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Kurzfassung

Die vorliegende Arbeit beschäftigt sich mit dem sogenannten ‘capillary guiding’ Effekt,

der erstmals 2002 in der Literatur erwähnt wird.

Der ‘guiding’ Effekt kann folgendermaßen kurz zusammengefasst werden:

Treffen hoch geladene Teilchen unter einem Kippwinkel auf die Innenseite einer isolieren-

den Kapillare, werden sie vor dem Auftreffen auf die Oberfläche neutralisiert. Die

Nettoladung bleibt an der Oberfläche und wird allmählich durch Ladungstransport abge-

baut. Durch die verbleibende Nettoladung wird ein elektrisches Feld aufgebaut, das

die nachfolgenden Projektile ablenkt. Daraufhin wechselwirken diese an einer anderen

Stelle mit der Oberfläche. Die in einem selbstorganisierenden Prozess entstehenden

Ladungsansammlungen führen letztendlich zur Transmission der Projektile durch die

Kapillare. Dabei bleibt der ursprüngliche Ladungszustand der einfallenden hoch gelade-

nen Ionen erhalten, was darauf schließen lässt, dass die transmittierten Projektile nie in

direkten Kontakt mit der Kapillarinnenoberfläche kommen. Der Kippwinkel ist dabei

deutlich größer als der durch die Kapillargeometrie gegebene Transmissionswinkel.

Der erste Teil dieser Arbeit untersucht die Stärke des ‘Guidings’ eines etwa 1 cm langen

zylinderförmigen Glasröhrchens mit einem Druchmesser von etwa 100 µm für mehrfach

geladene Ar-Ionen in Abhängigkeit vom einfallenden Ionenstrom und der Leitfähigkeit der

Kapillare. Letztere kann durch Temperaturänderungen zwischen -25°C und +90°C um

mehr als vier Größenordnungen variiert werden. Außerdem wird besonderes Augenmerk

auf den transmittierten Ionenstrom bei Temperaturen unter Raumtemperatur gelegt.

Die Messungen zeigen, dass mit ansteigender Temperatur die Stärke des ‘Guidings’

abnimmt und ab Temperaturen oberhalb von etwa 75°C die Transmissionskurve mit

der von der Geometrie der Kapillare bestimmten Transmissionkurve zusammenfällt.

Dasselbe Verhalten kann durch Verringerung des einfallenden Ionenstrahls bei konstanter

Temperatur erreicht werden.

Während bei höheren Temperaturen die Position des transmittierten Ionenstrahls über
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Stunden nahezu konstant bleibt, wandert der Strahl bei Temperaturen unterhalb der

Raumtemperatur beträchtlich über die Detektorfläche.

Im zweiten Teil wird die gerade verlaufende Kapillare durch eine etwa 5 cm lange

konisch verlaufende (Eingangsdurchmesser: ∼800 µm; Ausgangsdurchmesser: ∼80 µm)

Glaskapillare ersetzt. Wiederum werden die Auswirkungen der Temperaturänderung

zwischen Raumptemperatur und etwa +90°C auf den ‘Guiding’ Prozess untersucht. Dabei

zeigt sich bei Raumtemperatur ein Einbruch der Transmissionskurve in Geradeausrich-

tung, der bei geheizter Kapillare nicht mehr beobachtet werden kann. Außerdem zeigt

sich, dass im Vergleich zu niederen Temperaturen beträchtlich weniger Ionen durch die

Kapillare transmittiert werden.
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Abstract

This thesis deals with the so called ‘capillary guiding’ effect, which has been mentioned

in the literature for the first time in 2002.

The guiding effect can be described in the following way:

Whenever highly charged ions impinge on an insulating capillary, which is tilted with

respect to the beam axis, they become neutralised when hitting the inner surface of the

capillary. The deposited charges, which are gradually removed by conductivity, cause

an electric field. By this the following projectiles are deflected and interact with the

surface at another location. In a self-organized process charge patches are produced

and the incoming particles are transmitted through the capillary. The transmitted ions

remain in their high charge state, which shows that the projectiles do not get into close

contact with the inner wall. Moreover the projectiles are transmitted under angles of

incidence much larger than the possible geometric transmission angle, preferentially along

the capillary axis (‘guiding’).

The focus of the first part of this thesis lies on the variation of the strength of the

guiding of a straight glass capillary (∼1 cm long, with an inner diameter of about 100 µm)

in dependency of the incoming ion flux and the electrical conductivity of the capillary.

The latter can be changed when varying the temperature between -25°C and +90°C by

more than four orders of magnitude. Moreover the transmitted ion beam at very low

temperatures is investigated in more detail.

The measurements show, that the increase of the temperature decreases the guiding effect

and at temperatures above 75°C the transmission curve corresponds to the geometric

transmission through the capillary. The same behaviour is achieved by decreasing the

incident ion beam flux at constant temperature.

While at higher temperatures the position of the transmitted ion beam spot is stable

over hours, a random motion of the beam spot across the detector can be observed at

lower temperatures.
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In the second part of this thesis the straight capillary is replaced by a ∼5 cm long

tapered capillary (inlet diameter: ∼800 µm; outlet diameter: ∼80 µm). For this capillary

the guiding process is also studied by variation of the sample temperature between

room temperature and +90°C. At room temperature a drop of the ion transmission in

forward direction is observed, which vanishes at higher temperatures. At the same time

a decrease of transmitted ions in forward direction can be noticed in comparison to lower

temperatures.
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Ion Guiding Through Insulating Glass Capillaries

1 Introduction

1.1 Motivation

In the last decades a lot of studies on the formation of nanostructures produced at

surfaces due to ion impact have been published. Implanting single ions at a desired

point on a substrate with nanometer-scale precision could pioneer novel applications as

e.g. nano-modifications of surfaces [1–4], fabrication of solid state qubit arrays [5,6] or

nano-surgery of living cells [7].

Slow highly charged ions (HCI) are of particular interest due to their high potential

energy. When interacting with a surface, HCI deposit their huge potential energy in

a small area of a few tens of square nanometers in a very short time (10 fs). Besides

the emission of a large number of secondary particles, which enables a detection of

each individual ion impact, this causes the formation of well defined single defects on a

length-scale of several nanometers. These defects include stable hillocks, pits or crater

type nanostructures [3, 4, 8, 9]. The morphology and size of the material modification can

be controlled to a certain extent by the charge state of the used incoming ions [10].

The main challenge to define the ion impact point as precisely as possible demands the

preparation of a well-focused HCI nano-beam. Therefore, a lot of attention has been paid

to linear structures of mesoscopic dimension, such as pores and capillaries. In addition,

the fabrication of nano-, micro- and macrocapillaries allows investigations of interaction of

HCI with internal surfaces. The so-called capillary guiding effect, which will be described

in the next section, could make a tapered capillary a promising candidate for a tool for

high-resolution ion beam lithography.
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In this master thesis ion guiding through straight and tapered glass capillaries is therefore

investigated. The main goal is to control ion guiding through insulating capillaries by

changing the electrical conductivity by a few orders of magnitude.

Besides a short historical overview on capillary guiding from its discovery in 2002

to the point of recent investigations, the first chapter of this master thesis gives a phe-

nomenological and theoretical description of the guiding effect.

The experimental setup for macrocapillary guiding is described in chapter 2. Chapter 3

is divided into two parts, whereof section 3.1 presents the experimental results obtained

with the straight capillary and section 3.2 the results achieved with the tapered capillary.

A summary and outlook is given in chapter 4.

Parts of the master thesis have been submitted for publication in Physical Review

A1 and presented as a short oral2 and poster contribution3 at the 19th International

Workshop on Inelastic Ion-Surface Collisions (IISC-19, Frauenchiemsee/Germany).

1Gruber,E., Kowarik,G., Ladinig, F., Waclawek,J.P., Schrempf,D., Aumayr,F., Gunacker,P., Schwei-

gler,T., Lemell,C., Burgdörfer,J., ’Temperature Control of Ion Guiding Through Insulating Capillaries’,

submitted to Physical Review A (Sep. 2012).
2Gruber,E., ’Temperature control of ion guiding through straight insulating macro - capillaries’, Short

oral talk at IISC-19
3(1) G. Kowarik, R. Bereczky, E. Gruber, F. Ladinig, D. Schrempf, P. Gunacker, C. Lemell, J. Burgdörfer,

K. Tökési, F. Aumayr,’Temperature control of ion guiding through straight insulating macro -

capillaries’, Poster at IISC-19

(2) E. Gruber, P Hischenhuber, S. Wampl, M. Simon, F. Aumayr, ’Controlling ion guiding through

tapered glass - capillaries with temperature’, Poster at IISC-19
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1.2 Capillary guiding

1.2.1 First steps

In 2002 the capillary guiding effect was mentioned in the literature by Stolterfoht et

al. [11] for the first time. The experimental finding was that a beam of HCI in the keV

kinetic energy regime can be steered through a thin foil containing insulating nanocapil-

laries, by tilting the capillary foil with respect to the direction of the incident ion beam.

The sample was made of an insulating ∼10 µm thick PET (polyethylene terephthalate)

foil, in which randomly distributed but parallel tracks of swift heavy ions were created by

irradiation in an accelerator. These tracks were chemically etched to capillaries of about

100 nm diameter. The front and the back side of the foil was coated with a thin gold

layer to avoid charging by the incident ion beam.

The charged particles (Ne7+) were transmitted up to angles of incidence much larger

than the possible geometric transmission angle and kept their initial charge-state upon

transmission. This was a surprising observation due to the fact, that according to the

classical over barrier model (COB), a HCI, which approaches a surface closer than a

critical distance of d ≈
√
8q+2
2W (q denotes the charge state of the incident particle and

W the work function of the target), undergoes a neutralisation sequence [12]. This

means that the transmitted HCI have been reflected at a distance D > d in front of the

surface, probably due to an electric field, caused by the deposited charge of preceding ions.

Some years before, Yamazaki et al [13] have studied the interaction between a HCI

beam and an insulator surface of the inner wall of Al2O3-nanocapillaries for the first

time. The usage of an additional electron beam avoided any charge-up effects inside the

capillary. In this case the charge transfer and the transmission behaviour of the HCIs are

the same as in conducting capillaries.

Further experimental work was focused onto metallic multi-capillary foils, instead of

insulators [14–18]. This type of foils has been used as a tool for extracting hollow atoms

into vacuum and enabled a study of their nature:
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According to the COB-model, when HCIs enter the capillary, they are attracted by the

image force towards the inner-wall and approach the capillary inner surface. Within a

distance less than the critical distance, resonant charge transfer starts. The multiple

charged ions capture several electrons from the target into high lying Rydberg-states

while the inner shells are left empty. Hollow atoms are formed [12, 19–22]. If the location

of the hollow atom formation is close to the exit of the capillary, they are able to escape

into the vacuum before hitting the inner wall (figure 1.1). Outside of the capillary the

hollow atoms undergo Auger processes and the inner shells are filled again. This has been

used to study ‘free’ hollow atoms [23,24].

Figure 1.1: A schematic drawing of the interaction of HCIs in a microcapillary

target (taken from [25])

(1) The distance of the HCI to the inner-wall is always larger then the critical

distance; the HCI passes through the capillary keeping its initial charge.

(2) When the distance becomes shorter than the critical distance, hollow

atoms are formed and then hit the inner wall.

(3) The location of the formation of hollow atoms is close to the exit of the

capillary and the hollow atoms can escape into vacuum before hitting the

surface.

Afterwards, insulator multi-capillary foils were investigated by Stolterfoht et al. This

was the starting point for detailed investigations of the capillary guiding phenomena for

various materials, projectiles and geometries (for a short review see e.g. [25]). Before
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giving a short historical overview on the processing of the last decade, a phenomenological

and theoretical description of the guiding effect is given in the next two sections.

1.2.2 A phenomenological description of the guiding effect

The guiding effect inside an insulating capillary is tentatively explained as the consequence

of a self-organized formation of charged areas inside the capillary, which deflect succeeding

ions and eventually guide them through the capillary. After some irradiation time a

dynamical equilibrium of charging-up, charge relaxation and reflection is established and

stable transmission is observed. The fact that the transmitted ions keep their charge-state

confirms the assumption that the particles are guided through the capillary without

getting into close contact with the capillaries’ walls; the transmitted particles are reflected

in front of the surface due to an electric field, caused by the deposited charge of the

preceding ions.

Figure 1.2: A phenomenological picture of the guiding effect

The incident ion beam (flux jin) hits the wall close to the entrance and creates

charge patches. Charge transport allows an electrical current into the bulk

(jbulk) and along the surface (jsurface). The succeeding ions are deflected by

the evolving electric field and create a second charge-patch at another location

or are transmitted through the whole capillary. A number of charge-patches

can be created along the inner wall of the capillary sample to establish the

guiding field.
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A simplified picture of the guiding process inside a capillary is described in the following

(figure 1.2): The incoming ion beam gets into close contact with the capillary’s inner wall

of the entrance and undergoes a neutralisation sequence. The electrons are captured from

a small vicinity around the impact location and the first charge-patch is created. The

succeeding ions are deflected by the evolving electric field and create a second charge-

patch at another location or are transmitted through the whole capillary. A number of

charge-patches evolve along the sample and create a guiding field. As soon as the charge

distribution along the capillary reaches a dynamic equilibrium between conduction losses

and impinging projectiles, a stable ion transmission is reached.

It was found experimentally that the time-evolution of the ion transmission can be

described quite well by a 1 − e−
t
τ1 law (τ1 ≈ 2.5 min) for the charging period, while

the descent ∼ e−
t
τ2 of the transmission due to discharging proceeds with a larger time

constant τ2 ≈ 40 min [11].

1.2.3 A theoretical description of the guiding effect

A theoretical description and simulation of the guiding process is a considerable challenge

in view of the widely disparate time scales: the microscopic charge-up by HCIs takes place

on a fs time scale, the transmission time of a projectile ion through the capillary on a ns

scale and the diffusive rearrangement of charges and the discharging on a macroscopic

time scale (> seconds).

During the past years simulations about the guiding through nanocapillaries were carried

out [26–31]. These simulations could reproduce a range of the first experimental findings,

e.g. ion guiding even for large incidence angles, the temporal increase/decrease of trans-

mission during beam-on/beam-off times and, in part, a relatively large angular spread of

the transmitted beam. The model for these simulations represented a mean-field classical

transport theory based on a microscopic classical trajectory Monte Carlo simulation for

the ion transport, self-consistently coupled to the charge-up of and charge diffusion near

the internal capillary walls [28].
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As a limiting case Schiessl et al. [26] consider also a simplified rate-equation approach,

which shows partial agreement with the experimental data.

The balance equation for the deposited charge qS(t) at the surface of the capillary reads

dqS(t)

dt
= jin − jtr − jS (1.1)

where jin is the incident current, jtr the transmitted current and jS the current absorbed

in the capillary surface. The latter includes the current into the bulk and the current

along the surface.

jS =

(
1

τs
+

1

τb

)
qS =

qS
τeff

(1.2)

The solution of equation (1.1) corresponds well with the experimental observed evolution

of the transmission during the charging period for switch-on with the initial condition

qS(t = 0) = 0

qS(t) = τ(jin − jtr)(1− e−t/τeff ) (1.3)

and for the switch-off at t = t0

qS(t) = qS(t0)e
−t/τeff (1.4)

Taking also the bulk charge qb(t) into account, the total charge determines the transmis-

sion

q(t) = qb(t) + qS(t) = q0

[
Ce−t/τb + (1− C)e−t/τeff

]
(1.5)

with C(qS , τS , τb) < 1.

For the case of capillaries in a PET-foil, τS � τb and therefore, the transmission drops fast

in the beginning and becomes then a slowly decaying function. In contrast to PET-foils,

for the glass capillaries the approximation of τS � τb is no more valid.

While the guiding process for nanocapillaries can be simulated, Monte Carlo simu-

lations for macroscopic capillaries are out of reach considering current computational

capabilities. Instead, a simplified rate equation model for the first and dominant charge

patch, which is assumed to be primarily responsible for establishing stable guiding con-

ditions, was developed [32]. An important difference between glass capillaries and the
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previous simulated nanocapillaries is the minor importance of the surface conduction in

comparison to the now dominant bulk conduction.

The rate equation model presented before, which has been validated by microscopic

transport simulations for nanocapillaries, was extended to the following balance equation

for the deposited charge in the primary patch Qp(t)

dQp(t)

dt
=

(
jin − jtr − jd −

Qp(t)

τ

)
−
(
dQp
dt

)
stoc

(1.6)

where again jin is the incoming ion current, jtr the current transmitted through the

capillary and jd the current of deflected projectiles eventually forming subsequent patches

downstream [32]. The stochastic non-linear discharge term dQp/dt is in general a func-

tional of the charging history and contributes to the process above a critical value. This

term is neglected when a unique stable dynamical equilibrium is reached, but becomes

important for the description of non-steady states.

Again the adsorption into the wall is split into two components, one depends on the

surface diffusion js and the other on the bulk conductivity jb.

jp = js + jb

with the effective discharge time

τ =

(
1

τs
+

1

τb

)−1
The discharge time τ is directly related to the conductivity σ(T ) by τ−1 ∼ σ(T ) and

therefore strongly dependent on the temperature T (→ figure 3.1 in chapter 3).

Under equilibrium conditions
(
dQp(t)
dt = 0

)
jd is negligible and jtr becomes proportional

to jin

jtr = f(Qp, φ, E, T )jin (1.7)

where f denotes the fraction of transmitted ions, depending on the accumulated charge

Qp, the capillary tilt angle φ, the energy E of the incident particles and the temperature

T .

With eq. (1.6) and (1.7), the equilibrium charge is given by

QP = jinτ (1− f(QP , φ, E, T )) (1.8)
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When neglecting the dependence of f on Qp, equation (1.8) predicts that Qp becomes

proportional to the product of incident current and discharge time:

Qp ∝ jinτ(T ) ∝ jin
σ(T )

(1.9)

Keeping the incident current constant while increasing the temperature (i.e. the conduc-

tivity) will lead to a lower equilibrium value for the total charge Qp and consequently a

reduction of the transmitted particle flux jtr. The same effect can be achieved by keeping

the temperature constant while reducing the incident ion flux.

1.2.4 Brief historical overview and recent investigations of the guiding effect

After the guiding effect has emerged, the ‘guiding power’ has been introduced to quanti-

tatively characterise the ‘strength’ of the effect. The ‘guiding power’ φc is a measure for

the width of the Gaussian fit through the measured transmission intensity as a function

of the capillary tilt angle φ [11].

I(φ) = I(φ = 0) · e−
sin2 φ

sin2 φc (1.10)

or approximately

I(φ) = I(φ = 0) · e−
φ2

φ2c (1.11)

for small tilt angles.

φc is also called the ‘guiding angle’ and is determined by the 1/e drop of the intensity.

The guiding power can be influenced by several conditions. Thus, material proper-

ties highly influence the guiding effect and have been investigated in several experiments.

In the beginning measurements with randomly distributed and parallel nanocapillaries

in PET foils [11, 33–41] were performed (left figure of 1.3). The development of the

fabrication of regular arrays of well aligned nanocapillaries in SiO2 [42] allowed the

studies of guiding properties as well in these materials [43–45] (right figure of 1.3).
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In addition, the guiding effect has been studied also in nanoscale apertures in sili-

con nitride membranes [46] as well as in Al2O3 [47–51].

Figure 1.3: View of randomly and regularly distributed nano-capillaries

left: Randomly distributed nano-capillaries in a PET foil [52]

right: Regular array of SiO2 nano-capillaries [42]

Further parameters, which influence the guiding power, are the charge state and the

energy of the projectiles. References [52–54] present systematic studies of the width of

the transmitted profile as well as the guiding power by varying these two parameters.

The scaling law describes the dependence of the ion transmission on tilt angle, energy

and charge state of the incident HCI. The major parameter for scaling is Ekin/q and

determines 1/ sin2 σt and 1/ sin2 φc in a slightly non-linear way (see figure 1.4).

Moreover, the guiding effect was also studied for various capillary geometries. The

guiding ability doesn’t change significantly when increasing the nanocapillary diameter

from 100 nm to 400 nm [55] and works also on a macroscopic length-scale. This was

demonstrated firstly with a single large tapered capillary (length: 5 cm, inlet diameter:

0.8 mm, outlet diameter: 24 µm) [56] and then also with a single macroscopic straight

glass capillary (length: 5 cm, diameter: 0.12 mm) at TU Wien [57,58].

Besides that, capillaries with cross sections other than circular ones were recently studied.

So the references [59, 60] present the guiding of ions through rhombic nanocapillaries

and [61] through rhombic and rectangular nanocapillaries. In these the unexpected effect
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Figure 1.4: Scaling laws for the width σt (FWHM) of the transmission profile

and the guiding angle φc (= ψc in this figure) taken from [52]

was found, that capillaries of rhombic cross section produce rectangular shaped ion trans-

mission profiles and vice versa (see figure 1.5). The authors explain these experimental

findings (supported by associated simulations) as a result of image forces experienced by

the transmitting ions.

Furthermore, ion beam guiding has been studied with straight and curved Teflon tubes [62].

The guiding capability was tested for several bending angles (9.6°, 17.5° and 26.7°) and a

transmission efficiency of Ar8+ ions of several tens per cent could be detected. It turned

out, that the beam-guidable bending angles of the curved Teflon tubes are much larger

than the limit guiding angle with the straight tube of the same size. This may open a

way of flexible ion beam deflector systems similar to fibre optic guides.

Besides the guiding of HCIs through capillaries, also the so-called double ion guiding of
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Figure 1.5: 2D angular distribution for 7 keV Ne7+ ions transmitted through

capillaries of rectangular (left) and rhombic (right) cross sections

[61].

ions between a set of two parallel plates was studied in the last years [63–65]. The double

ion guiding describes the effect, that the beam deviates in the plane of the capillary

plates when the glass plates are turned round an axis perpendicular to them. This effect

can be explained by the formation of a conductive channel on each of the two glass plates,

which causes a guiding electrical field.

While for HCIs the guiding through insulating capillaries was observed, electrons are

also deflected by using similar interaction geometries. Milosavljević et al. [66] present the

transmission of electrons (initial energy of about 200-350 eV) through Al2O3 capillaries

under tilt angles of several degrees. The measurements [67, 68] show the massive energy

loss of electrons after the interaction with tilted nanocapillaries, which can be understood

by multiple inelastic scattering events with the surface, and give an explanation for

the transmission of electrons through insulating capillaries at tilt angles larger than

the geometric opening angle. It’s still an open question which role the guiding effect

has for the transmission of electrons, as there also seem to be some time dependent

phenomena [69,70]. An additional point, which has to be considered, is the production

of secondary electrons, which were also measured behind the sample [71]. Simulations

about electron transmission through insulating nanocapillaries can be found in [72].
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Figure 1.6: Various macroscopic geometries

(a) Picture of a tapered glass capillary [56]

(b) Pictures of a straight glass capillary [58]

(c) Picture of straight and curved Teflon tubes [62]

(d) Schematic drawing of capillary plates [63]

The scattering rather than the guiding effect dominates also the transmission of swift

highly charged ions (MeV energies) through capillaries [73].

In addition to positive ions and electrons, also more ‘exotic’ projectiles, like negative

ions [51,74–77], positrons [78,79] and muons [80,81] were used to study the interaction

with insulating capillaries.

One of the key parameters for controlling the ion guiding through insulating capil-

laries is the electrical conductivity. Kowarik et al. [82, 83] started to investigate the

guiding effect by varying the electrical conductivity by changing the capillary’s tempera-

ture. The measurements have been performed with a single straight macroscopic glass

capillary. The results have been confirmed and extended during the course of this master

thesis and are presented in the following chapters in more detail.
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The temperature control of ion guiding was also studied for a macroscopic tapered

glass capillary during this master thesis. As just mentioned before, tapered capillaries are

possibly promising tools for future surface lithography by slow HCIs and investigated by

various experimental groups. So Ikeda et al. [56] show besides the guiding also a focusing

effect for tapered capillaries; the beam density was enhanced as compared to the freely

traveling beam. The guiding and focusing effect of tapered capillaries was also observed

for higher charge-states (230 keV Xe23+) [84].

Another interesting experimental observation when using tapered capillaries has been

described in [85]. There Kreller et al. find a considerable suppression of the transmit-

ted ions in forward direction at room temperature. One possible explanation for this

behaviour would be, that a uniformly charged ring-shaped region in the tapered part of

the capillary causes the blocking.

Figure 1.7: Measured transmission curve with suppression in forward direction

from the literature [85]

Transmission of Ar8+-ions at a kinetic energy of 24 keV. The solid line

indicates the fit of the measured data to eq. (1.12) and the dashed line to eq.

(1.13).

In figure 1.7 the respective transmission yield depending on the tilt angle is fitted by

the following functions, one based on a Gaussian ansatz and the other on a square-

Lorentzian ansatz (φC,G guiding angle for the Gaussian ansatz; φC,S guiding angle for
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the square-Lorentzian ansatz; F0,G/S and φsup,G/S parameters for power and width of

the suppression)

fG(φ) = f(0) ·

(
e
− sin2 φ

sin2 φC,G − F0,G · e
− sin2 φ

sin2 φsup,G

)
(1.12)

fS(φ) = f(0) ·

(1 +

(
φ

φC,S

)2
)−2

− F0,S ·

(
1 +

(
φ

φsup,S

)2
)−2 (1.13)

Such a blocking effect in a macroscopic tapered capillary has been mentioned before

by Nakayama et al. [86] (figure 1.8) using ions at very high charge state (10≤ q ≤ 50).

Steady transmission state could be found for preferable angles and blocking at smaller

angles.

In the following chapters the focus lies also on this ‘blocking’ effect. The ambition

is to check if the predicted ‘suppression’ of the transmitted ions in forward direction

at room temperature can be reproduced and if this drop in can be terminated by an

increase of the capillary temperature.

1.2.5 Applications

Before discussing the experimental setup and results of the measurements in detail, a

short overview on possible applications of guiding through insulating capillaries in the

last years is given.

In [87] Nebiki et al. present a novel technique to introduce high energy ion beams (MeV)

to atmospheric environment, which enables in-air PIXE (particle induced X-ray emission)

measurements. In this case a slightly tapered capillary works as a differential pumping

orifice as well as a focusing lens. References [88, 89] describe the usage of a tapered glass

capillary tube for beam focusing in a compact micro-PIXE system. In reference [88]

a micro-beam of swift protons, transported through a tapered capillary, irradiates a

thin metallic foil and produces quasi-monochromatic X-rays, which can then be used for
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high-contrast radiography.

Further applications can be found for in-air STIM (scanning transmission ion mi-

croscopy) [90]. There, a tapered glass micro-capillary is used to collimate a MeV ion

beam to a diameter of approximately 1 µm without any other ion optical lenses. The

collimated beam can be taken into air without any membrane or special differential

pumping, due to the small gas leakage through the capillary opening and used in the

following for STIM measurements.

The usage of tapered capillaries as a facility to collimate a particle beam down to some

µm sized beam spots, has found its application also for a micro-beam NRA (nuclear

reaction analysis) system for the purpose of the 3D mapping of the hydrogen distribution

in solids [91].

Tapered capillaries with a thin window at the tip are a promising tool for novel analysis,

radiation testing and surface modification processes. In [92], for example, polyethylene

and polytetrafluoroethylene are irradiated with H+ ions in an aqueous solution contain-

ing acrylic acid monomers. The originally hydrophobic surface becomes by irradiation

hydrophilic.

A further example is given in [93], where energetic ions are injected into a cell through a

tapered capillary with a thin window at the outlet, involving selective inactivation or

disruption of cellular structures.

Tapered capillaries used for surface modifications and as biological tools are also described

in [94].
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Figure 1.8: Guiding and blocking of highly charged ions trough a tapered cap-

illary [86]

Transmission of highly charged ions as a function of capillary tilt angle

(vertical axes: transmitted ions at the same scale; horizontal axes: time in

seconds).
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Figure 2.1: Schematic drawing of the ion beam facility at TU Wien, taken

from [95]

The experimental setup consists of an ECR-ion source for the production of

slow, singly and multiply charged ions, two magnetic quadrupole lenses for

focusing and a sector magnet for mass-to-charge separation of the ion beam.

After entering a differentially pumped beamline, the ions are guided into the

experimental chamber, where the capillary holder and a position sensitive

detector (PSD) are placed.
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2.1 Ion source

The slow, singly and multiply charged ions are produced by an all-permanent-magnet

electron cyclotron resonance ion source (ECRIS) at the Institute of Applied Physics at

TU Wien [96]. The source is capable of producing ions at extraction voltages up to 6 kV

and at charge states up to Ar11+.

In a plasma chamber the highly charged ions are produced by step-by-step ionization

induced by electron-impact. The plasma is confined by the magnetic field of four perma-

nent magnet rings and a Halbach-type hexapole magnet.

The electrons are heated resonantly by microwave radiation. The microwaves are gener-

ated by a thin film oscillator in the range between 12.75 GHz and 14.5 GHz, amplified

by a microwave amplifier and transported into the main source chamber through a

Polytetrafluoroethylene window, which also provides isolation of the source chamber.

Two separated gas inlet valves enable a mixture of gases in the plasma chamber. This

can be beneficial for the production of highly charged ions.

The ions are extracted from the plasma using an ‘accel-decel’ extraction system, consisting

of three barrels (figure 2.2); the one which is turned toward the source main chamber

is on source potential, the next can work as a suppressor electrode and the last one is

on ground potential. The positively charged ion beam is accelerated from the positive

plasma potential to the ground potential. This extraction voltage, multiplied by the ion

charge state, determines the kinetic energy of the ion beam.

Afterwards the ions pass two magnetic quadrupole lenses, one focussing the beam

in the vertical plane and the other in the horizontal. In the following magnetic sector

field the ions are mass-to-charge separated and then guided into one of the three beamlines.

The operating parameters for the ECR-ions source, the quadrupole magnets and the

sector magnet are computer controlled and monitored by a LabVIEW program [97]. The
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Figure 2.2: Schematic view of the ECR-ion-source SOPHIE

The two images (a) and (b) show the extraction system of the ion source. It

consists of three barrels which are isolated from each other. The one which is

turned towards the source main chamber is on source potential, the second

can work as suppressor electrode and the last one is kept on ground potential.

vacuum system is fully controlled and automated by a programmable logic controller

(PLC), which also monitors the cooling water feed for the magnets [98,99].

The ECRIS, quadrupoles and sector magnets are separated from the three beamlines by

pneumatically operating shutters. Between the sector magnets and the shutters, Faraday

cups on pneumatic manipulators enable the measuring of the spectra of the extracted

ions.

The presented measurements were performed with Arq+-ions at a charge-state of 7≤q≤9

and with kinetic energies between 4.5 keV and 16 keV.
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2.2 Ion optics

The ion optical system consists of a collimator and a lens system with several sets of

deflection plates and apertures for guiding the ion beam into the experimental chamber.

An electrostatic einzel-lens can be used to further focussing of the ion beam.

Figure 2.3: View of the ion optical system

The ion optical system consists of a collimator and a lens system with several

sets of deflection plates and apertures for guiding the ion beam into the

experimental chamber. The electrostatic lens can be used for focusing.

The measurements are performed by using the collimator-apertures of 1 mm

diameter, which enables a maximum opening angle of approximately ±0.5° of

the ion beam.

At first the ion beam crosses the collimator, consisting of two sets of apertures of different

diameters (250 µm, 500 µm, 1 mm, 3 mm, >3 mm), which are mounted on a sliding

carriage in a distance of 230 mm. A set of deflection plates between these two sets are

used, to guide the ion beam through the collimator.

The presented measurements are performed by using the 1 mm apertures, estimating a

maximum opening angle of the ion beam of approximately ±0.5°.
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Afterwards two grounded apertures (diameter of 2 mm) in front of the first and after the

second aperture of the collimator had to be added, preventing that the incident beam

accidentally passes through two apertures of different diameters of the collimator.

The collimated beam travels a distance of about 0.5 m until it reaches the capillary’s

entrance. In this drift region an electrostatic lens can be used for focussing the beam, but

usually isn’t operated in order to preserve the specified geometric opening angle. Three

sets of deflection plates, located in this lens system, are used to guide the particle beam

into the experimental chamber. The diameter of the beam spot, which finally hits the

capillary entrance, is about 3 mm.

The deflection plates directly in front of the capillary entrance can be used to influence

the direction of the ion beam, hitting the capillary’s entrance. During most of the

measurements these plates are grounded.

Primarily these deflection plates are used as scanning plates for calibration purpose; the

ion beam is scanned across the whole active area of the MCP detector (see section 2.3).

2.3 Detection

Besides the capillary holder, the experimental chamber contains a position sensitive

detector at the backside flange for recording the impinging particles.

The detector consists of a set of micro-channel-plates (MCP) in chevron configuration

in front of a wedge-and-strip-anode [100] (figure 2.4). The MCP has to be operated

with a voltage difference of 1.5 kV to 2.2 kV between the MCP-front and backside. A

germanium-layer between the MCP and the anode, which is kept about 50 V to 100 V

more positive than the MCP’s backside, enables the operation of the preamplifier, and

therefore of the anodes, on ground potential.

The voltage difference of ∼1.7 kV between the front and backside of the MCP can

be achieved by keeping the front on high negative voltage (-1.7 kV to -2 kV) and the

backside close to ground potential and therefore close to the voltage of the preamplifier.

29



Ion Guiding Through Insulating Glass Capillaries

2 Experimental setup

This operating mode is indeed safer for the electronics, however, the ions are highly

deflected by the strong electric field in front of the detector and the imaging quality is

poor. For this reason the presented measurements are performed by keeping the MCP’s

frontside on -150 V and the backside between 1.5 kV to 1.6 kV. The voltage of -150

V on the frontside is low enough not to influence the trajectories of the incident ions

significantly and, on the other hand, high enough to prevent counting parasitic electrons.

When the incident ions hit the MCP, electrons are emitted, which are then acceler-

ated and multiplied in the electrical field between the front- and the backside of the

MCP. Afterwards the multiplied electrons are accelerated towards the germanium layer

and the image charges of the electron cloud produce a signal at the wedge-and-strip-anode.

Figure 2.4: Schematic drawing of the position sensitive detector assembly and

a schematic view of the wedge-and strip anode

left: Schematic view of the assembling of the position sensitive detector

right: The lateral position of the electron cloud can be extracted from the

pulse-heights of three signals of the special shaped anodes (wedge (W), strip

(S), meander (M))

The lateral position of the electron cloud on the detector can be extracted from the
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pulse-heights of three signals of the special shaped anodes (wedge, strip, meander).

The fraction between the three signals of one event produces a 2-dimensional picture.

The meander-electrode is used to normalise the signals to the total deposited charge. The

x-and y- coordinates are calculated by the following law:

x =
QW

QW +QS +QM
(2.1)

y =
QS

QW +QS +QM
(2.2)

The measured values for the deposited charges at the wedge- (QW ), strip- (QS) and

meander-anode (QM ) have to be scaled by a factor, which takes the different amplification

into account. The calibration factors are found by scanning the ion beam across the

whole detector and optimizing the observed 2D-shape to be circular with a diameter

of 47 mm. In addition the calibrated linear coordinates are rotation-transformed and

mirrored to take the detector‘s orientation into account.

x = scal ·
[
cos(calφ) ·

(
cal1 ·QW

cal1 ·QW + cal2 ·QS + cal3 ·QM
− calx

)
+ sin(calφ) ·

(
cal2 ·QS

cal1 ·QW + cal2 ·QS + cal3 ·QM
− caly

)] (2.3)

y = scal ·
[
cos(calφ) ·

(
cal2 ·QS

cal1 ·QW + cal2 ·QS + cal3 ·QM
− calx

)
− sin(calφ) ·

(
cal1 ·QW

cal1 ·QW + cal2 ·QS + cal3 ·QM
− caly

)] (2.4)

cal1/2/3 ...calibration factors of the three anodes for taking the different

amplification into account

calx/y ...correction factors for shifting the centre of the detector

into the (0/0) position

calφ ...correction factors for rotation calibration

scal ...scaling factor
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2.4 Data acquisition

Figure 2.5: Schematic view of the position sensitive detector wiring and the

data acquisition system (figure from [82])

The wedge-and-strip-anode provides three signals for each event, which are preamplified

by the Roentdek 3-channel-preamplifier and then sent to three Ortec 570 amplifiers.

The amplified pulses are sequentially digitised by a four-parameter analogue-to-digital-

converter (ADC).

An event is triggered by the busy-signal of the meander channel’s amplifier. Everytime

the signal exceeds a lower level, the amplifier sends a TTL pulse to the ADC’s master-

gate-input to trigger a conversion. The ADC is located in a CAMAC crate (Sparrow

MINICRATE Model 1000) together with a list processor (Hytec LP1342) and a suitable

CAMAC controller (Sparrow Model 73A). After a conversion, the ADC triggers an

interrupt at the list processor and the digitised values are written into a buffer memory.
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This transfer takes about 25 µs. To prevent that subsequent events invalidate the data,

an artificial dead time τD (busy pulse is stretched to a length of 30 µs and shifted by 1,5

µs) is introduced. As any event occurring during this time is not recorded, the measured

rate has to be corrected afterwards. The relation between the actual count rate R and

the measured rate Rmeasured is the following1

R =
Rmeasured

1− (τ + τD)Rmeasured
⇔ Rmeasured =

R

1 + (τ + τD)R
(2.5)

As soon as the buffer memory exceeds 5.000 events, the data is sent via a SCSI bus line

to the connected PC and recorded by the software tool KMax 7.1 [101] (figure 2.5).

In order to get a timestamp to each event, a short and a long-term timescale are

used. The long-term one uses the computer clock to synchronise the events between two

subsequent transfers from the CAMAC to the PC, having a whole buffer set of 5.000

events at the same time. The short-term timescale uses a timer at a fixed frequency that

writes every 6 ms an artificial event timer into the buffer.

When a real event is being processed, the list processor ignores the trigger used for the

timestamp-events and the timestamp is lost. For this reason the previously given equation

2.5 has to be slightly modified to (figure 2.6):

Rmeasured =

R
1+(τ+τD)R

1 + τtrigger
R

1+(τ+τD)R

=
R

1 + (τ + τD + τtrigger)R
(2.6)

The whole buffer set is transferred to the PC and written into an event-file. The produced

ASCII-files are evaluated by the IGOR Pro data acquisation and analysis software [102].

1The actual impingement rate based on the measured rate is calculated under the assumption of the

underlying Poisson statistics. τ is the mean waiting time between two subsequent events to occur. For

further explanation see [82]
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Figure 2.6: Corrected count rate curve (from [82])

The solid line shows the proposed correction of eq. (2.6) of the measured rate

as a function of the real impingement rate. The dashed line shows the ideal

case.

2.5 Sample holder

The sample holder is located in the experimental chamber about 180 mm in front of

the PSD. The experimental chamber is kept under UHV conditions at a base pressure

below 1 × 10−9 mbar. The sample holder is mounted on the rotatable rod of a 3-axis

manipulator. The movement of the holder is stepper motor driven with a relative position

accuracy of 20 µm in x, y and z-direction and an angular resolution of 0.01°.

2.5.1 Sample holder for the straight capillary

The first measurements are performed by using a single straight glass capillary. It is made

of borosilicate glass (trademark Duran) and was fabricated at the Institute of Nuclear

Research of the Hungarian Academy of Sciences.
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Kowarik et al. [57, 58, 82, 103] could demonstrate the guiding effect for this insulating

capillary with macroscopic dimensions of 11.4 mm length and an inner diameter of 140

µm and started to investigate in more detail how a variation of the electrical conductivity

influences the guiding power.

For these measurements a capillary holder was constructed, which enables a temperature

variation of the capillary between -35°C and +90°C. This experimental setup is also used

for the first measurements performed during this master thesis and is therefore shortly

presented in the following paragraph. Further details can be found in [82].

The straight glass capillary is sandwiched between two copper plates which can be

heated by the surrounding coaxial heaters. Lower temperatures are reached by cooling a

copper ribbon, which is attached to the sample holder, using liquid nitrogen. The coolant

is located outside the vacuum vessel.

The temperature of the copper plates is monitored by a K-type thermocouple and the

electrical heating power is regulated by a PID controller.

To avoid the charging of the glass front plane of the capillary by the incident ion beam,

an aluminium foil is fixed directly in front of the capillary’s entrance. This foil is covered

by graphite and a hole of approximately 120 µm is pinched in it. The aperture has to

be perfectly aligned with the sample. Therefore a thin wire of approximately 120 µm

diameter is run through the capillary and eventually pins a hole into the aluminium foil.

Furthermore the outside surface of the whole capillary is covered by graphite to guarantee

symmetry and uniform charge transport and temperature distribution (figure 2.7).

Directly below the capillary entrance there is a reference aperture of 100 µm diam-

eter. By moving the sample holder 25 mm upwards, the reference aperture can be brought

into the beam axis. The aperture can give a reference for the incident ion beam intensity

and is necessary for ‘finding’ the capillary’s entrance.

In order to ensure that tilting the sample holder does not influence the aperture’s lateral
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position, both, the capillary entrance and the reference aperture are positioned along the

manipulator rod’s rotation axis.

Figure 2.7: Experimental setup for the straight glass capillary

The setup enables a temperature variation of the capillary between -35°C

and +90°C. The incident ion beam hits the capillary entrance aperture or the

reference aperture, depending on the z-position of the manipulator, and the

transmitted ions are detected by the position sensitive micro-channel-plate

detector, located approximately 18 cm behind the capillary entrance. The

reference aperture has a diameter of 100 µm and is used for diagnostic and

monitoring purposes.

To avoid the charging of the front plate of the glass capillary, an aluminium

foil with a pinhole is fixed directly in front of the capillary entrance.
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2.5.2 Sample holder for the tapered capillary

For the measurements with the tapered capillary a new sample holder is designed and

constructed during the elaboration of this master thesis and described in more detail

in [104]. Its major components are a capillary holder, that can be heated, and two

reference apertures of 800 µm and 100 µm in diameter.

Figure 2.8: Sample holder for the tapered capillary

The sample holder is mounted on a manipulator rod which can be moved in

x, y, z direction and tilted by φ. The capillary entrance and the two reference

apertures have to match with the manipulator rod’s axis for ensuring that a

tilting of the sample does not shift the lateral position of the apertures. The

capillary holder can be adjusted horizontally, back- and forwards relative to

the rod axis (indicated by the arrows).
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The sample holder is mounted on the manipulator rod as seen in figure 2.8. To ensure

that the tilting of the sample holder does not shift the lateral position of the capillary

entrance and that of the reference apertures, they all have to match with the manipulator

rod’s rotation axis. For this purpose the capillary holder can be adjusted horizontally,

back- and forwards relative to the rod axis.

The sample holder is mounted on the manipulator rod with great care; the assembling

was monitored with a camera, enabling a magnification of the individual components

and therefore improved positioning.

The reference apertures are located directly below the capillary entrance in a fixed

distance (figure 2.9). After guiding the ion beam through the reference apertures, the

sample holder is shifted in z-direction and the ion beam is brought into the capillary’s

axis. Again the reference apertures serve diagnostic and monitoring purposes.

Figure 2.9: Front view of the sample holder

1) reference aperture: ∅=800 µm

2) reference aperture: ∅=100 µm

3) capillary entrance: ∅=800 µm
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The capillary holder houses the single tapered insulating capillary. It is made of borosilicate

glass and has the following macroscopic dimensions (figure 2.10): The outer entrance

diameter is 1.5 mm and the inner 0.86 mm. The exit diameter amounts to 82 µm. The 5

mm straight section is followed by a 5 cm long conical part.

Figure 2.10: Geometry of the tapered capillary with macroscopic dimensions

Figure 2.11: Pictures of the tapered capillary

The figure shows the tapered capillary lying on a millimeter paper, the figure

in the upper right corner the tip of the capillary.

The straight section of the capillary is placed into a specially designed copper-barrel

and tightened with four screws. The conical part of the capillary is surrounded by a

hollow copper-barrel, which is screwed into the above mentioned other copper-barrel.

The straight adjustment of the capillary is one of the most important and difficult steps

during the assembling of the sample holder and is carried out using a reflected-light

microscope and checked by a transmitted-light microscope.

Figure 2.11 shows the tapered capillary with a reference length scale. The image in the
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Figure 2.12: Model of the tapered capillary holder

The tapered capillary is placed into a specially designed copper barrel, which

is surrounded by a coaxial heater and thermo shielded by stainless steel

plates (for details see text).

The experimental setup enables a temperature variation of the glass capillary

between room temperature and +90°C.

upper right corner shows the tip of the capillary. The photo is taken with a reflected-light

microscope.

To avoid charging the glass front of the capillary’s entrance by the incident ion beam,

causing a deflection of succeeding ions, an aperture is used right in front of the entrance.

To this purpose an aluminium foil covered with graphite, is fixed in front of the sample

and a hole of approximately 800 µm is pinched by a wire into the foil.

To guarantee a uniform charge transport and temperature distribution along the whole

capillary, its outside surface is covered by graphite.

The copper-barrel is surrounded by a coaxial heater, which heats the copper part of the

sample holder and in succession the glass capillary by thermal radiation. To avoid heat

loss to the surrounding, the copper cylinder is thermo shielded by two stainless steel

plates surrounding the copper cylinder without contact.
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The temperature is monitored by a K-type thermocouple and the heating power is

regulated by a PID controller. The experimental setup enables a controlled and uniform

temperature variation of the glass capillary between room temperature and +90°C.

During the design phase of the tapered capillary holder, some temperature simulations

with the software SolidWorks 2009 were performed. The results of these simulations are

plotted in the figures 2.13 and 2.14. While figure 2.13 shows the temperature distribution

along the glass capillary after the steady state is achieved, figure 2.14 shows the temporal

process of the heating of the glass capillary. The four pictures show the temperature

distribution along the capillary at four different points of time. Under the initial condition

of a 100°C heated copper barrel, the capillary achieves an almost uniform temperature

distribution within a short period of time (∼10 min).

Figure 2.13: Temperature distribution along the capillary after the steady

state is achieved

In the left figure the temperature of the heater is set to 40°C and in the

right figure to 80°C.

The temperature varies only several tenths of a degree along the capillary.

Besides the temperature simulation, some basic calculations (assuming that heat is

transmitted only by heat radiation) are performed. The left plot of figure 2.15 compares

the results achieved by the calculation with the simulation.

For the simulations some parameters had to be estimated. To check how well the

simulation fits the ‘real’ conditions, a simple experiment is conducted. Therefore a K-type
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Figure 2.14: Temperature distribution along the capillary during the heating

process

The coaxial heater is set to 100°C and the figures show the temperature

distribution at four different points of time.

thermocouple is stuck on the capillary outer surface (for the measurements another

capillary of the same macroscopic dimensions is used) and a second one was fixed on

the copper-barrel. The sample holder is mounted on a manipulator and inserted into a

standard DN63CF double T-piece. The vacuum vessel is evacuated by a turbo molecular

pump and the pressure measured by a Bayard-Alpert pressure gauge. The temperature

measurements are carried out at a pressure condition of ∼ 3 ·10−8 mbar. The temperature

values are measured and controlled by a PID controller and the right picture of figure

2.15 shows the temporal process of the heating. The temperature of the copper-barrel

represents well the temperature of the capillary.
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Figure 2.15: Testing the heating of the glass capillary

left: The solid line shows the calculated (for the calculation the heat is

transmitted only by heat radiation) temporal process of the heating of the

capillary in the case that the copper-barrel has a temperature of 100°C.

The points are the results of a simulation carried out with the Software

programme SolidWorks2009.

right: Temporal process of the heating of the sample holder; One pair of

curves shows the slow increase of the heating current ((a) 23°C→∼ 50°C in

∼ 15 min) and the other one the heating process without heating breaks((b)

23°C→∼ 100°C in ∼ 15 min). The temperature of the copper-barrel (red

lines) represents quite well the temperature of the glass capillary (blue lines).

The heating current is regulated by a PID controller.
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2.6 Measuring procedure

Before starting any series of measurements, proper source-operating-parameters for the

production of a stable ion beam at a certain charge state and a certain kinetic energy

have to be found. Because of the fact, that until now there is no primary beam monitor

right next to the capillary entrance, which allows to judge on the stability of the incident

ion beam, it is tried to check the stability by measuring the current on the first two

apertures of the beamline. Usually, at the first aperture a current of a few nanoamperes is

measured and at the second aperture a current of a few tenths of picoamperes. It is tried

to achieve almost stable ion beam conditions with fluctuations of only a few picoamperes

on the second aperture.

If the incident ion beam seems to be stable enough, the beam is guided by the beamline’s

electrostatic lens system into the experimental chamber. For determining the proper

voltages of the deflection plates of the lens system, it is advisable to begin with high

incident ion intensities. In this case the ion current is great enough to be measured at the

sequenced apertures and the ion beam can be guided from one aperture to the next, until

it hits the last lens element. During this prearrangement period no voltage is applied at

the detector to prevent any damage. After measuring the current on the last lens element,

the incident ion intensity has to be reduced and the detector can be ‘switched on’. The

sample holder is totally moved out of the beam’s pathway and the whole ion beam can

be monitored on the PSD by adjusting the deflection plates directly in front of the last

lens element.

Afterwards the ion beam has to be brought to the capillary’s entrance. Therefore the

reference aperture(s) of the sample holder is/are used. The sample holder is moved slowly

into the beam’s pathway until only half of the primarily count rate is detected. At this

point it can be suggested that the ion beam hits the lower frame of the sample holder.

Moving then the sample holder 10 mm downwards, should bring the ion beam into the
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right z-position. Thereupon, the sample holder is moved horizontally, until the beam

can be detected on the PSD. In order to facilitate this process, the aperture’s centre

position can be determined optically with a camera, which is mounted on the outside of

the vacuum chamber.

In the next step, the sample holder is moved upwards for 25 mm (in the case of the

straight capillary) or rather for 10 mm (in the case of the tapered capillary) and the ion

beam hits the capillary entrance and is eventually guided through it.

In steps of usually less than 1° the capillary is tilted into one direction and the data

is stored until the transmission vanishes. Then the capillary is tilted into the opposite

direction and the measurements are repeated as described before until the transmission

vanishes again.

For diagnostic and monitoring purpose, it is advisable to detect the amount of transmitted

ions through the reference apertures before and after each series of measurements.

For each collection of data the forward direction has to be determined anew, because the

capillary’s straight direction is always defined with respect to the incoming ion beam

direction.

For the straight capillary the transmission curves can be fitted by a Gaussian func-

tion and eventually shifted along the tilt angle axis to provide a tilt angle axis centered

at the direction of maximum transmission.

For the tapered capillary the transmission curve can no more be described by a simple

Gaussian fit, but by a more sophisticated function with a distinct drop towards the

forward direction has to be used. Also in this case the datapoints are slightly shifted

afterwards along the tilt angle axis to provide that the local minimum coincide with the

straight direction.
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Due to the fact that the capillary can be tilted only in one plane, the straight di-

rection can be found by increasing the temperature of the capillary. Increasing the

temperature leads to an increasing of the electrical conductivity, which results eventually

in the vanishing of the guiding effect and therefore in the coincidence of the transmission

curve with the geometric limited transmission through the capillary.

At higher temperatures the transmitted ion intensity can be optimized by adjusting the

voltages applied to the deflection plates. Afterwards the capillary is cooled down and

further measurements can be performed without changing any parameters or voltages.

This procedure is recommended for measurements with the straight capillary and neces-

sary for measurements with the tapered capillary.

In contrast to the straight capillary, the sample holder for the tapered capillary en-

ables the heating/cooling only by heat radiation. Therefore the cooling process of the

capillary takes several hours. During this period and the following measurement time the

incident ion beam intensity has to remain stable. This is one of the crucial points of the

measurement procedure.

The high stability of the incident ion beam over a longer period of time (several hours) is

also necessary for the measurements with the straight capillary at lower temperatures to

monitor the movement of the transmitted particles on the PSD. Also in this case, the

challenge is to find the right parameters to keep the incoming ion beam stable.
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3.1 Straight capillary

3.1.1 Ion transmission as function of different temperatures and incident

ion fluxes

The first measurements with the single straight macroscopic glass capillary, performed by

Kowarik et al. [82], show that the tuning of the electrical conductivity of the capillary with

temperature (see figure 3.1) and the intensity of the incident ion flux are two important

key parameters for ion transmission control. To verify and expand these preliminary

results, further measurements are performed during the elaboration of this thesis and

will be presented now in more detail.

The new measurements are performed with Arq+-ions at a kinetic energy of 4.5 keV and

a charge state of q=7 instead of the q=9 as in the experiments of Kowarik et al. [82].

Although the capillary guiding effect appears more powerful for ions in higher charge

states, the use of Ar-ions at lower charge state is favored because of the higher stability

of the extracted ion beam. Consequently longer measurement periods are possible. A

further modification in comparison to the previous measurements is the exchange of the

wedge-and strip anode. The old wedge-and strip anode already showed some areas with

very low efficiency and is therefore of limited use for measurements as described in section

3.1.2. Unfortunately, the efficiency of this new anode is not perfectly homogeneous either.
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Figure 3.1: Temperature dependence of the electrical conductivity [105]

As a first step, the intensity of the ion beam, transmitted through the capillary, is

measured as a function of the tilt angle φ. The straight position of φ=0° (=no tilting an-

gle between incident ion beam and capillary) is determined by geometrically maximizing

the transmitted intensity. Afterwards the capillary is stepwise tilted, first in one direction

and afterwards in the other, until transmission is negligible.

After a charging time of some hundred of seconds, an equilibrium between deposited

charges and transmitted ions is reached and the transmission intensity saturates. This

saturation value is dead-time corrected and shown as one data point in the transmission

curve for each tilt angle. The points are fitted by a Gaussian, which is then normalized

with respect to the transmission in forward direction. After fitting, the centre position is

determined and the data points are shifted for each individual curve.
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Figure 3.2 and 3.3 show such transmission curves for different capillary temperatures. The

flux of the incident ions is kept constant at about 5 kcps on the PSD in φ=0° direction

for the data points shown in figure 3.2 and at about 2 kcps for the data in figure 3.3.

Figure 3.2: Transmission curves at different temperatures and a constant inci-

dent ion flux of 5 kcps

Normalized transmission curves for 4.5 keV Ar7+ ions guided through a

straight glass capillary. Gaussian fits through the data points are shown

as solid lines. The capillary’s temperature T is written as parameter. The

geometric transmission region is shown as hatched area. The monitored count

rate on the PSD is around 5 kcps for all of the plotted curves in forward

direction.

The temperature-dependent guiding angle φc is determined by the 1/e drop of the

intensity

I(φc, T ) = I(0, T )e
−φ

2

φ2c (3.1)
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Figure 3.3: Transmission curves at different temperatures and a constant inci-

dent ion flux of 2 kcps

Normalized transmission curves for 4.5 keV Ar7+ ions guided through a

straight glass capillary. The monitored count rate on the PSD is around 2

kcps.

Near room temperature stable guiding condition with a guiding angle of φc=3.5° can be

observed. In agreement with the earlier measurements, the increasing of the capillary’s

temperature, hence conductivity, leads to a considerable narrowing of the transmission

curve and decreasing of the respective guiding angle. Above 75°C the transmission curve

approaches a temperature-independent transmission function, which corresponds to the

geometric transmission through the capillary. For the used macroscopic capillary (length:

11.4 mm, inner diameter: 160 µm) the geometric transmission region relates to ±0.8° and

is marked in figure 3.2 and 3.3 as hatched area.

At these temperatures the conductivity of the glass capillary is high enough that the

charge patches are quickly removed and consequently guiding conditions are prevented.
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Below room temperature the transmission curves become slightly larger, however addi-

tional dynamic instabilities of the transmitted ion beam spot on the PSD can now be

observed (see section 3.1.2).

Besides the influence of the electrical conductivity on the guiding process, also the

incident ion flux as parameter for transmission is investigated in more detail. Figure 3.4

shows the transmission curves for various incident ion flux values at room temperature.

The increasing of the incident ion flux leads to an increased guiding angle.

Figure 3.4: Transmission curve at room temperature for different incident ion

fluxes

Normalized transmission curves for 4.5 keV Ar7+ ions guided through a

straight glass capillary at room temperature. Gaussian fits through the data

points are shown as solid lines. The transmission intensity in cps in straight

direction φ=0° is written as parameter. The geometric transmission region is

shown as hatched area.
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Thus, the guiding power, measurable by the guiding angle, depends on the one hand on

the conductivity and on the other on the incident ion flux. Increasing the temperature at

constant incident ion flux or decreasing the ion flux at constant temperature leads to a

decreasing of the guiding angle and vice versa.

Extracting the guiding angle from the fitted transmission curves and plotting them versus

the temperature or rather the count rate in forward direction, summarizes the described

results and makes the trend easily visible (figure 3.5).

Figure 3.5: Variation of the guiding angle with temperature and incident ion

flux

left: Measured guiding angle as a function of capillary temperature for various

projectile count rates.

The solid lines fit the data points. At high temperatures the guiding angle

approaches with the geometric limited angle while at low temperatures the

guiding angle saturates.

right: Measured guiding angle as a function of ion count rate for various

capillary temperatures.

The fitted solid lines through the data points show the direct relationship

between guiding angle and incident ion intensity.

The count rate is the measured transmission intensity in forward direction.

The hatched area represents the geometric transmission region.
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Besides the increase/decrease of the guiding angle in dependency of the temperature and

the incident ion flux, a rather different behaviour of the transmitted ion beam for different

capillary tilt angles is observed. While for tilting angles close to the forward direction the

transmitted ion intensity is quite stable (observed instabilities can be explained by an

unstable incident ion beam), the count rate fluctuates considerably for larger tilt angles.

An example is shown in figure 3.8.

The measurements however confirm the previously found linear relation between the

deflection and tilting angle (figure 3.6). To determine the deflection angle, the beam spot

position on the PSD is used. 2D images of the beam spots for 5 different capillary tilt

angles are plotted in figure 3.7. The data points represent the summarised count rate

over the same measurement period of time.

Figure 3.6: Linear relation between tilting and deflection angle

left: The figure shows again the transmission curve at room temperature. The

solid line represents the Gaussian through the data points. For the five blue

colored rhombic data points 2D images on the PSD are plotted in figure 3.7.

right: The figure shows a linear relation between the tilting and the deflection

angle. The deflection angles are calculated from the beam spot position on

the PSD and correspond to the blue colored rhombic intensity points in the

left figure.
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Figure 3.7: The lateral position of the transmitted ion beam for five different

capillary tilt angles

The intensity distributions are shown for equal measurement durations. The

intensity of the transmitted ions is colour coded. Blue corresponds to the

maximal transmitted intensity and is set at 100 per cent of the colour scale.

The colour distributions of the 2D images have to be read relative to this

maximal transmission. The yellow colour for example shows 60 per cent

intensity compared to the maximum.
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Figure 3.8: Variation of the transmitted intensity at different tilt angles

The figure in the middle shows the transmission curve at T=22°C. The data

points represent the mean value of the dead-time-corrected count rate. For

the signed data points the transmitted intensity is plotted versus the elapsed

time. While the transmitted intensity seems to be rather stable for the tilting

angle of φ=0.2°, it considerably oscillates for a large tilting angle of φ=4.8°
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3.1.2 Temperature dependent movement of the beam spot on the PSD

Besides the slight increase of the guiding angle at very low temperatures (i.e. below room

temperature), dynamical instabilities of the transmitted ion beam spot on the PSD can

be observed. The beam spot on the PSD becomes time-dependent and performs a random

motion.

The beam spot movement at lower temperatures was already been described in [82] and

the corresponding measurements have been repeated during this master thesis to check

their validity.

Figure 3.9 illustrates the center-of-gravity motion on the PSD during the cooling process

of the capillary from +35°C to -25°C. The capillary remained tilted at 2° for the whole

measurement and the cooling evolution is color coded.

Figure 3.9: Random motion of the beam spot during the cooling process

Center-of-gravity motion of Ar7+ ions transmitted through the glass capillary

on the PSD during the cooling process from +35°C to -25°C. The capillary

was tilted 2° before starting the measurement. The temperature is colour

coded. The right figure shows the exponential decreasing of the capillary

temperature during the cooling process and gives the colour code.
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The angular range, which the beam spot covers by moving on the PSD, increases with

decreasing temperature. The wide angular variation suggests strong fluctuations of the

charge patches in the capillary. Due to the fact that the angular range of the beam spot

exceeds the geometric opening angle by far, the fluctuations of the charge patches are

most likely located near the capillary exit.

Due to the fact that during the cooling period the capillary is thermally not in equilibrium,

it is possible that charge patch fluctuations resulting from the lower electrical conductivity

are superimposed by fluctuations caused by temperature variations.

To prevent such additional fluctuations, the movement of the transmitted beam spot is

recorded again at different temperatures, but this time the capillary is kept at a certain

temperature for a longer time (>10 min) before bringing the capillary into the ion beam

and recording the movement of the transmitted ion beam on the PSD. The results of

this measurement are plotted in figure 3.10.

Figure 3.10: Comparison of the motion of the transmitted beam spot at two

different temperatures

Center-of-gravity motion of Ar7+ beam transmitted through a glass capillary,

tilted by 2°. The elapsed time is indicated by colours.
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In this case the random motion can be observed at low temperatures in contrast to the

heated capillary, where the beam spot position is stable for hours, showing only small

spatial fluctuations associated to the time evolution of charge patches inside the capillary.

This results again confirm the measurements presented in [82].

Furthermore, it is investigated how much the charging history of the capillary influences

the transmission at lower temperatures. Therefore, an additional measurement at -25°C

is performed, but this time the ion beam is kept turned on during the cooling process.

Recent measurements [82] had indicated that under such conditions stable transmission

at temperatures as low as -30°C are possible without major movements of the beam spot

(figure 3.11). This was explained by freezing the existing charge-patches and so keeping

up stable transmission even at very low conductivity.

Figure 3.11: Comparison between beam on/off while cooling, taken from [82]

(a) The beam spot movement is illustrated as a function of time (colour

coded). The upper part of the figure shows the position of the transmitted

ion beam on the detector for the heated capillary case. The left part shows

the movement at lower temperatures for the case that the ion beam is turned

off during the cooling process and is in strong contrast to the right part of

the figure, where the beam is kept turned on during the cooling process.

The temperature evolution for the smooth cooling case is shown in (b).
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Figure 3.12: Comparison of the motion of the transmitted beam spot for two

different cooling processes

The lines show the center-of-gravity motion of the transmitted beam spot

on the PSD. In the left figure the incoming ion beam is turned on during

the cooling process and in the right figure the beam is turned off. Both

measurements are started as soon as the capillary is in a thermal equilibrium

at T=-25°C. In both cases Ar7+-ions at a kinetic energy of 4.5 keV are used

and the capillary is tilted by 2°.

Newer measurements however, can not reproduce this observation. The situation is illus-

trated in figure 3.12, where the right figure shows the situation, where the temperature

is first set to -25°C before switching the ion beam on. The left figure shows the situation,

in which the ion beam stays switched on during the cooling of the capillary. Before these

measurements are performed, the capillary is aligned at an elevated temperature (+35°C)

with respect to the incident ion beam.

It seems indeed that the movement of the beam spot covers a smaller angular range on the

PSD for the ‘beam-on-while-cooling’ case compared to the ‘beam-off-while-cooling’ case,

but, nevertheless, the newer measurements strongly differ from the illustrated observation

in figure 3.11.

Since the graph in figure 3.11 was obtained in a single, non-repeated measurement, it is
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hard to determine the reason for this discrepancy.

Also the extremely strong variations of the transmitted intensity reported earlier [82] can

not be reproduced. The newer measurements support the assumption that variations of

the primary ion beam were responsible for the observed fluctuations.

3.2 Tapered capillary

The first measurements with a macroscopic tapered capillary already show the existence

of the guiding effect up to tilt angles of several degrees [56]. At room temperature

however, at very small tilt angles close to the forward direction, the transmission drops

significantly [56, 85, 86]. These authors had studied the transmission of ions through

tapered glass capillaries at small capillary tilt angles, low incoming ion beam energy and

high beam intensity and tried to explain this phenomenon by the so-called blocking effect.

A uniformly charged ring-shaped region in the tapered part of the capillary could be

responsible for repulsive Coulomb forces which consequently cause the blocking.

In the following the results of the measurements with the tapered capillary, which

are carried out during the course of this master thesis, are presented. It is studied how the

change of conductivity influences the guiding power and whether the claimed suppression

in forward direction can be confirmed by increasing the temperature of the capillary.

The measurements are performed with Arq+-ions (q=7,8) at a kinetic energy between

4.5 and 16 keV. The temperature of the capillary is varied between room temperature

and +90°C.
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3.2.1 Guiding effect of tapered capillaries

The first still preliminary measurements with the tapered capillary at room temperature

show the predicted drop of the transmission at a capillary tilt angle of 0°. The measured

transmission curves can be fitted by a Gaussian ansatz (figure 3.13):

f(x) = a · e
− x2

2·φ2c1 − b · e
− x2

2·φ2c2 (3.2)

with b < a and a, b > 0

Figure 3.13: Transmission curve at room temperature

The two plots show the transmission curve for two different energies (left: 7

keV, right: 4.5 keV) of the incident Ar7+ ion beam at room temperature.

Both plots show a local minimum of the transmission in forward direction.

The solid line represents the fit through the measured data points according

to eq. (3.2).

The parameter φc1 is the guiding angle of the Gaussian ansatz. The second part of the

fit function represents the ‘suppression’ of the transmission at small tilt angles. The

power and the width of the suppression are characterised by the parameters b and φc2 .

As just seen for the straight capillary, after a charging time of several hundred seconds, a
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saturation value of the transmission is reached. Figure 3.14 shows such a charging curve.

The corresponding transmission curve is plotted in figure 3.15. The data points over the

various capillary tilt angles represent the saturation value of each charging curve.

From the centre of gravity of the measured distribution on the PSD the beam deflection

angle can be extracted. Plotting the deflection angle against the capillary tilting angle, a

linear relation is again observed (figure 3.15).

Figure 3.14: Charging curve of the transmitted ions

As soon as the beam is turned on, the count rate of the transmitted ions

is recorded. The blue line represents the measured count rate over the

elapsed time and is smoothed by the black line. After a charging time of

approximately 400 sec., a saturation value is reached.

This measurement is performed with 16 keV Ar8+ ions at room temperature

and the capillary is tilted by 2°.

Although after some hundreds of seconds the transmission value saturates, from time

to time rapid fluctuations of the transmitted ion intensity can be observed, particularly

in the range of maximum transmission (see figure 3.16). Because of the fact that this

oscillation behaviour can be measured several times, it can be traced back to the formation

process of the patches instead of fluctuations of the incident ion flux. For taking a closer

look at this oscillation, the fast Fourier transform of the count rate is computed. Until
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now, no certain periodicity of the appearing eruptions could be recognized.

At higher temperatures the oscillatory behaviour can no longer be detected.

Figure 3.15: Linear relation between the tilting and deflection angle

left: The figure shows the transmission curve of Ar8+-ions at a kinetic energy

of 16 keV. The transmission curve is monitored at room temperature and

shows a suppression of the transmitted ions in forward direction. For the

highlighted data point the charging curve is plotted in figure 3.14. The solid

line shows the fit through the data points according to eq. (3.2)

right: The figure shows the almost linear relation between the tilting and

the deflection angle, which was previously observed for the straight capillary

and is well known from the literature. The deflection angle is thereby

reconstructed by the measured peak position of the transmitted ion beam

on the PSD.

63



Ion Guiding Through Insulating Glass Capillaries

3 Results

 

Figure 3.16: Rapid fluctuations of the transmitted ion intensity

From time to time rapid fluctuations of the transmitted ion intensity can

be observed, especially in the range of maximum transmission. At higher

temperatures the fluctuations can no longer be observed.

3.2.2 Ion transmission for different temperatures

After the first measurements, which showed the expected transmission behaviour, further

investigation of transmission curves at different temperatures are conducted. As just seen

for the straight capillary, increasing temperature (=increase of the electrical conductivity)

causes decreasing guiding power. Besides this known effect, it seems that heating the

capillary terminates the transmission suppression in forward direction.

Figure 3.17 shows the data points for the measured transmission curve at two different

temperatures.
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The geometric transmission region is again shown as a hatched area and correlates with

the transmission curve at high temperatures.

Figure 3.17: Normalized transmission curves at different temperatures

Normalized transmission curves for 16 keV Ar8+ ions through the tapered

capillary at two different temperatures (green: 22°C, red: 80°C). The trans-

mission at 80°C is fitted by a Gaussian which correlates with the geometric

transmission region (hatched area). The transmission curve at room temper-

ature is fitted by equation (3.2)

.

In order to get more information about the transmission at different temperatures a

whole series of measurements are performed using Ar7+ ions as projectiles; after finding

the right ion source parameters for a stable incident Ar7+ ion beam, several transmission

curves at various temperatures are recorded. The incident ion flux is kept constant during

the heating and cooling period. Figure 3.18 shows the result of such a measurement series,

one with Ar7+ at a kinetic energy of 4.5 keV and the other with Ar7+-ions at a kinetic

energy of 7 keV. This time the transmission curves are not normalized but represent the

measured count rate at the PSD.
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Figure 3.18: Transmission curves at different temperatures

The two figures show the results of a series of measurements. The incident ion

beam current is kept almost constant during the cooling and heating process

and the whole measurement period. The data points represent the measured

and dead-time corrected count rate on the PSD. The measurements indicate

that besides the decreasing of the guiding power with increased temperature

also the transmitted intensity is reduced.

left: transmission curve of Ar7+-ions at a kinetic energy of 4.5 keV at three

different temperatures (green: 22°C, orange: 40°C, red: 80°C)

right: transmission curve of Ar7+-ions at a kinetic energy of 7 keV at two

different temperatures (green: 22°C, orange: 50°C)

Both figures show that with increasing temperature, the transmission profile gets more

narrow, while the drop of the transmitted intensity in forward direction decreases and

vanishes at high temperatures.

It seems that an increasing temperature causes a decreasing transmitted intensity even in

forward direction. Therefore, it is questionable that the ‘suppression’ in forward direction

at lower temperatures is really the result of a blocking effect caused by Coulomb forces as

claimed in the literature [85]. The higher transmitted intensity at room temperature as
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compared to the higher temperature case (90°C) can also be related to a focusing effect

due to real guiding, while, however, is more favorable for the slightly asymmetric case

(small but non-zero tilt angle).

The following measurement is performed in order to observe the change in intensity

of the transmitted ions in forward direction in dependence of the temperature: In the

first step the capillary is heated up to 80°C and the voltages at the deflection plates

directly in front of the capillary entrance are adjusted for maximizing the transmitted

intensity. After recording the data points for the transmission curve, the heating is

stopped. During the cooling process the ion transmission in forward direction is recorded.

At lower temperatures, another measurement is recorded.

Figure 3.19: The variation of the transmitted ion intensity in forward direction

during the cooling process

left: The figure shows the increase of the transmitted intensity in forward

direction with decreasing temperature until the capillary reaches approxi-

mately 60°C. Afterwards the intensity decreases again. The measurements

are performed with 4.5 keV Ar7+ ions.

right: The temperature decreases exponentially with time.
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The curve in figure 3.19 shows the increase of the transmitted ion intensity with decreasing

temperature till the capillary reaches circa 60°C. Afterwards the transmitted intensity

decreases with decreasing temperature. This still very preliminary results have to be

confirmed by further measurement series and are planned for the near future.

An explanation for the initial transmitted intensity increase could be the initiation of the

capillary guiding effect. At lower temperatures the effect of Coulomb blocking could still

cause the decrease of the transmitted intensity. At lower temperatures or higher incident

ion fluxes blocking could become more important.

3.2.3 Ion transmission for different incident ion currents

Another aspect is the dependence of the transmission on the incident beam intensity.

Before recording a transmission curve at room temperature, the capillary is heated to

80°C/90°C and the transmitted ion beam is maximized by tilting the capillary. This

procedure allows to identify the capillary axis and align it with the beam. Afterwards,

the capillary is cooled down and the measurement procedure is started.

Figure 3.20 shows two different transmission curves at room temperature obtained

for two different incident ion beam fluxes. The measurements are performed with Ar7+-

ions at a kinetic energy of 4.5 keV.

As in the case of straight capillaries, the overall transmission curve becomes ‘wider’

with higher incoming ion flux for tapered capillaries too. There also seems to be a slightly

deeper drop for higher intensities. This could be an indication that higher incident ion

flux causes the Coulomb blocking to become more influential.

3.2.4 Ion transmission for different ion beam energies

The following section summarises the measurements, which are performed with Ar-ions

at different kinetic energies and nearly the same incident ion beam fluxes.
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Figure 3.20: Transmission curves at different incident ion fluxes (Ar7+; 4.5 keV)

left: The data points represent the measured and dead-time corrected count

rate on the PSD and are fitted according to eq. (3.2) (green: ∼2 kcps, red:

∼1 kcps of transmitted ions in forward direction). The dashed line shows

the Gaussian function.

right: For comparing the shape of the two different transmission curves,

they are normalised relative to the maximum transmission intensity, given

by a Gaussian function. The hatched area corresponds to the geometric

transmission through the tapered capillary.

Figure 3.21 shows the results of this measurements, performed one time with Ar7+ ions

at a kinetic energy of 4.5 keV and the other time with Ar8+ ions at a kinetic energy of

16 keV. Again the data points are dead-time corrected and fitted according to eq.(3.2).

The measurements confirm that for ions at lower kinetic energies the transmission

curve is wider and accordingly the guiding power is stronger. Indeed slower ions need a

weaker electrostatic field inside the capillary to be guided through it.

At this point in time, the quality of the acquired data does not allow a firm quantitative
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comparison of the drop of the transmission curve in forward direction between the two

kinetic energies. This will be the subject of further studies with the tapered capillary.

Figure 3.21: Transmission curves at different kinetic energies (red: 4.5 keV,

green: 16 keV) of the incident Ar7+- and Ar8+-ions

left: The data points represent the measured and dead-time corrected count

rate on the PSD and are fitted according to eq. (3.2). The dashed line shows

the Gaussian function.

right: For comparison the transmission curves are normalized relative to the

maximum transmission intensity given by the gaussian fit and the hatched

area corresponds to the geometric transmission through the tapered capillary.
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4.1 Summary

Within the scope of this master thesis the guiding effect of single macroscopic glass

capillaries in dependency of various physical parameters are studied.

The measurements performed with a single straight capillary mostly confirm the re-

sults, which have been obtained in previous investigations with this capillary at TU

Wien [82]. In the low temperature region (below room temperature) more systematic

experiments are conducted than previously.

Besides the ‘typical character’ of the guiding process, like the charging up period of some

hundred seconds and the linear relation between deflection and tilting angle, the key

parameters for ion transmission control are investigated in more detail. The charge patch

formation of course depends on the electrical conductivity of the capillary’s material,

which can be varied by heating or cooling the capillary, and on the incident ion beam

flux.

It can be shown that an increase of the electrical conductivity leads to considerable

narrowing of the guiding power, until above 75°C the transmission curve approaches a

time-independent curve, which corresponds to the geometric transmission through the

capillary. This behaviour can be explained by the fact, that at higher temperatures the

charge patches are quickly removed and guiding conditions are thus prevented. The same

effect is also achieved by decreasing the incident ion beam flux.
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Apart from a slight increase of the guiding power at temperatures below room tempera-

ture, an erratic movement of the transmitted ions can be observed. The random motion

of the ion beam on the detector cover an angular range exceeding by far the geometric

opening angle, pointing to changing charge patches near the capillary exit. In comparison,

at higher temperatures the beam spot position is stable over hours, showing only small

spatial fluctuations.

After the measurements using a straight glass capillary, the investigations of a sin-

gle tapered glass capillary is started. The constructed tapered capillary holder enables

temperature dependent measurements between room temperature and +90°C.

First results with the tapered capillary confirm a slight suppression of the transmitted

ion beam in forward direction as has been reported in the literature. This dip in of the

transmission curve vanishes at higher temperatures. However, it seems that with higher

temperatures less ions are transmitted through the capillary in comparison to lower

temperatures. This observation leads to the open question, whether the suppression of

ion transmission in forward direction is indeed caused by a blocking effect as speculated

in literature or simply due to a reduced ion guiding, which is more favorable at slightly

asymmetric capillary tilt angles. Preliminary measurements of the transmitted intensity

in forward direction during the cooling process suggest, that with decreasing of the

temperature the guiding is increased, however, superimposed below 60°C with a kind

of blocking of the incident ions. To confirm this hypothesis further measurements are

planned.

4.2 Outlook

One of the main tasks for the planned measurements with the tapered capillary in the

near future is the verification of the increase/decrease of the transmitted ion intensity in

forward direction by changing the electrical conductivity. The ambition is to answer the

arisen open question, if the observed drop of the transmitted ions in forward direction
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is caused by a blocking or is the result of reduced ion guiding or tentatively also a

superimposition of both effects.

Moreover, further measurements are necessary to allow a direct quantitative comparison

of depth and width of the drop of the transmission curve in forward direction depending

on the capillary temperature (at constant incident ion flux and kinetic energy), on the

incident ion flux (at constant temperature and kinetic energy) and on the kinetic energy

of the incident ions (at constant temperature and incident ion flux).

It could be also interesting to measure the transmission curve for the tapered capillary at

lower temperatures (below room temperature). For this purpose a new sample holder will

have to be constructed, which enables a temperature variation by thermic conduction,

instead of heat radiation.

A further interesting future project could be the controlling of guiding properties by an

external electric field via metal electrodes, fixed on the outer surface of the insulating

capillary. It could be investigated how the applied voltages effect the divergence angle of

the transmitted and the acceptance angle of the incident ion beam.

From the experimenter’s point of view the ‘weak spot’ of the present setup is the

absence of a beam monitor near the capillary entrance, for controlling the stability of

the incident ion beam flux. Lots of measurements had to be dropped and repeated

several times, because it was difficult to judge if the transmission instabilities, which

have sometimes been observed, are caused by the guiding itself or are the result of an

unstable incident ion beam. As just mentioned in [82] it is recommended to install a

primary beam monitor next to the capillary entrance aperture to get information about

the incident ion flux.

Besides the controlling of the stability of the ion beam, this monitoring would also enable

a comparing of the incident ion flux with the transmitted ion flux. The current reference

apertures can be used for this purpose, however, it was noticed, that when moving the

manipulator, sometimes, the previous position of the capillary couldn’t be exactly reached

again.
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[30] Schiessl K., Lemell C., Tőkési K. and Burgdörfer J., ‘Energy dependence of ion

guiding through nanocapillaries’, J. Phys. Conf. Ser., 163, 012081 (2009)

[31] Lemell C., Schiessl K., Nowotny H. and Burgdörfer J., ‘Simulation of heavy-ion

guiding in insulators’, Nucl. Instrum. Methods Phys. Res., Sect. B, 256, 66 (2007)

[32] Gunacker P., Simulating transmission behavior of highly charged ions through

microscopic capillaries, Bachelor Thesis, TU Wien, ITP (2012)

[33] Stolterfoht N., Hoffmann V., Hellhammer R., Pei Z., Fink D., Petrov A. and Sulik

B., ‘Guided transmission of 3 keV Ne7+ ions through nanocapillaries etched in a

PET polymer’, Nucl. Instrum. Methods Phys. Res., Sect. B, 203, 246 (2003)

[34] Stolterfoht N., Hellhammer R., Pes̆ić Z.D., Hoffmann V., Bundesmann J., Petrov
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