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Abstract

An important step in the production of advanced computer chips is facilitated by the EUV
nanolithography machines from ASML. In these machines, EUV light is produced by shooting
a tin droplet with a highly powered laser, creating a laser produced plasma (LPP). The plasma
emits the EUV light required for nanolithography and is collected and focused by costly, atom-
ically flat mirrors. The debris left behind from the LPP may consist in part of energetic, highly
charged tin ions which can potentially damage the mirrors. By introducing a buffer gas of H,,
the ions are slowed down via collisions and the charge state is reduced via charge transfer with
the gas. In order to gain more general insight into electron capture processes, charge transfer
cross sections for Sn** with a kinetic energy ranging from 1 keV to 16 keV colliding with H,
gas are experimentally determined in this work. This is done at the Zernike low energy ion fa-
cility (ZERNIKELEIF). After collisions with hydrogen, ionic populations, from the now multiply
charged ion beam, are measured with a gridless retarding field analyser (RFA). From these
measurements, the charge transfer cross sections are determined. It was found that cross
sections for single electron capture for Sn** are significantly smaller than for Sn3*, which is
likely due to the difference in availability of quantum states for the electron to be captured
into. The charge transfer cross sections for double electron capture were found to be larger
for Sn** than for Sn3+. Additionally, the experimental results are compared to calculations
from the Landau-Zener model of charge exchange. Finally, the potential presence of excited
metastable Sn** ions in the ion beam is discussed as well as their influence on determined
cross sections.
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1 Introduction

In recent years, the demand for computing power has increased significantly, especially due
to the growth of data centres and artificial intelligence. This demand is expected to grow even
more and with it, the corresponding energy consumption. In order to keep up with this demand,
it is necessary for computer chips to become more powerful, while energy consumption is de-
creased. Further miniaturization of transistors inside computer chips allows for faster compu-
tations, while also decreasing the energy consumption. However, this requires increasingly
complex machines. Currently, production of some of the most advanced computer chips is en-
abled by ASML’s extreme ultraviolet light (EUV) nanolithography machines. These machines
use a laser produced plasma (LPP) to generate the EUV light required to perform nanolithog-
raphy on the wafers, which is an important step in the process of producing chips. The small
wavelength EUV light is crucial to the production of the computer chips, since smaller wave-
lengths allow for smaller structures to be printed on the wafers. In order to produce the EUV
light, a tin droplet is turned into a plasma by absorption of infrared radiation fired by a powerful
laser. The highly charged tin ions in the plasma then emit electromagnetic radiation with a
range of wavelengths, including the required EUV light with a wavelength of 13.5 nm. Since
most materials absorb EUV radiation, the EUV light needs to be transported through a vacuum
and multiple atomically flat mirrors are used to reflect and shape the light. These multilayer
mirrors are specifically designed for use in the EUV nanolithography machines. Inside the
chamber where the EUV light is produced, a collector mirror reflects the emitted light towards
the next mirror. When the LPP is produced, the collector mirror is exposed to energized highly
charged tin ions, if no precautions are taken. In order to protect the collector mirror from this
debris, a buffer gas of molecular hydrogen is introduced into the plasma chamber. During col-
lisions with the tin ions and the hydrogen molecules, the tin ions lose kinetic energy as well as
capture electrons from the hydrogen. In this work, the focus lies on charge transfer from the
molecular hydrogen to tin ions. In order to optimize the protection of the collector mirror, it is
important to understand the process of charge transfer and how exactly a tin ion is neutralized
by the hydrogen buffer gas. A piece of this puzzle is the determination of charge transfer cross
sections, which represent probabilities for a certain charge transfer process to take place for a
given charged tin ion. In this thesis, measurements were performed at the Zernike Low Energy
lon Facility (ZERNIKELEIF) on collisions of Sn** with molecular hydrogen using a gridless re-
tarding field analyser (RFA). First, characterisation measurements of the RFA and the tin oven
were performed. Then, the presence of a contamination ion in the ion source for cross section
measurements of 12°Sn** is analysed. Afterwards, charge populations were determined using
an RFA after collisions of a 1!*Sn** ion beam with molecular hydrogen. From these measure-
ments, charge transfer cross-sections were determined using an extrapolation into the limit of
a single collision regime. The results are interpreted in the reference frame of the classical
overbarrier model of charge transfer. Additionally, the results are compared to multichannel
calculations from the Landau-Zener approximation. On the basis of these results, the potential
presence of meta stable Sn** ions is discussed.



2 Theory of charge transfer and atomic collisions

Atomic collisions can be divided into elastic collisions and inelastic collisions. In elastic colli-
sions, the internal energy of the involved particles does not change, but the incident particle
can be deflected by a certain angle. In figure 2.1, an atomic collision between an ion and a
neutral atom can be seen. The impact parameter b is indicated, which is the initial distance
between the projectile and target in the direction perpendicular to the direction of momentum.
In inelastic collisions, a change in electronic energy occurs, which can happen via two pro-
cesses. For an incident atom A colliding with a target atom B, energy can be transferred such
that one or both atoms are now in an excited state:

A+B = A+ B (2.1)

In this process, atom A loses some of its kinetic energy. In the other process, charge transfer
occurs. For a charged particle A, multiple charge transfer processes can occur. For a tin ion
colliding with hydrogen, the most important processes are the following:

Sn?" 4+ Hy — Sn@VF L HY Single electron capture (2.2)
Sn?t 4+ Hy — Sn@ 2+ 4 oH* Bound double capture (2.3)
Sn?" 4+ Hy — Sn@DF L oHt 4 ¢ Autoionizing electron capture (2.4)

O ®- o

Figure 2.1: Schematic of a collision between a projectile ion and a neutral target, defining the
impact parameter b. When the internuclear distance is small enough, the interaction between
the projectile and target will cause scattering.

In single electron capture, a single electron is captured from the target atom, while in double
capture two electrons are captured from the target atom. In the autoionizing electron capture
process, two electrons are captured and one captured electron is ionized from the projectile
atom. Different models have been proposed to describe charge transfer. However, many
do not fall within the scope of this thesis. Therefore, the classical overbarrier model and the
Landau-Zener model are used to describe charge transfer in this thesis.

2.1 Classical overbarrier model

The overbarrier model is a simple classical model describing charge transfer between a pro-
jectile ion and a target atom [1]. When the particles are close together, the Stark effect occurs,
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which is a shift of energy levels of particles, caused by the presence of an external electric
field. At some internuclear distance R, the shift in the binding energy of the target atom is

described by:
Bi=Ep;— % (2.5)
where E; is the unshifted binding energy of electron i and ¢ is the charge on the projectile.

The target and projectile have a superimposed potential at an internuclear distance R of:

q 1
Vi) =—=— 2.6
()=~ 57— (2.6)
where z is the distance between the electron to the projectile. This potential has a maximum
value at: e
Vin = _—(\/5; ) (2.7)

The overbarrier model assumes that charge transfer takes place when the height of the poten-
tial barrier between the two particles equals the Stark shifted binding energy of the electron.
This condition is satisfied when equation 2.5 equals equation 2.7:
1 2
g, 4 __With (2.8)

R R

By rearranging this equation, a characteristic internuclear distance R. can be found at which
an electron can be captured from the target atom:

o (2.9)
Ep

Figure 2.2 shows the potential shift of a system of H, and Sn3*. When the internuclear
separation in a collision between the tin ion and hydrogen molecule decreases, the Coulomb
potential of the ion will decrease the potential barrier for the electron on the hydrogen. When
the internuclear distance becomes smaller than R, the potential barrier is low enough for the
electron to transfer to the tin ion. When the internuclear distance increases again, the barrier
will increase, but the electron will remain on the tin ion. In the original overbarrier model,
charge transfer will always take place when the internuclear distance becomes smaller than
R.. From these assumptions, the cross section for capturing a single electron is then defined
as:

oc=1R2 (2.10)

It is also possible to extend this model to account for multielectron processes [3]. The equation
for the characteristic internuclear distance then becomes:

C2/ilg—i+1)+i

R; .
EB,Z

(2.11)

where i indicates which electron of the target is captured, sorted by binding energy. With
this extension, the cross section for single capture and processes involving two electrons are
determined by:

o1 = (R — R3) (2.12)
oy = 7R3 (2.13)
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Figure 2.2: Visual representation of charge transfer in the overbarrier model. When a tin
ion collides with a hydrogen molecule, the binding energy of the electron is Stark shifted by
the Coulomb field of the ion. However, the potential barrier for the electron to transfer to the
tin ion is reduced at a higher rate. When the internuclear distance becomes small enough,
the electron from the hydrogen will then transfer to the tin ion, where it will stay when the
internuclear distance increases again. Image adapted from [2].

In this case, o, is comprised of autoionizing electron capture as well as bound double capture
processes. In our experimental determination of cross-sections, autoionizing electron capture
contributes to o;. Therefore, calculated values of o, and o, will deviate more with experimental
results when autoionizing electron capture becomes more prevalent.

The overbarrier model is a very simple model and many aspects of a collision are not taken
into account, such as kinetic energy of the projectile and availability of electronic states in the
projectile. Furthermore, the overbarrier model assumes electron capture always occurs when
the R < R., which is not realistic. Therefore, overbarrier model calculations often deviate from
experimental results. Still, the model can be used as a way to interpret experimental results.

2.2 Landau Zener model

The Landau Zener model is a model that uses crossing points of the potential energy curves
of two systems to describe the charge transfer process that can occur [4]. Potential energy
curves can be constructed by a number of different potentials. A simple way to model a system
of two charged particles is by using a Coulomb potential. For a system with a charged and a
neutral particle, the coulomb potential will be zero. To model the potential at very small inter-



nuclear distances, a shielded potential such as the Ziegler-Biersack-Littmark (ZBL) potential
can be used [5]. In figure 2.3a, potential energy curves for a system with a projectile ion A"
and a target atom B can be seen. The blue curve indicates a neutral system modeled by a
ZBL potential and the orange and green curves indicate a system in which charge transfer
has occurred from the initial system. The green curve shows a system in some excited state,
which does not cross the blue curve of the system, which makes charge transfer impossible in
the Landau-Zener model. Since the orange curve does cross the blue curve, charge transfer
is possible at the crossing. Considering that the neutral and charged particles are in eigen-
states ¢; and ¢, respectively, the state at the crossing can be written down as some linear
combination of both states when R changes with some finite velocity:

¢ = A1 (R)¢1(x/R) + Az(R)po(v/R) (2.14)
The Hamiltonian of the individual wavefunctions then become:

Hoy = €191 + €120 (2.15)
Hoy = €12¢1 + €20 (2.16)

In order to gain an expression for the probability for a transition to occur, some simplifications
are made. Firstly, it is assumed that ¢, is much smaller than the relative kinetic energy of the
systems. Because of this, the motion of the particles can be considered as external parameters
and R becomes a known function of time. Secondly, it is assumed that the transition region is
small enough that ¢; - ¢, is a linear function of time, which is satisfied when ¢, is sufficiently
small. From these assumptions, Zener determined an expression for the probability for a so
called diabatic transition:

—2nHY,

p = e WAF (2.17)
where H, is an element of the coupling matrix of the system for one electron capture pro-
cesses, AF is the difference in slope of the potential curves at the crossing and v, is the radial
velocity of the projectile at the crossing, given by:

vy = v(1 — b*/R2)1/? (2.18)

where b is the impact parameter and R. is the radius at the crossing of the potential curves.
After original determination of a generic expression for H;, by Olsen et al.[6], several improved
descriptions of H, have been made such as by Kimura et al. [7]:

Hyy = 5.48,/gexp(—1.324a/qR.) (2.19)

where o = /21, and I, is the ionization potential of the target. The forefactor of 5.48 was
chosen by Kimura et al. based on agreement with their results. Based on agreement with
results on charge transfer cross section for Sn3*, a forefactor of 5.8 [8] is chosen in this work.
Due to the vibrational energy present in the hydrogen molecule, an additonal Franck-Condon
factor, I'C, owing to the Franck-Condon principle, can be introduced to this equation [6]:

Hiy =5.8,/qvV FCexp(—1.324a/qR,) (2.20)

In figure 2.3(b,c,d,e), the possible transitions can be seen. When the internuclear distance first
decreases and reaches R,, a transition is possible. When R increases again and reaches R,,
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another transition is possible. A diabatic transition is a transition on which the system follows
along the same potential curve after reaching the crossing, while an adiabatic transition is
a transition in which the system will follow a new potential curve. Therefore, there are four
pathways in total for the collision system to follow. From equation 2.17, the probability for a
adiabatic transition simply becomes 1—p. Since charge transfer occurs when one diabatic and
one adiabatic transition has taken place, the probability for charge transfer to occur at some
impact parameter b is then:

P =2p(1l —p) (2.21)

The total cross-section is found by integrating this probability over the impact parameter:
o= 27T/Pbdb (2.22)

This model can be expanded to incorporate multiple potential curve crossings. In that case, the
total probability of a charge transfer process changes, depending on the number of channels
that are added. The cross section is then calculated by equation 2.22 for the total probability
for a given impact parameter. In this thesis, it is assumed that adiabatic transitions, and thus
charge transfer, only occur at the curve crossings when spin is conserved during the transition.
For single electron capture, this would require a singlet state ion to always become a doublet
after electron capture, a doublet state ion to become a singlet or quartet and a triplet state ion to
become a doublet or a quartet. There is some discussion on how to calculate charge transfer
cross sections for double electron capture. The process can be seen as two curve crossings
in which a single electron is captured [9], or as a single crossing where two electrons are
captured, with some correction factor [10]. In this work, the process is seen as a single curve
crossing where two electrons are captured, since this makes the Landau-Zener calculations
much less complicated. In this case, spin conservation would require the spin state of the ion
to be the same in the initial and final charge state.
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Figure 2.3: Schematic of potential energy curves of three systems of a projectile ion A with
target B. The green and orange curve indicate systems in which charge transfer has taken
place. The green curve represents a system in which A" is in an excited state and it does not
cross the blue line. The orange line crosses the blue line and at this crossing, charge transfer
is possible. At this crossing point, 4 possible transitions can take place, indicated in b, c, d
and e.

3 Zernike low energy ion facility

Experiments conducted in this thesis were performed using the Zernike Low Energy lon-beam
Facility (ZERNIKELEIF) at the university of Groningen. In ZERNIKELEIF, low energy ion
beams can be created and their interaction with gases or surfaces can be studied. The ion
beam is created in an ion source and can be transported to two different experimental setups.

3.1 lon source

In ZERNIKELEIF, an electron cyclotron resonance ion source (ECRIS) is used for the creation
of a plasma, consisting out of different ions. Different gases can be added into the ion source
from which a plasma is produced. These gases are usually noble gases, nitrogen or oxygen.
Additionally, it is possible to introduce gaseous tin to the source via a tin oven. The tin oven
consist of a crucible which can be heated by letting a current run through a tungsten filament
around the oven. A small amount of solid tin can be inserted into the oven. By heating the tin
oven, tin is evaporated into the ion source. When the tin atoms or other gases are introduced
into the source, a strong permanent magnet causes electrons removed from the ions inside
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Figure 3.1: Schematic of ZERNIKE-LEIF. lons are created in the ECR ion source and can
be transported towards the experimental setup of CHEOPS, where ion-gas interactions are
studied or to SIR® where ion-surface interactions are studied.

to perform a cyclotron motion. The angular frequency of this motion is given by:

We = @ (3.1)
me

where ¢ is the elementary charge, B the strength of the magnetic field and m,. the mass of the
electron. By absorption of radio frequency (RF) which is resonant with the frequency of the
cyclotron motion, the electrons are accelerated such that they have enough energy to ionize
the gas in the ion source. This creates a plasma with ions of different charge states. The entire
ion source is placed at a high positive voltage of V..., which causes the ions to experience
a potential difference between the source and the beamline. This potential difference causes
the ions to move from the higher to the lower potential. This gives them a kinetic energy in eV
depending on the charge state of the ion:

Ekin = Q(‘/source + ‘/plasma) (32)

where V,,..smq IS the intrinsic plasma potential. Typically, the plasma potential is negligibly small
compared to the potential put on the ion source. Additionally, it is possible to place a negative
voltage to puller electrodes placed on the outside of the ion source. This causes the ions in
the ion source to experience a larger potential difference, allowing for the extraction of more
ions from the source. After extraction of the ions from the source, an einzel lens can be used
to focus the ion beam. The ions then move to a 110° analysing magnet, which bends the
ions into the beamline for further transportation. This magnet allows for selection of mass and
charge state of the ion, since the deflection of the ion by the magnetic field depends on the
ratio of mass to charge. A Faraday cup is placed after the analysing magnet, which allows for
measurements of the ion current for a given magnet strength. Since the magnet selects on
mass over charge, it is possible for the desired ion beam to be contaminated with undesired
ions with the same mass over charge ratio. Therefore, isotopes are selected with a unique
mass over charge ratio compared to other elements present in the ion source. By sweeping
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over the magnet strength and measuring the ion beam current, individual isotopes and charge
states can be identified. This also allows for identification of the particles that are present in
the ion source. At a set magnetic field strength of the magnet, ions bent correctly into the
beamline will be transported further. Other ions will collide with the wall of the beamline. From
the current measurement of the ion beam by means of the Faraday cup, the beam current is
optimized by adjustment of RF source power, bending magnet strength, pressure in the ion
source and puller electrode and lens settings. Additionally, it is possible to add a second gas
to the ion source such as helium, which can potentially stabilize the plasma and change the
ion distributions in the ion source.

3.2 Transportation of ion beam

After optimization of the beam current, the beam is transport to the CHEOPS setup. Trans-
portation is facilitated by two triplet quadruple focusing magnets and two correction magnets.
The triplet quadruple magnets focus the ion beam, such that the transmission is improved.
They consist of three instances of quadrople magnets. The first and last of the magnets focus
in one direction, while the middle magnets focus in the plane perpendicular to this direction.
The two correction magnets are placed some distance apart and allow for a correction of the
trajectory of the ion beam. The correction magnets can bend the ion beam slightly in the
vertical and horizontal direction. The correction magnets correct for deviations of height and
horizontal direction of the ion beam, as well as for deviations in alignment of the beamline.
After the ion beam has passed the second triplet quadruple magnet, it arrives at a 45° bending
magnet. This magnet is used to bend the ion beam towards CHEOPS.

3.3 CHEOPS

Gas Capillary

Deceleration Lenses

Figure 3.2: Schematic of an ion beam travelling through CHEOPS. The ion beam can be
focused by the Einzel lens and the deceleration lenses. Gas can be injected into the chamber
by the gas capillary. The ion beam current is measured by the retarding field analyser (RFA).
The chopper can be used to send a pulsed ion beam into the chamber.

At CHEOPS, ion-hydrogen interactions take place. A schematic of this setup can be seen
in figure 3.2. The ion beam first passes an einzel lens, which is used to focus the ion beam
once again. Then it passes a chopper, which allows for pulsing of the ion beam. For the mea-
surements done in this thesis, the chopper is not used. The ions then pass the deceleration
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lenses. These lenses create a potential which can decelerate and focus the beam. The final
deceleration of the ion beam depends on the potential present after the deceleration lenses,
which is described in the next subsection. After passing the deceleration lenses, the ion beam
enters the collision chamber. In the collision chamber, a gas capillary is present, which in-
jects a jet of hydrogen gas into the chamber. The position of the capillary can be adjusted,
which can be used to change the density of gas particles the ion beam encounters. The rate
of hydrogen gas entering the chamber is determined from the pressure in the foreline of the
capillary. In turn, this pressure is regulated by a mass flow controller (MFC), which allows for
precise control of the rate of hydrogen flowing into the chamber. When the ion beam reaches
the chamber, collisions with hydrogen take place and charge transfer can occur. After these
collisions, the ion beam is not uniformly charged anymore, but consists of ions of different
charge states.

After collisions with hydrogen, the ions enter the retarding field analyser (RFA). The retard-
ing field analyser consists of multiple cylindrical electrodes. In figure 3.3, a schematic of the
RFA can be seen. The first grounded electrode shields the collision chamber from the elec-
tric field of the retarding electrode. The retarding electrode imposes an electric field on the
ions, creating a potential barrier that ions can only pass if they possess sufficient kinetic en-
ergy. Another grounded electrode is located on the other side of the retarding electrode. This
electrode shields the potential of the retarding electrode, such that the suppressing electrode
is not influenced by the field of the retarding electrode. The suppressing electrode creates
an electric field which repels any outgoing electrons from the Faraday cup. These secondary
electrons can be created when the ions collide with the Faraday cup. When an electron leaves
the Faraday cup, it is measured as a current. The suppressing electrode causes electrons to
move back into the Faraday cup, such that no net current of emitted electrons is measured.

Ground electrodes Suppressing electrode
¥ Y
Cap

Retarding electrode Faraday cup

Figure 3.3: Cross section of a gridless RFA. The retarding electrode creates a potential barrier
for incoming ions. The grounding electrodes shield the collision chamber and suppressing
electrode from the electric field of the retarding electrode. The suppressing electrode prevents
electrons from leaving the cup.

The retarding electrode is significantly longer than the other electrodes. It was designed
in this way, such that the radial potential at the retarding electrode is more uniform compared
to shorter electrodes. When a voltage is placed on the retarding electrode, the potential near
the electrode itself will be higher than the potential at the centre of the electrode. This po-
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tential difference may cause ions with the same kinetic energy, to either be transmitted to the
Faraday cup or be repelled, depending on which region of the RFA they pass through. The
ratio between the potential at the retarding electrode and the centre of the electrode is charac-
terised by the k value of the electrode. According to simulations performed for this system, the
k value is approximately 0.99 [11]. When ions are transmitted through the electrode, they are
collected in the cup, which creates a measurable current. By placing a voltage on the retard-
ing electrode, ions can be repelled. The voltage at which this occurs depends on the kinetic
energy and the charge state of the incident ions. The ions are repelled when the following
condition is satisfied:

Where E,;, is the kinetic energy of the ions in eV. When this condition is satisfied for ions of
charge ¢, it will be seen as a drop in the current measured at the Faraday cup. By variation
of the retarding voltage and measurement of the corresponding current, the amount of ions of
charge state ¢ can be found. From these measurements, charge transfer cross sections can
be determined. A voltage sweep of the RFA can be seen in figure 3.4 where a decelerated 8
keV Sn** ion beam was used. In this figure, the current drops significantly at certain voltages.
The current drops correspond to the RFA stopping ions of a certain charge state from reaching
the Faraday cup. Additionally, two contamination currents *Sn3* and *Sn?* are shown in figure
3.4, which correspond to ions that have undergone charge transfer before being decelerated.
These contamination currents can be filtered out and are a byproduct of deceleration of the
ion beam.

1079
10—10:

10711}

Current (A)

10—12;

10_132 ) ! ] ) ! ! 1 ! f f 1 f L . 1 1 L L 1 =
2000 3000 4000 5000 6000
Retarding voltage (V)

Figure 3.4: Voltage sweep of the RFA for a decelerated 6 keV Sn** ion beam after collisions
with hydrogen. The drop in current can be attributed to the stopping of different ions at certain
voltages. Contamination currents are marked by an asterisk.
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3.4 Deceleration of the ion beam

The kinetic energy of the ions arriving at CHEOPS is determined from their charge state and
the voltage on the source. By decelerating the beam before it enters the collisions chamber,
it is also possible to change the kinetic energy of the ions. This procedure has two main
benefits. It allows for measurement at different kinetic energies without requiring adjustment
of the settings used for transportation of the beam. Additionally, decelerating the ions after
transportation is preferred, since transmission of the ion beam is improved at higher kinetic
energies. In order to decelerate the ions, the entire CHEOPS setup is put on a voltage which
is equal to the voltage of the ion source. lons arriving at CHEOPS see a potential barrier which
decelerates them. A voltage supply is used to lower the voltage of CHEOPS by an amount of
Viias- The kinetic energy of the ions at CHEOPS then becomes:

Ekin = Q(‘/bias + V;)lasma) (34)

Because of the potential barrier caused by the voltage on CHEOPS, the ion beam will diverge
and the amount of ions entering the collision chamber will be lower initially. Four deceleration
lenses are used to correct for this which reduce the potential before ions enter the collision
chamber. This allows for a more gradual potential gradient and focuses the ion beam. Decel-
eration of the ion beam also introduces the contamination currents described earlier. Since
these ions have had charge transfer before they are decelerated, they are decelerated less
at the deceleration stage compared to the higher charged ions. The kinetic energy of these
contamination ions when they arrive in the collision chamber is:

Ekin = q%ias + V;)lasma + nc(‘/source - %ias) (35)

where n. is the number of electrons that are captured before deceleration. The contamina-
tion current can be filtered out by measuring the current at a voltage before and after the
contamination current is stopped. An additional benefit of a decelerated beam is that charge
transfer processes which do not occur inside the reaction chamber can be filtered out this way.
Measurements are then independent of residual gas present in other parts of the system.
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4 Characterisation of experimental setup

Before cross section measurements were started, characterisation measurements of the grid-
less RFA and the tin oven were performed. In previous charge transfer cross section measure-
ments, ion currents were measured using a gridded RFA. For measurements performed in this
thesis, a gridless RFA was used. Before cross sections measurements could be performed,
characterisation of the gridless RFA was necessary in order to account for any unforeseen
effects. Additionally, characterisation measurements of the tin oven were performed. Dur-
ing charge transfer cross section measurements, a stable ion beam current is desirable to
improve the accuracy of the measurements. Therefore, measurements were performed to
analyse if improvements to the reliability of the tin oven could be made. The results of these
characterisation measurements are laid out in this section.

4.1 Characterisation of gridless RFA

The gridless RFA was implemented to increase transmission and reduce lensing effects over
the gridded RFA. After implementation of the gridless RFA, transmission was improved, but
some unaccounted for effects were still present. Additional measurements were performed to
characterize these effects. Figure 4.1 shows voltage sweeps of a Xe'" beam, with different
voltages placed on the third deceleration lens. The voltage placed on this lens changes the
focus of the ion beam. In the figure, three regions of interest can be seen. First, it can be seen
that the current starts to drop at voltages much lower than the voltage required to repel the
ions, as determined from equation 3.3. Then, a small peak can be seen at 5025V, after which
there is a final region where the current drops of rapidly towards zero. This final region can
be attributed to the fact that ions passing through different regions of the RFA experience a
slightly different potential, causing some ions to be repelled and others to still be transmitted.
This can explain the effect that the current does not drop off instantly in this region. Instead, it
drops off with a slope, which is as expected. The effects in the other regions appear to depend
on the focus of the ion beam.
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Figure 4.1: Voltage sweeps of a 20 keV Xe** beam with different voltages placed on decel-
eration lens 3, which changes the focus of the ion beam. The graph shows that changing the
focus of the ion beam can mitigate the observed effects present in the RFA.

Other measurements were performed by moving the position of the RFA and taking voltage
sweeps. The position of the RFA can be moved in two orthogonal directions, denoted by the
x direction in the horizontal plane and the y direction in the vertical plane, orthogonal to the
direction of the ion beam. The results can be seen in figure 4.2, where voltage sweeps were
taken with a 28 keV Ar*+ beam. The measurements were performed without a voltage on
deceleration lens 3, denoted by an "unfocused” ion beam and then repeated with a voltage on
the deceleration lens, denoted by "focused”. The RFA was first centered by noting the position
in x and y direction at which the measured current was zero. For each direction, the centre
was taken as the centre between each distance. The position of the RFA was then changed
relative to this position. For a homogeneous beam which enters the RFA at no angle, it is
expected that the voltage sweeps show symmetry when displaced by the same amount in
opposite directions. However, it can be seen in figure 4.2 that this is not the case. While
the voltage sweeps for displacement in the x direction still show some symmetry, the sweeps
for the y direction are much more asymmetric. A reason for this could be that the RFA is
placed at an angle in the beamline, or that the ion beam itself enters the RFA under an angle.
When this happens, the ion beam passes through different potential regions of the RFA. It
is also possible for the ion beam to simply hit the electrodes of the RFA. From figure 4.2, it
seems that the angle at which the beam enters the RFA is located in the y direction plane,
since the asymmetry is much more present there. From the characterisation of the RFA it is
seen that the current starts to decrease before the final retarding voltage is reached. During
cross sections measurements, energies can be selected in such a way that ion populations
are not stopped close to each other. This allows for measurements at voltages which are
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significantly far away from the stopping voltages. At these voltages, the observed effects are
not present. Therefore, there should be no influence by these effects on the measurement of
the ion populations. Further analysis of the behaviour of the gridless RFA was performed by
[12].
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Figure 4.2: Voltage sweeps performed for different displacements of the RFA from the centre
of the ion beam. Displacement were done in two different direction, x and y. For each dis-
placement, a voltage sweep was taken for an unfocused beam and for a focused beam. It is
seen that asymmetry is more present in the y direction, suggesting that the ion beam enters
the RFA under an angle in this direction.

4.2 Characterisation of tin oven

In this subsection, the main results from the characterisation of the tin oven are presented.
The goal of the experiment was to characterise the tin oven in such a way, that its behaviour
is understood better and possible improvements could be implemented. The experiment was
performed by evaporating tin from the tin oven on a quartz crystal, which is able to measure
the thickness of the evaporated tin layer on the quartz by change in the eigenfrequency of the
quartz crystal. From the change in thickness of the tin layer, the rate of tin evaporating on the
quartz is measured. Most importantly, the relation between power input and evaporation rate
was investigated as well as the mechanisms of energy loss for the tin oven.

The experimental setup consists of a tin oven and a quartz crystal placed in a vacuum
chamber. By applying a voltage to the tin oven, a current runs through the tungsten filaments
around the oven, heating it up such that tin evaporates and leaves the oven. Some of the
evaporated tin that leaves the oven will be deposited on the water cooled quartz crystal oppo-
site of the oven. The quartz crystal has a specific frequency that changes when a material is
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Figure 4.3: Experimental setup of the characterisation measurement of the tin oven. A quartz
crystal was placed some distance d away from the tin oven. When the tin oven is heated, tin
evaporates and is deposited on the quartz crystal. From the change of the eigenfrequency of
the quartz crystal, the deposition rate of tin on the crystal is determined.

deposited on top of it, allowing for a determination of the thickness of the deposited layer. The
setup can be seen in figure 4.3. In this figure, the tin leaves the oven at a maximum angle 6
and the crystal is placed at a distance d from the oven. The source of the tin can be seen as a
point source located inside the tin oven, adding an offset to the actual distance from the point
source to the quartz crystal. By measuring the deposition rate of tin on the quartz crystal, the
influence of input power fluctuations on rate fluctuations can be found.

In figure 4.4, the deposition rate of the tin on the quartz crystal and the power input of the
tin oven are plotted. During this measurement, a constant voltage was placed on the tungsten
filament in the tin oven. However, as can be seen, the power fluctuates constantly. Around
10.000 seconds, a sudden drop in power is seen and a corresponding drop in deposition rate
as well. After some time, the power suddenly increases again. What causes this sudden
change in power remains unknown. Smaller fluctuations in the power input can be attributed
to changes in the resistance of the tungsten filament, due to heating. From figure 4.4, itis clear
that the deposition rate fluctuations are influenced by fluctuations in the power. By controlling
the tin oven by a constant power input instead of a constant voltage input, these fluctuations
can be eliminated. This constant power control was subsequently implemented and used
during charge transfer cross section measurements.

Additionally, the energy loss of the tin oven can be examined. By determination of the ratio
of energy loss by latent heat due to evaporation of tin and black body radiation radiated by the
tin oven, an estimation can be made whether evaporation of tin has a significant effect on the
temperature of the oven. The energy loss from black body radiation can be found from:

Pbb :EO'AT4 (41)

where ¢ is the emissivity of the tantalum casing of the tin oven, which is approximately 0.33 for
tantalum [13], A is the surface area of the casing and T is the temperature of the casing. The
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Figure 4.4: Rate of tin deposited on the quartz crystal as well as power input on the tin oven.
It can be seen that tin output from tin oven is influenced by fluctuations in the power input.

temperature of the casing can be determined by measuring the temperature with a pyrometer.
The energy loss from tin evaporation can be determined from the amount of tin leaving the
oven per second n multiplied by the latent heat:

Pevaporation =L- n (42)

where L is the latent heat, which has a value of 295.8 kd/mol. A rough estimation of the
amount of tin leaving the oven per second can be made after measurement of the weight of
the tin oven before and after the tin inside has been evaporated. From these equations, it was
found that the energy loss from evaporation of tin is about 5 order of magnitude smaller than
the energy loss from black body radiation. As a conclusion, the temperature of the tin oven is
independent of the amount of tin present in the oven.

19



5 Methods

During collisions of Sn** with H,, charge transfer occurs via different processes. After a col-
lision with H, the initial Sn** ion can become a Sn3* ion or a Sn?* ion, depending on which
charge transfer process has taken place. Additionally, secondary collisions can occur. If this
is the case, an ion that has already undergone charge transfer, will undergo charge trans-
fer again. Therefore, there are multiple pathways for an Sn** ion to become an Sn?* or a
Sn'* ion. The entire chain of charge transfer processes can be described by an initial value
problem, where the ions move through a volume of hydrogen gas density described by n(z):

d]gj —043 — 042 0 0 0] [N No
aN3t 3+
4 _ 043 —032 — 031 0 0 N _ _ 0
d]f+ n(z) -~ . 0w 0] || N(z=0) 0 (5.1)
dN€+ 0 031 0921 0 N1+ 0

dz

where o;; is the charge transfer cross section for an ion of charge ¢ to become an ion of charge
j and N the amount of ions in charge state i. It is assumed that the total number of ions is
conserved, such that:

Ny = N*" 4+ N3T 4 N?T 4 NIF (5.2)

The integral of n(z) is defined as the integral target density described by:

/n(z)dz =[BP (5.3)

where ( is a calibration constant. From previously performed density calibration measure-
ments, such as in [14], 5 was determined to be 65 + 4 - 10'® cm~2 mbar—1.

5.1 The single collision approximation

The solution to equation 5.1, is rather complicated and cumbersome to work with, therefore
the process is initially regarded in the single collision approximation. In other words, an ion
will only undergo only one charge transfer process. In this approximation only o043 and o4, will
be non-zero in equation 5.1. All other cross section will be zero. The solutions to equation 5.1
then become:

N4 — Noe—ﬂp(ma +o42)

N3t = NOL 1— e—BP(a43+a42)]
043 + 042

N = Ny— 22 [] — ¢=FPlowrton)) (5.6)
043 + 042

From these equations, the ratio between N2+ and N3+ can be expressed as a constant f:

N2+ 042

=22 _ g (5.7)

N3+~ oy
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From this ratio, 043 and o4, can be determined directly from the equations:

=
043 = _W (5.8)
042 = fou3 (5.9)

Since measurements are done at pressures up to 10~* mbar, this approximation will be fairly
accurate. In order to account for secondary collisions to some degree, it is possible to de-
termine the cross sections at different pressures. Through a linear fit through these cross
sections, an extrapolation of the cross section to zero pressure can be done. This allows us
to correct for secondary collisions.

5.2 Determination of charge transfer cross sections

After collisions of the tin ions with the hydrogen molecules, ion populations are determined
from measurements with the RFA. These measurements are performed in cycles, where the
RFA cycles through retarding voltages. The retarding voltages are set specifically to measure
the ion populations and to filter out contamination current if present. Multiple cycles are used
to improve the significance of the data. In figure 5.1, an example of such a measurement can
be seen. In this figure, the retarding voltage is changed and the corresponding decrease in
ion current corresponds to different ions of different charge states and contamination current.
During measurements, it is important for the ion beam current to constant. Measured ion pop-
ulations are normalised by the total amount of ions measured in each cycle. When the current
changes during a cycle, the affected measured ion populations will change as well, affecting
the results. lon beam current changes can happen due to a multitude of reasons, such as
heating of transportation magnets, plasma instabilities or tin oven output. When significant
changes in ion beam current occur, the corresponding measurements are taken out of the
data set.

Initially, cross section measurements were performed with a '2°Sn** beam, since this tin
isotope is the most abundant. After some measurements were performed, it was noticed a con-
tamination ion with the same mass over charge ratio was present in the ion beam. Because
of the contamination, measurements were repeated for 1'**Sn**, which is the second most
abundant isotope of tin. For the measurements, a 28 keV '8Sn** jon beam was used and
decelerated to a range of different energies from 1 keV up to 16 keV. For each energy, mea-
surements were performed at three different pressures of approximately 16.9 - 1075, 8.4 - 10~°
and 4.3 -107° mbar. In figure 5.2, cross sections calculated for different pressures using equa-
tions 5.8 and 5.9 are shown. A linear fit was performed to extrapolate the cross sections to
zero pressure. The final cross sections 043 and o4, are then determined as the value of the
linear fit at zero pressure.
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Figure 5.1: Measurement of ion current at different voltages for an 8 keV ion beam. From
these measurements the ion populations are determined from which cross sections are calcu-

lated. Measurements are performed in cycles seen in the image, which are used to determine
the error in the measurements.
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Figure 5.2: Figure showing extrapolation of the calculated cross section at different pressures

for a 2 keV ion beam. By extrapolating to zero pressure, a correction is made for secondary
collisions.
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6 Contamination of the 2°Sn** ion beam

Initial measurements of cross sections performed with a 12°Sn** beam were found to be con-
taminated with some unknown contamination ion. In this section, the ion is identified and it
is investigated whether the measurements still have some value. In figure 6.1, two magnet
scans can be seen. The left image shows a magnet scan with a large tin current, where the
isotopes are clearly distinguishable. The right image shows a magnet scan where no tin was
injected into the ion source. In this image, a peak at mass over charge 30 is clearly visible,
indicating a contamination ion.
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Figure 6.1: Magnet strength sweep performed when tin is present in the ion source (left) and
when no tin was present and ion source was recently exposed to air (right).

In figure 6.2 a magnet scan can be seen over a large range of mass over charge. This
magnet scan was taken after the ion source had recently been exposed to air. Therefore, large
amounts of ion current are present due to elements present in the air. In the figure, several
ions have been identified of which most are gases that are present in air. Other possible ions
that are considered to be present in the plasma chamber are metals which can come from the
components that are present in the plasma chamber and noble gases which have previously
been used for measurements. Elements can be identified through their mass over charge ratio,
as well as the presence of isotopes of these elements in the correct ratios. From the magnet
scan, it was found that metal ions are not present in the plasma chamber in any significant
amounts. Additionally, the noble gases that were used in the plasma chamber do not have any
isotopes with a mass over charge ratio of 30. Only one gas in the atmosphere has a mass over
charge ratio of 30, which is '>’N}*. However, the '°N isotope has an abundance of only 0.4%.
If the contamination would be present due to °N;*, currents at a mass over charge ratio of 29
and 28 should have been much higher. One other possible ion could be Si'*, which has three
stable isotopes of mass 28, 29 and 30. Silicon is used for lubricants present in the ion beam
system. However, the natural abundance of Si isotopes should result in a higher current peak
at mass over charge 29 compared to 30, which is not the case. Additionally, the current at 29
mass over charge also has the current contribution from N;* where the molecule has one **N
and one '“N isotope. Therefore, it is more likely for the contamination ion to be an ion that is
formed inside the plasma chamber itself. From the magnet scan, it can be seen that many
molecules have dissolved into their respective elements, such as H*, C*, N* and O* from
H,0O, O; Ny, and CO,. Itis possible for these elements to react into other molecules inside the
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ion source. Therefore, it is likely that the contamination ion is a nitric oxide ion (NO™), which
is formed in the ion source from nitrogen and oxygen ions. Formation of NO* in the presence
of N, and O, in plasma conditions has also been observed by other authors [15]. Additionally,
an ion beam consisting solely of the contamination ion was transported and a voltage sweep
was performed after the ion beam had collided with hydrogen in the collision chamber. In
this measurement, current dropped off in a single step. This indicates that the contamination
ion either does not experience any charge transfer or that it has a charge of 1. Analysis of
particle conservation of charge transfer measurements with the 2°Sn** ion beam show that
the amount of particles are generally conserved. This indicates that the contamination ion
does not experience any charge transfer.
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Figure 6.2: Magnet strength sweep after the ion source was recently exposed to atmosphere.
High currents can be seen at mass over charge corresponding to elements present in air.

Due to the presence of the contamination ion, the Sn** ion population will become artificially
higher than it is in reality. Additionally, the total amount of ions, NNy, is inflated as well. The
amount of contamination ions present in the ion beam will depend on many factors such as
the amount of RF power sent into the ion source and the time since the ion source was last
exposed to atmosphere. Therefore, the contamination current is not constant and cannot be
filtered out of the data. To conclude, results of the 12°Sn*t measurements cannot be used for
determination of the charge transfer cross section due to the contamination.

24



7 Measurements of collisions of Sn** with H,

In figure 7.1, the determined cross sections for single electron capture o043 and for double
electron capture o4, are plotted for different kinetic energies of the projectile. Additionally,
charge transfer cross sections from measurement of Sn3* determined in [16] are plotted. The
first experimental data point shows the systematical error caused by the error in the calibration
constant 5. This error will cause all experimental values to shift up or down equally. It can
be seen that experimental values for 0,3 have a plateau at energies of 1.5-8 keV and appear
to increase at higher energies. The experimental values for 0,4, appear to peak around 3 keV
and seem to decrease at lower and at higher energies. The decrease of the cross section for
double capture is much weaker than for Sn3*. The fact that the double capture cross sections

decrease at higher energies could suggest that a longer interaction time is required for double
electron capture to effectively take place.
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Figure 7.1: Experimentally determined charge transfer cross sections for Sn**-H, collisions.
Experimental values for Sn3*-H, collisions, o3, and o3, are added for comparison, adapted

from [16]. The red error bar indicates the overall systematical error due to the uncertainty in
the calibration constant 5.

The experimental values found for 0,3 are about 3 times smaller than the values for o3,.
From classical theory, it is expected that for a higher charged state, a larger charge transfer
cross section is expected, as can be seen from equations 2.10 and 2.11. The reason for the
fact that 043 is smaller than o3, can understood via a combination of the overbarrier model
and potential energy curve crossings. In figure 7.2, curve crossings can be seen of Sn** +
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H, with Sn3* + H} and of Sn3* + H, with Sn?* + H}. The radius for electron capture R,
calculated from equation 2.9 is indicated in each figure. For single capture from Sn3* into
Sn?*, three states are immediately present at this radius. For single capture from Sn** into
Sn3t it is seen that the first state where charge transfer can occur is at a radius much smaller
than R.. The effective cross section for electron capture is therefore understood to be much
smaller for Sn** compared to Sn3*. A crude estimation can be made by comparing the ratio
of the curve crossing distances squared between the two different systems. This ratio is about
0.5, which suggests that the cross section for Sn** should be 2 times smaller as compared
to Sn3*. In the experimental results, this cross section is about 3 times smaller. However,
the double electron capture cross section needs to be considered for Sn** too. Double and
single electron capture can be seen as competitive processes, since single electron capture
cannot occur when double electron capture occurs. Therefore, it is possible for the single
electron capture cross section for Sn** to be even smaller due to competition with double
electron capture, which consumes part of the overall cross section. For collisions of Sn3* with
hydrogen this competition is barely present, since double electron capture cross section is
very unlikely.

Curve crossings of Sn** + Hy with Sn3* + HJ Curve crossings of Sn3* + Hy with Sn2* + H}
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Figure 7.2: Curve crossings for Sn?* + H, with Sn(@=Y+ + HJ for initial Sn** and Sn** ions.

The radius for electron capture calculated from the over barrier model is indicated in each

graph by R.. While the electron capture radius from the overbarrier model for Sn** is larger

compared to Sn3*, the only state where the electron can be captured into is at a much smaller

radius.

In figure 7.3, 043 is plotted as well as multichannel Landau-Zener calculations of o43 for
different initial states of the Sn** ion. The Landau-Zener calculations for electron capture
from the Sn** ground state of 4d'° 'S, are roughly 30% lower than the experimental values,
but show a similar evolution. For kinetic energies lower than 5 keV, the calculations deviate
much more from experimental results. Such behaviour has also been found by other authors
[8]. The Landau-Zener calculations from ground state Sn** were performed for transitions into
the Sn®* states 4d'°5p 2P% and ZP%. It was found that transitions from the ground state of Sn*+
into other Sn3* states have a negligible contribution to the cross section, as calculated by the
Landau-Zener model. Additionally, Landau-Zener calculations were performed for electron
capture from multiple excited Sn** states to assess a possible role of metastable Sn** ions.
The lifetimes of the excited Sn*t 4d”5s 3D,, 3D, and 4d”5s 'D, states have been estimated
by some to be 171 us, 1430 s and 42 us respectively [17]. The amount of time it takes for the
ions to move from the ion source to CHEOPS is in the order of 60 us for the 28 keV ion beam
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that was used. The lifetimes of the excited state ions are long enough for the ions to reach
CHEOPS in an excited state. The lifetime for the Sn** 4d5s 3D, state was not calculated by
the authors. However, it can be speculated that this ion would also have a similar lifetime. It
is reasonable to assume that if metastable excited Sn** ions are produced by the ion source,
they live long enough to undergo collisions in the setup. Consequently, the presence of these
states influence the cross sections that were measured. The Landau-Zener calculations for the
4d°5s 3D3, °D, and 3D, levels of Sn** were performed for electron capture into the 4d°5s(3D)5p
2P%, 4d°5s(3D)5p 2P%, 4d°5s(*D)5p 4D%, 4d°5s(®D)5p 4P% and 4d°5s(®D)5p 4P% levels of Sn3*.
For the Landau-Zener calculations, energies were used as determined in [18] and [19]. These
levels were specifically chosen for the similar core structure of 4d°5s(®D) of the initial and
final state as well as adherence to spin conservation of the initial and final state after electron
capture. As can be seen in figure 7.3, the Landau-Zener calculations for initial states 4d°5s
3D5 and 4d”5s 2D, are of similar magnitude as the experimental results for energies of 4 keV
or higher. The Landau-Zener calculation for the initial state 4d°5s ®D; are almost equal to the
cross section calculated for the ground state of 4d'° 'S, of Sn**. The Landau-Zener calculation
for the initial state 4d?5s D, displays significant deviation from the experimental values. If the
different initial Sn** states are present in the ion beam, each state will have its own contribution
to the measured cross section, multiplied by its abundance in the ion beam. Since the lifetime
of the 4d°5s 'D, is estimated to be 42.:s, only about 25% will be left when the ion beam collides
with the hydrogen gas. Therefore, the contribution to the cross section by the 4d°5s D, will
be limited compared to the other initial Sn** states.
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Figure 7.3: Charge transfer cross section for single electron capture determined for a range
of projectile energies. The curves indicates multichannel Landau-Zener calculations which
were performed for capture from ground state Sn** as well as several metastable excited
Sn't states. The average cross section of the 4d?5s 3D levels is plotted by averaging over the
cross sections based on the total possible states per J-level.

Based on the number of possible states for each 4d°5s 3D level due to their J value, a rough
estimation of the abundance of each J-level can be made. The 4d°5s D, has 3 possible states
and the 4d”5s ®D, and 4d5s D5 have 5 and 7 possible states respectively. In total, there are
15 possible states. The abundance for each ion in the 4d°5s 3D levels will then correspond to
their number of states divided by 15. In figure 7.3, the average cross section from the Landau-
Zener calculations for the 4d°5s 2D states can be seen, based on this abundance. These
calculations show good agreement with experimental results. However, the lifetime of the
individual 4d°5s 3D states are not taken into account in this calculation. Based on the lifetimes
of these excited states, the abundance of the states in the ion beam would likely skew more
towards the 4d?5s 3D, state, due to its very long lifetime. While the Landau-Zener calculations
for excited states agree relatively well with the experimental results, this does not necessarily
confirm the presence of these states in the ion beam, or their contribution to the determined
cross sections. From the Landau-Zener calculations for the excited states, it appears that
the electrons are captured in highly excited states of the Sn3* ion. From such highly excited
states, auto ionization can readily occur, which is generally a very fast process. In this case,
an electron can get captured, but also auto ionize again. During measurements, no charge
transfer is measured if this is the case. Therefore, even if these metastable Sn** ions are
present, they might not contribute to single electron capture due to auto ionization.
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Figure 7.4: Charge transfer cross section for double electron capture experimentally deter-
mined for a range of energies. The solid lines indicate multichannel Landau-Zener calculations
performed for different initial Sn** states.

In figure 7.4, experimental values of 04, as well as Landau-Zener calculations for double
electron capture can be seen. Double electron capture calculations from the ground state
of Sn** resulted in negligible double capture cross sections, as can be seen in the figure.
Additionally, multichannel Landau-Zener calculations were performed for electron capture from
the excited Sn** 4d”5s 3D, 2D,, 3D, and 4d”5s D, states, from which the results are also seen
in figure 7.4. For the initial levels of 4d°5s 2D, the calculations were performed for capture into
the Sn2+ 4d'°5s5p 3P, 4d'°5s6s 3S,, 4d'°5s6p 3P, 4d'°4f5s 3F,, 4d'°5s6d 3D, and 4d'°5s7p
3P, states. For the initial state 4d°5s 'D,, calculations were performed for capture into the
4d'°5s85p P, 4d'%5s6s 'S, 4d'°5s5d 'D,, 4d!°5s6p 'P,, 4d1°4f5s 'F; and 4d'95s7s 'S, states
of Sn?*. The calculated cross sections for double capture from excited states are significantly
higher than the calculated cross sections for double capture from the ground state. Also, they
show good agreement with the experimental results, assuming that the ion beam consist solely
of metastable ions. The calculated cross sections for double capture use a coupling matrix
element H,,, which was derived for single electron capture processes. Therefore, agreement
of data with the Landau-Zener calculations for double capture may also simply be incidental.
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Figure 7.5: Curve crossings for an initial Sn** + H, system with the Sn®+ + HJ and Sn®+
+ 2H™" systems indicated by solid and dotted lines respectively. The curves of the 4d'°5p 2P
levels of Sn3* and the 4d!°5s? state of Sn** cross at almost the same internuclear distance. In
this case, phenomena such as Stuckelberg oscillations can occur, which are oscillations of the
system between these energy levels, which complicates accurate Landau-Zener calculations.

In figure 7.5, curve crossings can be seen for different states of Sn®* + H} and Sn** + HJ
with the initial Sn** + H, system. The solid lines indicate the system where single electron
capture has taken place, while the dotted lines indicate the system where double electron
capture has taken place. Interestingly, the curves of the 4d'°5p 2P levels and the 4d!°5s?
13, state cross the Sn** + H, system at almost the exact same internuclear distance. In
such systems, phenomena such as Stuckelberg oscillations can occur [20], which complicate
accurate Landau-Zener calculations even more.

In conclusion, it was found that Landau-Zener calculations for metastable Sn** ions predict
similar cross sections as for the ground state Sn** ions. If these metastable ion are produced in
the ion source, they live long enough to undergo collisions with hydrogen. The Landau-Zener
calculations for double capture which were performed in this work are more unreliable, since a
coupling matrix element was used which was derived for single electron capture. Additionally,
no further corrections for double electron capture were made. Based on the experimental
results, no conclusion can be made whether these metastable states are significantly present
in the ion beam or not. More measurements are required to identify if a significant amount
of metastable Sn** ions are produced by the ion source. For example, the initial energy of
the ion beam can be reduced, such that it takes longer for the ions to travel from the ion
source to the collision chamber. By decelerating the ion beam to the same kinetic energy,
but for different initial kinetic energies, more metastable ions would have decayed depending
on the initial kinetic energy. If a significant amount of metastable ions are present in the ion
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beam and have an impact on the measured cross sections, differences in cross sections would
be present for different initial kinetic energies. If these differences were measured, it would
indicate that a significant amount of excited Sn** ions is present in the ion beam.
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8 Conclusion

In this thesis, charge transfer cross sections of Sn** with molecular hydrogen were exper-
imentally determined. Measurements were performed of determination of ionic populations
of tin ions after collisions of Sn** with molecular hydrogen using a retarding field analyser.
The charge transfer cross section were determined in a single collision approximation and
subsequently corrected for secondary collisions via an extrapolation to zero pressure. It was
found that single electron cross sections are significantly lower for Sn** ions compared to Sn3*
ions. It was found that this is likely due to the difference in availability of energy levels for the
electron to be captured into of the Sn?>* ion compared to the Sn3* ion. The cross section re-
sults were then compared to multichannel calculations from the Landau-Zener model. These
calculations were performed for an initial ground state Sn'* ion, but also for the metastable
excited Sn*t 4d°5s 2Ds, 3D,, 3D; and 4d°5s 'D, states. The Landau-Zener calculations for
single electron capture for the excited states predict similar cross sections as for groundstate
Sn*t ions. Also, the calculations predict that double electron capture is negligible when the
projectile is a ground state Sn** ion, but predicts a significant double capture cross section for
the meta stable excited states. However, since the double electron capture calculations use a
coupling matrix element derived for single electron capture, the reliability of these calculations
can be disputed. Additionally, it was found that the potential energy curves of Sn3* + HJ and
Sn?* + H cross the initial Sn** + H, system at almost the same internuclear distance, which
can give rise to Stuckelberg oscillations, which further complicates accurate Landau-Zener
calculations. While it is possible for the metastable ions to be created in the ion source, more
measurements are required to determine if a significant amount of these ions are present in
the ion beam. Since the measurements were only performed once for each energy, measure-
ments can be repeated to improve the statistical significance of the results. Additionally, the
energy range can be expanded to lower projectile energies, since the results suggest that the
cross sections start to decrease in this regime. Finally, it might also be possible to find values
for cross sections by fitting the complete analytical solutions to data measured at more pres-
sures. In this way, it could be possible to also extract the charge transfer cross sections o35,
031 and 091.
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