rather from thermal desorption processes and not from oxygen diffusion into the
NEG bulk.
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Figure 14: Slope S with which the O-KLL peak-to-peak height decreases in the temperature interval 120 –
200 °C. The higher the S value the stronger is the O-KLL intensity decrease in this temperature interval.
Samples labelled with A and B have been identical after film deposition but sample storage before the AES
measurements was different. Dark columns represent TiZrV and white columns ZrV coatings.
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Figure 14 allows to distinguish between samples which have similar activation
temperatures. According to the S criterion samples 44, 123, 133 and 148 are those which
diffuse oxygen at best and hence have the lowest activation temperature.

Samples which are labelled with “A” and “B” were deposited simultaneously but were
then stored in a different way before they were introduced in the UHV system of the
Auger experiment. This different sample storage resulted in different levels of surface
contamination, which strongly influenced the absolute O-KLL intensities. Figure 14
confirms that the S values are much less influenced by surface contamination than
absolute intensities, since the S values of the corresponding “A” and “B” samples are
rather similar.

4.1.2 Zr-MNV line shape changes

Apart from the oxygen peak intensity decrease the oxide reduction during thermal
treatments is also indicated by metal peak shape variations. Zr-MNV peak shape
variations [7] during the NEG activation process are clearly resolved by the Auger
electron spectrometer used (see Figure 15).

The Zr-MNV Auger peak component at 141 eV is characteristic for Zr in ZrO2. During
the ZrO2 reduction the peak component at 147 eV increases with respect to the 141 eV
component. On the Ti-24, Zr-54, V-22 atomic per cent NEG thin film shown in Figure 15
strong Zr-MNV peak shape variations occur already after 1 h heating at 160 °C.

-300

-200

-100

0

100

200

kinetic energy

dE
N

(E
)/

dE

A. r. 1 h 120 °C 1 h 160 °C 1 h 200 °C 1 h 250 °C

141 eV

147 eV

147 eV
141 eV

141 eV

147 eV

147 eV

141 eV
147 eV

141 eV

Figure 15: Zr-M4,5N1N2,3 line shape changes as a function of heating temperature of a Ti-24, Zr-54, V-22
atomic per cent thin film. With increasing heating temperature the peak component at 147 eV increases
with respect to the one at 141 eV, indicating the progressive reduction of ZrO2.

The chemical information provided by the Zr-MNV peak shape can be exploited in order
to determine the degree of NEG activation [11]. Therefore, a ratio RZr between the peak-
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to-peak height of the metallic Zr peak at 147 eV and that of the Zr peak at 141 eV is
defined as the criterion for the degree of activation of the NEG surface, i.e. a high RZr

value indicates a high degree of activation.
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Figure 16: Zr-MNV peak in the derivative dEN(E)/dE Auger electron spectrum. The ratio of the Zr-
M4,5N1N2,3 peak-to-peak height at 147 (Zr metal) and at 141 eV (Zr in ZrO2) is taken as a measure for the
degree of sample activation.

From Figure 17 it can be seen that there is a correlation between the decrease of O-KLL
intensities in Figure 11 and the increase of the ratio RZr, i.e. using the RZr values one can
distinguish between the ZrV and TiZrV thin films, which activate at comparatively low
temperature, and the TiZr and the Zr thin films, which activate at higher temperatures.
The maximum RZr value is set to 1.1 because at higher ratios the peak-to-peak height of
the 141 eV peak component is so weak that it can not anymore be determined precisely.
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Figure 17: Ratio RZr between the 147 eV and the 141 eV Zr peak-to-peak heights of 4 different Zr
containing NEG thin films after 1 h 200 °C and 250 °C heating. If RZr values are higher than 1.1 it is
difficult to resolve the two Zr peaks and in this case RZr values are set to 1.1.
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4.1.3 C-KLL peak intensity and shape evolution

During the NEG activation process C-KLL peak intensity and peak shape changes [32]
occur in the AES spectra. The peak shape changes result from the transformation of
carbon in adsorbed hydrocarbons into carbides when the NEG surface becomes activated.
The modification of the C-KLL peak shape during NEG activation is shown in Figure 8.

A typical evolution of the C-KLL intensity (peak area) as it is obtained for
14 mm x 10 mm samples with heater assembly a is compared in Figure 18 with that
obtained when using heater assembly b. A strong C-KLL intensity increase is always
observed after 1 h heating at 120 ºC when using heater assembly a, while using heater
assembly b this C-KLL increase does not occur.
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Figure 18: C-KLL peak-area variation on various similar TiZrV thin film coatings as a function of heating
temperature. The C-KLL peak area of the 3 large sized samples (full dots, heater assembly b) remains
almost constant during the thermal treatments, while on all small TiZrV samples (empty dots, heater
assembly a), a strong C-KLL peak increase is observed after 1 h heating at 120 °C.

In a further experiment the copper mask which partly covers the 14 mm x 10 mm samples
has been entirely coated by a TiZrV NEG thin film. Also with this NEG coated frame a
strong C-KLL increase during the 1 h 120 °C heat treatment was observed.

In some cases a fully activated NEG sample was exposed to air without dismounting it
from the sample holder and then the sample was activated a second time. During the
second in-situ NEG activation the C-KLL intensity remained almost unchanged during
the entire heating cycle, regardless of which sample mounting was used.

A strong C-KLL signal depletion between 250 °C and 300 °C was observed on all
14 mm x10 mm NEG samples exhibiting a low activation temperature [11], while on
NEG materials with a high activation temperature the C-KLL intensity did not decrease
upon heating up to 350 °C.
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4.1.4 Cl-LMM peak intensity evolution

In Figure 19 the Cl-LMM intensity emitted from several NEG thin films is plotted as a
function of heating temperature. Chlorine appears at the sample surface of the binary and
ternary alloys between 160 °C and 200 °C and at about 300 °C on the Zr thin film. On the
Ti and V thin film Cl was only detected at temperatures above 300 °C.
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Figure 19: Cl-LMM peak-to-peak heights of different NEG thin films as a function of activation
temperature.

For the study of chlorine surface segregation AES measurements as a function of heating
time at constant temperature were carried out on several NEG samples with low
activation temperature and identical bulk composition (Ti-29 at.%, Zr-28 at.%, V-43
at.%). In Figure 20 it can be seen that the Cl-LMM intensity increases with heating
temperature and time. At low temperatures (160 °C, 170 °C and 180 °C) the Cl-LMM
intensity shows for most samples an approximately linear increase with the square root of
the heating time.
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Figure 20: Cl-LMM variation with time during thermal treatment of different TiZrV NEG samples at
various temperatures. All samples have the same volume composition (Ti-29 at.%, Zr-28 at.%, V-43 at.%).
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At higher temperatures (250 °C and 300 °C) the Cl-LMM intensity deviates strongly from
the t1/2 dependency.

4.1.5 The influence of residual gas exposure

The influence of the residual gas composition on the NEG surface has been estimated by
exposing a sputter-cleaned Zr thin film for different duration to the residual gas in the
Auger electron spectrometer. Even during continuous sputter etching with 3 keV Ar+

ions, carbon and oxygen are detected on the Zr surface.

In particular the amount of oxygen increases strongly during the residual gas exposure,
while the C-KLL peak intensity is much less affected (see Figure 21). After exposing a
sputter-cleaned Zr sample during 26 h to the residual gas of the Auger electron
spectrometer the O-KLL peak intensity is about 70 % of the O-KLL signal which is
measured on a freshly deposited Zr film after an air exposure lasting 1 h.
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Figure 21: Influence of residual gas exposure on the surface composition of an in-situ sputter-cleaned Zr
thin film. The O-KLL peak intensity increases strongly with residual gas exposure time, while the C-KLL
intensity increases only during the first 3 min exposure and remains then almost constant.
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4.2 Electron beam induced surface modifications monitored by
AES

The processes of electron stimulated desorption and adsorption in UHV have been
studied by AES. The results obtained using different substrate materials are published in
references 44 and 57. Below only the results obtained for the getter materials Nb and
TiZrV are presented. Unless explicitly mentioned all AES measurements reported in this
chapter were carried out with the substrates being at room temperature.

4.2.1 Electron stimulated desorption (ESD)

4.2.1.1 ESD on air exposed metal surfaces

On air exposed copper and niobium substrates ESD has been studied in the electron dose
range 10-6 to 10-2 C mm-2 using the VG Scientific Microlab scanning Auger microscope,
which is described in reference 44. With this instrument the electron beam is scanned
over a sample area of about 0.3 mm2, which allows the acquisition of an Auger electron
spectrum with an electron dose of approximately 10-6 C mm-2 (instead of 10-3 C mm-2

needed when using the PHI system with a static electron beam).
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Figure 22: Direct EN(E) Auger electron spectra of an air exposed niobium thin film acquired after an
electron exposure of 2E-6, 4E-5, 4E-4 and 4E-3 C mm-2 (left plot) and the corresponding Auger peak
intensities as a function of electron dose.
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On both materials similar electron beam induced surface modifications were observed.
The results for the Nb sample are presented in Figure 22. During electron irradiation of
the air exposed Nb sample the carbon peak intensity decreases until an electron dose of
about 10-4 C mm-2 is reached. With higher electron doses the C-KLL intensity starts to
increase again. The niobium Auger peak intensity increases continuously up to 4·10-3 C
mm-2, which is the maximum electron dose applied to this sample. The oxygen peak
intensity increases slightly and remains then almost constant with higher doses.

4.2.1.2 ESD on activated NEG surfaces

On an in-situ activated NEG sample ESD of chlorine, which is present in
submononolayer coverage on the outermost NEG surface, is observed during the standard
AES analysis with the PHI instrument.
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Figure 23: Variation of the Cl-LMM peak area as a function of electron dose on an activated TiZrV sample.
Measurements were carried out at 270 °C and at RT.

As has already been shown in previous studies [58] the sample temperature has an
important influence on the effectiveness by which Cl is removed from the irradiated
surface. Less than�10-2 C mm-2 of electron irradiation following the first AES
measurement reduce the Cl intensity by a factor of 5 and 1.5 at 270 °C and at RT,
respectively (see Figure 23).

4.2.2 Electron stimulated carbon deposition

The phenomenon of electron stimulated carbon deposition on copper and TiZrV
substrates in UHV has been studied [57] in the electron dose range 10-3 to 1 C mm-2 using
the PHI Auger electron spectrometer. For this purpose the samples were irradiated by 2.5
keV electrons at different partial pressures of CO, CO2 and CH4, which are the only
carbon containing molecules present in a clean UHV system. Below the results obtained
on a TiZrV sample are summarised. The NEG sample was irradiated either in the as-
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received state or after in-situ activation and saturation with CO. The electron dose to
which the sample surface is exposed during one minute irradiation time is about 3�10-3 C
mm-2 (with an electron current of 10-6 A and a beam diameter of 0.15 mm).

4.2.2.1 Auger peak intensitis as a function of irradiation time at a CO
pressure of 10-5 Pa

An in-situ activated TiZrV sample was saturated with 3000 L CO and afterwards
irradiated by 2.5 keV electrons. In Figure 24 the direct EN(E) Auger electron spectra of
this sample are shown after different electron irradiation times during simultaneous CO
injection at 10-5 Pa.
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Figure 24: Direct EN(E) (left plot) and derivative dEN(E)/dE Auger spectra of a TiZrV thin film, after
different electron irradiation times and a simultaneous CO injection at a pressure of
10-5 Pa following an in-situ activation and saturation with 3000 L CO. 1 min electron irradiation
corresponds with an electron dose of 3�10-3 C mm-2.

The C-KLL intensity increases continuously with irradiation time and the carbon line
shape, which is initially carbidic, shows an increasing contribution of graphite [32]. The
O-KLL intensity shows initially a slight increase and after 10 min it starts to slowly
decrease with irradiation time. The metal peaks are progressively attenuated with
increasing electron exposure, indicating a continuous growth of the carbon layer on top of
the NEG substrate. Due to the comparatively low kinetic energy, the Zr-MNN signal
shows the strongest attenuation.
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4.2.2.2 Influence of the CO, CO2 and CH4 pressure on the rate of C-KLL
intensity increase

In Figure 25 the C-KLL peak area variation during electron irradiation of a TiZrV NEG
surface (activated and saturated with CO) is plotted as a function of the electron dose at a
total pressure of 10-7 Pa and during CO, CO2 or CH4 injection. All gases were injected at
a pressure of 10-5 Pa and in addition CO was injected at 10-6 Pa.
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Figure 25: Variation of the C-KLL intensity as a function of the electron dose on a TiZrV sample, which
was activated and saturated with 3000 L CO. The PE current is 10-6 A and the PE diameter is
approximately 0.15 mm. The total N2 equivalent pressure in the vacuum chamber before CO injection is
10-7 Pa with CO and CO2 partial pressures of about 10-8 Pa.

When no gas is admitted to the Auger spectrometer vacuum system the C-KLL peak area
increases linearly with irradiation time. Using the estimated sensitivity factor of 400 C-
KLL peak intensity units per ML (see chapter 3.2.1.3.3 “Quantification”) the rate of
carbon deposition on the irradiated surface area is in the order of 10-3 ML per minute,
which corresponds with 0.3 ML carbon deposited after 1 C mm-2 electron exposure.

The C-KLL intensity increase during the irradiation of TiZrV becomes much faster if CO
or CO2 are injected whereas the CH4 pressure has no influence on the rate of the C-KLL
intensity variation. During CO2 injection the effect is somewhat delayed with respect to
the case of CO.

The higher the CO pressure in the experimental chamber the higher is the rate with which
carbon is deposited on the irradiated sample area. During the first 10 min of irradiation
(corresponding with 3�10-2 C mm-2) at 10-5 Pa CO the carbon deposition rate is
approximately 2�10-2 ML min-1 and with increasing irradiation time the carbon deposition
rate decreases.
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4.2.2.3 Influence of alternating electron and CO exposure

Alternating electron and CO exposures where performed in order to better understand the
mechanism of the electron stimulated carbon deposition process. The in-situ activated
TiZrV sample was saturated with CO and afterwards exposed to about 10-2 C mm-2 of 2.5
keV electrons at a total pressure of 10-7 Pa. At the end of the electron exposure
(corresponding with an irradiation time of 10 min) an Auger spectrum was acquired and
then the sample was exposed to 1000 L of CO (100 s CO injection at 10-3 Pa) without
electron irradiation. Immediately after the gas exposure an Auger spectrum was acquired.
This procedure was repeated several times. The C-KLL, O-KLL and
Zr-MNN Auger peak intensity variations during the alternating electron and CO exposure
are shown in Figure 26.
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Figure 26: Variation of the Zr-MNN, C-KLL and O-KLL intensity during alternating electron and CO
exposure. During electron irradiation the total pressure is 10-7 Pa. 10 min of electron irradiation correspond
to approximately 10-2 C/mm2. The arrows indicate exposures of 1000 L CO (100 s CO injection at 10-3 Pa),
which are carried out with the electron beam switched off.

During the electron irradiation at 10-7 Pa the C-KLL intensity remains almost unchanged
while the O-KLL intensity decreases significantly due to ESD of oxygen. At the same
time the Zr-MNN intensity augments, also indicating the removal of surface material by
ESD. After CO exposure the C-KLL and O-KLL peak areas are significantly increased
due to the adsorption of CO. Subsequent irradiation decreases the O-KLL intensity, while
the carbon intensity is much less affected.



37

4.2.2.4 Influence of continuous electron irradiation and CO2 exposure on
the surface composition of an air exposed NEG surface

In Figure 27 the C-KLL and O-KLL Auger peak area variations as a function of the
electron dose at different pressures (without gas injection at a total pressure ptot = 10-7 Pa
and during CO2 injection at 10-5 Pa) are shown for an as-received (air exposed) TiZrV
thin film.
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Figure 27: Variation of the C-KLL and O-KLL Auger peak intensities as a function of electron dose at a
total pressure ptot = 10-7 Pa and during simultaneous CO2 injection at 10–5 Pa. The substrate is a TiZrV
coating as received after thin film deposition and 1 h air exposure.

The C-KLL intensity evolution on the air exposed NEG surface is similar to that on the
in-situ activated and saturated NEG surface. A linear C-KLL increase with irradiation
time, corresponding to a carbon deposition rate of about 2�10-3 ML min-1, is observed
when no gas is injected (ptot = 10-7 Pa). During CO2 injection at 10-5 Pa the carbon
deposition rate is initially about 1 order of magnitude higher and slows down with
increasing carbon coverage.

The O-KLL area becomes smaller with irradiation time, indicating ESD of oxygen.
During CO2 exposure the oxygen signal depletion is weaker than it is during electron
irradiation without gas injection. This shows that the O-KLL peak intensity evolution is
the result of a simultaneous ESD and oxygen deposition process.

Some chemical information can be extracted from the Zr-MNN and the C-KLL peaks in
the derivative Auger spectra, which are shown in Figure 28.
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Figure 28: Zirconium and carbon peaks in the derivative dEN(E)/dE Auger electron spectra after different
electron irradiation times without gas injection (left plot) and during 10-5 Pa CO2 injection (right plot). The
Zr-MNV peak at 142 eV is characteristic for Zr in ZrO2 and the peak at 147 eV is characteristic for Zr
metal. 1 min electron irradiation corresponds with an electron dose of 3�10-3 C mm-2.

During the continuous electron irradiation of the air exposed TiZrV coating, the metallic
Zr peak at 147 eV increases at the expense of the peak characteristic for Zr in ZrO2. This
indicates a reduction of ZrO2 by the electron beam, which is consistent with the depletion
of the O-KLL intensity (see Figure 27).

On the as received getter sample the C-KLL peak shape is characteristic of amorphous
carbon. During irradiation the peak shape changes and becomes partly carbidic, which is
also an indication that the getter surface becomes more reactive during the electron
exposure. If CO2 is injected during irradiation the growing C-KLL peak does not change
its shape, which remains typical of amorphous carbon.
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4.3 The NEG activation process monitored by XPS

XPS measurements have been carried out on a TiZrV thin film with a volume
composition Ti-24 at. %, Zr-45 at.%, V-31 at.%, deposited onto stainless steel with the
three-cathode system. The samples were heated in the XPS system using the same sample
heater as the one used for AES measurements (heater assembly a).

4.3.1 Comparison between surface and volume composition

The volume composition of the TiZrV thin film and the surface composition are
compared in Table 1. Other elements apart from Ti, Zr and V are not considered for the
calculation of the relative concentrations. The surface composition has been determined
in the as-received (a.r.) state and after 1 h in-situ heating at 350 °C.

Table 1: Bulk composition of the NEG thin film (determined by EDS) and surface composition (determined
by XPS at T = 40°) in at %. Only metals are considered. The accuracy of the EDS results is estimated as
± 3 at.%. The surface composition has been determined in the as-received (a.r.) state and after 1 h in-situ
heating at 350 °C

Titanium Zirconium Vanadium

EDX at.% 24 45 31

XPS at.% a. r. 17 58 25

XPS at.% 1h 350°C. 24 60 16

The accuracy of the EDS results is estimated as ± 3 at.%. The XPS data may be less
accurate because the as received surface is covered by an oxide layer and by other
contaminants, which attenuate the metal peak intensities in a different way, depending on
the kinetic energy of the photoelectrons.

Since the analysis depth of EDS is approximately 1 Pm and that of XPS is only a few nm,
the results plotted in Table 1 indicate that zirconium segregates to the surface when the
freshly deposited thin film is exposed to air whereas the V surface content decreases.
During heat treatments under vacuum this trend continues.

4.3.2 Peak intensity variations as a function of activation temperature

In Figure 29 the peak intensities of the elements detected are divided by the
corresponding sensitivity factors and plotted as a function of activation temperature.
Photoelectron spectra were acquired at the two electron emission angles T  = 40° and 70°
in order to get some information about the in-depth distribution of the detected elements.
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Figure 29: Peak intensities (peak area) divided by sensitivity factors as a function of heating temperature
(left plot electron emission angle = 40°, right plot emission angle = 70°).

The trend of the O 1s intensity decrease with increasing heating temperature is in the
XPS spectra comparable to the O-KLL intensity variation on a similar TiZrV thin film
(see O-KLL variations in Figure 11).

A comparison of the data obtained at T = 40° and 70° shows that most of the carbon is
present as an overlayer.

The C 1s intensity decreases continuously with increasing temperature when electrons
emitted at 40° relative to the surface normal are admitted to the analyser. Thus, at this
emission angle the C 1s intensity evolution differs from the C-KLL variation as it is
typically observed by AES (see C-KLL variation in Figure 18).

When spectra are acquired with T = 70° one observes initially a C 1s intensity increase
after the 120 °C heat treatment and with higher temperatures the carbon signal decreases.
This behaviour is similarly to what is observed by AES measurements, which are
performed at T = 0°.

During the activation cycle the Zr and Ti surface content increases with respect to the V
surface content. This effect is particularly strong when the heating temperature exceeds
350 °C.
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4.3.3 Chemical state information

The peak fitting results of the O 1s, C 1s, Zr 3d, Ti 2p and V 2p high resolution spectra
acquired with an emission angle of 40° are summarised below.

4.3.3.1 Oxygen chemical state as a function of heating temperature

The O 1s peak of the as-received TiZrV sample is composed of 3 components at the
approximate Eb positions 530.9 eV, 533.0 eV and 534.8 eV. The 530.9 eV and 533.0 eV
components can be attributed to O in oxides and in H2O, respectively. The 534.8 eV peak
has not been identified. In Figure 30 the components of the O 1s peak are plotted as a
function of heating temperature.
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Figure 30: Intensities (T = 40°) of the O 1s oxide (530.9 eV) and non oxide (533.0 eV and 534.8 eV) peak
components as a function of 1 h heating temperature of a Ti24Zr45V31 thin film.

The O 1s non oxide component (intensity of the peak components at 533.0 eV and 534.8
eV) decreases continuously with increasing heating temperature. The O 1s oxide
component intensity shows initially a slight increase and starts then to decrease strongly
during the 200 °C heat treatment.
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4.3.3.2 Carbon chemical state as a function of heating temperature

The C 1s peak on the as-received TiZrV sample consists of a component at EB = 285.4
eV, characteristic for adventitious carbon [59] and one at EB = 288.6 eV, which could not
be identified. Upon heating the component at 288.6 eV disappears and another one forms
at approximately 282.1 eV, which is characteristic for C in carbide. In Figure 31 the
evolution of the total C 1s peak area is shown together with the peak area evolution of the
carbide and the non-carbide peak components.
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Figure 31: Intensities (T = 40°) of the C 1s carbide and non carbide peak component as a function of 1 h
heating temperature of a Ti24Zr45V31 thin film. The samples are heated using sample heater assembly a.

Carbide is formed during the 1 h 160 °C heat treatment and with increasing heating
temperature the contribution of the C 1s carbide peak augments with respect to the
non carbide peak.

4.3.3.3 Metal chemical states as a function of heating temperature

The high resolution photoelectron spectra allow the metal oxide reduction as a result of
heating to be followed. In Figure 32 an attempt has been made to visualise the Zr 3d, Ti
2p and V 2p peak shifts occurring during the NEG activation process. Therefore, after a
certain heat treatment each metal peak component is symbolised by a dot at the
corresponding binding energy position. The dot area represents the relative contribution
of the particular component to the total peak area. In addition the O 1s peak area variation
is shown as a function of NEG heating temperature.
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Figure 32: Contribution of the different peak components (T = 40°) to the overall peak shape of the Zr 3d,
Ti 2p and V 2p peaks as a function of 1 h heat treatments. Each metal peak component is symbolised by a
dot at the corresponding binding energy (BE) position The dot area size represents the proportion of the
corresponding component to the total peak area. In the lower right plot the decrease of the O 1s total peak
area during the same heating cycle is plotted. The BE values for TiO and TiC are from [60], the value for
VC is reported in [61] and the BE value for ZrC is taken from [62]. All other BE values are taken from
reference 53.

Published BE positions for the core level photoelectron characteristic for the pure metals
and some oxides and carbides are shown in Figure 32. In the as-received state the main
contribution to the Ti and Zr peak can be attributed to TiO2 and ZrO2, respectively but
only a small fraction of the detected vanadium is in the form of stoichiometric V2O5.

Vanadium is also the metal which is most easily reduced. The V peak is the only one
which shifts to lower BE already during the 1 h 120 °C heating, indicating the onset of
oxide reduction already at this temperature. After 1 h 350 °C heating the main
components of all three metal peaks are characteristic for the pure metals, despite the
presence of carbides, which is indicated by the C 1s BE position shown in Figure 31.
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4.4 The NEG activation process monitored by SSIMS

The TiZrV coating studied by SSIMS has a volume composition of Ti-27 at. %, Zr-22
at.%, V-51 at.% and is deposited using the one-cathode sputtering system. The substrate
temperature during the coating has been 150 °C. NEG samples deposited at this substrate
temperature exhibit a comparatively high activation temperature [14].

The positive secondary ion mass spectra of this coating in the as-received state and after
1 h heating at 160, 200, 250 and 350 °C are plotted in Figure 33. The main peaks in the as
received spectrum are caused by hydrocarbon fragments (e.g. 15-CH3, 27-C2H3, 29-C2H5,
41-C3H5, 43-C3H7) and by the NEG metals and metal oxides (48–Ti, 51-V, 90-Zr, 64-
TiO, 67-VO and 106-ZrO). The peaks at 23 and 39 amu are characteristic for Na and K,
respectively.
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Figure 33: Positive secondary ion mass spectra as a function of 1h heating temperature. The main metal and
metal oxide peaks are 48–Ti, 51-V, 90-Zr, 64-TiO, 67-VO and 106-ZrO. The peaks at 23 and 39 amu are
charcteristic for Na and K, respectively. The peaks at lower masses in the as received spectrum are mainly
caused by hydrocarbon fragments (e.g. 15-CH3, 27-C2H3, 29-C2H5, 41-C3H5, 43-C3H7).

In Figure 34 the ratios metal/metal oxide in the positive ion mass spectra are shown as a
function of heating temperature for TiO/Ti, VO/V and ZrO/Zr. The VO/V ratio starts to
decrease strongly during the 200 °C heating while the TiO/Ti and ZrO/Zr ratios show a
similar decrease after the 250 °C heat treatment.

During the same heating cycle XPS measurements were performed in parallel to the
SSIMS measurements. The O 1s peak intensity evolution as a function of temperature,
which is also shown in Figure 34, indicates that the coating has a comparatively high
activation temperature.
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Figure 34: Ratios metal oxide/metal (MO+/M+) of Ti, V and Zr as a function of 1 h heating temperature
(secondary ion mass peak intensities are peak heights). The O 1s peak intensity evolution, which is also
shown, has been measured during the same heating cycle.
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Figure 35: Negative secondary ion mass spectra as a function of 1 h heating temperature. On the as
received surface O (16 amu) and OH (17 amu) are the main peaks. On the activated NEG surface these
peaks have almost entirely disappeared. During the 200 °C heat treatment peaks characteristic for F (19
amu), Cl (35+37 amu) and Br (79 + 81 amu) occur.
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The negative secondary ion spectra of the Ti27Zr22V51 coating are shown in Figure 35.
The main peaks on the as received surface are characteristic for O and OH (16 and 17
amu). These peaks disappear almost entirely during the activation process. During the
200 °C heat treatment peaks characteristic for F (19 amu), Cl (35+37 amu) and Br (79 +
81 amu) occur in the negative secondary ion mass spectra.

4.5 The NEG activation process monitored by SEY measurements

SEY measurements have been performed on a quasi-equiatomic TiZr and a ternary
Ti30Zr20V50 thin film, sputter-deposited with the one-cathode system onto copper
substrates at a deposition temperature below 100 °C. The SEY results have been
published in reference 63

4.5.1 The SEY variation of TiZr and TiZrV coatings as a function of heating
temperature.

The SEY variation of the TiZrV alloy with increasing heating temperature is shown in
Figure 36. The SEY already decreases strongly after 2 h heating at 160 qC and heating
the sample to 200 qC reduces Gmax further to about 1.1. The consecutive 250 qC and 300
qC heat treatments do not change the SEY significantly.
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Figure 36: SEY versus PE energy of the TiZrV NEG coating as received (A.r.) and after 2 h heating at 120,
160, 200, 250 and 300 qC.

Figure 37 shows the influence of the same thermal treatments on the SEY of a quasi-
equiatomic TiZr NEG coating. Heating the TiZr coating for 2 h at 250 qC decreases Gmax

to 1.1. After 2 h heating at 300 qC Gmax reaches its lowest value which is close to unity.
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Figure 37: SEY versus PE energy of the TiZr NEG coating as received (A.r.) and after 2 h heating at 160,
200, 250 and 300 qC.

4.5.2 Influence of gas exposures on the SEY of an activated NEG

An activated TiZrV sample was exposed to H2O and to the gases typically found in
accelerator UHV systems, i.e. H2, CO, and CO2. CH4 is also present in UHV systems but
was not investigated, since it is not pumped by NEGs which operate at room temperature
and therefore can not influence their SEY. Exposures were carried out in 5 steps of 3 L,
30 L, 300 L, 3000 L and 30 000 L (L = Langmuir, 1 L = 10-6 Torr s = 1.33 x 10-4 Pa s)
and the resulting changes of the SEY are recorded. The exposed gas doses are estimated
by measuring the N2 equivalent total pressure in the vacuum system. With a residual gas
analyser it can be verified that the injected gas is the dominant species during the
exposure. However, at low injection pressures the residual gas species contributes up to
20 % of the total pressure.

Before the gas exposures the TiZrV thin film was activated for 2 h at 300 qC and then
cooled to 60 qC over a period of 5 hours in the experimental vacuum system. During this
time the NEG surface starts adsorbing residual gas and as a result sticking probabilities
for the injected gases may be influenced by surface contamination.

Figure 38 shows the influence of CO exposure on the SEY of the activated TiZrV
sample. Changes in the SEY are detected after about 300 L exposure. After 3�103 L Gmax

is increased by some 0.1 and higher CO doses only slightly increase the SEY. At doses
higher than 3�104 L of CO the SEY does not change further.
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Figure 38: Influence of CO exposure on the SEY of a TiZrV coating which was activated during 2 h at
300 °C and cooled to 60 °C before the CO exposure.

Gas exposures with H2, CO2 and H2O gave similar results, i.e. changes of the SEY can be
detected after about 300 L. After 3000 L, Gmax increases by about 0.1 and higher doses
have only a small effect on the SEY.
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5 Discussion

5.1 The NEG activation process as observed by AES and XPS

5.1.1 The oxygen peak intensity evolution

Monitoring the O-KLL and O 1s peak intensity evolution during the NEG activation
process allows a comparison to be made between the activation temperature of different
NEG materials. On identical samples a similar oxygen peak intensity variation as a
function of heating temperature is observed in AES and XPS (see Figures 11 and 30)
since the O-KLL and O 1s electrons have a similar kinetic energy.

The measured O-KLL and O 1s peak intensities represent an average of the oxygen
content over the analysed sample depth, which is weighted by a function of the
attenuation length. This averaging function changes with the surface composition during
the heat treatments. Taking also into account an estimated accuracy of r 5 % for the
measurement of peak intensity it is clear that the diffusion of small quantities of oxygen
and other species into the metal bulk cannot be detected by O-KLL or O 1s intensity
measurements. Hence, the onset of the NEG activation is difficult to detect by changes of
the oxygen peak intensity and this method is not very useful for determining the initiation
temperature TI.

For the determination of the completion temperature Tc the slope with which the oxygen
intensity decreases in a certain temperature interval is a good criterion. A comparison of
absolute peak intensities for this purpose is not recommended because these intensities
are strongly influenced by the initial oxide thickness and by the presence of
contaminants, which can attenuate the oxygen signal.

Changes in the O peak intensity during NEG activation are not only caused by the
diffusion of this element into the NEG bulk, but also the desorption of oxygen containing
molecules and by the adsorption of residual gas. High resolution O 1s spectra allow O in
the form of oxides and adsorbates to be distinguished, while the O-KLL peak intensity
includes contributions of both chemical forms. Therefore, it is better to assess the oxide
reduction from changes in the intensity of the O 1s component.

5.1.2 Metal peak shape changes: the usefulness of the RZr criterion

When the surface oxide is progressively reduced during NEG activation a Zr-MNV peak
grows at 147 eV, whereas the component at 141 eV, which is characteristic for Zr in ZrO2

[64] is reduced (see for instance Figure 15). Similarly a chemical shift of the Zr 3d peak
(see Figure 32) shows that ZrO2 is progressively reduced during the NEG activation.

Changes in the Zr-MNV and Zr 3d peak shape and position are already observed before
strong changes in the oxygen peak intensity are detected and therefore Zr peak shape
changes are better suited for determining the activation initiation temperature TI of
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different Zr-based NEG materials. For this purpose the ratio RZr between the intensity of
the metallic Zr peak at 147 eV and the Zr peak at 141 eV is used as a criterion for the
degree of NEG activation. This ratio is easy to measure and does not require any peak
fitting procedures.

A further advantage of the RZr criterion over oxygen peak intensity measurements is that
the calculation of RZr does not require any previous calibration, normalisation or
background subtraction. Additionally the RZr value is directly related to the oxidation of
Zr and is not affected by the amount of oxygen which is present in adsorbates.

By using the RZr criterion a compositional zone within which TixZryV1-x-y alloys exhibit a
minimum activation temperature has been determined [11]. A comparison of the AES
data with X-ray diffraction data indicates that the low activation temperature zone is
linked with a nanocrystalline structure of the TiZrV film, which increases oxygen
diffusion along grain boundaries and possibly the oxygen solubility limit within the film.

Ti

ZrV

Figure 39: Quality-composition map of different TiZrV thin film coatings based on the RZr criterion as a
function of the elemental in-depth composition (as determined by EDS). Samples for which the RZr value
exceeds 0.5 after 1 h heating at 200 °C are indicated by an empty circle while those exhibiting a higher
activation temperature (RZr < 0.5) are indicated by full circles. The compositional region within a low
activation temperature is obtained is characterised by an amorphous or nanocrystalline structure. The plot is
taken from reference 11.

The RZr criterion has also been applied to test the influence of the sputter deposition
process parameters on the activation temperature of TiZrV coatings with identical
volume composition [14]. As an example it has been shown the substrate temperature
during the deposition process has an important influence on TI.
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Ti-LMV [65] and V-LMV [56] Auger peak shape changes can not be resolved with the
CMA used in the present study and can therefore not be used to assess the activation
temperature. Also the ratio of the peak-to-peak heights of the two main vanadium peaks
V-L2M2,3V and V-L2M2,3M2,3 can not be used because in TiZrV alloys the Ti- L2M2,3V
peak overlaps with the V-L2M2,3M2,3 peak. For the same reason variations of the intensity
ratio Ti-L2M2,3V to Ti-L2M2,3M2,3 [66] were not investigated further.

Compared to the RZr criterion chemical shifts in the high resolution XPS spectra of the
NEG metals are more complicated to use for the comparison of NEG activation
temperatures. In particular the peak fitting procedure is a laborious and often a very
subjective process. Therefore, when using XPS the O 1s intensity variation has been used
to assess NEG activation temperatures.

Published BE values for metal suboxides and carbides have been included in Figure 32
but no attempt has been made to ascribe the various photoelectron peak components to a
certain suboxide since without the use of good standard samples this would be a
speculative process. However, the Zr 3d, Ti 2p and V 2p high resolution spectra indicate
that during the activation of TiZrV coatings vanadium oxide is reduced first, followed by
titanium oxide and the reduction of zirconium oxide occurs last.

5.1.3 The C-KLL and C 1s peak intensity evolution and carbon chemical state
changes

A comparison between the C-KLL intensity evolution obtained using both heater
assemblies a and b (see Figure 18) shows that there is a strong sample contamination by
carbon originating from heater assembly a, regardless of the surface material of the mask
that fixes the samples to the sample plate. The fact that this carbon contamination is
observed when the sample heater is assembled in air but not when it is exposed to air
without dismounting it, shows that the contamination is trapped between samples and
mask. During subsequent in-situ heating the contaminant is partly deposited onto the
sample surface. Provided that the mask is not dismounted again the contamination
between mask and samples does not build up again during subsequent air exposure.

The sample surface contamination upon heating of assembly a might occur via two
mechanisms. Either carbon is deposited onto the NEG surface by surface diffusion, or it
can get onto the surface by adsorption of carbon containing molecules, which are
desorbed from the sample holder into the gas phase. The fact that during the 120 °C
heating of assembly a and b there is no significant difference in the CO, CO2 and CH4

partial pressures indicates that the latter case can be excluded. Hence, the carbon
contamination during the 120 °C heating cycle seems to reach the NEG surface via
surface diffusion.

The NEG heat treatments in accelerator vacuum systems and in the analysis vacuum
chamber differ strongly. NEG thin film activation in accelerator UHV chambers is
carried out during the bake-out of the NEG coated vacuum chamber in the absence of a
special sample heater device. Hence, the contamination from the heater assembly in the
surface analysis instruments must be regarded as an instrumental artefact.

All 120 °C heat treatments which have been carried out with heater assembly a caused an
increase of the C-KLL peak intensity with respect to the as-received C peak intensity.
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For all XPS measurements presented in this thesis the heater assembly a was used. In
XPS spectra that were acquired at T = 40° emission angle a 120 °C heat treatment caused
a decrease of the C 1s peak intensity contrary to the observed C-KLL increase. This
discrepancy may be explained by the different surface sensitivity of both techniques.

The kinetic energy of the C 1s electrons (Ekin C 1s = 965 eV, excited by Mg KD) is
significantly higher than the kinetic energy of the C-KLL electrons (Ekin C-KLL = 271 eV)
and as a result the attenuation length for the C-KLL electrons is by a factor of
approximately 1.9 shorter than that for C 1s electrons (assuming a Ekin

0.5 dependency of
the attenuation length).

When the C 1s intensity is measured at a more grazing emission angle (T = 70°) a C 1s
intensity increase during the 120 °C heat treatment is observed, similarly to the C-KLL
intensity evolution. XPS measurements at 40° emission angle are less sensitive to carbon
in the outer surface layers than measurements carried out at T = 70°, but they are more
sensitive to carbon in deeper regions. Hence, the differences in the C 1sT=70° and C 1sT=40°

evolution indicates that during the 120 °C heat treatment carbon is deposited on the outer
surface while the carbon content in deeper regions is simultaneously reduced.

When the NEG surface becomes activated, carbon which is initially present in adsorbates
is partly transferred into carbides. This can be followed by C-KLL [32] and C 1s [53]
peak shape changes. C 1s high resolution spectra allow to quantify the different C 1s
components. The intensity evolution of the carbidic C 1s component could be a useful
criterion for the assessment of the degree of sample activation. The C-KLL peak shape
changes are more difficult to use for this purpose because the overall C-KLL shape is
strongly influenced by the total amount of carbon on the surface.

5.1.4 The occurrence of chlorine on the NEG surface: the apparent discrepancy
between AES and XPS results

Surface segregation of impurity elements from the bulk to the surface is frequently
observed during the AES analysis of unoxidised metals and the segregation of chlorine to
free surfaces in particular is reported for instance during annealing of zirconium [67],
titanium and vanadium [68]. In the present AES study the appearance of Cl upon heating
was always related to the initiation temperature TI.

Combined AES and sputter depth profiling measurements [25] have shown that on
oxidised metals chlorine contamination is mainly present at the interface between the
metal and the metal oxide, which seems to cause a diffusion barrier for Cl. Since the
inelastic mean free path of the Cl-LMM electrons is a few tenths of a nanometer only, Cl
can not be detected on air exposed NEG samples, where it is covered by the native oxide
layer and by hydrocarbon and water contamination. When the surface contamination
layer starts to be removed chlorine can segregate to the surface where it is easily detected
by AES.

A glow discharge mass spectroscopy (GDMS) analysis of a non activated
Ti-24, Zr-54, V-22 atomic per cent thin film showed the presence of about 50 ppm of
chlorine in the volume of the coating and close to the surface about 1000 ppm of Cl were
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detected. This chlorine impurity may result from the extraction of Ti [69], Zr [70] and V
[71] from their ores by a chlorination process.

Cl detection limit in AES and XPS

With the assumption that the chlorine detected is present on the outermost surface ML
only, the Cl-LMM intensity is directly proportional to the quantity of chlorine atoms on
the surface. The maximum Cl intensity value which has been measured in the reported
study on TiZrV NEG coatings is about 700 and the minimum value at which the Cl peak
can be distinguished from the noise level is about 30. Thus, assuming that 700 intensity
units correspond with not more than 1 ML of chlorine, less than 0.05 ML of Cl on top of
the NEG surface can be detected by AES measurements.

It is striking that Cl surface segregation is almost generally reported in AES studies
concerning thermal treatments of metals, whereas it is often not mentioned in the
corresponding XPS studies. Also in the present study of the NEG activation chlorine was
always easily detected by AES but not with XPS. In order to understand this discrepancy
the sensitivity of AES and XPS for Cl in sub-ML coverage is compared below.

Sensitivity factors for elements which are uniformly distributed in the analysis depth of
electron spectroscopy can be found for instance in reference 49 and 53 for AES and XPS,
respectively. For both techniques the Cl sensitivity factors are compared in Table 1 with
the Zr sensitivity factors (Zr has been chosen for this comparison because most NEG
materials are based on Zr). This comparison shows that the sensitivity for homogeneously
in depth distributed Cl relative to that for homogeneously in depth distributed Zr is 13
times higher in AES than it is in XPS.

If the elements are distributed in depth the respective AES and XPS intensities are
proportional to the electron mean free path O in the material analysed. On the other hand,
the peak intensity of elements in the outermost surface layer is not influenced by O.
Therefore, it has been proposed [72] to divide the sensitivity factors for in depth
distributed elements by the electron mean free path O in the corresponding material, in
order to get a new set of sensitivity factors for sub-ML coverage.

The electron mean free path of the Cl 2p electrons excited by Mg KD radiation is about
2.5 times larger than that of the Cl-LMM electrons [73]. Therefore, the factor of 13
obtained above has to be multiplied by 2.5 in order to consider the difference between
bulk sensitivity and ML sensitivity for chlorine in AES and XPS. Hence, the sensitivity
ratio for chlorine in sub-ML coverage relative to that for in depth distributed zirconium is
about 33 times higher for AES than for XPS.

Assuming the same sensitivity of AES and XPS for bulk Zr the detection limit of XPS for
Cl on top of Zr would be in the order of 1 ML. Of course this depends on the instrument
and experimental parameters used but from above considerations it is clear that the
detection of Cl in sub-ML coverage by XPS is difficult.
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Table 2: A comparison between the sensitivity of XPS and AES for Cl in sub-ML coverage relative to the
sensitivity of the same techniques for bulk Zr. The in depth sensitivity factors for XPS [53] and AES [49]
are relative to the sensitivity of F 1s and Cl-LMM, respectively. The ratio O1049eV/O181eV is estimated from
the ‘universal curve’ of Seah and Dench [73].

XPS AES

In depth Cl sensitivity S Cl 2p = 0.89 S Cl LMM = 1.0

In depth Zr sensitivity S Zr 3d = 2.6 S Zr MNN = 0.22

In depth sensitivity for Cl
relative to that for Zr SCl 2p / SZr 3d = 0.34 SCl LMM / SZr MNN = 4.5

In depth sensitivity ratio Cl/Zr
in AES relative to the same
ratio in XPS

1 13

Kinetic energy of Cl 2p and
Cl-LMM electrons (eV)

1049 (Mg KD excitation) 181

Attenuation length O relative to
O of 181 eV electrons (in
inorganic compounds).

2.5 1

ClML sensitivity to Zrbulk

sensitivity in AES relative to the
same ratio in XPS

1 33

5.2 Electron induced surface conditioning

In this chapter electron induced surface modifications are discussed in the context with
the surface conditioning in accelerator UHV systems. The relevance of these surface
modifications for AES measurements is discussed in chapter 5.3.

Electron dose dependent AES measurements on air exposed samples (chemically cleaned
OFE copper, TiZrV and Nb thin film) show that during the first 10-4 C mm-2 electron
irradiation the C-KLL peak intensity is reduced by about 30 % and the metal peak
intensities are increased. With higher electron doses the C-KLL intensity starts to increase
and the metal peak areas decrease (see Figure 22). This behaviour can be understood as
an electron induced cleaning and a simultaneous electron induced deposition processes,
assuming a constant or slowly decreasing deposition rate and a quickly decreasing
cleaning rate. The mechanisms and kinetics of both processes are discussed below.

5.2.1 Electron induced surface cleaning

The initial reduction of the C-KLL peak intensity indicates a surface cleaning by the
electron irradiation. The electron current density is so low that sample heating can be
neglected [74] and hence the surface cleaning occurs via ESD.
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The most notable variation in the Auger spectra caused by the PE irradiation is the strong
increase of the metal peak intensities. From ESD measurements it is known that hydrogen
is the main gas which is desorbed under electron impact (the ESD value for chemically
cleaned copper is two H2 molecules per 300 eV PE [75]). It is therefore assumed that the
metal peak increase is mainly an indirect evidence for surface cleaning through the
desorption of hydrogen (H atoms constitute a significant fraction of the adsorbates
omnipresent on an air exposed metal surfaces). The desorption of other species such as
CO2, CO, CH4 and H2O also contribute to the metal peak growth.

Various studies on the electron irradiation induced surface variations on different
hydrocarbon layers [76,77,78] have been carried out using different techniques. These
investigations confirm that the main effect of the electron irradiation is the
dehydrogenation of the hydrocarbon molecules through dissociative electron attachment.

Oxygen Auger peak intensity changes are less pronounced than those of the carbon and
metal peaks. This may seem surprising since ESD measurements predict that a significant
quantity of CO2 and CO is desorbed. However, oxygen is not only present in the surface
contamination layer but also in the underlying metal oxide layer. Hence, the reduction of
the oxygen signal from the contamination layer can be compensated by an increase of the
oxygen signal from the underlying oxide layer, which is less attenuated as the surface is
progressively cleaned.

ESD yields for CO2, CO and CH4 (on chemically cleaned copper at 300 eV PE energy)
are initially between 5 10-2 and 5 10-1 molecules per PE [75]. With increasing electron
dose in the range between 10-7 and 10-4 C mm-2 these ESD yield values are reduced by
about 2 orders of magnitude. After 10-4 C mm-2 the ESD yields are so low that the growth
of a carbonaceous surface layer becomes the dominant process, which is indicated in the
Auger electron spectra as a carbon peak intensity increase.

5.2.2 Electron stimulated adsorption of carbon

The electron beam can cause the permanent deposition of carbon by the dissociation of
physisorbed molecules or it can influence the adsorption process through a modification
of the sample surface. In the following the first case is referred to as electron beam
induced deposition (EBID) while the process that requires an electron induced surface
modification to occur is called electron stimulated adsorption (ESA).

5.2.2.1 The EBID process

Residual gas molecules which impinge on a solid surface have a certain probability to be
adsorbed and to remain on the surface for a certain time, the so-called mean sojourn time.
During this period the surface molecules can be dissociated by the interaction with PE
and SE, which transforms them into non-volatile species that are practically permanently
adsorbed on the surface, and into volatile species that are desorbed into the gas phase.

The number of molecules that are dissociated on the sample surface per time dNdis / dt is
proportional to the density of reversibly adsorbed molecules per irradiated surface area N,
the electron current density f and the dissociation cross section q for the adsorbed
molecule at the corresponding electron energy.
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qfN
dt

dN dis ��            Equation 7

The equilibrium surface density NE of reversibly adsorbed molecules during continuous
electron irradiation can be calculated with equation (2) [79].
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with the sticking coefficient of the gas phase molecules on the substrate surface g, the
rate with which the molecules impinge on the substrate surface Z, the molecule density in
a complete ML N0, and the mean sojourn time of the non dissociated molecule W. At RT
the mean sojourn time of physisorbed CO and CO2 is in the order of W = 10-11 s [80].

The onset energy for CO dissociation is 11.2 eV and the maximum cross section for CO
dissociation by electron impact qmaxCO = 7.5·10-17 cm2, obtained at electron energies
between 39 and 59 eV [81]. For the present study a dissociation cross section of q = 10-17

cm2 is estimated for the 2.5 keV PE and the contribution of SE with an energy above 11.2
eV is in this estimation neglected.

Using equation (2) and the experimental parameters, as they were used during the
described experiments the equilibrium coverage can be estimated for CO molecules,
which are physisorbed at RT, as NE = 150 cm-2. For this estimation a sticking coefficient
of g = 0.5 and a ML capacity N0 = 1015 cm-2 are assumed. The impinging rate of CO
molecules at a CO pressure of 10-7 mbar at RT is Z = 2.9�1013 cm-2

�s-1.

By setting N in equation (1) equal to NE = 150 cm-2 the calculated dissociation rate of
reversibly physisorbed CO molecules is in the order of dNdiss/dt | 103 min-1 cm-2 (with
f = 3�1016 cm-2

�s-1 and q = 10-17 cm2 ). This rate is so low that even after several hours of
electron irradiation the quantity of adsorbed carbon is many orders of magnitude below
the detection limit of AES.

5.2.2.2 The ESA mechanism on saturated getter surfaces

In the following considerations it is assumed that localised substrate heating by the
electron beam is negligible. The localised sample temperature increase under the
experimental conditions has been estimated according to Pittaway [74] as less than 1 °C,
using the thermal conductivity, density and specific heat of zirconium.

On saturated TiZrV surfaces a carbon deposition from gas phase CO and CO2 is observed
at RT (see Figure 25). After 3 - 4 hours irradiation and simultaneous gas exposure at
10-5 Pa CO or CO2 approximately 1 ML of carbon is adsorbed on an activated and
saturated TiZrV surface. Since EBID from CO and CO2 molecules occurs at such a low
rate that it can not be detected by AES there must be another mechanism by which the
electron stimulated carbon adsorption takes place on the saturated getter surface.

This mechanism consists in electron induced modifications of the saturated NEG surfaces
in such a way that they can form stronger bonds with CO and CO2. Electron induced
defect creation is indicated by the Zr-MNV peak shape changes (Figure 28) and the O-
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KLL signal depletion during electron irradiation of air exposed TiZrV. These features
show that at least ZrO2 is reduced by the electron beam. Previous studies have shown that
adsorption energies are higher on defect positions than they are on ideal surfaces [82].
The CH4 pressure has no influence on the rate of the C-KLL intensity variation during
continuous electron irradiation of getter surfaces, which is explained by the fact that CH4

molecules are not pumped by NEG at RT [83].

The fact that on the air exposed NEG the amount of carbon increases, whereas the
amount of oxygen decreases during electron irradiation shows that the CO and CO2

molecules are dissociated on the NEG surface. However, the alternating electron and CO
exposure measurements (see Figure 26) show that the electron induced surface defects on
the initially saturated NEG are sufficient for the chemisorption of CO. The subsequent
electron irradiation is then required for the creation of new surface defects, which allow
the CO adsorption to proceed. In this way the ESA process on saturated getters differs
from the EBID mechanism for simple physisorption, which requires the dissociation of
the physisorbed molecules leading to their permanent adsorption.

The rate of electron stimulated carbon adsorption at a CO or CO2 pressure of 10-5 Pa
decreases with increasing carbon coverage, and after about 3 h irradiation time, it
approaches the rate that is observed during electron irradiation at a total pressure of
10-7 Pa. This indicates that the adsorbed carbon layer is less reactive than the NEG
substrate (from the C-KLL peak shape evolution it appears that the adsorbed carbon is
mainly in the form of amorphous carbon). One can therefore expect that, unlike EBID,
the ESA process stops when a certain surface coverage of the adsorbate is obtained.

When no gas is injected into the experimental chamber the C-KLL intensity on the
saturated TiZrV surface increases linearly with electron irradiation time. A similar
constant rate carbon uptake is observed on copper samples, where a carbon deposition of
gas phase molecules does not occur [57]. Because of its importance for the understanding
of the conditioning process in accelerator UHV systems this process is subject for further
investigations at CERN.

5.3 Artefacts in the analysis of NEG by electron spectroscopy

5.3.1 Influence of the residual gas in the electron spectrometer

On an activated NEG surface sticking factors for residual gas molecules such as CO and
CO2 are close to unity [14]. As a result, the partial pressures of the reactive gas molecules
in the surface analysis vacuum system can have a strong influence on the NEG surface
composition during the thermal activation process.

In Figure 21 it can be seen that on a clean NEG surface oxygen is effectively adsorbed
from the residual gas. Since the amount of carbon on the surface remains at the same time
rather unaffected the oxygen increase must mainly originate from adsorbed H2O, rather
than from CO and CO2.
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The oxidation of most metals in a water atmosphere (under vacuum) stops after the
formation of a very thin passive surface film, which is typically less than 0.2 nm thick
[25]. On iron, as an example, the adsorption of H2O molecules stops when 80 % of the
available adsorption sites are filled [84]. Compared to these metals the wet oxidation of
Zr is more efficient. It is reported [85] that an H2O exposure of 30 L (1 L { 1.33 10-4 Pa
s) at room temperature produces a Zr oxide with a thickness of 1.3 nm. The H2O partial
pressure in the analysis chamber has therefore an important influence on the amount of
oxygen which is present on the NEG surface during activation.

NEG thin film coatings are developed for use in particle accelerator UHV systems, where
the vacuum chamber is entirely NEG coated. The coating provides a high distributed
pumping speed and reduces drastically vacuum chamber outgassing when the NEG
becomes activated. As a consequence, the residual gas composition in an entirely NEG
coated chamber differs from that in an ordinary surface analysis UHV system. Therefore,
the adsorption of H2O in the surface analysis instrument has at least partly to be regarded
as an instrumental artefact.

5.3.2 Influence of the sample heater assembly

The NEG heat treatments in accelerator vacuum systems and in the analysis vacuum
chamber differ strongly. NEG thin film activation in accelerator UHV chambers is
carried out passively, i.e. during the bake-out of the NEG coated vacuum chamber. In the
usual surface analysis systems the sample is brought in mechanical contact with a sample
plate, which is often heated by radiation from a filament or by electron beam
bombardment. This heater assembly represents a source of contaminants, which is absent
in real applications of NEG.

A comparison between the C-KLL intensity evolution obtained using both heater
assemblies a and b (see Figure 18) shows that there is a strong sample contamination by
carbon originating from heater assembly a. After mounting the samples in air the
contaminant is trapped between samples and mask and during in-situ heating it is
deposited onto the sample surface.

The sample surface contamination upon heating of assembly a might occur via two
mechanisms. Either carbon is deposited onto the NEG surface by surface diffusion, or it
can get on the surface by adsorption of carbon containing molecules, which are desorbed
from the sample holder into the gas phase. Since during the 120 °C heating of assembly a
and b there is no significant difference in the CO, CO2 and CH4 partial pressures it is
assumed that the carbon contamination reaches the NEG surface via surface diffusion.

5.3.3 PE beam induced surface modifications

As discussed above electron irradiation causes the removal of surface species through
ESD, a modification of chemical bonds, and the deposition of carbon. The first of these
processes is the most relevant for AES measurements.

The measurements shown in Figure 22 are clear evidence that on air exposed metal
surfaces an electron beam induced beam damage occurs already at electron doses below
10-5 C mm-2. On air exposed metal surfaces this electron beam damage mainly consists in
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the removal of hydrogen, which is manifested indirectly as a strong increase of the
substrate metal peak areas. Also the removal of carbon and oxygen through ESD can
cause an important artefact.

On an activated NEG surface the amount of chlorine on the surface area analysed is
strongly reduced during a standard AES analysis, in particular when the samples are hot
(see Figure 23).

When Auger spectra are acquired with a reasonable electron dose electron beam damage
through the deposition of carbon is negligible. However, the defects, which are created
during an AES analysis, can make a saturated getter surface active, so that it can adsorb
residual gas molecules. Therefore, if a previously irradiated surface area is analyzed
again after it has been stored for a certain time in the experimental vacuum chamber, a
markedly different surface composition compared to that of the as-received (non
irradiated) surface may be observed. The rate of residual gas adsorption subsequent to the
electron beam damage depends on the substrate material, the number of defects created
and the residual gas pressure and composition.

5.4 The NEG activation process as observed by SSIMS

The WF of a NEG surface is reduced with decreasing oxide coverage. Therefore,
absolute secondary ion intensity variations during the NEG heating cycles are of no
analytical use since ion yields are strongly dependent on the electronic state of the
surface.

However, it has been shown that there is a relationship between secondary ion intensity
ratios MX+/M+ and the surface coverage of the metal M by the species X [13,86]. The
ratio TiO+/Ti+ in particular has been shown to correlate linearly with the surface oxygen
concentration on TiO2 [87]. In the present study a correlation between XPS and SSIMS
data has been found in that during NEG activation the O 1s peak intensity decreases in
the same temperature interval than the TiO+/Ti+, ZrO+/Zr+ and VO+/V+ ratios
(see Figure 34).

In a previous work [13] two NEG thin films with different activation temperatures have
been studied by SIMS and no significant difference in the temperature dependent
evolution of the TiO+/Ti+, ZrO+/Zr+ and VO+/V+ ratios of both samples has been found.
In both cases the intensity ratios indicated a 50 °C lower activation temperature than the
SSIMS results described in this thesis. A reason for these contradicting results may be
that during the different SIMS analysis static conditions were not met in all cases. This is
indicated by the absence of hydrocarbon peaks in the positive ion mass spectra of an air
exposed TiZrV surface, which are presented in reference 13.

Because of the contradicting results obtained so far more static SIMS measurements of
NEG materials exhibiting different activation temperatures are needed in order to verify
if SSIMS can be used to determine the NEG activation temperature.

Because of the high surface sensitivity and chemical specificity of SSIMS, the use of
MX+/M+ ratios may be particularly useful to study the adsorption of certain molecules on
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an activated NEG surface. As an example the ratio MCO+/M+ is correlated to the CO
surface coverage of metal X [88]. A major experimental difficulty of such experiments
will be to keep the NEG contamination during the activation process in the experimental
vacuum chamber at an acceptably low level.

5.5 The SEY of TiZr and TiZrV NEG coatings

5.5.1 The SEY of air exposed metal surfaces

As for other atomically clean metals examined at CERN (Nb [89], Cu [55], Al, Ti and
stainless steel [90]), TiZr and TiZrV coatings exhibit a strong SEY increase during air
exposure.

There are two possible causes for this important SEY increase. Firstly, more electrons
which are generated within the metal bulk could overcome the surface barrier and escape
into the vacuum when the surface WF decreases during the air exposure. Secondly, the
surface layer that is formed during air exposures has a higher SEY than the underlying
metal. Below both possibilities are discussed.

5.5.1.1 Influence of the surface WF on the SEY: the Emax shift to lower
primary electron energy during air exposures of atomically clean metal surfaces

In the past the SEY changes during air exposure have often been attributed to changes of
the surface WF (see for instance [91]). However, contrary to photoelectron emission, the
influence of the surface on the generation of SE by electrons can be neglected [92], i.e.
practically all SE are generated within the metal volume. Thus, the WF can influence the
SEY only through a variation of the escape probability for the electrons generated within
the sample volume.

The “universal” shape of the SEY versus PE curves is determined by the SE escape
depth, which is in metals typically 3 – 5 nm [36], and the average penetration depth of the
PE in the metal. With increasing PE energy (EPE) more electrons are generated but the
average depth in which they are generated increases. In the energy range of interest the
PE penetration depth varies approximately with EPE

3/2 [92]. The maximum yield in the
SEY spectrum is obtained when the PE deposit a maximum energy within the SE escape
depth.

If the surface WF is reduced, Gmax increases and Emax shifts to higher PE energy because
electrons generated deeper in the bulk, having in the average a lower kinetic energy when
they reach the surface, can now escape into the vacuum. This is for instance observed
when the WF of sputter-cleaned copper is drastically reduced during the adsorption of
sub-ML quantities of alkali metals [93].

However, the SEY increase during air exposure is usually accompanied by a shift of Emax

to lower PE energy. Emax of sputter-cleaned copper, as an example, is shifted from 650 eV
to less than 400 eV during air exposure [55]. Also in the case of TiZr and TiZrV this shift
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is observed but it is less pronounced because Emax of the atomically clean TiZr and TiZrV
surfaces is comparatively low (e.g. Emax of Ti = 280 eV and Emax of Zr is 350 eV [40]).

It can therefore be concluded that the SEY increase during air exposure is not mainly
caused by a reduced WF because otherwise Emax would shift to higher PE energies
instead of the observed shift to lower energies.

It is generally accepted that the influence of the WF on SE emission is much smaller than
it is on other emission processes such as field emission or thermionic emission, mainly
because the average energy of SE is much higher than that of the electrons emitted by the
other processes. Bruining [40] estimates that a drastic decrease of the WF of a metal by 2
eV increases the SEY typically by a factor of about 1.4. For thermionic emission the
same WF decrease would increase the emitted current by more than a factor of 104.

The fact that the WF does not have a major influence on the SEY of metals is confirmed
by a comparison between published maximum SEY values of metals and the
corresponding WF values (Figure 40). This comparison shows that there is a trend of
both, the maximum SEY and the WF, to increase from the left to the right in the periodic
table. Of course there is no causal relationship between both trends but they clearly
demonstrate that the influence of the WF on the SEY is small compared to the influence
of other parameters.
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Figure 40: A comparison between the work function (WF) and the maximum SEY of pure, polycrystalline
metals. Values for the maximum SEY are taken from reference 40 and the WF values are from reference
94. The arrows indicate the rows of the periodic table. All WF values have been divided by a factor of 3 in
order to fit in the plot.

Since the SEY increase during air exposure is not mainly caused by WF changes, it must
be caused by the formation of a surface layer with a SEY higher than that of the
underlying metal.

5.5.1.2 The SEY of the air formed metal oxides

The SEY increase during ambient air exposure of metals is often attributed to the
formation of the surface oxides. This is however only true in some cases. One example is
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Al, the oxide of which Al2O3, is an insulator and has therefore a high SEY. The SEY of
technological Al surfaces is thus particularly high, despite the low Gmax value of 1.0 for
atomically clean Al.

On the other hand the SEY of semiconducting metal oxides is often lower than that of the
parent metals. The native Cu oxide Cu2O, as an example, is semiconducting and has a
lower SEY than atomically clean Cu [55]. Another example is Nb2O5, the native Nb
oxide that is mainly formed during air exposures at ambient temperature, which has a
lower SEY than atomically clean Nb [95].

5.5.1.3 The SEY of the airborne organic surface contamination

In the following it is assumed that the organic surface contamination which is adsorbed
during air exposures subsequent to the metal oxidation is similar on all metals which
native oxides form a protective surface film. Water molecules, which are embedded in
the organic layer, are considered as being a part of the organic contamination.

The thickness of the organic surface contamination that is adsorbed even during long
lasting air exposures is thinner than the SE escape depth. Thus, the SEY of this
contamination layer can not be measured directly because the obtained SEY values will
always be influenced by the properties of both the substrate and the contamination layer.

However, the SEY of the surface contamination can be estimated from combined SEY
measurements of insulating materials and metals. While the SEY of metals is increased
the SEY of insulating materials is reduced during air exposures. As a result, in-situ
cleaning of air exposed insulating oxides increases the SEY contrary to what is observed
when in-situ cleaning air exposed metals. The SEY of alumina, as an example, increases
from 5.7 in the as-received state to 8.2 after a 250 °C bakeout [39].

From this one can conclude that the SEY of the surface contamination is higher than that
of metals but lower than that of insulating materials. By further investigating the data in
reference 39 the authors conclude that the maximum SEY of the contamination layer
formed on Al2O3 is about 3.

With the assumption that on all metals a surface layer with a maximum SEY of about 3 is
adsorbed during air exposures this means that there is indeed a general SEY increase for
all metals because maximum SEY values of pure metals vary between 0.6 and 1.7.

Water which is adsorbed from humid air and trapped within the organic contaminants can
contribute to the SEY increase. The thicker the organic contamination layer, the more
water can be embedded within this layer [25]. Gmax of a thick H2O layer condensed at 77
K has been measured as about 2.3 with an Emax of about 280 eV [90] while a pure water
exposure at room temperature increases the SEY of atomically clean Cu only slightly
[55].

5.5.2 Influence of thermal treatments on the SEY of air exposed metals

Like the general SEY increase during air exposures one observes also a general decrease
of the SEY when the air exposed metal surface is progressively cleaned, e.g. by in-situ
baking or sputter etching. The surface cleaning during baking can occur through thermal
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desorption or through diffusion of contaminants into the metal bulk. The latter case is
exploited for in-situ cleaning of air exposed NEG surfaces.

Heating the air exposed TiZrV thin film for 2 h to 200 qC is sufficient to obtain a Gmax

value of about 1.1. For a similar decrease of their SEY, typical metals for the construction
of particle accelerator vacuum systems (stainless steel, copper, aluminium) require much
higher heating temperatures than the investigated NEG coatings.

As an example, Gmax of a technical copper surface only decreases from 2.5 to 1.9 during a
24 h bake-out at 200 °C [55], which is the maximum temperature to which a copper
vacuum chamber can be heated. When the inside of a copper vacuum chamber is entirely
coated by a TiZrV NEG film one can obtain the low Gmax value of about 1.1 without
deteriorating the structural properties of the copper chamber.

The heating temperature which is required to reduce the SEY of the air exposed NEG
surfaces to the values of the corresponding atomically clean metals is for TiZrV 50 °C
lower than for TiZr. Similarly AES measurements show that the TiZrV coating activates
at about 50 °C lower temperature than the TiZr coating. This indicates that SEY
measurements may be used to compare the activation temperature of different NEG
materials but more SEY results are needed to confirm this.

The measurements described in this thesis show the SEY variation during the first NEG
activation after film deposition and the subsequent air exposure. SEY measurements of a
TiZrV thin film coating, which were carried out after several activation/air venting
cycles, show that the heating temperature which is required to reduce the SEY to a certain
value increases with the number of air exposures of the activated NEG sample.

5.5.3 Influence of gas exposures under vacuum on the SEY of an activated NEG
surface

If an activated NEG surface is exposed to residual gas molecules at room temperature,
sticking probabilities drop drastically after the adsorption of 1 ML, so that gas uptake in
vacuum virtually stops, i.e. the NEG surface is saturated. After 30 000 L gas exposure
one can expect the activated TiZrV surface to be saturated with all injected gases except
hydrogen. In the case of hydrogen the surface is not saturated because hydrogen diffuses
into the NEG bulk even at room temperature.

Since under vacuum only one ML of surface contamination can be adsorbed and WF
changes have only a comparatively small influence on the SEY, gas exposures in UHV
should only have a minor influence on the SEY of an activated NEG. This is confirmed
by the limited influence of different gas exposures on the SEY of an activated TiZrV thin
film.

In the present study it has been shown that, as long as the initially activated TiZrV
sample is not exposed to air, Gmax never exceeds 1.3, regardless of the kind of gas (H2,
CO, CO2, and H2O) to which the sample is exposed. Hence, the SEY of an activated
TiZrV coating does in UHV not exceed the critical value of 1.35 and in an entirely NEG
coated LHC beam pipe multipacting problems are not expected to occur.
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6 Conclusions

The potential of the surface analysis techniques AES, XPS and SSIMS for the NEG
characterisation

The electron spectroscopic techniques AES and XPS are well suited to compare the
activation temperature of different NEG materials. The ratio of the metallic to the non-
metallic component of the Zr-MNV peak (RZr criterion) has been found particularly
convenient for the assessment of the activation temperature of Zr-based NEG materials.

XPS can be advantageous over AES because of the lower primary beam damage and
because of its higher chemical specificity. Chemical shifts of the Ti 2p, V 2p and Zr 3d
peaks indicate that vanadium is the element which is reduced first during the activation of
a TiZrV alloy.

Apparent discrepancies between AES and XPS data result from differences in the surface
sensitivity (C 1s and C-KLL) and from the strongly differing detection limits for Cl in
AES and XPS.

The SSIMS measurements described here suggest that monitoring the ratios MO+/M+ is a
useful method for comparing the activation temperature of NEG, but more SSIMS results
are needed in order to confirm this. On activated NEG surfaces SSIMS detects the
presence of impurity elements such as fluorine, bromine and sodium in addition to
chlorine.

Artefacts in the surface analysis of NEG by AES

The direct applicability of AES results is restricted by the following instrumental
artefacts:

x The O-KLL intensity and the Zr-MNV peak shape are influenced by the adsorption of
residual gas, in particular H2O, and by electron stimulated desorption of oxygen.

x The C-KLL peak intensity increase upon heating is mainly the result of carbon
deposition, presumably via surface diffusion from the sample holder assembly onto
the NEG surface. This artefact can be avoided by using an optimised sample heater
design.

x The Cl-LMM peak intensity is strongly reduced via ESD, in particular when the AES
measurements are carried out on hot surfaces.

Electron induced surface conditioning

On air exposed metal surfaces a severe electron beam damage is observed in Auger
electron spectra already at electron doses below 10-5 C mm-2. This beam damage may be
described as an electron induced surface cleaning, mainly due to electron stimulated
desorption of hydrogen.

A strong SEY decrease up to 10-4 C mm-2 is coincident with the electron induced surface
cleaning. It is therefore assumed that the part removal of contamination is the reason for
the SEY reduction during the conditioning process in accelerator UHV systems.
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When electron doses exceed 10-4 C mm-2 an electron stimulated accumulation of
carbonaceous species on the surface is observed, which is accompanied by a further SEY
reduction. The electron stimulated carbon adsorption rate depends crucially on the
properties of the substrate material. On a saturated TiZrV getter electron stimulated
adsorption of carbon is observed when the residual gas contains either CO or CO2, while
the CH4 pressure has no influence on the carbon deposition rate.

The creation of defects by the electrons impinging on the NEG surface is sufficient to
stimulate the CO and CO2 adsorption. During the subsequent dissociation of the adsorbed
molecules by the electron beam, carbon remains on the surface while most of the oxygen
is removed from the surface. The mechanism of the carbon layer growth which is not
originating from gas phase molecules is a subject of further investigations.

The SEY of air exposed metal surfaces and the SEY variation during the NEG activation

The SEY of air exposed metal surfaces is generally higher than the SEY of the
corresponding atomically clean metals. The SEY increase during air exposures is mainly
caused by the adsorption of an organic surface contamination with embedded water
molecules. In some cases the formation of an insulating oxide or hydroxide can
contribute to the overall SEY increase.

The SEY of an air exposed NEG can be decreased by heat treatments to values close to
those of the atomically clean NEG metals. The lower the activation temperature of a
NEG material the lower is the required heating temperature.

Saturating an activated NEG under vacuum with the gases typically found in accelerator
UHV systems affects the SEY much less than an air exposure. Regardless of the kind of
gas (H2, CO, CO2, and H2O) to which the sample is exposed under vacuum, Gmax of an
activated TiZrV sample does not exceed the critical value of 1.35, above which
multipacting can occur in the LHC.

The LHC management has therefore decided that 7 km beam pipe of the warm straight
sections of the LHC will be coated by a TiZrV NEG thin film in order to prevent
multipacting in this part of the LHC UHV system.
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Appendix

Table 3, All Auger electron peaks used for intensity measurements.

Auger peak Peak position in the
dEN(E)/dE spectra (eV)a Intensity-measurement

C-KLL 271 peak areab

N-KLL 379 peak-to-peak height

O-KLL 503c peak-to-peak height
or peak aread

Cl-L2,3M2,3M2,3 181 peak-to-peak height
or peak area

Ti- L2M2,3M2,3 387e peak-to-peak height

Ti-L3M2,3M 4,5 (LMV) 418 peak-to-peak height

V-L2,3M2,3M2,3 437f peak-to-peak height

V-L3M2,3M4,5 (LMV) 473 peak-to-peak height

Zr-M4,5N2,3N2,3 92g peak-to-peak height

Zr-M4,5N1N2,3 (MNV) 147h peak-to-peak height

                                               
a Corresponds with the minimum of the Auger peak in the dEN(E)/dE spectrum. Values are taken from the
Handbook of Auger electron spectroscopy from Physical Electronics.
b The peak-to-peak height can not be used because of strong peak shape changes during NEG activation.
The peak area is measured after subtraction of a linear background in the energy range between 200–285
eV.
c The O-KLL peak overlaps with the V-LVV peak, and hence in the presence of V the O intensity may be
slightly overestimated.
d In order to get a better signal to noise ratios in some cases O-KLL peak areas are measured after
subtraction of a linear background in the energy range between 499 – 518 eV
e This peak is less affected by the chemical environment than the Ti-LMV peak at 418 eV. It overlaps
however with N-KLL and thus in the presence of N the Ti intensity may be overestimated.
f The intensity measurement of the V-LMM peak at 437 eV is less affected by oxidation state than the V-
LMV peak at 473 eV. Unfortunately the 437 eV peak overlaps with Ti-LMM and it can only be measured
precisely if no Ti is present on the sample surface.
g The Zr-peak at 92 eV is used for intensity measurements because it is the Zr peak which is least affected
by changes of oxidation state [7].
h The Zr peak at 147 eV is used for chemical state analysis.
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Table 4: All photoelectron peaks used in the present study with their corresponding atomic sensitivity
factors relative to F 1s and their binding energy. The kinetic energy is calculated for the MgK

D photon
energy hf = 1253.6 eV and assuming a work function I = 4.5 eV.

Photopeak Binding energy
(eV)

Kinetic energy
(eV) (hf-I =
1249.1 eV)

Atomic sensitivity
factors (relative to F

1s)
C 1s (graphite) 284.5 964.6 0.296
C 1s (in (TiC) 281.6 x x
C 1s (in VC) 282.2 x x
C 1s (in ZrC) 281.1 x x
C 1s (in CO2) 291.9 x x
N 1s (in BN) 398.1 851.0 0.477
N 1s (in TiN) 396.9 x x
N 1s (in VN) 397.4 x x
O 1s (in V2O5) 529.9 719.2 0.711
O 1s (in TiO2) 529.9 x x
O 1s (in H2O) 533.2 x x
F 1s (in LiF) 684.9 564.2 1.000
Cl 2p3/2 (in KCL) 198.5 1050.6 0.891
Ti 2p 3/2 (metal) 454.1 795 2.001
Ti2p3/2 (in TiO2) 458.8 x x
V 2p3/2 (metal) 512.2 736.9 2.116
V 2p3/2 (in V2O3) 515.7 x x
V 2p3/2 (in VO2) 516.3 x x
V 2p3/2 (in V2O5) 517.4 x x
Zr 3d5/2 (metal) 178.9 1070.2 2.576
Zr 3d5/2 (in ZrO2) 182.2 x x
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