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Chapter 3

Experiment

3.1 Introduction

The research described in this thesis was done within the Atomic Physics
group at the Kernfysisch Versneller Instituut (KVI) in Groningen. The Atomic
Physics experiments are located within the KVI main building in a separate
experimental hall called ’bronzaal’. The central infrastructure of the bronzaal
consists of a Highly Charged Ion (HCI) source, an analysis magnet and a cen-
tral beam line to which 4 permanent experimental setups are connected. A fifth
port is available for guest experiments. Figure 3.1 shows a schematic overview
of the bronzaal.

Figure 3.1: The bronzaal. The highly charged ions are
produced by the ECRIS and guided through the beam
line to the different experiments.
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20 CHAPTER 3. EXPERIMENT

Highly charged ions are produced by an Electron Cyclotron Resonance Ion
Source (ECRIS), see section 3.2. The HCI’s first pass a 110◦ analysis magnet
and are then guided and focussed through the beam line by sets of Quadrupole
Triplets (QT). With the aid of 45◦ bending magnets the beam is finally guided,
sometimes via an additional Quadrupole Doublet (QD), into the different ex-
perimental setups. Ion beam energies range from (2 − 25)q keV, q being the
charge state of the ion. The post acceleration stage is used to create accelerated
ion bunches of energies up to 140q keV.

All Atomic Physics experiments within the bronzaal deal with charge trans-
fer, or with processes induced by charge transfer, in interactions of HCI’s with
various forms of matter.

MOTRIMS: Here, the HCI’s interact with a laser cooled sodium target
in a Magneto-Optical Trap (MOT). The low energy recoil ions (Naq+) are ex-
tracted towards a position sensitive detector. The position and time of arrival
information allows for a determination of the momentum transfer and the im-
pact parameter for each collision. The experiments focus on impact parameter
dependent electron capture.

AGORA: HCI’s interacting with atoms and small molecules (H2, CO)
in the gas phase lead to light emission in the vacuum ultraviolet and visible
spectrum. By means of photon emission spectroscopy, the velocity dependent
reaction cross sections are measured. The aims are to provide a basis for plasma
diagnostics and to identify interaction processes between the solar wind ions
and neutral matter from comets.

CHEOPS: Here, molecules and (atom) clusters are the target gasses for
the HCI’s. Ionization and fragmentation of these gasses have been studied
by coincident time-of-flight mass spectrometry. Now, bio-molecules like uracil,
thymine (RNA/DNA base molecules) are studied to achieve deeper knowledge
on biological radiation damage on a molecular level.

In a separate room, a fifth experiment, not involving HCI’s, is under con-
struction. ALCATRAZ: The goal is to detect the extremely rare (natu-
ral abundance ≈ 10−15) 41Ca isotope. Calcium is evaporated from an oven
(thermal beam), slowed down and pre-selected by a Zeeman-slower and finally
trapped in a MOT where the fluorescence of the isotope is measured. This
method can possibly be used in archeological dating back to the pleistocene,
because 41Ca has a half-life of 100.000 years.

The work described in this thesis concerns experiments done with the SUR-
face PHYsics setup (SURPHY → Sirφ), located at the end of the beamline
(see fig. 3.1). Actually, two setups were used for the experiments: the previous
version Sirφ, which is thoroughly described in [35, 54, 36], and the completely
upgraded version Sirφ++. This setup will be described in more detail below. In
both setups, Auger Electron Spectroscopy (AES), Ion Scattering Spectroscopy
(ISS) as well as Time-Of-Flight (TOF) can be used for surface analysis and
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characterization. Future experiments on magnetic surfaces and/or thin mag-
netic films will require the use of Electron Capture Spectroscopy (ECS) and
AES. These techniques might probe short-range (AES) as well as long-range
(ECS) magnetic ordering effects on surfaces.

3.2 ECRIS

Figure 3.2 schematically shows the main parts of the ECRIS. Starting from
the left, the gas enters the (cylindrical) vacuum chamber via a long small
tube which is also used to couple in the Radio Frequency (RF) power. The
vacuum chamber is placed inside a strong hexapole magnet which creates a
strong (permanent) radially increasing magnetic field. Two powerful solenoids
(injection and extraction) provide the axial fields, completing the magnetic
trap. An RF field, amplified by a Klystron tube, is coupled into the same
region. The kinetic energy of the HCI’s is determined by the source potential
VS (max 25 kV), applied to the vacuum chamber and gas/RF tube, and the
plasma potential VP . The plasma potential comes from the repulsive potential
of the remaining plasma ions and is typically in the range of 10-25 V. The
kinetic energy of the HCI’s with charge state q leaving the ECRIS is then
Ekin = q(VS + VP ) eV. The HCI’s are extracted through a diaphragm and a
puller, see figure 3.2 on the right. Sometimes a negative potential is applied to
the puller to increase the extraction field and thus the output current of the
source.

Figure 3.2: Schematic drawing of the Electron Cy-
clotron Resonance Ion Source (ECRIS).
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The charge states of HCI’s extracted from the plasma span a broad range.
To select (only) the correct projectiles, the extracted HCI’s are analyzed accord-
ing to their mass A over charge state q ratio (A/q) by the 110◦ analysis magnet.
The magnetic field B of the analysis magnet is proportional to

√
VSA/q. The

A/q-resolution of the analysis magnet is 0.5%.
The beam output is measured by a movable Faraday cup, placed after the

analysis magnet. Before injection into the beam line, the beam diameter is
collimated by a 10 mm diaphragm. Typical ion beam currents range from a
few tens of nA (e.g. O7+) up to a few hundred µA (e.g. He+), depending on
element and charge state.

In an ECRIS, highly charged ions are produced stepwise by electron impact
ionization. The electrons inside the plasma are gyrating around the magnetic
field 
B with frequency ω = e| 
B|/me, thus ionizing the atoms/ions. Moreover,
electrons gyrating in the direction x̂ of an increasing magnetic field experience
a repulsive magnetic force perpendicular to x̂. Depending on the gradient
∂Bx/∂x of the field and on the electron velocity vx, the movement can be
reversed, effectively reflecting the electrons. This way electrons are confined
inside the trap and a sufficient electron density can be obtained. High energy
electrons are produced by applying the RF field. When the RF frequency equals
the revolution frequency ω electron cyclotron resonance occurs: the electrons
are resonantly accelerated by the RF field. By choosing a proper combination
of magnetic strength (about 0.5 T) and RF frequency (14 GHz, a few hundred
Watt), a closed ECR surface, along which the resonance condition is fulfilled,
can be obtained [55, 56].

The (maximum) charge state of the HCI’s (produced inside the ECRIS)
is limited by: neutralization by electron capture, the energy distribution of
the electrons and the confinement time of the HCI’s inside the trap. Electron
capture mainly stems from ion-neutral collisions and can be minimized by a low
background pressure inside the source. Typical ECRIS background pressures
are of the order of 10−5 Pa. The ionization potential of hydrogen-like ions
scales with Z2 and the cross section for electron impact ionization peaks at
about twice this value. Therefore, achieving high charge states implies the
electrons to span a wide kinetic energy range. For example, for the sequential
ionization of oxygen up to fully stripped O8+, one needs electrons with energies
in the range of 25 eV - 1800 eV.

3.3 Surface physics setup

The new experimental setup Sirφ++ basically consists of a cylindrical (300 mm
diameter) collision chamber with a big manipulator placed on top1. A powerful

1All manufactured by Thermo Vacuum Generators, Hastings, United Kingdom.
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getter ion pump is placed underneath the UHV collision chamber. This cham-
ber is made out of 5 mm thick µ-metal and top and bottom parts of the cham-
ber are magnetically shielded by custom-made 3 mm thick µ-metal shields,
mounted inside the vacuum chamber. The µ-metal prevents stray magnetic
fields from penetrating into the chamber and thus into the electron detection
volume. Residual magnetic fields are of the order of a few µT. The cham-
ber is permanently pumped down by the 400 l/s getter ion pump to a base
pressure in the 10−8 Pa range. During sample preparation cycles and after a
venting procedure, the setup is pumped down by a roughing system consisting
of a turbo pump and a forepump. Figure 3.3 shows a photograph of the new
Sirφ++ setup.

Figure 3.3: Photograph of the new Sirφ++ setup. (The
HCI’s are coming from the right.)

The vacuum chamber was originally designed as a three level system: one
level for experiments and two levels for surface preparation and analysis. The
lowest level (level A) is the experiment level, located at the height of the beam-
line which is 1400 mm above ground level. This level is currently also used
for surface preparation and ECS. Level B is located 180 mm above level A
and is also used for ECS. Level C is located 100 mm above level B. The level
structure of the collision chamber requires vertical translation of the sample
which is realized by the manipulator.

The manipulator has three translational degrees of freedom: ∆X = ∆Y =
±12.5 mm and ∆Z = 0 − 400 mm, and two rotational degrees of freedom:
∆ψ = ±180◦ and ∆φ = ±110◦. A disadvantage of such a big manipulator
is the diameter of the manipulator axis, which increases in thickness from
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bottom (sample) to top (also see section 3.3.3). The manipulator is equipped
with 3 stepper motors (Z, ψ and φ) and a low-magnetic sample holder. The
sample holder facilitates LN2-cooling (-170◦C), electron bombardment heating
(+1200◦C) and is equipped with two low-magnetic N-type thermocouples and
molybdenum base plate and clamps. The manipulator is placed on top of the
setup and the manipulator axis points down vertically, resulting in a vertical
position of the sample2.

Inside the collision chamber, a four-element electrostatic lens system and a
high resolution semi-hemispherical ElectroStatic Analyzer (ESA) are mounted.
Connected to the chamber are: electron gun, ion gun, TOF tube and chopper-
sweeper plates3. All these devices are positioned at the height of experimental
level A. For gas analysis and base pressure information, a (quadrupole) Resid-
ual Gas Analyzer (RGA) and an ionization gauge are mounted at level C.

In the near future, the sample analysis and preparation techniques will
be even more advanced by adding the following units: an evaporator for the
evaporation of thin (magnetic) films, a Kelvin probe for determination of the
work function, an X-ray source for Photoemission Spectroscopy (XPS), and
a small laser setup with polarization optics for in situ Magneto-Optical Kerr
Effect (MOKE) measurements of magnetic samples.

Figure 3.4: Schematic drawing of the setup showing
the diaphragms, the chopper sweeper section, the lens
system and the ESA.

The setup is connected to the third 45◦ magnet via the beam line section
that accommodates the chopper sweeper plates used for TOF measurements,
see figures 3.3 and 3.4. This beam line section is differentially pumped down by
a small getter ion pump to a base pressure of a few 10−7 Pa. The primary ion

2The normal to the sample surface n̂ lies in the horizontal XY-plane.
3For a complete description of the TOF system see [36, 57].
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beam first enters the beam line section (diaphragms D0 = 2 and D1 = 1 mm),
then passes through the lens system (diaphragms D2 = 2 and D3 = 2 mm)
and the collimation diaphragm D4 = 1.5 mm and finally reaches the sample.
Figure 3.4 schematically shows an overview of the diaphragms.

The overall transmission (from analysis magnet to sample) is of the order
of 1% and depends somewhat on the A/q ratio of the HCI’s. For large A/q,
the transmission tends to be a little worse. The beam intensity can be deter-
mined by monitoring either the current measured by a movable Faraday cup,
positioned just in front of the lens system, and/or the sample current4. The
latter is monitored during the measurements to correct for beam fluctuations.
Typical sample currents range between a few tens and a few hundred nA, but
can also be up to a few µA in case of singly charged helium ions.

Figure 3.5: Beam deceleration. In the upper part the
outcome of a SIMION simulation is shown. The lower
part indicates the lens voltages along the trajectory.

3.3.1 Beam deceleration

Up to diaphragm D2, the beam line is on ground potential. In between di-
aphragms D2 and D3 the ion beam can be decelerated. This is achieved by
floating the complete setup, including the pumps and the electronics, on a po-
tential which is defined by the source potential VS and a bias potential VB ,
i.e. Vsetup = VS − VB . The actual deceleration takes place in a four-element
electrostatic lens system [35], mounted between diaphragms D2 and D3. The
lens system induces no extra beam loss for deceleration factors up to 100, while

4The sample current is the sum of the impinging ion current and the secondary particles
(electrons/ions) leaving the target.
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the beam spots on the target are only slightly larger than for the undecelerated
beams. For even larger deceleration factors the beam diverges more strongly
and therefore the collimation diaphragm D4 is mounted.

The kinetic energy of the HCI’s leaving the ECRIS is determined by Ekin =
q(VS+VP ), where VP is the plasma potential. HCI’s with charge state q entering
the Sirφ++ collision chamber have to overcome the applied setup potential
Vsetup. The final kinetic energy of the projectiles is then Ekin = q(VS + VP ) −
q(VS − VB) = q(VB + VP ). This way the beam energy is determined by VB

and possible fluctuations in VS are cancelled. Figure 3.5 shows a SIMION
simulation of the transport of an ion beam through the lens system. In this
case, a beam of He2+ ions with a primary kinetic energy of 14 keV (VS = 7.0
kV) is decelerated to an energy of 500 eV (VB = 250 V, VP was not included).

3.3.2 Electrostatic analyzer

All electron and ion energy spectra presented in this thesis are measured using
a 180◦ semi-hemispherical high resolution ElectroStatic Analyzer (ESA). In an
ideal hemispherical ESA, electrostatic potentials are applied on both (concen-
tric) hemispheres causing an electrostatic field in between. For a projectile
with charge state q and mass m to pass the ESA, the radial equation of motion
m
̈r = 
Fcp + 
Fr = 0 needs to be satisfied. Here, 
Fcp is the (outward) centripetal
force and 
Fr is the (inward) radial force from the electrostatic field 
Er. Af-
ter calculating the electrostatic field between the hemispheres, one obtains the
radial equation5

mṙ2

r
=

q(V2 − V1)R1R2

(R2 − R1)r2
(3.1)

A charged particle with kinetic energy Ek = mṙ2/2 will pass the ESA on the
central trajectory r = (R1 + R2)/2 if it satisfies the condition

Ek = q(V2 − V1)F (3.2)

Here, F is the proportionality factor of the ESA

F =
1

R2/R1 − R1/R2
(3.3)

The electrostatic potentials (V1 and V2), applied to the inner and outer hemi-
sphere (R1 = 48 and R2 = 52 mm, respectively), are chosen such that the
electrostatic potential Vr on the central trajectory (r = 50 mm) is zero6. For
an ideal hemispherical ESA, this situation is reached when V2/V1 = −R1/R2.
Inserting the radii gives V2/V1 = −0.923 and F = 6.24. Since our ESA consists

5All radii are measured from the ESA center.
6Then the particle is not slowed down by the electrostatic field inside the ESA.
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of two central slices of hemispheres, it is only semi-hemispherical and therefore
the factors deviate slightly from the ideal values. Calibration of our ESA gave
V2/V1 = −0.935 and F = 6.42 [54].

Figure 3.6: Schematic representation of the ESA.

Figure 3.6 schematically shows the components of the ESA. The uncertainty
in the (vertical) position x2 of a charged particle entering the ESA at x1 under
an angle ∆α, can be described by the Taylor expansion [58]

∆x2 =
∂x2

∂α
∆α +

∂x2

∂Ek
∆Ek +

∂2

∂α2
(∆α)2 + higher order terms (3.4)

After rearrangement of this Taylor expansion, one arrives at an approximate
expression for the base energy resolution:

∆Ek

Ek
=

1
2

[(
D

r

)
+ (∆α)2

]
= constant (3.5)

The first term represents the linear resolution, which depends on the effective
diaphragm D and on the central trajectory radius r. The effective diaphragm
is the average of the entrance diaphragm D6 and the exit slit height h, i.e.
D = (D6 + h)/2. The second term is the apparent energy spread for a mono-
energetic beam with angular divergence ∆α. It is a general feature of deflection
type analyzers that the energy resolution ∆Ek/Ek is a constant. Therefore, in
all energy spectra presented in this thesis, the number of detected particles (in-
tensity) always represents the raw counts divided by the energy, thus correcting
for the energy resolution.

Particles entering the ESA first pass diaphragms D5 = 1.9 mm and 41 mm
later they pass D6 = 0.4 mm. Diaphragm D6 is positioned 75 mm from the
sample, thus allowing for a solid angle of ∆Ω = π(0.2)2/(75)2 = 2.23 · 10−5

sr at the target center. The exit slit measures h × w = 0.5 × 1.9 mm2. The
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uncertainty in the acceptance is estimated to be 15%. From equation 3.5 the
calculated energy resolution for our ESA is about 0.5% FWHM. The total
acceptance of the analyzer is: ∆Ω(∆Ek/Ek) = 1.12Ek · 10−7 sr·eV. Electrons
with kinetic energies higher than 20 eV entering the ESA can be detected with
nearly 100% efficiency. For kinetic energies below 20 eV, the residual magnetic
field (a few µT ) inside the electron detection area distorts the transmission
leading to a loss of detection efficiency.

Figure 3.7: Illustration of the ESA geometry correction
parameters.

The small acceptance angle and the good energy resolution also make the
ESA perfectly suitable for polar scans around the target surface normal n̂. The
ESA observation angle θ can be varied between 0 and 135◦ with respect to the
HCI beam. However, for polar scans a geometry correction f(ψ, θ) for the
beam spot on the target seen by the ESA has to be applied. In figure 3.7 the
scattering geometry is indicated: the HCI beam comes from the top and scatters
off the target under an incidence angle ψ. Emitted or scattered particles from
the light-gray area are detected by the ESA under an angle θ . The effective
diameter d′, which is the projection of the ESA spot on the target onto the
beam, is compared to the beam diameter D. From figure 3.7 it can be seen
that d′′ sin(θ − ψ) = d and that d′′ sin(ψ) = d′. The ESA geometry correction
factor f(ψ, θ) is now defined as D/d′, i.e.

f(ψ, θ) =

{ (
D
d

) (
sin(θ−ψ)
sin(ψ)

)
if d′ ≤ D

1 if d′ > D
(3.6)

The true intensity I0(θ), which should only depend on θ, is then given by the
product of f(ψ, θ) and the measured intensity Im(ψ, θ). Since most Auger
spectra are taken at θ = 90◦ (no Doppler-shift), we use in our experiments a
correction factor normalized with respect to the intensity measured at 90◦, i.e.
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f(ψ, 90) = 1. In figure 3.8 the normalized correction factor f(ψ, θ) is plotted as
a function of θ for three values of ψ. It can be seen that the correction factor
becomes constant for very small values of θ, i.e. values close to ψ. At these
extreme angles D/d′ < 1 and the ESA sees the complete beam spot on the
target. Obviously, values for θ < ψ do not exist since this would imply that
the ESA looks behind the target surface.

Figure 3.8: The ESA geometry correction effect.

Particles passing the ESA hit a microchannel plate placed directly after the
exit slit. The thus generated pulses are amplified, analyzed by a single channel
analyzer and counted by a data acquisition card inside the PC that controls the
experiment. The electrostatic potentials applied to the ESA, are generated by
a computer controlled power supply. The energy accuracy (not the resolution)
of the ESA, the data acquisition time and the scanned energy range are all
adjustable by the software (LABVIEW) running the experiment. To obtain
maximum energy accuracy a voltage division box, which divides the output
voltage by a factor 20 or 200, is placed between power supply and ESA. This
way, the digitally controlled (discrete) power supply output is divided by the
same factor.

3.3.3 Photon detection system

In Electron Capture Spectroscopy (ECS), He+(1s) ions with keV energy are
scattered grazingly off a (magnetized) surface. The ions are neutralized into
excited He∗(1snl) states and decay by fluorescence. For the detection of the
emitted light and the analysis of the degree of polarization, the Sirφ++ setup
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houses two identical photon detection systems with optics for polarization ana-
lysis.

Photon Detection System Vertical (PDS-V) is set up to measure light emit-
ted parallel to the sample surface, i.e. in the vertical direction (Z-axis). Photon
Detection System Horizontal (PDS-H) measures light emitted perpendicular to
the surface, i.e. in the horizontal direction (XY plane). Part of the optics is
placed inside the vacuum chamber in order to focus the light into the PDS. For
wavelength-dependent polarization analysis of the emitted light, each PDS is
equipped with a rotating quarter waveplate (λ/4), a linear polarizer and an ap-
propriate interference filter (see table 3.1). The quarter waveplates are rotated
by computer controlled stepper motors. For the detection of the (low) light
intensities a Photo Multiplier Tube (PMT), type EMI-9789QA (UV sensitive),
is chosen. Both photon detection systems are mounted horizontally in front
of the setup viewports (quartz). PDS-H is mounted at level A and PDS-V is
mounted at level B, 180 mm above level A.

Figure 3.9: The ECS experiment (schematically).

The light emitted parallel to the surface is oriented in the vertical direction.
Therefore a 2” mirror, mounted on the manipulator axis, is used to reflect the
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light via a 2” bi-convex lens (f = 100 mm) into PDS-V. Due to the thickness of
the manipulator axis and the dimensions of the mirror, the mirror has an axis
offset of 58.5 mm. This puts a lower limit on the surface parallel emission angle
of arctan(58.5/180) = 18◦. A diaphragm (4×9 mm2) is placed 30 mm above the
sample with an axis offset of 10 mm. The diaphragm selects only the important
part of the light emission, and thus excludes unwanted emission/reflection from
regions close to the sample. The light emitted perpendicular to the sample
surface is focussed by a 1” bi-convex lens (f = 75 mm) into PDS-H.

Figure 3.9 shows an artist impression of the ECS experimental setup. The
undecelerated primary He+(1s) beam comes from the right and scatters off the
sample under an incidence angle ψ. The sample can be (de-)magnetized by
sending a current through the soft iron yoke (see 3.3.5). The light rays emitted
perpendicular (PDS-H) and parallel (PDS-V) to the surface are indicated by the
arrows. The mirror (offset) and the diaphragm (offset) are also schematically
shown.

The radiative transitions which we can study are, in order of increasing
wavelength, listed in table 3.1.

initial state → final state λ (nm)
He∗(1s3p) 3P → He∗(1s2s) 3S 388.86
He∗(1s4s) 3S → He∗(1s2p) 3P 471.31
He∗(1s3p) 1P → He∗(1s2s) 1S 501.57
He∗(1s3d) 3D → He∗(1s2p) 3P 587.56
He∗(1s3d) 1D → He∗(1s2p) 1P 667.82

Table 3.1: Radiative transitions of excited He I (1snl) [59].

The polarization optics, mounted in front of the PMT’s, is constructed in
such a way that all optical elements can easily be exchanged. This is necessary
since the optics used for wavelengths exceeding 400 nm is not applicable for
shorter wavelengths (UV).

3.3.4 Polarization analysis

Light properties are usually described in terms of electric fields. The electric
field vector 
E of a plane ElectroMagnetic (EM) wave propagating along the
z-direction and oscillating in the XY -plane is given by


E = Exx̂ + Ey ŷ (3.7)

with harmonic x̂ and ŷ components

Ex = Ex0 cos(ωt − kz + δx) (3.8)
Ey = Ey0 cos(ωt − kz + δy) (3.9)
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The polarization of a wave depends on the phase difference between these two
components, i.e. ∆ = δy − δx. The polarization of an EM-wave with fixed
frequency ω = 2πν and wavenumber k = 2π/λ, is completely described by
four parameters: Ex0, Ey0, δx and δy. It can be shown that equations (3.8)
and (3.9) lead to the description of the polarization in terms of a polarization
ellipse, given by

(
Ex

Ex0

)2

+
(

Ey

Ey0

)2

− 2
ExEy

Ex0Ey0
cos(∆) = sin2(∆) (3.10)

In 1852, Sir G.G. Stokes introduced four parameters that fully specify the
polarization of light. The four Stokes parameters are I,M,C and S. Here,
I = Ip + Iu is the total light intensity, with Ip and Iu as the polarized and
un-polarized light intensities, respectively. The polarized light intensities M, C
and S sum up vectorially as the total intensity of all polarized light, i.e. M2 +
C2 + S2 = I2

p .
Usually, the time-averages of the intensities are taken and the Stokes pa-

rameters are then defined as

I = 〈E2
x0〉 + 〈E2

y0〉 (3.11)

M = 〈E2
x0〉 − 〈E2

y0〉 (3.12)
C = 2〈Ex0Ey0 cos(∆)〉 (3.13)
S = 2〈Ex0Ey0 sin(∆)〉 (3.14)

The quantities M and C represent linearly polarized light or π light, S rep-
resents circularly polarized light or σ light. The magnitudes and signs of the
three Stokes parameters depend on Ex0, Ey0 and ∆. For ∆ = 0◦ pure π light
is obtained. For ∆ = ±90◦ and Ex0 = Ey0, pure σ light is obtained. When
0◦ < ∆ < ±90◦ and/or Ex0 	= Ey0, which is most common, the light is ellipti-
cally polarized.

The polarization of light can experimentally be determined by measuring
the light intensity I ∼ | 
E|2 with a PMT, after the light passed through a
rotating λ/4-plate and a linear polarizer. The λ/4-plate introduces a phase
shift of 90◦ between the two components Ex and Ey of the initial electric field
vector E, forming a new vector E′ with new intensity I ′. The linear polarizer
then only transmits the projection of E′ on its optical axis, the vector E∗ with
intensity I∗.

To calculate the effects of the polarization optics on the transmitted light,
it is most convenient to describe the light in terms of the four Stokes parame-
ters I, M, C and S. The final light intensity I∗(β, ∆) is related to the Stokes
parameters as follows [60]
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I∗(β, ∆) = + 1
2 I

+ 1
2 M

[
cos2(2β) + sin2(2β) cos(∆)

]
+ 1

4 C [1 − cos(∆)] sin(4β)
− 1

2 S sin(2β) sin(∆) (3.15)

Where β is the rotation angle of the λ/4-plate and ∆ is the phase difference.
By changing β and fitting equation (3.15) to the experimental data, the relative
Stokes parameters M/I, C/I and S/I are obtained. In the experiment, there
is a mirror placed before PDS-V which changes the polarization by 180◦. The
sense of rotation of the quarter waveplate is also important for the sign of the
polarization.

3.3.5 Sample holders

For the AES measurements on the Pt(110) sample, the original sample holder
was used. The disc-like Pt(110) sample, with a circumferential cut, was fixed
by means of two molybdenum clamps and a fixating wire wrapped around the
cut. The thermocouples were placed close to the sample. Figure 3.10 shows a
photograph of the sample holder with the Pt(110) sample.

Figure 3.10: Original sample holder with the Pt(110)
sample.

The ECS and AES measurements on (de)magnetized Fe(110) and Ni(110)
samples were performed on a modified sample holder. In order to effectively
magnetize the samples, they are clamped in a semi-toroid, which consists of
Kapton wire wrapped around a soft iron yoke (0.02% carbon)7. The yoke

7Werkspoor NV, Amsterdam, The Netherlands.
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(with sample) is mounted on the standard sample holder. Sample heating now
takes place via conduction through the yoke. The non-magnetic thermocouples
are placed close to the sample. A sheet of copper is mounted on top of the
Kapton wire to prevent the assembly from charging up by the impinging ion
beam. Figure 3.11 shows the modified sample holder, the (shielded) yoke and
the Fe(110) sample. The magnetization is done along the horizontal direction
(between the poles) in figure 3.11, which is the vertical direction Z in figure 3.9.
The samples used in the experiments were always magnetized along their easy
axis of magnetization in order to ensure magnetic saturation of the samples. For
the Fe(110) sample, the easy axis of magnetization is along the [001] direction.
The Ni(110) sample has its easy axis along the [11̄1] direction.

Figure 3.11: The sample holder used for sample mag-
netization. The Fe(110) sample is clamped in the soft
iron yoke.


