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ABSTRACT

The ion-induced pressure instability is a hard limitation for the maximum in-

tensity, and hence the ultimate luminosity achievable in a proton accelerator.

This instability is due to the interaction of high intensity proton beams with

the residual gas generating positive ions. These ions, accelerated by the beam

space charge, impact on the vacuum chamber wall and lead to the desorption

of gaseous species like H2, CH4, C2H4, C2H6, CO and CO2. These gases can

in turn be ionized by the circulating beam, and initiate a pressure run-away

process causing the loss of the stored beam.

This phenomenon was �rst registered right at the beginning of operation of

the Intersecting Storage Rings (ISR) at CERN in 1970. Later on, a long term

evolution of the pressure was recorded for a stable stored beam current where

a change of the residual gas composition was measured.

In order to adapt the pumping speed and the surface treatments to the desired

circulating beam currents, mathematical tools (e.g. VASCO code) exist to cal-

culate pressure pro�les in accelerator vacuum systems. A key input for these

programs is the desorption yield of the surface, i.e. the number of molecules

released by incoming ions and one of the limitations of these programs results

from the lack of data concerning the ion-induced desorption yields dependence

on the nature and mass of the incident ions. To improve our knowledge of these

desorption yields, the ion-induced desorption of Oxygen-Free High Conductiv-

ity (OFHC) copper samples has been studied at room temperature for various

primary ions: noble gas ions and ions produced by the ionization of the com-

mon gases encountered in accelerator vacuum systems, i.e. H+
2 , CH

+
4 , CO

+ and

CO+
2 .

The measured dependence of the desorption yields on the mass, energy and

nature of the incident ions is presented and discussed. In this context, the

decrease of the ion-induced desorption yield as a function of the incident ion

dose (so called �beam cleaning�) has been studied for OFHC-copper and other

materials. From these measurements, desorption cross-sections have been

calculated and are compared with results from corresponding measurements

found in the literature.

A model, which relates the sputter yield with the nuclear and electronic energy

loss of ions in matter, has been applied to the ion-induced desorption: Con-

clusions concerning the in�uence of the mass and energy on the mechanism of

desorption are presented.



KURZFASSUNG

Druckinstabilitäten, ausgelöst durch die Freisetzung von Gasen aufgrund eines

Ionenbeschusses der Strahlrohrwand, können zu einer starken Beeinträchtigung

beim Betrieb von Protonenbeschleunigern führen, da dadurch deren maximale

Strahlintensität und somit die letztendlich erzielbare Luminosität verringert

werden. Die Wechselwirkung des intensiven Protonenstrahles mit dem Restgas

kann zur Ionisation der Gasteilchen führen. Diese erzeugten Ionen können dann

durch die Raumladung des Strahles beschleunigt werden und im Weiteren

unkontrolliert auf die Strahlrohrwand auftre�en, wo sie wieder Gase wie bei-

spielsweise H2, CH4, C2H4, C2H6, CO und CO2 freisetzen. Diese freigesetzten

Gase können wiederum vom zirkulierenden Strahl ionisiert werden, und ein

stetiger Druckanstieg im Strahlvakuum ist beobachtbar, der letztendlich auch

zu einem Totalverlust des gespeicherten Strahles führen kann. Dieser E�ekt

wurde erstmals 1970 in den Intersecting Storage Rings (ISR) am CERN

beobachtet. Bei einem später beobachteten, langsamen Druckanstieg für einen

zirkulierenden Strahl wurde eine Veränderung der Restgaszusammensetzung

festgestellt.

Um die Ober�ächenbearbeitung und Pumpleistung eines Vakuumsystems auf

den gewünschten Strahlstrom abstimmen zu können, gibt es Computermodel-

le (z.B. VASCO code) zur Berechnung von Druckpro�len in Beschleuniger-

Vakuumsystemen. Diese Modelle sind durch einen Mangel an experimentellen

Daten nur beschränkt einsetzbar. Daher ist es im Fall von Ionen notwendig die

Abhängigkeit des Desorptionskoe�zienten, welcher die Anzahl von freigesetzten

Teilchen pro auftre�endem Ion angibt, von Masse und Energie des auftre�enden

Ions genau zu untersuchen.

Hierzu wurden Desorptionsausbeuten von sauersto�freien OFHC-Kupfer

Proben für verschiedene Edelgas- und Restgasionen, wie beispielsweise H+
2 ,

CH+
4 , CO

+ und CO+
2 bestimmt. Die gemessenen Abhängigkeiten der Desorpti-

onskoe�zienten von Masse, Energie und Natur der einfallenden Ionen werden

in dieser Arbeit präsentiert. In diesem Zusammenhang wurden Messungen

über die Abnahme des Desorptionskoe�zienten mit zunehmender Ionendosis,

auch bekannt als �beam cleaning�, an OFHC-Kupfer Proben und anderen

Materialien durchgeführt. Von diesen Messungen abgeleitete Desorptionswir-

kungsquerschnitte werden mit Ergebnissen aus vergleichbaren Messungen in

der Literatur verglichen.

Ein Modell, welches Sputterausbeuten auf den elektrischen und nuklearen Ener-



gieverlust von Teilchen in Materie bezieht, wird in vereinfachter Form zur Be-

rechnung der Desorptionsausbeuten angewandt. Rückschlüsse bezüglich des Ein-

�usses von Masse und Energie der einfallenden Ionen auf den Desorptionsme-

chanismus werden diskutiert.
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Chapter 1

Introduction and Overview

The ion-induced desorption (IID) was for a long time not a subject for studies

but an old recipe to clean surfaces [1]. A strong interest in the release of gases

by ion bombardment came in the 1970's. Simultaneously in the accelerator and

the fusion community, this release was identi�ed as a main limitation in the

performance of storage rings [2] and tokamaks [3].

Although sputtering was already discovered by W.R. Grove in 1852 [4], in

1974 H.F. Winter and P. Sigmund [5] showed that the classical theory of

sputtering [6] can partly explain the desorption of chemisorbed gases by low

energy ions. The validity of this approach was con�rmed experimentally [7]

with some restriction in the case of technical surfaces1 due to the absence of a

well de�ned binding energy for the desorbed molecules [8]. Furthermore other

e�ects related to the energy deposition of the primary particle such as defect

creation, stimulated di�usion and excitation of electrons can in�uence the

release of impurities contained in the solid. Clearly the re�nements of models

used to study the desorption of pure gases from monocrystals are of little use

in the case of technical surfaces.

Surface physics investigations of technical materials were successfully launched

at that time [9, 10, 11, 12] in order to limit the detrimental consequences of

IID, they contributed to de�ne a set of cleaning treatments [13, 14], mainly

based on ion bombardment, which resulted in a signi�cant improvement for the

performance of Tokamaks [15] and storage rings (in the ISR the stored currents

raised from 20 to 60A [16]).

1The surface contains a lot of physical and chemical imperfections, which makes predictions

of desorption yields and cross sections di�cult.

1



CHAPTER 1. INTRODUCTION AND OVERVIEW 2

In case of technical surfaces prepared as accelerator vacuum chambers, e.g.

degreasing followed by alkaline etching and rinsing in demineralized water, the

following investigations on the IID-yield have been carried out:

• The variation of the desorption yield as a function of the ion energy shows

that the desorption yield increases smoothly with the ion energy. The

maximum is reached in the keV region and threshold energies close to 1eV

have been measured [17, 18, 19].

• The variation of the desorption yield with the surface treatment shows that

the desorption yield is more dependent on the surface treatment than on

the base material for technical surfaces [19].

• The variation of the desorption yield with the nature of the incident ion

shows an increase of the desorption yield with the ion mass which could be

partly related to the enrichment of the surface with elements introduced

in the substrate by the ion itself (e.g. C or O implanted by ions containing

these elements as CO+ or CO+
2 ) [20].

Swift heavy ion-induced desorption phenomena are not treated in this context.

Detailed information can be found in [21, 22].

The subject of this thesis is the measurement of the ion-induced desorption

yield of technical materials such as OFHC-copper for various ions at di�erent

energies. Carried out in the vacuum group of the former AT department2 at

CERN its motivation originates from the special vacuum requirements of these

materials which are exposed to the beam in the LHC.

In Chapter 2 a general survey of CERN, its scienti�c achievements and the

accelerator complex is given. An introduction to the LHC and its beam vacuum

system together with the impact of beam related vacuum e�ects is given in

Chapter 3. In Chapter 4 the mechanism of ion-induced desorption together with

the theoretical framework for the calculation of the desorption yield according to

the so called �mass spectrometer method� and the calculation of the desorption

cross section is presented. Further this chapter discusses the sensitivity of the

measurement method of the desorption yield and deals with the energy loss of

ions passing through matter. Chapter 5 describes the experimental setup and

its functionality. Modi�cations which were made on the pre-existing system in

order to improve the measurement of the desorption yields are discussed. At

the end of this chapter the measurement procedure is described. In Chapter 6

2meanwhile TE department
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the results of the ion-induced measurements are presented and discussed. A

conclusion of the work is given in Chapter 7.



Chapter 2

CERN

2.1 Organization

The convention establishing CERN was signed on 29 September 1954 to

re-establish fundamental physics research in post world war II Europe. From

the original 12 signatories of this convention, membership has grown to the

present 20 member states (cf. �gure 2.1). The states' contributions to CERN

for the year 2008 totalled in CHF 1.075.863 million (around $990 million) [23].

The acronym CERN � Conseil Européenne pour la Recherche Nucléaire

(European Council for Nuclear Research), was given by a provisional council

for setting up the laboratory in 1952. The acronym was retained, even though

the name changed to the current Organisation Européenne pour la Recherche

Nucléaire (European Organization for Nuclear Research) in 1954.

Currently it is the world's largest particle physics laboratory, situated

in the northwest suburbs of Geneva on the border between France and

Switzerland. Its main function is to provide the particle accelerators

and other infrastructure needed for high-energy physics research. Nu-

merous experiments have been constructed at CERN by international

collaborations to make use of them and it currently has approximately

2600 full-time employees. Some 7931 scientists and engineers (representing

500 universities and 80 nationalities), about half of the world's particle physics

community, work on experiments conducted at CERN.

4
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Figure 2.1: Member states of CERN [24] (blue: founding members;

green: members who joined later).

2.2 Scienti�c achievements

The following list should point out several important achievements in particle

physics which have been made during experiments at CERN. These include, but

are not limited to:

• The discovery of neutral currents in the Gargamelle bubble chamber.

• The discovery of W and Z bosons in the UA1 and UA2 experiments.

• The determination of the number of neutrino families at the Large Electron

Positron collider (LEP) operating on the Z boson peak.

• The �rst creation of antihydrogen atoms in the PS210 experiment.

• The discovery of direct CP-violation in the NA48 experiments.

The 1984 Nobel Prize in physics was awarded to Carlo Rubbia and Simon van

der Meer for the developments that led to the discoveries of the W and Z bosons.

The 1992 Nobel Prize in physics was awarded to CERN sta� researcher Georges

Charpak for his invention and development of particle detectors, in particular
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the multiwire proportional chamber.

2.3 Accelerator complex

CERN operates a network of six accelerators and a decelerator (cf. �gure

2.2). Each machine in the chain increases the energy of particle beams before

delivering them to experiments or to the next more powerful accelerator

(note: particles with a higher energy need a bigger magnetic �eld to keep them

on their circular track. Since the ultimate magnetic �eld is limited, the only

way to increase their energy is to increase the bending radius of the magnets).

Figure 2.2: The accelerator complex at CERN.

Currently active machines are:

• Two linear accelerators generate low energy particles for injection into

the Proton Synchrotron. The 50MeV LINAC2 is for protons, and the

4,2MeV/u LINAC3 is for heavy ions. A new linear accelerator (LINAC4)

is under construction to replace the old LINAC2.

• The Proton Synchrotron Booster increases the energy of particles gener-

ated by the proton linear accelerator before they are transferred to the

other accelerators.
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• The Low Energy Ion Ring (LEIR) accelerates the ions from the ion lin-

ear accelerator, before transferring them to the Proton Synchrotron (PS).

This accelerator was commissioned in 2005, after having been recon�gured

from the previous Low Energy Anti-proton Ring (LEAR).

• The 28GeV Proton Synchrotron (PS), built in 1959 and still operating as

a feeder to the more powerful SPS.

• The Super Proton Synchrotron (SPS), a circular accelerator with a diam-

eter of 2 kilometers built in a tunnel, which started operation in 1976.

It was designed to deliver an energy of 300GeV and was gradually up-

graded to 450GeV. As well as having its own beamlines for �xed-target

experiments, it has been operated as a proton-antiproton collider, and for

accelerating high energy electrons and positrons which were injected into

the Large Electron-Positron collider (LEP). From 2008 onwards, it will

inject protons and heavy ions into the Large Hadron Collider (LHC).

• The On-Line Isotope Mass Separator (ISOLDE), which is used to study

unstable nuclei. Particles are initially accelerated in the PS Booster before

entering ISOLDE. It was �rst commissioned in 1967 and was rebuilt with

major upgrades in 1974 and 1992.

• The Antiproton Decelerator (AD), which reduces the velocity of antipro-

tons to about 10% the speed of light for research into antimatter.

• The LHC which will be described in more detail in the following chapter.



Chapter 3

The LHC Project

The LHC1, the Large Hadron Collider, has been designed to collide protons at

a center-of-mass energy of 14TeV with a luminosity of 1034cm−2· s−1 [25, 26].

In addition it will provide collisions between lead nuclei up to a center-of-mass

energy of 1150TeV2.

The LHC was placed into the existing tunnel of the LEP collider whose operation

had been stopped at the end of 2000 and which had been dismantled. Following

this tunnel, the LHC has a circumference of about 26,7km.

As shown in �gure 3.1 the general layout of the LHC has an eightfold structure,

thereby following the layout of its predecessor LEP. Each of these octants

consists of an arc, which basically contains the main bending magnets (the

main dipoles), focussing and de-focussing (quadrupole) magnets and higher

order correction magnets and is kept at cryogenic temperatures, followed by a

so called long straight section3 with a length of about 500m, which is kept at

room temperature.

The two proton beams, each made up of 2835 tightly packed bunches of

protons (1, 05 × 1011 protons per bunch), resulting in a current of 0,536A

per beam, will be circulating in clockwise and anti-clockwise direction in

two separate beam pipes which are inserted into a common bending mag-

net. These beams are brought in collision at four points called interaction points.

1The �rst two counter-rotating beams were successfully injected in the LHC on 10th of

September 2008.
2This corresponds to 2 × 82 × 7TeV, since a lead nucleus contains 82 protons. In reality,

this means that each lead nucleus has only 82/208 × 7 ≈ 2, 76TeV/nucleon. This is due the

extra mass of the neutrons in the nuclei.
3There are also so called short straight sections which are considered as a part of the arcs.

8
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Figure 3.1: General layout of the Large Hadron Collider.

At these four interaction points huge particle detectors will be installed to mea-

sure properties like energy and momentum of the particles emerging from the

interaction point after the collision of high energetic particles. These detectors,

depicted in �gure 3.1, are:

• A Toroidal LHC ApparatuS (ATLAS) detector [27] consists of a

series of ever-larger concentric cylinders around the interaction point

where the proton beams from the LHC collide. It can be divided into four

major parts: The inner detector, the calorimeters, the muon spectrometer

and the magnet systems. The magnet systems consist of an inner solenoid

which produces a two tesla magnetic �eld surrounding the inner detector

and of eight very large air-core superconducting barrel loops and two

end-caps which are producing the outer toroidal magnetic �eld.
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The main goal of ATLAS is the search of the Higgs boson [28] and the

detector is designed to be sensitive to largest possible Higgs masses. The

asymmetry between the behavior of matter and antimatter, known as

CP-violation [28], will also be investigated and should explain according

to the standard model [29] the lack of detectible antimatter in the uni-

verse. Furthermore due to the high energy and collision rates it should

be possible to study the top quark [28], discovered at Fermilab in 1995,

in more detail. New models of physics like the broken symmetry [28] can

also be investigated.

• Compact Muon Solenoid (CMS) detector [30] is designed to meet the

same goals in physics like ATLAS and will record similar sets of measure-

ments on the created particles. In contrast it consists of only one magnetic

system performed through a single superconducting solenoid which gener-

ates a magnetic �eld of 4T (about 100 000 times the magnetic �eld of the

earth). The main detector systems are the inner tracker with ten layers

of silicon strip detectors and silicon pixel detectors in the high occupancy

range close to the interaction point, an electromagnetic calorimeter with

an excellent energy resolution and a muon system for momentum mea-

surements up to highest luminosity.

• A Large Ion Collider Experiment (ALICE) [31] will be the dedi-

cated detector to study the strong interactions of matter at extreme den-

sities and high temperatures during heavy ion (e.g. lead) collisions. The

data obtained will allow physicists to study a state of matter known as

quark-gluon plasma [28], which is believed to have existed soon after the

big bang. The detector consists of an inner tracking system made of six

cylindrical layers of silicon detectors, radiation and momentum detectors,

a muon spectrometer and an electro-magnetic calorimeter.

• LHCb experiment [32] should help us to understand why we live in a

universe that appears to be composed almost entirely of matter, but no

antimatter. Therefore it is designed to study the CP-violation in B-mesons

decay [28]. The detector is a single arm forward spectrometer and consists

of a vertex detector, two ring imaging Cherenkov detectors and of the

electromagnetic and hadronic calorimeters which provide the measurement

of the energy of electrons, photons and hadrons.

The main dipoles, LHC's main bending magnets, have to provide a nominal

magnetic �eld of about 8,4T to accelerate protons to an unprecedented energy
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of 7TeV. The current required to create this �eld is about 11,8kA and con-

straints on geometry and heat budget require that the magnet coils are made

of superconducting cables (cf. [33, 34]). These cables consist of �ne strands

(7µm diameter) of a Nb-Ti alloy which are twisted together and embedded in

a copper matrix. Hence, the whole magnet has to be cooled below the critical

temperature of the superconductor (the Nb-Ti alloy), which is achieved by

means of super�uid helium at 1,9 K. About 80% of the total length of the

accelerator will be held at these temperatures, thus making the LHC one of the

biggest cryogenic facilities in the world [35].

As illustrated in �gure 3.2, the beam pipes (inner diameter 50mm) for the two

counter-rotating beams, together with a pair of superconducting coils each,

are incorporated into a common iron yoke, thus being in direct contact with

the cold mass and acting at the same time as the inner wall of the magnet

cryostat4 (the so called cold bore) which is a surrounding vacuum vessel to

insulate the cold mass from ambient temperature [40, 41, 42, 43, 44]. This

construction implies, that the walls of the beam vacuum system will have

the same temperature as the cold mass itself, namely 1,9K during operation.

At this temperature, gases except Helium have a negligible vapor pressure,

hence the beam pipe will e�ectively act as cryopump with basically unlimited

capacity, making external pumping super�uous during operation [43, 44]. Ex-

ternal pumps are required only for the initial pump-down of the vacuum system.

The total length of an assembled dipole is about 16m and a total number of

1232 of these magnets will be built into the LHC. The smooth operation of the

main dipoles is one of the crucial points in the operation of the LHC, since a

quench, i. e. the transition from superconducting to resistive state, of a single

magnet can interrupt machine operation for several weeks.

3.1 An introduction of the LHC beam vacuum system

The LHC has three di�erent vacuum systems: the insulation vacuum for cryo-

magnets, the insulation vacuum for the helium distribution line and the beam

vacuum. The requirements for the beam vacuum of the cold arcs and of the

warm sections, e.g. the long straight sections, are di�erent. To maintain a

low residual gas pressure, as well as a low secondary electron emission yield (to

avoid electron multipacting), the chambers in the warm sections are coated with

a TiZrV non evaporable getter (NEG) which, after its activation, is a very good

4For a more detailed description cf. [36, 37, 38, 39]
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Figure 3.2: Cross section of a LHC dipole cryomagnet assembly.

getter for H2 and CO [45].

It will be the �rst superconducting accelerator which is exposed to intense syn-

chrotron radiation. According to [46], the instantaneous power radiated by a

charged particle, in this case a proton, traveling on a circular orbit is given by

Ps.r. =
1

4πε0
2
3
e2

c3
v4

r2
γ4 (3.1)

where e is charge of the proton (i. e. the elementary charge), c the speed of

light in vacuum, v the velocity (v ≈ c), r the bending radius (r = 2784,32m

for the main dipoles) and γ the relativistic factor (γ = 7461 for 7TeV protons).

Substituting the numerical values into equation 3.1 results in a value for

the instantaneous power radiated by one proton of Ps.r. = 1, 84 × 10−11W.

Having 2835 bunches with 1, 05 × 1011 protons per bunch distributed over the

circumference of LHC (26658,883m) results in a average linear proton density

of about 1, 12 × 1010m−1, hence the linear heat load caused by synchrotron

radiation in the main dipoles is about 0,2W· m−1.

This heat load, if transferred to the cold mass, would increase excessively
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the heat dissipated in the superconducting magnets, hence the cold mass

has to be shielded against synchrotron radiation. This is achieved by means

of the so called beam screen, a racetrack shaped tube with two cooling cap-

illaries attached to its two �at parts, which actively cool the beam screen

to a temperature between 5K and 20K by means of pressurized Helium

gas [43]. At this temperature all gases except hydrogen have a low enough

vapor pressure to be condensed on the beam screen. The beam screen has a

diameter of 44mm and the �at parts are separated by 36mm. A picture of

a prototype beam screen, inserted into a sample beam pipe is shown in �gure 3.3.

Figure 3.3: Picture of a prototype beam screen, inserted into a sample beam

pipe.

Another feature of the beam screen is a thin layer of oxygen free high con-

ductivity copper (thickness about 50µm), which is co-laminated with the base

material of the beam screen, a low permeability stainless steel. This layer is

intended to carry the beam-induced image currents, thus reducing the machine

impedance to an acceptable value. The chosen value for the thickness of the

copper layer is in fact a compromise between low impedance and mechanical

stability. Eddy currents, induced during a magnet quench are inversely

proportional to the impedance. These eddy currents, in conjunction with the

magnetic �eld of the dipole can result in very high Lorentz forces acting on

and leading to deformation of the beam screen [47, 48, 49]. Without beam
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screen the image currents would �ow through the beam pipe and produce an

unacceptably high resistive heat load on the cold mass, which in turn would lead

to a quench of the magnet. In the present con�guration the heat load due to

the image currents, about 0,1W· m−1 [50, 51], is intercepted by the beam screen.

A third important feature of the beam screen are the pumping slots incorpo-

rated in the �at parts of the beam screen, amounting to about 4% of the its

total surface. Residual gas molecules can travel through this pumping slots

and reach the cold bore wall where they will permanently adsorbed [40]. The

purpose of the pumping slots will be discussed in more detail in conjunction

with the dynamic vacuum e�ects in the next section.

As a last, nevertheless important point, the beam loss due to nuclear scattering

should be mentioned in the context of this introduction. A small fraction of

scattered protons escapes from the aperture of the beam pipe and penetrates

the surrounding material, thereby producing a shower of secondary particles

which is �nally absorbed by the cold mass. There is no way that these scattered

particles can be absorbed by the beam screen and therefore the machine design

includes an allowance of about 0,1W· m−1 for the linear heat load due to nuclear

scattering for the two beams [44]. The linear heat load Pn.s. (for one beam) can

be expressed as

Pn.s. =
Ibeam
e

NG σn.s.;GE (3.2)

where Ibeam ≈ 0, 536A is the (nominal) current of the proton beam, e the ele-

mentary charge5, NG the number density of gas G, σn.s.;G the cross section for

nuclear scattering of a proton on a molecule of gas G (for Hydrogen molecules

and 7TeV protons, it is σn.s.;H2 ≈ 5×10−30m2 [44]) and E = 7TeV the proton en-

ergy. With the above mentioned numerical values and with Pn.s. < 0, 05W· m−1,

it follows from equation 3.2 that NH2 ≤ 2, 66× 1015m−3 and in consistency with

this requirement an upper limit for the residual number density of Hydrogen

molecules of NH2 = 1× 1015m−3 has been chosen for the design of the beam

vacuum system to ensure a beam lifetime of 100 hours [44]. Assuming a gas

temperature of 10K, the resulting upper limit for the partial pressure of Hydro-

gen is given as pH2 = 1, 38× 10−7Pa≈ 1× 10−9Torr. Corresponding values for

other gases can be found in [43] or [44].

5In fact, it is Ibeam/e = j, i. e. the number of protons passing through an arbitrary cross

section of the beam pipe per unit time.
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3.2 Beam related dynamic vacuum e�ects and their

impact on LHC

3.2.1 Desorption by synchroton radiation

Synchrotron radiation photons hit the inner surface of the beam screen where

they are either absorbed or scattered, thereby releasing all or part of their

energy. In consequence, residual gas molecules adsorbed on this surface can

be released into the gas phase, i. e. they are desorbed, if the available energy

exceeds the energy of the bond between the molecule and surface.

In general, the energy spectrum of the synchrotron radiation, emitted by a

charged particle moving on a circular orbit with almost speed of light can be

characterized by the so called critical energy, given by [46]

Ec =
3
2

~c
r
γ3 (3.3)

and the number of photons emitted by each beam particle per unit time can be

calculated from [46]

jγ =
15
√

3
8

Ps.r.
Ec

=
5
√

3
6

αc

r
γ (3.4)

where ~ is the reduced Planck constant, c the speed of light in vacuum, α the

�ne-structure constant, r the bending radius and γ the relativistic factor. In

the case of LHC, it is Ec ≈ 44, 1eV and jγ ≈ 8, 46 × 106s−1. With an average

linear proton density of Np ≈ 1, 12×1010m−1 an average linear photon �ux can

be calculated as

Ṅγ = jγNp ≈ 9, 45× 1016s−1 ·m−1 (3.5)

The number of desorbed molecules is proportional to this photon �ux, hence

ṄG = ηṄγ (3.6)

The constant of proportionality η is called the molecular desorption yield

and is usually given in units of molecule · photon−1 6. η is in fact not a

constant but depends on several factors, among others the nature of the

desorbed gas, the surface material, temperature and pre-treatment and the �his-

tory� of the surface, i. e. the number of photons the surface has been exposed to.

6Nevertheless the physical unit of η is 1.
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The phenomenon of desorption by synchrotron radiation, also called pho-

ton stimulated desorption or photon induced desorption, has been subject

to extensive studies in the past (cf. [52, 53] in the context of LEP,

[54, 55, 56, 57, 58, 59, 60] in the context of LHC and/or the SSC, the

Superconducting Super Collider). Values for η at conditions relevant for LHC,

given in above cited literature, range from some 10−3 molecule · photon−1 for

H2 to some 10−5 molecule · photon−1 for CO2 and CH4. After a long exposure

of the surface to synchrotron radiation these values are reduced by 1 . . . 2 or-

ders of magnitude, an e�ect which is also called beam scrubbing or beam cleaning.

In the case of cryogenic vacuum systems, molecules in the gas phase are readily

pumped by the cold walls. These molecules are only lightly bound to the

surface, i. e. physisorbed and they can be re-desorbed by synchrotron radiation

with a much higher yield. This process is called the recycling of previously

physisorbed molecules and the corresponding desorption yield, usually denoted

as η', can exceed η by several orders of magnitude [55, 59]. Recently, the

cracking of adsorbed molecules by synchrotron radiation has been identi�ed as

an additional mechanism which can contribute signi�cantly to the gas load in

the beam vacuum system [60].

At this point the importance of the pumping slots of the beam screen can

be well explained. A fraction of the desorbed and recycled gas molecules can

travel through these slots and reach the surface of the cold bore, Since this

surface is shielded from synchrotron radiation, these molecules are not recycled

and hence can be permanently cryosorbed on the beam pipe. Thus, unlike the

inner surface of the beam screen where molecules are continuously recycled, the

pumping slots provide the means to remove gas e�ectively and permanently

from the beam vacuum system.

3.2.2 Ion-induced pressure instability

Positive ions can be produced in the beam vacuum system through the ionization

of residual gas molecules by the beam particles with typical ionization cross

sections for 7TeV protons in the range of 10−22m2 [61]. These positive ions are

then repelled by the positive space charge of the beam and accelerated towards

the beam screen where they transfer their kinetic energy onto the surface. In the

arcs of the LHC ion energies at impact are typically in the range of several 100eV

[44, 62, 63]. Like with photon stimulated desorption, the number of molecules,
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desorbed due to the impact of energetic ions, is proportional to the number of

incident ions, hence

ṄG = ηiṄ+ (3.7)

with ṄG being the linear �ux of molecules of the species G, desorbed from the

beam screen and Ṅ+ the linear �ux of ions hitting the beam screen. ηi is like

before called the molecular desorption yield but this time expressed in units

of molecule · ion−1. Again, ηi is not a constant. It depends not only of the

nature of ions and desorbed molecules, the ion energy, nature and temperature

of the surface [64, 65], but also on the surface preparation and condition [9].

In the case of cryogenic vacuum systems, we can again distinguish between

tightly bound, chemisorbed molecules and physisorbed molecules. Whereas it

is ηi ≈ 1 . . . 10 molecule · ion−1 in the case of chemisorbed molecules it can be

several thousand molecules per ion for physisorbed molecules [66, 67].

If one gas species G is dominant, Ṅ+ can be expressed as

Ṅ+ = σi.;GNG
Ibeam
e

(3.8)

where σi.;G is the ionization cross section of this species, NG its number density,

Ibeam the proton beam current and e the elementary charge.

It can be seen from the preceding paragraphs (N.B. equations 3.7 and 3.8)

that the process of ion stimulated desorption in a beam vacuum system is

�self-amplifying�7 and could result in a pressure run-away (or pressure insta-

bility) if the gas is not pumped away with a su�cient pumping speed. This

e�ect has been observed at the ISR at CERN [61]. However, in the cold parts

of the LHC the ion-induced desorption should not pose any serious problems to

the beam vacuum due to the distributed cryo-pumping of the cold walls [44].

3.2.3 Beam induced electron multipacting

Electron multipacting is a phenomenon known from high power radio frequency

and microwave cavities where it manifests itself in RF power consumption and

break down. It is caused by the synchronous motion of free electrons in an

alternating electric �eld. First free electrons are produced by �eld emission,

photo-electric e�ect, or ionization of residual gas molecules by cosmic rays.

7hence an increase of gas density results in an increase of the ion �ux which in turn results

in an increase of the molecular desorption rate which results in an even faster increase of the

gas density . . .
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These electrons are accelerated towards the surface of the cavity by the electric

�eld where they, when hitting the surface with su�cient energy, can produce

secondary electrons. If the electric �eld changes its direction at the same time,

these secondary electrons are accelerated towards the opposite surface where

they in turn produce additional electrons. If the secondary electron yield, i. e.

the number of secondary electrons produced per incident electron, exceeds unity,

the number of electrons which are �bouncing� back and forth is increasing ex-

ponentially (also known as the �build up of the electron cloud �), �nally leading

to the break-down of the cavity [2, 68, 69]. In general, for electron multipacting

to develop, the following two condition must be ful�lled [70]:

• The electron must be able to traverse the vacuum chamber in synchronism

with the electric �eld and

• the electron energy at impact must result in an secondary electron yield

greater then unity.

Since several years a similar e�ect has been observed in the beam pipes of high

current proton accelerators (cf. [70, 71, 72, 73]). This phenomenon is called

beam induced multipacting because the alternating electric �eld is generated by

the bunched proton beam. In the case of LHC with its cryogenic vacuum system,

the build-up of an electron cloud can have the following implications:

• Excessive heat load on the vacuum chamber surfaces (computer simula-

tions give values up to 15W·m−1 [74, 75]),

• strong pressure rise due to the desorption of adsorbed molecules from the

beam screen surface by impact of electrons (electron stimulated desorption)

and

• coherent oscillations of the proton beam with the electron cloud, leading

to emittance growth and luminosity decrease or even beam loss [40].

In the arcs of the LHC, primary electrons are massively created through the

photo-electric e�ect due to the high �ux of synchrotron radiation photons. The

production rate of photo-electrons per proton (je−) is proportional to the pro-

duction rate of synchrotron radiation photons (jγ):

je− = 0, 45 jγ Y (3.9)

Y is the e�ective quantum yield, i. e. the number of photo-electrons produced

per incident photon. A value of Y ≈ 0, 1 is commonly assumed for LHC
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relevant conditions [76]. Only about 45% of the incident photons have enough

energy8 to produce photo-electrons [75], hence the factor of 0.45 in equation 3.9.

Synchrotron radiation photons emitted by a traveling proton bunch hit the

circumference of an arbitrary cross section (normal to the beam axis) of the

beam screen at about the same moment as the proton bunch travels through

this cross section, hence the instantaneous production rate of photo-electrons

varies in synchronism with the bunch structure of the beam [76]. Furthermore,

since photons are preferably emitted in the forward tangential direction of the

beam orbit, the instantaneous production rate of photo-electrons has also an

azimuthal dependency. For a surface material with high re�ectivity, photons

are likely to be re�ected many times before producing a photoelectron, hence

the photo-electrons are distributed uniformly over the beam screen surface. On

the other hand, if the re�ectivity of the surface is low, synchrotron radiation

photons are likely to produce photo-electrons already at their �rst impact on

the surface, hence the photo-electron distribution follows that of the photons.

The initial electron distribution has an in�uence on the development of beam

induced multipacting especially in the parts of the accelerator where a strong

magnetic �eld is present, e. g. in the main dipoles9.

Photo-electrons receive approximately a �kick-like� acceleration towards the

beam axis by the passing proton bunch, which is proportional to the number

of protons in the bunch and hence proportional to the beam current. From the

condition for the onset of multipacting � electrons must be able to traverse the

beam vacuum from wall to wall before the arrival of the next bunch � a critical

beam current can be calculated. For nominal LHC parameters the energy gain

during kick acceleration is about 200eV and the critical beam current for the

onset of multipacting is Icrit ≈ 0, 19A [70].

As with the RF related multipacting, the secondary electron yield δ must

exceed unity to develop beam induced multipacting. In fact, since some of the

secondary electrons can get out of phase with the electron cloud movement and

are lost for further multiplication, the critical value of the secondary electron

yield δcrit. is greater than 1. For nominal LHC operating conditions it is

δcrit. ≈ 1, 3 [40].

8i. e. an energy greater then the work function of copper, about 4eV [74].
9Due to Lorentz forces, electrons are bound to move in spirals around the magnetic �eld

lines.
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Because of the critical in�uence of the secondary electron yield for the devel-

opment for multipacting and hence for the operation of LHC, this parameter

has been the topic of extensive research work carried out in the LHC vacuum

group over the last years (cf. [77, 78, 79, 80, 81]). A summery of the main

experimental results concerning the secondary electron yield of copper is

given in [77], and the curves shown in �gure 3.4 show typical examples for

these results. The curve denoted as �as received� refers to a surface prepared

for installation in the vacuum system, whereas the �fully conditioned� curve

refers to a surface with all contaminants stripped o�. It can be seen that the

maximum secondary electron yield can be reduced signi�cantly by means of

proper conditioning of the surface, i. e. during beam operation by beam scrub-

bing or by surface conditioning (bake-out, argon glow discharge treatment, . . . ).

Figure 3.4: Typical plots of the secondary electron yield of copper as a function

of the primary electron energy. Data taken from [77].

As a last point in this section the desorption of gas molecules by electrons,

called electron stimulated desorption, should be mentioned. The desorption

rate is proportional to the rate of impinging electrons and characterized by the

molecular desorption yield ηe (given in units molecule · electron−1, cf. section
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3.2.1 and 3.2.2)

ṄG = ηeṄe− (3.10)

Again, ηe is not a constant but depends on the energy of impinging electrons,

the nature of the desorbed gas, the material, temperature, treatment and history

of the surface (cf. [64, 65, 82, 83, 84]).

Due to the electron stimulated desorption, the build-up of an electron cloud

manifests itself also by a strong increase in the residual gas pressure. In fact,

pressure rises up to a factor of 60 could be observed in the SPS10 during runs

with LHC-type beams [72]. Thus, an electron cloud in the beam vacuum system

of the LHC would most probably raise the pressure during the conditioning

period to an unacceptably high level for the cryogenic system of the LHC.

These beam related dynamic vacuum e�ects and their impact on LHC can be

simulated with computer models like the VASCO (VAcuum Stability COde)

code [85].

10Super Proton Synchrotron, one of CERN's accelerators which will be used to pre-accelerate

and inject beam particles into the LHC.



Chapter 4

Theoretical Framework

4.1 Ion-induced desorption mechanism

Ions which are created in accelerators due to the ionization of residual gas atoms

by the circulating beam have typically energies in the range of eV to keV [62, 63,

66]. For these slow ions, according to the theory of binary collisions of Winters

and Sigmund [5], the following three di�erent mechanisms for the ion-induced

desorption process of adsorbed atoms/molecules can be considered [86, 87]:

• A projectile ion hits an adsorbate atom at the topmost layer which might

be re�ected directly or, at high enough energy, after some penetration into

the substrate (mechanism 1 in �gure 4.1(a)).

• A projectile ion penetrates into the substrate, but is eventually re�ected.

On its way out it may knock o� an adsorbate atom at the topmost layer

(mechanism 2 in �gure 4.1(b)).

• The projectile ion causes an outward �ux of substrate atoms in direction

to the surface. Some of these atoms may knock o� adsorbate atoms at

the topmost layer on their way out (mechanism 3A in �gure 4.1(c) and

mechanism 3B in �gure 4.1(d)).

This model is well adapted to study the desorption of chemisorbed gases from

metals (i.e. binding energies in the eV range) and a number of simulations,

based on this model, have been developed [88, 89, 90]. However, in the case of

physisorbed gases with binding energies in the meV range, e.g. the desorption

of condensed gases, other desorption processes like electronic sputtering can be

predominant [91].

For swift heavy ions (with energies of MeV or even higher) which are often

partially or totally stripped, the situation is completely di�erent. In this case

22
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(a) Mechanism 1 (b) Mechanism 2

(c) Mechanism 3A (d) Mechanism 3B

Figure 4.1: Schematic representation of the ion-induced desorption mecha-

nisms, where the black circle represents the projectile ion, the red

circle an adsorbate atom, and the white circle a substrate atom.

desorption yields can be predicted by the help of thermal spike models (cf. [21]).

4.2 Calculation of the desorption yield

By the help of the ideal gas law it is possible to calculate the number

of particles N inside a system at a given volume V and temperature T

(kB = 1, 38× 10−23J/K is the so called Boltzmann-constant).

N =
P · V
kB · T

(4.1)

A target bombarded by particles within this system leads to a pressure rise ∆P .
The number of particles which are desorbing from the target can be calculated

by

Ndes =
∆P · V
kB · T

(4.2)
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This number divided by the number of impinging ions Nion on the target leads

to the so called desorption coe�cient η.

η =
Ndes

Nion
=

∆P · V
Nion · kB · T

(4.3)

This is correct as long as the volume �ow rate of the pumping system (the

pumping speed S) is neglected. As soon as S is greater than zero, the �rst pres-

sure drop is followed by an exponential pressure decrease and its time response

is depending on the pumping speed in the following way:

P
dV

dt
+ V

dP

dt
= 0 (4.4)

For a given pressure the changing of the volume with time (dV/dt) is equal to

the pumping speed S of the system

P · S = −V dP
dt

(4.5)

hence

t =
V

S
· ln P0

Pf
(4.6)

where P0 is the pressure right after bombardment and Pf the pressure in the

system after the time t.

In a real vacuum system the outgassing rate of the system walls Qstat is in a

steady state with the pumping speed given by the pump. During desorption the

pressure rises and after a while a new, higher steady state pressure is reached

which is more or less constant with the time. To calculate the desorption co-

e�cient under these circumstances equation 4.3 has to be di�erentiated due to

time

η =
∆P · V̇
Ṅ · kB · T

=
∆P · S
j · kB · T

(4.7)

where Ṅ = j is the �ux of the projectiles impinging on the target, hence given

as projectiles per time and could be expressed by j = Iion
e with the elementary

charge e.

η is therefore given as:

η = K · S

Iion
· IRGA
ςRGA · ie

(4.8)

where the constant K = e/kBT , IRGA is the ion current measured with the

Residual Gas Analyzer (RGA), ςRGA is a gas dependant sensitivity factor of
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the RGA and ie is the emission current of the RGA.

Before the desorbed gas is detected in the gauge it can hit the chamber walls

for several times with a sticking coe�cient greater than zero which can di�er

for several experimental systems. Therefore the desorption coe�cient is called

as an e�ective desorption coe�cient and its values could be compared only for

several samples of one experiment but not for di�erent experimental setups [21].

4.3 Calculation of the desorption cross section

The ion-induced desorption can be expressed using the following formulas, as

was proved indirectly by experiments [5]:

Nd(t) = N0 · e−Jσt (4.9)

where Nd(t) is the number of particles on/in the solid available for desorption

per unit surface area at time t, N0 the total number of particles on/in the solid

available for desorption per unit surface area at time t0, J the �ux density of

incident ions, and σ the desorption cross-section.

From equation 4.9 the following deduction can be made:

dNd(t)
dt

= −JσN0 · e−Jσt = −JσNd(t) (4.10)

Assuming that

η(t) = − 1
J
· dNd(t)

dt
(4.11)

leads to the simple correlation between the desorption cross-section σ and the

desorption coe�cient η(t):

η(t) = σ ·Nd(t) (4.12)

It is clear from equation 4.12 that η is linear with Nd(t) and the slope of this

line is equal to σ under the condition, that σ is independent of Nd(t).
In the case of room-temperature technical surfaces, the number of particles per

unit area is not known and the cross-section can be obtained from desorption

measurements using equation 4.12 and the following relation

Qd(t) = N0 −Nd(t) (4.13)
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where Qd(t) is the total number of desorbed molecules per unit surface area at

time t. Hence

Qd(t) = N0 −
η(t)
σ

(4.14)

and

η(t) = σ · [N0 −Qd(t)] (4.15)

Plotting η as a function of the number of desorbed molecules Qd(t) yields a

straight line which slope represents the desorption cross-section and the inter-

cept with the ordinate represents the product of N0 and σ [86, 92].

4.4 Minimum measurable desorption yield

The sensitivity of the measurement method can be de�ned as the minimum η

which can be measured [86].

ηmin = K · ∆Pmin
Imax

· S (4.16)

∆Pmin is the minimum measurable pressure variation (�xed arbitrarily to 1/100

of the base pressure which is a small value, di�cult to achieve)

∆Pmin =
1

100
· P =

1
100
· Qstat

S
(4.17)

where S is the pumping speed of the measuring system, Qstat the total out-

gassing of the measuring system and Imax the maximum (electron/ion) current

available for desorption.

Hence ηmin given by

ηmin =
K

100
· Qstat
Imax

(4.18)

is independent of the pumping speed and only determined by the available

current and the static outgassing of the measuring equipment (cf. �gure 4.2).

However, there is a limit to the measurable current Imin given by the current

ampli�ers and hence to ∆Pmin independent of the static pressure in the system.

If one consider the minimum current Imin �xed by the current ampli�er to be

10−11A, then another limit is set to ηmin:

ηmin ≥ K ·
S

Imax
· Imin
ςRGA · ie

(4.19)
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S=1 l/sec

S=10 l/sec

S=100 l/sec

S=1000 l/sec

Figure 4.2: Various limitations to ηmin: A decrease of ηmin with the system out-

gassing rate down to a limitation is only depending on the pumping

speed.

In this case, ηmin is directly proportional to the pumping speed and inversely

proportional to the RGA sensitivity ςRGA. Hence an increasing of the pumping

speed is a limitation for the measurement of a small desorption yield.

Figure 4.2 summarizes the various limitations to ηmin (for ςRGA = 105Pa−1,

Imin = 10−11A and Imax = 10−7A).

4.5 Energy loss of ions passaging through matter

During the bombardment of solids by ions, electrons or photons a lot of phe-

nomena take place which are closely connected. These phenomena include the

energy loss of charged particles in solids, energy deposition and the ejection of

secondary particles during bombardment with charged particles. While the term

desorption refers usually to the removal of less than a monolayer by electronic

transitions at the very surface, sputtering usually comprises particles ejected as

a result of momentum transfer to target particles or electronic transitions.

The key quantity in energy loss considerations is the stopping force dE/dx

(which in the past was named stopping power [93]). It can be considered as the

force which the medium exerts on the penetrating particle:

dE/dx = N · S(E) (4.20)
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where N is the number density of atoms in the medium and S(E) the stopping
cross section, in which the dependence on the kinetic energy E of the primary

particle is explicitly written. The stopping cross section is a density independent

quantity except for ultra-relativistic energies and has the dimension of energy

times area. Note that in many tables authors do not distinguish between

stopping cross section and stopping force with the dimension of energy per

length [93].

The collisions between the primary ions and the atoms in a solid can be divided

into collisions between the primary particle and the nuclei and those between

the primary and the electrons. The �rst collisions take place for small impact

parameters and lead to a large angle scattering process, whereas the latter ones

leads to energy loss without any signi�cant de�ection of the primary particle.

The stopping cross section S(E) can be split up into

S(E) = Sn(E) + Se(E) (4.21)

where Sn(E) is the nuclear stopping cross section and Se(E) the electronic

stopping cross section. The term 'nuclear' is misleading, since the primary ion

interacts with the screened nuclei rather than the bare nuclei [93]. A theoretical

framework for a general treatment of energy loss to the nuclei as well as to the

electrons can be found in [95, 96].

By taking the ratio ξ(E) = Se/Sn as a measure of the division of energy dissipa-

tion into electronic and atomic motion, �gure 4.3 shows that there is a natural

division into three energy regimes of di�erent behavior as long as Z1
∼= Z2 [95]:

• At low energies in regime I the nuclear stopping is dominating and rel-

atively little energy goes into electronic motion. The upper bound of

regime I is given by Ec, which is described later on.

• Above this energy in regime II the nuclear stopping falls o�, while the

electronic stopping goes on increasing as E1/2. Hence the ratio ξ increases

rapidly and the fraction of energy going into electronic motion must in-

crease correspondingly. The upper bound of regime II is given by E1.

• Finally in regime III for energies above E1 the electronic stopping starts

decreasing monotonously, and the ratio ξ, though still increasing, ap-

proaches a maximum value.
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Εc at εc=4.75

Εn‐max at ε=0.3

Ε1

Regime 
I

Regime 
II

Regime
III

Figure 4.3: Electronic and nuclear stopping cross sections for Ar+-ions incident

on copper.

4.5.1 Nuclear energy loss

When an ion with the nuclear charge Z1·e (e is the elementary charge) ap-

proaches to a surface atom with the nuclear charge Z2·e along a radius vector r,
the ion will be scattered by the Coulomb repulsive interaction of the two parti-

cles. However, only for very high energies (MeV) the collision can be described

by a pure Coulomb force because with increasing velocity the projectile loses the

electrons and is at high velocities completely stripped. At intermediate veloc-

ities (regime II in �gure 4.3) the projectile electrons with velocities exceeding

the projectile velocity v will stick to the projectile, while the slower ones, be-

longing to the outer shells, will be stripped. However, regardless of the initial

ion charge state, which may be very far from the equilibrium charge state, an

ion beam will approach charge state equilibrium after having penetrated a few

layers from the surface [93].

Due to the screening from the electrons at lower energy regimes (keV) it has

to be considered that the interaction potential falls o� faster than 1/r. The

most widely used potentials may be considered as a Coulombic term (l/r) mul-

tiplied by a screening function. The Coulombic term arises from the repulsive

interaction between the two positive point charges while the screening function

models the in�uence of the surrounding electron clouds [97, 98]. Such a screened



CHAPTER 4. THEORETICAL FRAMEWORK 30

Coulomb potential can be written in the form

V (r) =
(
Z1 · Z2 · e2

r

)
· φ(r) (4.22)

The screening function is given by

φ(r) =
3∑
i=1

Cie
−bir/a (4.23)

where a is Lindhard's screening length given by

a =
(

9π2

128

)1/3

· a0

(Z2/3
1 + Z

2/3
2 )1/2

(4.24)

with a0 the Bohr radius

a0 =
4πε0~2

mee2
≈ 5, 29 · 10−11m (4.25)

The parameters Ci and bi for the screening function can be found in [99].

The exact classical solution of the equation of motion of a particle in such a

central-force potential, V (r), results in a scattering angle, θ, in the center-of-

mass system given by

θ = π − 2

∞∫
r0

p dr

r2[1− V (r)/Ei − p2/r2]1/2
(4.26)

where p is the impact parameter, r0 is the turning point (distance of closest

approach) � given by the root of the expression in the square root in equation

4.26 and Ei is the energy of the particle in the center-of-mass system. Ei is

related to the initial kinetic energy E by

Ei = M2E/(M1 +M2) (4.27)

where M1 and M2 are the incident- and target-atom masses, respectively.

Di�erentiation of equation 4.26 leads to the di�erential scattering cross section

σ(θ), given by

σ(θ) =
−p

sin θ
· dp
dθ

(4.28)

The scattering cross section is related to the energy transfer cross section σ(T )
by

σ(T ) = (4π/γE) · σ(θ) (4.29)
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where γ = 4M1M2/(M1 + M2)2 and T is the energy transferred to the target

atom

T = γE sin2 θ

2
(4.30)

Finally the nuclear stopping force can be obtained from

(
dE

dx

)
n

= N ·
Tm∫
0

Tσ(T )dT

︸ ︷︷ ︸
Sn(E)

(4.31)

were Tm is the maximum transferred energy (Tm = γE).

By the help of the reduced energy ε

ε =
aM2E

Z1Z2e2(M1 +M2)
(4.32)

Lindhard and coauthors [100] showed that the nuclear stopping force for all

target-beam combinations could be expressed in terms of the reduced energy as(
dE

dx

)
n

=
πa2γN

(ε/E)
Sn(ε) (4.33)

where Sn(ε) is given by [101, 102]

Sn(ε) =
3, 441 ε1/2 ln(ε+ 2, 718)

1 + 6, 355 ε1/2 + ε(6, 882 ε1/2 − 1, 708)
(4.34)

The absolute magnitude of the nuclear stopping force is determined partly by the

factor (ε/E) in the denominator, which means that for heavy atoms on a heavy

target the factor becomes small and, in turn, leads to a large nuclear stopping.

Equation 4.32 also demonstrates that ε decreases with increasing atomic number

(and mass) of the projectile. The maximum of the nuclear stopping force, which

for the classical Thomas-Fermi model occurred at εn−max ∼= 0, 3, is therefore
shifted to higher energies for heavy projectiles [93, 97, 99].

4.5.2 Electronic energy loss

The electronic stopping in the low and intermediate energy regime (I and II in

�gure 4.3) can be determined by Lindhard-Schar� treatment [103].

Within a considerable velocity interval, i.e. for v < v1 ∼= v0 · Z2/3
1 (v0 = e2/~ is

the Bohr velocity), the electronic stopping cross section is nearly proportional
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to v and is of the order of

Se(E) ∼= 8πe2a0
Z

7/6
1 Z2(

Z
2/3
1 + Z

2/3
2

)3/2
· v
v0

(4.35)

In reduced units it can be written as

Se(ε) = k · ε1/2 (4.36)

where the quantity k given by [101, 102]

k = 0, 0793
(M1 +M2)3/2

M
3/2
1 M

1/2
2

Z
2/3
1 Z

1/2
2(

Z
2/3
1 + Z

2/3
2

)3/4
(4.37)

is often within the interval 0, 1 < k < 0, 2. Merely in the special case of

Z2 � Z1, with Z1 comparable to 1, does k appreciably exceed 0, 2. For a

representative value of k the electronic stopping cross section cuts the nuclear

cross section near the energy Ec corresponding to εc = 4, 75.

In the neighborhood of v = v1 the electronic stopping has a maximum, upon

which it decreases and gradually approaches the Bethe stopping formula. For

small velocities of the particle (β � 1), the Bethe formula reduces to

−
(
dE

dx

)
=

4πnZ2
1e

4

mev2
· ln
(

2mev
2

I

)
(4.38)

where I is the mean excitation potential of the target (I ∼= Z2 · 10 eV ) and n
the electron density of the target given by

n =
NA · Z2 · ρ

A2
(4.39)

with the Avogadro number NA and the mass number A.

For a more detailed treatment of the electronic energy loss in the relativistic

energy regime the reader is referred to [104].

4.6 Sputter yield

The �rst general predictive equation for the sputter yield Y of an incident ion

with the energy E was given by Sigmund [6]

Y =
0, 042αSn(E)

U0
(4.40)
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where α is a dimensionless factor that provides the proportion of energy from the

incident ion back-re�ected to be available for sputtering, Sn(E) is the nuclear

stopping cross section and U0 is the surface binding energy per atom. Equation

4.40 is derived from the following three essential components:

• The ratio of energy deposition in the solid at the surface

• The fraction of energy back-re�ected

• The rate of emission of atoms from the surface as a result of the back-

re�ected energy.

Since the ratio of energy deposition in the solid is directly and the emission rate

of atoms from the surface is indirectly proportional to the atomic density, the

sputtering yield is independent on the atomic density.

The basic equation of the sputtering yield has been developed by the years by

additions and modi�cations of the relevant parameters. Three corrections have

been made to equation 4.40:

• The addition of an electronic stopping contribution that grows in impor-

tance for higher energies and can be important for light primary ions

• A threshold e�ect that reduces the sputtering at low energies

• A target element-speci�c factor Q determined by �tting to experimental

data

Thus, at normal incidence Y is given by [101, 102]

Y =
0, 042Qα∗

U0

Sn(E)
1 +ASe(ε)

[
1−

(
Eth
E

)1/2
]s

(4.41)

where U0 is the surface binding energy in electron-volts, Eth is the threshold

energy for sputtering, Se(ε) is the electronic stopping cross section in reduced

energy units, A and s are �tting parameters.

Calculated sputter yield values for Neon, Argon and Xenon ions can be found

in [105].



Chapter 5

Experimental Setup

5.1 Ion generation and beam optics

The experimental setup for the IID measurements is shown in �gure 5.1. A

di�erential pumping system (cf. section 5.2) consisting of three Turbo Molecular

Pumps - TMP (Group Pfeifer) and one Ion Pump provides a base pressure

in the low 10−10mbar range (without beam) inside of the experimental vessel.

The total pressure in the system is measured with penning gauges and inside

the UHV-chamber with two Bayard-Alpert ionization gauges (BA). The partial

pressure in this chamber is measured with a Residual Gas Analyzer - RGA

(BALZER QMS 112 with QMA 125 head). A gas injection system together

with two needle valves is used to inject noble gases like He, Ne, Ar, Kr, Xe

and other gases such as H2, CH4, C2H4, C2H6, CO, CO2, N2 for the purpose

of calibration into the UHV-chamber (cf. section 5.3) and for the purpose of

ion production into the ion gun. A dipole magnet is used for a mass-to-charge

selection of the ions and by the help of three paired de�ection plates the beam

position can be changed.

Figure 5.2 shows a simulated ion beam passing through the experimental setup

(cf. section 5.4.4).

5.1.1 Ion gun and �rst lens

5.1.1.1 Ionization probability

In the present case ions are produced from various gases by electron bombard-

ment stimulated ionization. The ionization energy itself depends strongly on

the attracting Coulomb force between the atomic core and the electron which

should be removed [107].

34
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Ion gun

Deflection
plates

Bayard‐Alpert gauges

Ion pump

Dipole magnet

RGA UHV‐chamber
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TMP
TMP

TMP

Figure 5.1: Schema of the experimental setup.
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First Lens

Conductance C3

Figure 5.2: Ion optic simulation of the experimental system �gured out with the

SIMION program[106]: Ions created from various gases by electron

bombardment are formed into an ion beam which has to pass a

dipole magnet where the ions are selected after their mass-to-charge

ratio. Hence only well de�ned ions can hit the sample inside of the

UHV-chamber.
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Figure 5.3 shows the ionization energy for single ionization of the elements

according to their atomic number.

Figure 5.3: Single ionization energy of the elements according to their atomic

number Z [107].

It can be seen that the ionization energy increases within a period of the

periodic table (e.g. from H to He) due to the increasing atomic number Z

(equal to the positive charge in the nucleus). Within a group (e.g. from He to

Rn) in contrast the ionization energy decreases from top to bottom because the

distance between the core and the electron becomes larger. The crossover from

one period to the next (eg. from Helium to Lithium) results in a big decrease of

ionization energy because the electron which should be removed is then located

in a new shell and therefore bounded very slightly. For this reason noble gases

have the highest ionization energy in each period.

The energy needed for double ionization (to remove a second electron

from the same shell) increases compared to the one for single ionization

because the atomic core is then doubly charged. Therefore the ionization

cross section is smaller for higher grade ionization compared to single ionization.

The probability for single electron stimulated ionization is zero below a certain

threshold energy1, has a maximum between 3.3 and 5.7 times the threshold

1Threshold energies can be found in http://webbook.nist.gov/chemistry/form-ser.

html

http://webbook.nist.gov/chemistry/form-ser.html
http://webbook.nist.gov/chemistry/form-ser.html
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energy and decreases slowly after [108]. For the common gases the ionization

curves present a broad maximum between 100 and 120eV electron kinetic energy

[109]. Figure 5.4 shows the ionization energies for single-, double- and triple

ionization on the basis of Helium, Neon, Argon, Krypton and Xenon.

0
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Figure 5.4: Single-, double- and triple ionization cross section as a function of

the electron energy for Helium, Neon, Argon, Krypton and Xenon

[108].

5.1.1.2 Spark discharge - Paschen curve

Paschen [110] found out in 1889 that the breakdown voltage V of two parallel

plates in a gas as a function of the pressure p and gap distance d can be described

by

V =
a(pd)

ln(pd) + b
(5.1)

where the constants a and b depend upon the composition of the gas. The graph

of this equation is called �Paschen curve�. By di�erentiating equation 5.1 with

respect to (pd) and setting the derivative to zero, the minimum voltage can be

found. This yields

pd = e1−b (5.2)

and predicts the occurrence of a minimum breakdown voltage. The composition

of the gas determines both the minimum arc voltage and the distance at which

it occurs.

Figure 5.5 shows Paschen curves for some gases which are used in the ion gun.

It should be noted that Neon has the lowest strike-over voltage.
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Figure 5.5: Paschen curves for various gases [111].

5.1.1.3 Assembling and function

A schematic of the ion gun is shown in �gure 5.6: Electrons are emitted from a

heated wolfram �lament (5, 6) and accelerated towards the grid (10). On their

way they collide with the gas, injected through the gas injection system (9), and

produce ions of di�erent charge states according to the ionization probability.

After ionization the ions with the potential energy E = q ·U , given by the high

voltage on the grid, have to be extracted by the help of an extraction voltage (7).

The optimum extraction voltage VE varies with the accelerating voltage VA
(given by the potential di�erence between grid and ground) and also varies

slightly with emission current and gas pressure in the ion gun. However, the

optimum voltage for extraction is approximately a constant proportion of the

accelerating voltage and is given by

VE ∼= 0, 95 · VA (5.3)

After their extraction the ions are accelerated to ground potential and have to

pass an Einzel lens (8) (two grounded cylinders interrupted by a cylinder on

high voltage) which focuses the beam into the center of a dipole magnet for

a mass-to-charge selection of the ions. The high voltage VFL which has to be

applied on the �rst lens (FL) is also approximately a constant proportion of the

accelerating voltage and is given by

VFL ∼= 0, 56 · VA (5.4)
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Figure 5.6: Schema of the ion gun.

Figure 5.7 shows a simulation (cf. section 5.4.4) of the potential in the ion gun

and the �rst lens for a given grid voltage of 5kV, an extraction voltage of 4,75kV

and a focusing voltage for the lens of 2,8kV for the case of Ar+-ions.

5.1.2 Dipole magnet

In the dipole magnet the so called Lorentz force FL

~FL = q · ~v × ~B (5.5)

and the centrifugal force FC

FC =
mv2

r
(5.6)

which both act on a moving particle (with the speed ~v, mass m and charge q),

have to be in equilibrium.

Considering that ~v is perpendicular to the magnetic �eld ~B, FL can be also
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Figure 5.7: Potential energy view in the ion gun for the case of Ar+-ions simu-

lated with SIMION.

written as

FL = q · v ·B (5.7)

Also considering that potential energy Epot is directly converted into kinetic

energy Ekin

Epot = q · U (5.8)

Ekin =
mv2

2
(5.9)

(U is the acceleration voltage of the particle), the equation for the necessary

B-�eld for the bending of the particle track in the dipole magnet is given by

B =
1
r
·

√
2Um
q

(5.10)

Therefore the B-�eld selects particles by their mass-to-charge ratio.

5.1.2.1 Dipole geometry

The geometry of the magnet is �xed by the angel α (α = 15, 13◦) between the

line A-B and the line between the beam pipe (C2) and the center of the pole

shoe. As it is shown in �gure 5.8, the nominal beam trajectory trough the two
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pipes for a particle which has been shot into the center of the dipole requires a

circular trajectory with the bending radius R.

R

α

b

pole shoe
ρ=25mm

C1 C2

A B

Figure 5.8: The geometry of the dipole magnet is �xed by the angel α.

According to equation 5.10 this would state for the B-�eld

Brequired =
1
R
·

√
2Um
q

(5.11)

where R is related to ρ (the radius of the pole shoe) and α by

R = ρ · tan(90− α) (5.12)

5.1.2.2 Focusing e�ect

If a particle has not been shot exactly into the center of the magnet, the de�ec-

tion angle (2 · γ) depends on the point of impact (ρ,ϕ) on the dipole (cf. �gure

5.9).
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Figure 5.9: De�ection angle of the dipole magnet for a particle which has not

been shot into the center of the dipole.

γ is related to ρ and ϕ by

tan γ =
ρ · cosϕ

R+ ρ · sin γ
(5.13)

Hence additionally the dipole has a focusing and a de-focusing e�ect, depending

on the place of impact as it is shown in �gure 5.10.
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Figure 5.10: Focusing and de-focusing e�ect of a dipole magnet: For a given

B-�eld normal to the plane a beam with a certain elongation can

be focused and de-focused depending on the place of impact.

5.1.3 Second lens

After the dipole magnet, the beam has to pass a second electrostatic lens (SL) to

be focused on the Faraday cup (cf. section 5.4.3). The optimal voltage setting

for this lens is also approximately a constant proportion of the accelerating

voltage and is given by

VSL ∼= 0, 45 · VA (5.14)

Figure 5.11 shows the voltage settings for the extraction and for the two lenses

as well as the current setting for the dipole magnet in case of Ne+-ions. Note

that the magnet current slightly di�ers from the square root behavior (dashed

line) of equation 5.10.



CHAPTER 5. EXPERIMENTAL SETUP 44

2

2.5

3

5

6

7

8

Ext. V. [kV]

FL [kV]

SL [kV]

Mag. [A]

Mag. SQR
AkV

0

0.5

1

1.5

0

1

2

3

4

0 1 2 3 4 5 6 7 8 9

Acceleration Voltage [kV]

Figure 5.11: Ion gun settings for Ne+-ions.

5.1.4 Beam monitoring and de�ection

Two beam monitors (four isolated, circular arranged stainless steel segments) at

the entrance and exit aperture of the magnet measure the beam position. For

a well aligned beam the four segments should measure approximately the same

ion current. In order to make corrections, the beam can be de�ected by the help

of paired de�ection plates. One pair is mounted right after the �rst lens in order

to align the ion beam with the entrance aperture in front of the dipole magnet.

An other pair is mounted at the exit aperture of the dipole magnet and a last

one is mounted right after the second lens. These are used for small corrections

of the beam position on the sample. The vertical de�ection plates are 10mm

and the horizontal plates 20mm apart from each other. The potential di�erence

between one pair can be set by a potentiometer between 0V and 1000V.

5.2 Di�erential pumping system

Inside of the experimental vessel a very low pressure in the 10−10mbar range is

required to prevent the sample surface from changes due to reactions with the

residual gas. Since inside the ion gun the pressure has to be in the 10−6mbar

range to obtain a reasonable ion current, a di�erential pumping system becomes

necessary.
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For an injected N2 quantity of 1, 6× 10−4mbar·l/s the measured pressure inside

the ion gun is approx. 1×10−6mbar, inside the magnet approx. 1, 3×10−8mbar,

inside the lens chamber approx. 3 × 10−9mbar and inside the UHV-chamber

approx. 2× 10−10mbar (cf. �gure5.12).

The measured pressure rise ∆P4 inside the UHV-chamber can be calculated as

a function of the injected gas quantity Q into the ion gun:

The TMP with the pumping speed S1 of approximately 160l/s (N2 equiv.) is

pumping the ion gun vacuum chamber which is connected by means of the

conductance C1 (l = 2cm, D = 0, 6cm → C1;N2 ≈ 1, 31l/s) with the magnet

vacuum chamber.

The �ow rate C of such a conductance (long pipe, molecular �ow with P<

10−3Torr) is given by [112]

C(Gas 20◦C)[
l

s
] = 12, 1 · D

3[cm]
L[cm]

·
√

28
m

(5.15)

with D and L the diameter and the length of the pipe, respectively.

This chamber is pumped by the TMP with S2 (∼= S1) and connected by means

of another conductance C2 (∼= C1) to the second lens vacuum chamber right

after the magnet. Here the pressure is already in the 10−9mbar range and

therefore an ion pump is pumping this chamber with the pumping speed S3

of approximately 180l/s (N2 equiv.). This chamber is connected by means

of the conductance C3 (l = 11, 5cm, D = 1cm → C3;N2 ≈ 1, 05l/s) with the

experimental UHV-chamber which is pumped by the calibrated TMP with S4

(approximately 32l/s (N2 equiv., cf. section 5.3.1).

From the following system of equations (knowing the values of

Q,S1, S2, S3, S4, C1, C2, C3)

Q = ∆P1S1 + (∆P1 −∆P2) · C1︸ ︷︷ ︸
Q1

(5.16)

(∆P1 −∆P2) · C1 = ∆P2S2 + (∆P2 −∆P3) · C2︸ ︷︷ ︸
Q2

(5.17)

(∆P2 −∆P3) · C2 = ∆P3S3 + (∆P3 −∆P4) · C3︸ ︷︷ ︸
Q3

(5.18)

(∆P3 −∆P4) · C3 = ∆P4S4 (5.19)
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Figure 5.12: Schema of the di�erential pumping system. The pressure rise ∆P4

in the UHV-chamber can be calculated as a function of the injected

gas quantity Q into the ion gun.

∆P4 is given by:

∆P4 = Q · {S1 + S2 + S3 + S4 +
S1

C1
· (S2 + S3 + S4) +

S4

C3
· (S1 + S2 + S3) +

+
S1S2

C1C2
· (S3 + S4) +

S1S4

C1C3
· (S2 + S3) +

S3S4

C2C3
· (S1 + S2) +

+
S1

C2
· (S3 + S4) +

S2

C2
· (S3 + S4) +

S1S2S3S4

C1C2C3

}−1
(5.20)

5.3 System calibration

5.3.1 Calibration of the pumping speed

The pumping speed Ssys of a TMP and the sensitivity factors ςRGA of a RGA

are speci�c for various gases and di�er for several devices. A pre-calibration of

these components is necessary. The calibration of the pumping speed is done

through a pipe with a well known conductance (8.4l/s N2 equiv.) and two

BA-gauges (cf. �gure 5.13). During the calibration the connection valve to the

beam system is closed.

During injection of a certain amount of gas into the UHV-chamber a pressure

rise ∆Pinj at the BAinj-gauge before the conductance and a pressure rise ∆Psys
at the BAsys-gauge after the conductance inside the UHV-chamber is measured.

The pumping speed can then be determined by:

∆Psys · Ssys = C(∆Pinj −∆Psys) (5.21)
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Figure 5.13: Schematic of the UHV-chamber.

hence

Ssys = C · (∆Pinj
∆Psys

− 1) (5.22)

If the valve to the system pump is closed (Ssys = 0), the two gauges should

measure the same pressure. Since they di�er due to their di�erent intern sensi-

tivity factors ςi and ςs, a correction factor k = Is0
Ii0

is introduced and measured

for each gas. For Ssys = 0 this applies:

∆Pinj = ∆Psys (5.23)
Ii0
ςi · ie

=
Is0
ςs · ie

(5.24)

ςs
ςi

=
Is0
Ii0

(5.25)

where Ii0 and Is0 are the ion currents on the BA-gauges, measured at Ssys = 0
and ie is the emission current (set to 1mA for each gauge). The relevant pumping

speed of the TMP in the UHV-chamber can then be calculated for each gas using

equation 5.26.

Ssys = C · ( Ii
Is
· k − 1) (5.26)
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Ii and Is are the ion currents on the BA-gauges during gas injection. Hence

Ssys is determined independent of the gauge sensitivities.

Figure 5.14 shows the measured ion currents on the two BA-gauges, the

resulting k-factor and its average.
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Figure 5.14: Measured ion currents on the two BA-gauges, the resulting k-factor

and its average.

According to equation 5.26 the calibration of the pumping speed for a certain

gas has been done by a gradually injection of the gas into the UHV-chamber

starting from a system base pressure of 1 × 10−10mbar up to 1 × 10−6mbar.

Figure 5.15 shows the calculated pumping speed in case of argon injection. The

decrease of pumping speed in the high pressure range is due to the fact that

starting from this pressure the BA-gauges do not respond anymore linearly to

a further pressure increase.

Since the pumping speed is proportional to the �ow rate through the conduc-

tance (cf. equation 5.22), a �t can be done with the measured data points as

it is shown in �gure 5.16. It can be seen that the measured values correspond

very good with the �t with the exception of light gases, e.g. hydrogen and

helium. This is due to the fact that the compression factor of the TMP is not

that e�cient for these light gases.
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Figure 5.15: Calculated pumping speed in the case of argon injection.
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For an estimation of the pumping speed St through the connection tube, the

valve between the two systems has been opened and the valve to the system

pump has been closed. In case of helium injection into the UHV-chamber a

value of 3,5 l/sec for St has been obtained. This value accounts only for about

4% of the total pumping speed and was therefore neglected.

5.3.2 RGA calibration

Both, the BA-gauge and the RGA are measuring the current of collected ions.

On one hand the current is proportional to the total pressure and on the other

hand it is proportional to the partial pressure in the system.

IBA,RGA = PBA,RGA · ςBA,RGA · ie (5.27)

where ie is the emission current of these two devices (set to 1mA in both cases).

During the injection of a single gas, the total pressure at the BA-gauge and at

the RGA is the same. Hence it is possible to calibrate the sensitivity ςRGA of the

RGA for various gases (assumed that the BA gauge is pre-calibrated). Plotting

the current measured at the RGA versus the base pressure in the system shows

a function which slope yields the product of sensitivity factor times emission

current (given in A/mbar) as it is shown in �gure 5.17. Hence ςRGA · ie is given
by

ςRGA · ie =
IRGA
PBA

(5.28)

5.3.2.1 Sensitivity factors and evaluation of ion currents

To evaluate the desorption contributions of H2, CH4, CO, C2H4, C2H6 and CO2

it is necessary to calibrate the RGA also for the cracking patterns of these gases.

The results of this calibration are shown in table 5.1.
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Figure 5.17: RGA sensitivity during argon injection. The slope of the linear �t

through the data points represents ςRGA · ie in units of A/mbar.

Gas Mass ςRGA · ie [A/mbar] Contribution to main peak

H2 2 3,6 100%

He 4 1,8 100%

CH4 16 1,9 100%

CH4 15 1,6 84,4%

Ne 20 5,9 100%

N2 28 1,9 100%

N2 14 0,3 13,6%

CO 28 1,9 100%

CO 12 0,2 7,8%

C2H4 28 1,5 100%

C2H4 27 1,1 66,6%

C2H6 30 0,6 22,2%

C2H6 28 2,5 100%

C2H6 27 0,8 33,1%

Ar 40 1,1 100%

CO2 44 1,2 100%

CO2 28 0,5 40,9%

Kr 84 0,9 100%

Table 5.1: RGA sensitivities for injected gases and their cracking patterns.

The speci�c ion current contributions of each gas can be evaluated using the
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following system of equations:

IH2 = I2

ICH4 = I15

IC2H6 = I30

ICO2 = I44

IC2H4 = (I27 − IC2H6/0, 671)/0, 666

ICO = I28 − IC2H4 − IC2H6/0, 222− ICO2 · 0, 409

Together with equation 4.8 and the proper sensitivity factors the desorption

yields for the mentioned gases can be calculated.

5.4 Modi�cations and additions to the setup

5.4.1 Design of a new ion gun power supply

The ion gun produced by Edwards was operated in the past with a modi�ed

power supply of a BA-gauge [109]. Since the documentation of this power

supply was not updated and the �lament lifetime was too short to obtain

reproducible results, a new power supply had to be designed.

Although the geometric assembly of the ion gun di�ers very much from a

BA-gauge, e.g. the gauge �lament with 0,18mm in diameter is much longer

than the �lament of the ion gun (a thoriated tungsten W99/Th1 wire with

0,15mm in diameter), the electronic characteristics of both devices have been

recorded and compared.

For these measurements both, the ion gun and the gauge were not �oated with

high voltage. Electrons were accelerated from the �lament (+50V) towards the

grid which was biased at +200V above ground level (cf. �gure 5.20) and in

both cases the electron repeller was set to 0V. Figure 5.18 shows the electron

emission current for the gauge and the ion gun under these conditions.

Measurements have shown that for the same potential di�erence (150V) between

�lament and grid the ion gun shows a higher emission current, if the repeller

and the �lament were kept on the same potential as it is shown in �gure 5.19.
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Figure 5.18: Comparison of BA-gauge and ion gun

(repeller: 0V; �lament: +50V; grid: +200V).
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Figure 5.19: Electronic characteristics in the ion gun without repeller (repeller:

+50V; �lament: +50V; grid: +200V).

The requirements for the new power supply are shown in �gure 5.20. The high

voltage applied on the grid serves as a reference for all other units and de�nes

the kinetic energy of the ions. A detailed scheme of the new electronic board2

is given in chapter 8.5.

2designed by David Porret - former AT/VAC/ICM section at CERN
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Figure 5.20: Requirements for the ion gun power supply.

5.4.2 Pumping speed reduction in the UHV-chamber

In section 4.4 it was shown that ηmin is direct proportional to the pumping

speed and a decrease of the pumping speed ensures the measurement of smaller

desorption yields.

On the other hand, the rise time of the signal is indirect proportional to the

pumping speed (cf. equation 4.6). Hence a higher ion dose due to a longer

bombardment of the sample is required to get a steady state desorption signal.

For these reasons the pumping speed in the UHV-chamber has been reduced by

a factor of 5 by means of a �xed conductance. The diameter of the conductance

is calculated in the following way:

Sn =
Sa
5

(5.29)

and

1
Sn

=
1
Sa

+
1
C

(5.30)
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Where Sa is the actual pumping speed, Sn the new required pumping speed and

C the �ow rate through the ori�ce, hence

C =
Sa
4

(5.31)

Since the �ow rate C for gases (mass m) through ori�ces under molecular �ow

(below 10−3Torr) is given by [112]

C(Gas 20◦C)[
l

s
] = 11, 6 · πD

2[cm]
4

·
√

28
m

(5.32)

the required diameter D (≈ 1.66cm, N2 equiv.) is given by

D =

√
Sa ·
√
m

11, 6 · π ·
√

28
(5.33)

Due to this change in Ssys the minimum achievable desorption coe�cients are

calculated from equation 4.19 for the various gases and shown in table 5.2

(Imin = 10−11A and Imax = 10−7A).

Element Mass S [l/s] ςRGA · ie [A/mbar] ηmin

H2 2 82,2 3,6 9,0E-03

He 4 81,3 1,8 1,8E-02

CH4 16 42,9 1,9 8,7E-03

Ne 20 38,4 5,9 2,6E-03

N2 28 32,4 1,9 6,9E-03

CO 28 32,4 1,9 6,9E-03

C2H4 28 32,4 1,7 7,7E-03

C2H6 30 31,3 2,5 5,0E-03

Ar 40 27,1 1,1 1,0E-02

CO2 44 25,9 1,2 8,5E-03

Kr 84 18,7 0,9 8,6E-03

Table 5.2: Minimum achievable desorption coe�cients calculated for various

gases.

5.4.3 Faraday cup for beam positioning

It became necessary to monitor the beam inside the UHV-chamber in order to

know the exact place of beam impact on the sample. Therefore a Faraday cup

(�gure 5.21) has been constructed and mounted on a rotatable sample holder

together with three samples.
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The cup consists of a copper tube which is mounted electrically isolated by

means of two ceramic washers on a 45mm × 45mm stainless steel plate. Ions

which enter through an aperture of 600µm in diameter are collected inside the

copper tube. The de�ned position of the aperture hole (15mm by 15mm from

the lower left corner of the stainless steel plate) is used to adjust the beam with

normal incidence.

The sample can be scanned with the beam by moving the sample holder in ver-

tical and horizontal direction. For a beam cross section of 50mm2 and a uniform

ion density the ratio between the current measured in the Faraday cup and the

current measured on the sample, called as RFC , has to be approximately 0,0056.

Due to the geometry of the �lament-extraction system (di�erent distances

between �lament and grid due to the bending of the �lament), the ion density of

the beam is not uniform and shows a maximum in the middle of its cross section.

It �gured out that this ratio is a good tool for the control of the ion density of

the beam over its cross section. The ion density of the beam can be changed

by the help of the second lens (SL): If RFC is set within 0,003 and 0,004 the

beam has a very broad maximum, on the contrary if RFC is set within 0,008

and 0,009 the beam has a sharp maximum of ion density in the middle of its

cross section.

Stainless steel
plate

(45 x 45mm)

Platinum aperture
600μm

Ceramic washer

Copper cup 
with 1mm hole

Current 
lead‐through

Figure 5.21: Cross section of the Faraday cup.
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5.4.4 Ion optic simulations with the SIMION program

SIMION (version 7.0) was used to estimate the values for the extraction and

lens voltages in equations 5.3, 5.4 and 5.14 as well as for the required magnetic

�eld of the dipole magnet given by equation 5.11. SIMION de�nes magnetic

potentials in Mags (Gauss times grid units) [106]. The required B-�eld in units

of Mags can be calculated using the following equation:

B[Mags] ≈ 15, 57 ·
√
m · U · d

100
(5.34)

where m is the weight of the atom (in atomic units) and U the acceleration

voltage.

For the simulation it was assumed that the ions right after their creation were

just having thermal kinetic energy (Etherm = 3
2 ·k ·T ) of about 38meV at 300K.

5.5 Measurement procedure

After their cleaning treatment, e.g. degreasing followed by alkaline etching

and rinsing in demineralized water (for a detailed description see chapter 8.1),

the samples were enveloped in aluminium paper and brought directly to the

experimental setup.

Three samples together with the Faraday cup are mounted on a 360◦ rotatable

sample holder under atmospheric pressure. After an initial pump down to

10−7mbar a bakeout for 24 hours at 250◦C was started followed by a degassing

of the gauges and the RGA. An ultimate pressure in the low 10−10mbar range

inside of the UHV-chamber was achieved.

Figure 5.22 shows the beam control devices and the numbers which refer to the

mentioned numbers in the following paragraphs.

Before operation the voltage between �lament and grid was �xed to 120V with

a potentiometer on the electronic board of the ion gun power supply (cf. �gure

8.5) to ensure the maximal ionization cross section.

The gas pressure inside the ion gun is measured with a Penning gauge and

displayed at (1). During operation this pressure is set to approximately

1× 10−6mbar for all injected gases by the help of a needle valve which sep-

arates the gas injection system from the ion gun.
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Figure 5.22: Beam control rack (HV = High Voltage).

Then the grid voltage (2) is set to a value which de�nes the kinetic energy of

the ions. According to equations 5.3, 5.4 and 5.14 the voltages of the extraction

(3), �rst (4) and second lens (5) are �xed on the related power supplies.

Then the emission current on the ion gun �lament is increased with the

potentiometer (6) to a value of 2,5mA (maximum 5mA) and the current on the

magnet power supply is tuned with the potentiometer (7) to obtain a maximum

ion current in the Faraday cup. This current can be further increased by
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optimizing the beam position before and after the magnet, displayed on the

beam position monitors (8), by changing the applied voltage on the de�ection

plates (9).

For each energy the beam has to be readjusted on the Faraday cup and the

ratio RFC , mentioned in chapter 5.4.3, has to be always the same. After the

adjustment, the beam is totaly de�ected by the help of the �rst de�ection

plates and the sample is rotated into beam position. The impact position on

the sample itself can be changed in horizontal and vertical direction by the help

of two millimeter screws.

During irradiation the pressure increases (measured as small ion currents on

the gauges) due to ion bombardment are ampli�ed (10) and recorded. To avoid

the emission of secondary electrons during bombardment, the sample is biased

at +18V.

5.5.1 Energy and mass dependent measurements

The dose dependance of the ion-induced desorption yield is a strong limita-

tion for these measurements. At an accumulated ion dose between 1014 and

1015 ions/cm2, the desorption yield starts to decrease due to an incipient clean-

ing of the sample as it is shown in �gure 5.23.

Therefore the maximum applied ion dose has to be below or equal to this value

during the energy dependent measurements of the desorption yield. This is

achieved by:

• Using short time pulses with a duration between 5 and 15 seconds, de-

pending on the rise time of the signal (which is indirect proportional to

the pumping speed, cf. equation 4.6).

• Using small beam currents of about 2× 10−8A 3.

• Setting the ratio RFC , mentioned in section 5.4.3, to a value within 0,003

and 0,004 to guarantee a broad maximum in ion density over the beam

cross section.

In order to ensure always to be at the peak maximum, the RGA was tuned

manually to the masses 2, 15, 27, 28, 30 and 44. For each mass a short ion
3Since the ion current was very small, also the desorption signals were very small. Thus

the current ampli�er of the RGA was operated in the �zero suppression mode� to make this

small signals visible.



CHAPTER 5. EXPERIMENTAL SETUP 60

0.0001

0.001

0.01

0.1

1

10

1E+12 1E+13 1E+14 1E+15 1E+16 1E+17

η

Ion dose [cm‐2]

H2

CH4

C2H4

CO

C2H6

CO2

CleaningMeasurement area

Figure 5.23: Dose dependance of the desorption yield during ion bombardment.

pulse desorption signal was recorded on the RGA (green) together with the ion

current measured on the sample (red) and the total pressure measured with the

BA-gauge (blue) as it is shown in �gure 5.24.
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Figure 5.24: Short ion pulse desorption signals.
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The samples were irradiated with all di�erent ions starting from 1keV up to

7keV (in 2keV steps). For heavy ions, e.g. Kr+ and Xe+, it was not possible to

exceed 5keV due an overheating of the magnet coils.

The frequent change of samples due a lack of non irradiated sample area made it

impossible to compare desorption yields for di�erent ions. Therefore the yields

were re-measured in one run for each ion species at 3keV on one sample. These

desorption yields were used as a normalization factor for the results obtained

before. In order to get better signals, the ion current was risen for these mea-

surements to approximately 8× 10−8A.

5.5.2 Dose dependent measurements

The measurements of the dose dependance of the desorption yield was done in

a di�erent way. Here a very intense ion beam with a sharp maximum in its ion

density was used. Thus the ratio RFC , mentioned in section 5.4.3, was set to a

value within 0,008 and 0,009.

In order to have an almost simultaneous recording of the di�erent mass signals

the RGA was remotely controlled by a dedicated LabView programm which

was adapted from an existing version of a similar experimental setup. The time

between two recorded spectra was set to 20 seconds.



Chapter 6

Results and Discussion

6.1 Results

6.1.1 In�uence of the ion nature on the desorption yield

The H2- and CO desorption yields, calculated from equation 4.8, are shown in

�gure 6.1 for three di�erent types of ions: Noble gas ions, hydrogen containing

ions and oxygen containing ions.

The ions with an initial energy of 5keV impact on an Oxygen-Free High Con-

ductivity (OFHC) copper sample.
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(a) H2 desorption yield.
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(b) CO desorption yield.

Figure 6.1: H2- and CO desorption yields of three di�erent ion types incident

on an OFHC-copper sample.

For hydrogen- and oxygen containing ions a steeper and almost linear increase

of the desorption yield with the ion mass is visible in �gure 6.1, while for noble

gas ions a slower increase is observable. This behavior was observed for all

applied ion energies between 1 and 7keV.

62
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6.1.2 Energy and mass dependance of the desorption yield

For these three types of ions the following general characteristics have been

observed within the considered energy range between 1 and 7keV:

• H2 is the predominant desorbed gas for light ions, e.g. H+
2 , He

+ and CH+
4 .

• CO is the predominant desorbed gas for all other ions with higher masses.

• CO+ and N+
2 -ions show a similar desorption behavior and are therefore

handled together.

For the main desorbed gases, e.g. H2, CO and CO2, the desorption yields are

presented in the following sections for the three di�erent ion types in terms of

an increasing energy and mass of the incident ions.

6.1.2.1 Noble gas ions

For noble gas ions the desorption yields of H2 are increasing with the ion energy

up to a maximum followed by a smooth decrease as it is shown in �gure 6.2.

For heavier ions this maximum is shifted to higher energies: He+-ions show

a maximum at around 1keV, Ne+- and Ar+-ions at around 5keV. Kr+- and

Xe+-ions do not show a maximum within 1 and 5keV.

The H2 desorption yields are continuously increasing with an increasing mass

of the incident ions as it is shown in �gure 6.3.

The CO desorption yields are increasing with an increasing energy and mass of

the incident ions as it is shown in �gure 6.4 and 6.5, respectively. An energy

dependant maximum is reached for He+-ions at 3keV and for Ne+-ions at 5keV.

The CO2 desorption yields are increasing with an increasing energy and mass

of the incident ions as it is shown in �gure 6.6 and 6.7, respectively. For He+-

and Ne+-ions an energy dependant maximum is reached at around 3keV.
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Figure 6.2: H2 desorption yields of noble gas ions incident on copper as function

of the ion energy.
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Figure 6.3: H2 desorption yields of noble gas ions incident on copper as function

of the ion mass.
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Figure 6.4: CO desorption yields of noble gas ions incident on copper as function

of the ion energy.
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Figure 6.5: CO desorption yields of noble gas ions incident on copper as function

of the ion mass.
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Figure 6.6: CO2 desorption yields of noble gas ions incident on copper as func-

tion of the ion energy.
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Figure 6.7: CO2 desorption yields of noble gas ions incident on copper as func-

tion of the ion mass.
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6.1.2.2 Hydrogen containing ions

In case of hydrogen containing ions the H2 desorption yields show the tendency

of saturation with higher ion energies which is visible in �gure 6.8. The H2

desorption yields are increasing continuously with the mass of the incident ions

as it is shown in �gure 6.9.

The desorption yields of CO and CO2 show a similar behavior for hydrogen

containing ions: They are increasing with the energy and mass of the incident

ions as it is shown in �gures 6.10 and 6.11, respectively for CO and in �gures

6.12 and 6.13, respectively for CO2. In case of H+
2 -ions an energy dependant

maximum is reached at around 3keV for both desorption yields.
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Figure 6.8: H2 desorption yields of hydrogen containing ions incident on copper

as function of the ion energy.
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Figure 6.9: H2 desorption yields of hydrogen containing ions incident on copper

as function of the ion mass.
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Figure 6.10: CO desorption yields of hydrogen containing ions incident on cop-

per as function of the ion energy.
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Figure 6.11: CO desorption yields of hydrogen containing ions incident on cop-

per as function of the ion mass.
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Figure 6.12: CO2 desorption yields of hydrogen containing ions incident on cop-

per as function of the ion energy.
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Figure 6.13: CO2 desorption yields of hydrogen containing ions incident on cop-

per as function of the ion mass.

6.1.2.3 Other type of ions: Oxygen containing ions and nitrogen ions

For this type of ions ions the desorption yields of H2 are increasing with an

increasing energy and mass of the incident ions as it is shown in �gure 6.14

and 6.15, respectively. The H2 desorption yields of N+
2 - and CO+-ions are simi-

lar but an energy dependant maximum is reached at 5keV in the case of N+
2 -ions.

The desorption yields of CO and CO2 for N+
2 - and CO+-ions show a similar

behavior: They are increasing with the energy and mass of the incident ions as

it is shown in �gures 6.16 and 6.17, respectively for the desorption yields of CO

and in �gures 6.18 and 6.19, respectively for the desorption yields of CO2. Only

the CO2 desorption yields reach an energy dependant maximum at around 5keV.
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Figure 6.14: H2 desorption yields of N+
2 -ions and oxygen containing ions inci-

dent on copper as function of the ion energy.
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Figure 6.15: H2 desorption yields of N+
2 -ions and oxygen containing ions inci-

dent on copper as function of the ion mass.
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Figure 6.16: CO desorption yields of N+
2 -ions and oxygen containing ions inci-

dent on copper as function of the ion energy.
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Figure 6.17: CO desorption yields of N+
2 -ions and oxygen containing ions inci-

dent on copper as function of the ion mass.
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Figure 6.18: CO2 desorption yields of N+
2 -ions and oxygen containing ions in-

cident on copper as function of the ion energy.
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Figure 6.19: CO2 desorption yields of N+
2 -ions and oxygen containing ions in-

cident on copper as function of the ion mass.
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6.1.3 Dose dependance of the desorption yield

6.1.3.1 Various ions incident on OFHC-copper

Dose dependent measurements of the desorption yields were carried out with

3 and 7keV ions. The behavior of the desorption yields versus ion dose were

quite similar for these two energies. Additionally the RGA mass signal of the

incident ion was recorded and the corresponding desorption yield was calculated.

The measurements which are presented in �gures 6.20 to 6.25 show the desorp-

tion yields of 7keV ions incident on OFHC-copper. At an accumulated ion dose

between 1014 and 1015ions/cm2 all desorption yields start to decrease due to an

incident surface cleaning and saturate for doses > 1016ions/cm2. This decrease

is stronger for heavier ions.

In �gure 6.20 it is visible that at the beginning of irradiation the desorption

yields of CO and CO2 are slightly increasing in the case of He+-ions and at an

ion dose of 1015 ions/cm2 the CO desorption yield starts to exceed the before

predominating H2 desorption yield (see also section 6.2).

The desorption yields of 7keV N+
2 - and CO

+-ions, both with mass 28, are shown

in �gure 6.24 and 6.25, respectively. In case of N+
2 -ions the contribution to mass

28 could be subtracted due to the separate RGA signal at mass 14 with its

correlated sensitivity factor. Therefore the evolution of the pure CO desorption

yield with the ion dose can be measured.

In case of N+
2 -ions the CO and CO2 desorption yields are decreasing with

the ion dose while the N2 desorption yield (at mass 14) approaches unity. In

contrary for CO+-ions, after an initial decrease, an increase of the desorption

yields of CO and CO2 is visible which is stronger for the CO2 desorption yields

and exceeds their initial values (see also section 6.2).
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Figure 6.20: Dose dependance of 7keV He+-ions incident on copper.
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Figure 6.21: Dose dependance of 7keV Ne+-ions incident on copper.
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Figure 6.22: Dose dependance of 7keV Ar+-ions incident on copper.
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Figure 6.23: Dose dependance of 7keV Kr+-ions incident on copper.
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Figure 6.24: Dose dependance of 7keV N+
2 -ions incident on copper.
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Figure 6.25: Dose dependance of 7keV CO+-ions incident on copper.

6.1.3.2 Ar+-ions incident on di�erent target materials

The in�uence of the target material on the dose dependance of the desorption

yield was investigated with 7keV Ar+-ions incident on stainless steel1 (�gure

1mainly consistent of Fe, Cr, Ni and Mo
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6.26), on copper coated stainless steel (�gure 6.27), on silver coated stainless

steel (�gure 6.28), on gold coated stainless steel (�gure 6.29) and on beam screen

copper2. The behavior of the desorption yields with an increased ion dose is

very similar to the one already mentioned above. In case of stainless steel it was

observed that the desorption yields of H2 and CH4 start to saturate while all

other desorption yields are still decreasing. In some cases like in �gure 6.28 the

desorption yields of CH4 and C2H4, after an initial decrease, start to increase

at ion doses of ≈ 1015ions/cm2 (see also section 6.2).
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Figure 6.26: Dose dependance of 7keV Ar+-ions incident on stainless steel.

2as used in the LHC
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Figure 6.27: Dose dependance of 7keV Ar+-ions incident on 1µm copper coated

stainless steel.
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Figure 6.28: Dose dependance of 7keV Ar+-ions incident on 1µm silver coated

stainless steel.
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Figure 6.29: Dose dependance of 7keV Ar+-ions incident on 1µm gold coated

stainless steel.
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Figure 6.30: Dose dependance of 7keV Ar+-ions incident on beam screen cop-

per.
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6.1.4 Desorption cross section and total coverage

According to equation 4.15 it is possible to calculate the desorption cross section

σ and the total coverage N0 from the dose dependant desorption yield measure-

ments. Since the desorption yields saturate at high ion doses (see also section

6.2) it is not possible to �t all data points with this law, hence only initial des-

orption cross sections and coverage can be calculated. As an example �gure 6.31

shows the �t result for the initial CO2 desorption yields in the case of Ar+-ions

incident on copper.
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Figure 6.31: Fit result for the calculation of σ and N0.

6.1.4.1 Noble gas ions incident on OFHC-copper

From �gure 6.32 it is possible to see that there is no signi�cant di�erence in the

desorption cross section for 3 and 7keV noble gas ions. Further the cross sections

are increasing with the ion mass. The magnitudes of the measured initial cross

sections are in good agreement with the literature (cf. [113]). A compilation of

cross sections can be found in chapter 8.4. In case of He-ions it was not possible

to calculate the desorption cross section and total coverage of CO and CO2 due

to the initial increase of the desorption yield with the ion dose.
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Figure 6.32: Desorption cross section σ obtained for 3 and 7keV noble gas ions

incident on copper.

Figure 6.33 shows that the initial coverage of the sample is strongest for CO

(coverage ≥ than one monolayer, see also section 6.2) , followed by CO2 and H2

which are almost equal, followed by CH4. 3 and 7keV incident ions show similar

results for the initial coverage.
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Figure 6.33: Initial coverage N0 obtained for 3 and 7keV noble gas ions incident

on copper.
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6.1.4.2 Ar+-ions incident on di�erent target materials

The desorption cross sections of 7keV Ar+-ions incident on di�erent target ma-

terials are similar (cf. [19]) and are smallest for CO as it is shown in �gure 6.34.

The measured cross sections are again in good agreement with the literature

(cf. [113]).
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Figure 6.34: Desorption cross section obtained for 7keV Ar+-ions incident on

di�erent target materials.

Also the initial coverage is similar for the di�erent target materials. It is

strongest for CO, followed by CO2 and H2 which are almost equal, followed

by CH4 as it is shown in �gure 6.35.
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Figure 6.35: Initial coverage obtained for 7keV Ar+-ions incident on di�erent

target materials.
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6.2 Discussion

6.2.1 Correlation between sputter- and desorption yields

Figure 6.36 shows a comparison of calculated sputter yields (Y) for Ne+-, Ar+-

and Xe+-ions incident on copper from [101, 102] versus our measured desorption

yields (η). Despite the fact that the two ordinates have di�erent scalings, the

two yields show similarities. Since the sputter yield can be calculated from the

electronic and nuclear energy loss of the ions in matter as it was explained in

chapter 4.6, also the obtained desorption yields were �tted with the energy loss

of the ions in matter.
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Figure 6.36: Calculated sputter yields (Y) versus measured desorption yields

(η) for noble gas ions incident on copper.

The electronic and nuclear energy loss of the ions can be calculated with

the SRIM programm [114]. For the case of molecular ions only an indirect

calculation of the energy loss with SRIM is possible:

After the molecular ions with the mass mtot penetrate the target, they are dis-

sociated and create single-collision cascades [115, 116]. Hence it can be assumed

that each of its components was having the same speed v before impact, given
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by the total kinetic energy Etot (non relativistic):

v =
√

2Etot
mtot

(6.1)

Hence the energy of each component Ec with the mass mc is given by

Ec =
mc · Etot
mtot

(6.2)

With this energy the energy loss can be calculated with SRIM. The energy loss

of the molecular ion is then assumed to be the sum over the energy losses of its

components.

In �gure 6.37 the ratio of electronic to nuclear energy loss is shown for H+
2 -

and noble gas ions incident on copper. It shows that in contrary to heavy ions,

where the electronic energy loss is almost negligible, the electronic energy loss

of light ions like H+
2 and He+ can even exceed the nuclear energy loss by orders.

Hence for the following considerations the sum of electronic and nuclear energy

loss, the so called total energy loss Stot = Se + Sn, was used. The assumed

unit of the energy loss can easily be transformed into other units for ions in-

cident on copper by multiplication with the corresponding factors from table 8.1.
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Figure 6.37: Ratio of electronic to nuclear energy loss for H+
2 - and noble gas

ions incident on copper.
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In this context also the di�erent ion trajectories for light and heavy ions should

be mentioned as it is shown in �gure 6.38 on the example of SRIM simulations

for He+- and Kr+-ions incident on copper at two di�erent energies.

(a) 3keV He+-ions incident on copper. (b) 7keV He+-ions incident on copper.

(c) 3keV Kr+-ions incident on copper. (d) 7keV Kr+-ions incident on copper.

Figure 6.38: Ion trajectories of He+- and Kr+-ions incident on copper calcu-

lated with the SRIM program [114].

In relation to �gure 6.38 our investigations3 of an irradiated OFHC-copper

sample with an electron microscope (magni�cation 1500x, 70◦ tilting angle)

have shown di�erent erosion of the sample surface due to the di�erent mass

of the incident ions as it is shown in �gure 6.39 for accumulated ion doses of

≈ 6× 1017ions/cm2.

3�gured out by Alexandre Gerardin - former TS/MME/MM section at CERN
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Figure 6.39: Microscopic view of an OFHC-copper sample. From top to bot-

tom: Non irradiated, after He+ irradiation, after Ar+ irradiation,

with an applied ion dose of ≈ 6× 1017ions/cm2.
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6.2.2 Di�erent reasons for the desorption of molecules with dif-

ferent masses

The aim of this section is to show that the desorption of molecules with

di�erent masses can have its origin in the variable electronic and nuclear energy

losses of the incident ions according to their masses, as it has been observed in

our experiments for noble gas ions. Since the electronic energy loss is almost

negligible for heavy ions but not for H+
2 - and He+-ions, these two ions were

used for the following investigations:

Equation 4.41, which is used to calculate sputter yields of noble gas ions (cf.

[101, 102]), has been simpli�ed to �t the electronic and nuclear energy loss with

the desorption yields of H2, CO and CO2. The simpli�ed equation is given by

η = k · Sn(E)
1 +ASe(E)

(6.3)

where the factor k serves as a proportionality factor (between energy loss- and

desorption yield units) as well as a weighting factor for the nuclear energy loss

Sn(E) while the factor A acts only as a weighting factor for the electronic energy

loss Se(E).
In case of He+-ions the factor A di�ers from zero only for H2 desorption.

A k

H2 6,7 8,62

CO 0 5,43

CO2 0 1,07

In case of H+
2 -ions the hydrogen desorption yield can only be �tted with the

electronic energy loss itself. For the two other gases the results are

A k

CO 3,75 9,27

CO2 0 2,31

It can be seen that the factor A is decreasing with an increasing mass of the

desorbed molecules, hence the conclusion could be driven that for light desorbed

molecules, e.g. H2, mainly the electronic energy transfer to the lattice causes

desorption while for heavier desorbed molecules it is more the direct nuclear
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momentum transfer between two particles. The �ts for H2 desorption for He+-

ions are shown in �gure 6.40 and for H+
2 -ions in �gure 6.41.
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Figure 6.40: H2 desorption yields of He+-ions �tted with the electronic and

nuclear energy loss.
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6.2.3 Prediction of low energy ion desorption yields

In section 6.1.2 the results for the energy and mass dependance of the desorption

yields have been shown. All these desorption yields can be �tted with the energy

and mass dependant total energy loss of the ions in matter. Therefore by the

help of calculations �gured out with SRIM it is possible to predict the low energy

ion desorption yields for the three mentioned ion types.

6.2.3.1 Noble gas ions

For noble gas ions the last square �ts of the desorption yields of H2, CO and CO2

are shown in �gures 6.42 to 6.44 together with the corresponding �t equations,

given by

η = A · Sbtot (6.4)

where A serves as a proportionality factor. The exponent b in the �t equation

increases linearly with the mass m of the desorbed gas following equation 6.5

subjected to the condition that the hydrogen desorption yields for He+-ions can

be neglected (the motivation was discussed in the previous section):

b = 6, 5 · 10−3m+ 0, 47 (6.5)
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Figure 6.42: H2 desorption yields as a function of the total energy loss obtained

for noble gas ions incident on copper.
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Figure 6.43: CO desorption yields as a function of the total energy loss obtained

for noble gas ions incident on copper.
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Figure 6.44: CO2 desorption yields as a function of the total energy loss ob-

tained for noble gas ions incident on copper.

6.2.3.2 Hydrogen containing ions

For hydrogen containing ions the last square �ts of the desorption yields of H2,

CO and CO2 are shown in �gures 6.42 to 6.44 together with the corresponding

�t equations. No linear mass dependance of the exponent from the desorbed

gas was found here.
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Figure 6.45: H2 desorption yields as a function of the total energy loss obtained

for hydrogen containing ions incident on copper.
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Figure 6.46: CO desorption yields as a function of the total energy loss obtained

for hydrogen containing ions incident on copper.

6.2.3.3 Other type of ions: Oxygen containing ions and nitrogen ions

For this type of ions the last square �ts of the desorption yields of H2, CO

and CO2 are shown in �gure 6.42 to 6.44 together with the corresponding �t

equations. The exponent in the �t equation is approx. one for all desorbed

gases.
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Figure 6.47: CO2 desorption yields as a function of the total energy loss ob-

tained for hydrogen containing ions incident on copper.
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Figure 6.48: H2 desorption yields as a function of the total energy loss obtained

for N+
2 -ions and oxygen containing ions incident on copper.
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Figure 6.49: CO desorption yields as a function of the total energy loss obtained

for N+
2 -ions and oxygen containing ions incident on copper.
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Figure 6.50: CO2 desorption yields as a function of the total energy loss ob-

tained for N+
2 -ions and oxygen containing ions incident on copper.

6.2.4 In�uence of the beam shape on the desorption yield

Since the beam was not uniform in its ion density, investigations have been

done to calculate this in�uence on the desorption yield. Therefore a Gauss

distribution of the ion density J (A/cm2) as a function of the beam radius r
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was assumed which is given by

J = J0 · e−a r
2

(6.6)

The factor a controls the width of the �bell� in the Gauss function as it is shown

in �gure 6.51.

To calculate the desorption yield of the total beam, the beam area was subdi-

vided into small slices with the width dr (see �gure 6.51).

The number of incoming ions Ni on each slice is given by

Ni = j̄i ·Ai (6.7)

where j = J/e is the number of incoming ions/area (e is the elementary charge),

j̄i is the average ion density between j(r) and j(r+dr) and Ai = π·[(r+dr)2−r2]
is the area of one slice i. The total number of incoming ions is then given by

the sum over Ni.

Using equations 4.9 and 4.12 for the calculation of the desorption yield η at the

time t, the number of particles desorbed Nd from each slice is given by

Nd,i = η̄p,i ·Ni (6.8)

where η̄p is the average desorption yield between ηp(r) and ηp(r+dr). The total
number of desorbed particles is given by the sum over Nd,i.

Hence the desorption yield η of the total beam area at the time t is given by

η(t) =
ΣNd,i

ΣNi
(6.9)

Figure 6.52 shows the desorption yield of the total beam area as a function

of the ion dose D given by D = t · ΣNi, for the following parameters:

σ = 2× 10−15cm2, N0 = 1× 1015cm−2 and J0 = 1× 10−7A/cm2. It shows the

appearance of a shoulder which has been observed in our experiments too but

it does not show a saturation of the desorption yield with an increasing ion dose.
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dr

Figure 6.51: Subdivision of the beam area into small slices with an assumed

Gauss ion density distribution.
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Figure 6.52: Total desorption yield of a beam with a Gauss ion density distri-

bution as function of the ion dose.
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6.2.5 Other e�ects during desorption

In [117] it is reported that the sputter yield of a Ruthenium single crys-

tal decreases until steady state is reached at a primary-ion �uence of

2× 1015Ar+/cm2. Higher �uences up to ≈ 1017 have no further in�uence upon

the sputtered Ru yield. The authors assume that two types of sites for sput-

tering exist, one which represents an undamaged site and one which has been

damaged by a primary-ion impact. In [118] the creation of nano hillocks was

observed which would also con�rm this model of two �microscopic� contributions

to the sputter (desorption) yield.

Surface vacancies, created by atoms removed by sputtering, are most probably

responsible for the depression of the atomic Ru yield. The magnitude of the

decrease, however, is signi�cantly less for a contaminated surface compared to

a clean one [117].

Most of the sputtered atoms originate from the topmost atomic layer as it

was experimentally proved in [119] for a Ru substrate on copper in case of

3,6keV Ar+-ions, hence the chemisorption of an impurity could lead to a re-

duction of the surface binding energy and, therefore, lead to an increase in the

Ru sputtering yield. For example, the presence of carbon reduces the e�ective

surface concentration of Ru, therefore, also lowering the Ru signal. Once the

carbon impurity has been sputtered away, Ru is the sole constituent and its

sputtering yield increases [117].

Such an increase has been observed in our experiments too, mostly pronounced

for the desorption yields of CH4 and C2H4 as it can be seen for example in

�gure 6.24.

The in�uence of oxide layers on the sputter yield was studied in [120] for two

di�erent copper oxide layers such as CuO and Cu2O under Ar+-ion impact at

two di�erent energies of 3 and 5keV. On samples which were kept in air for some

days before introduction into the ultra-high vacuum chamber, copper has been

identi�ed only as Cu2O on the surface. It was observed that during sputtering

the CuO was quickly reduced to Cu2O which itself was more stable against

sputtering. However, Cu2O could also be reduced � at least partially � to

elemental copper using higher ion energies and doses. The oxide layer thickness

of these prepared samples was more than 1000Å.

This value can be assumed as an upper bound for the thickness of the oxide

layer of the samples used in our experiments since they were exposed to air

only for some hours after their cleaning treatment.
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According to [121] the sputter yields of a clean copper surface change at

least by one order of magnitude when oxygen was admitted. The formation

of two di�erent layers (an oxygen adsorption layer and an oxide layer) as

it was observed for other materials during oxygen admission could not be

veri�ed for copper [122]. In order to clean the samples from the oxide

layer and other impurities according to [10] doses of 1, 6 × 1019 Ar+-ions/cm2

are required which is by far higher than the applied ion doses in our experiments.

In [10] it is mentioned that the major surface impurity after a solvent cleaning

procedure is C (' 80 at%) which can be 4-5 monolayer thick [123]. As it was

already mentioned before, the incoming ions dissociate after their impact on the

surface (cf. [115, 116]). A comparison of the results for N+
2 - and CO+ ions (see

�gures 6.25 and 6.25, respectively), both with mass 28, shows that for oxygen

containing ions the e�ect of oxygen is obviously to oxidize C forming CO and

CO2, respectively (cf. [10]) while according to �gure 6.25 the formation of CO2

seems to be more e�cient. To remove the carbon completely from the surface

in [10] a argon/ 10% oxygen glow discharge is recommended.

6.2.6 Estimation of the measurement accuracy

A very detailed description of systematic measurement errors and error prop-

agation during the calibration of the vacuum gauges in a similar experimental

setup can be found in [124]. A total error for the calculation of the desorption

yield was estimated in [124, 125] with 30%. This would mean a parallel shift by

±15% for the obtained desorption yields of our measurements.

Another, more unpredictable random error arises for the energy dependent

measurements of the desorption yield because here the beam had to be read-

justed for each ion energy (cf. chapter 5.5.1). Therefore a slightly change in

the beam shape is possible and hence un-irradiated sample areas can attribute

to the total desorption yield.

Nevertheless, the fact that the desorption yield of the incoming ion species

approaches one with an increased ion dose (e.g. �gure 6.22) states for a good

calibration of the system:

Considering that the beam ions are implanted or trapped as interstitials at a

certain depth depending on their energy, all vacancies will be �lled up with

incoming particles by time and hence the number of implanted particles Nimp
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in equation 6.10 goes to zero.

Ninc = Nimp +Ndes (6.10)

At this stage the number of incident particles Ninc must be equal to the number

of desorbed particles Ndes. Since Ndes = η · Ninc the desorption yield must go

to one with progressing irradiation time.

This behavior was observed for di�erent ions during our measurements

(cf. �gures 6.21 to 6.23), hence the total error of the desorption yield can be

indicated with approximately 10% and in addition this e�ect could be used to

recalibrate the system since the ratio of the relative sensitivity factors of the

RGA stays more or less constant.

Finally it should be mentioned here that the implantation of ions with identical

energies into the surface is limited. In addition the desorption cross section

is increasing with the ion mass and a formation of heavy adsorbates on the

surface, e.g. CO2, takes place. These e�ects lead to a pressure increase in the

system and hence a strong pumping is required to ensure a certain lifetime of a

circulating proton beam.
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Conclusion

This work was carried out in the vacuum group of the former AT department

at CERN. Its aim was to investigate the low energy ion-induced desorption

at room temperature in general and its e�ects on technical surfaces which are

used in the LHC beam vacuum system in particular.

In this work the desorption yields of various ions have been studied on

OFHC-copper as a function of the incident ion mass and energy. Due to their

di�erent desorption behavior, a classi�cation into three di�erent types of ions

could be made which are: Noble gas ions, hydrogen containing ions and oxygen

containing ions.

The measured desorption yields have shown similarities with the sputter be-

havior of single crystals. Therefore a model, which is used to calculate sputter

yields from the energy loss of ions in matter, was successfully applied for the

calculation of desorption yields.

Measured desorption cross sections for various ions incident on di�erent target

materials are in good agreement with the literature and have shown that they

are increasing with the mass of the incident ions. Hence the composition of the

residual gas for a circulating proton beam is changing from light to heavy ions

by time. Additionally a formation of heavy adsorbates on the surface due to

the interaction of the incoming ions with surface contaminations takes place.

Together with the fact that the implantation of ions with identical energies into

the surface is limited, these e�ects lead to a pressure increase in the system and

hence a strong pumping is required to ensure a certain lifetime of the circulating

proton beam.

Results have shown, that the initial coverage for the main gases, e.g. H2, CH4,

CO and CO2 on before cleaned samples is in the order of one monolayer and

100
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is not changing signi�cantly for di�erent materials. Hence the applied solvent

cleaning procedure of the samples is not su�cient to reduce the initial desorption

yield.



Chapter 8

Appendix

8.1 Copper cleaning procedure

All samples were cleaned by Marina Malabaila1. The copper samples were

treated in the same way than the beam screen of the LHC. The methodology of

this cleaning procedure is listed bellow:

• Chemical degreasing with detergent and ultrasonic

Formulation and operating parameters:

� Detergent NGL 17.40 spec. ALU III: 10g/l.

� Temperature: 50 - 60◦C.

� Time: 30 - 60 minutes.

• Rinsing with water

• Pickling
Formulation and operating parameters:

� Hydrochloric acid : 50%.

� Temperature: 20◦C.

� Time: 10 - 30 seconds.

• Rinsing with water

• Passivation
Formulation and operating parameters:

� Chromic acid 70 - 80g/l + sulphuric acid 3ml/l.

1former TS/MME/CCS section at CERN

102
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� Temperature: 20◦C.

� Time: 10 - 20 seconds.

• Rinsing with water

• Rinsing with demineralized water and alcohol

• Drying with clean compressed air and bake-out

8.2 Bake-out procedure

After an exchange of samples or due to a power cut a bake-out of the system was

necessary to reach a base-pressure in the low 10−10mbar range within a reason-

able time. The bake-out temperature ranges between 250 and 300◦C depending

on the respective parts of the system. However, the main UHV-chamber is

baked at 250◦C for 24 hours. The heat-up and cool-down rate is 50◦C per hour

for all heaters.

At the end of each bake-out the gauges were degassed. For this purpose

the cool-down was stopped at 200◦C and a 30 minutes long degassing of the

Bayard-Alpert gauges followed. After a further cool down the RGA was de-

gassed at 150◦C for 30 minutes.

8.3 Stopping units

Multiplication factor Stopping units

89,197 eV/Å

891,97 keV/µm

891,97 MeV/mm

1 keV/(ug/cm2)

1 MeV/(mg/cm2)

1000 keV/(mg/cm2)

105,52 eV/(1× 1015 atoms/cm2)

0,97991 L.S.S. reduced units

Table 8.1: Multiplication factors for the stopping units of di�erent ions incident

on copper.
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8.4 Compilation of ion impact desorption cross-

section

Figure 8.1: Compilation of ion impact desorption cross section from [113].
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8.5 Source electronics

All electrodes are powered by an electronic board which contains di�erent mod-

ules. This modules are �o� the shelf� components in order to minimize the

design time of the power supply. A detailed overview of the power supply com-

ponents can be found in �gure 8.2. For the sake of completeness a picture of

the �nalized board can be found in �gure 8.5.

High voltage The electronic board is �oated above ground up to 10kV. The

high voltage itself is generated by a laboratory power supply and is applied

on the grid electrode. In order to provide 230V AC to the mains of the

board, an isolation transformer should be used. Since such a transformer

was not available and was also quite expensive to buy, two 230V/6kV

transformers mounted up-side down were used. To avoid damage to the

electronic board due to high voltage sparking inside the vacuum chamber

(cf. section 5.1.1.2), all the power supply outputs are protected with

Transil diodes and gas discharge tubes.

Filament The �lament is heated by a DC voltage from a power supply module.

The emission current which returns to the �lament through a shunt resistor

(1kΩ) and 2 Zener diodes, generates a DC voltage of about 50V from GND.

As the grid electrode is around 200V above GND, the voltage between grid

and �lament is about 150V. The voltage across the shunt passes through a

voltage follower and is provided to an error ampli�er to control the heating

of the �lament. The error ampli�er has a capacitor in the feedback to avoid

high frequency oscillations and a Zener diode at the output to limit the

voltage across the �lament. A detailed overview of the components is

shown in �gure 8.3.

Grid and extraction The extraction voltage is generated by a DC/DC mod-

ule. The module's output is not able to reach 0V, therefore its reference

is directly connected to the grid electrode to respond to the requirements

(in fact the voltage for the grid module was risen to set the reference for

the extraction part). The grid voltage itself is generated by the help of an

external series transistor. A detailed overview of the components is shown

in �gure 8.4.

Repeller The repeller voltage arrives from the biased part of the �lament and

can be selected with a jumper to 0V or 50V.
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Figure 8.4: Board components of the �lament.
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