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1) Introduction
Important physical quantities used in the lecture:

The kinetic energy of charged particles is measured in electron volts (eV).
1 eV is the energy a singly charged particle acquires when it moves through a potential of 1 Volt.

1 eV =e* (1 Volt) = 1.6022*10"° J

The mass of an electron is me = 9.109*10°" kg

The mass of the proton is m, = 1.672*10*’ kg

The atomic mass unit is 1 u = 1.6606*10%’ kg

The elementary charge of a particle is e = 1.6022*10™° As

An electron with 1 eV kinetic energy is moving with a velocity of about 594 km/s.
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The physics of ion sources comprises:

Production of charged particles (Electrons, lons) A Production of plasma
lonisation of atoms (Electron impact ionisation, photoionisation)

Plasma extraction

Beam shaping and charged particle transport

Beam diagnostics

Applications in basic science and industry

=4 =2 2 -4 -9 -9

Production of charges particles:

Electrons A  electron guns extraction system

lons (positive or negative) A ion sources
plasma generator

Principle of a plasma ion source:

1 plasma generation

M extraction

In most ion sources, ions are produced in a plasma.
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The general scheme of an ion source (plasma volume source with filament)

A plasma or discharge chamber Anode

A hole to let the ions out! /
/ [ L Extraction
I Electrode
Gas Feed >
Filament Power _% BN Beam
] |~

= e L Suppl
Material input 2”;’3 X Cathode ™ |
Filament
o
Power to create a plasma [ discharge +| + =
- | Discharge Power Extraction Voltage
An extraction system Supply 0.1-10A pply LY
From R. Scrivens, CERN, CAS 2012 From D. Faircloth, RAL, CAS 2014

The physical process for ion beam production:

9 Electrons emitted from a filament

1 Electrons are acceleration toward +U electrode, in many case by discharge

1 lonization of gas atoms or molecules i.e. generation of a plasma of ions and electrons
1 Extraction of ions through a small hole

1 Acceleration of ions to ground potential

1 Formation of an ion beam
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Classification of ion sources: 100 _

. . . . Highly charged
The classification of the ion sources can be done via 10° ions
) ) ] ) | Low current
the kinetic energy of the electrons in [eV] in the

plasma and the plasma density + confinement time in 10° -

Multiple charged
ions

Medium current

the plasma.

E [ev]

The electron energy determines the maximum charge

Singly charged
ions
High current

state that can be reached in the plasma by electron 10

impact ionisation.

| | |
| | | | >
10* 10° 10®° 10" 10" 10"

Electron density*confinement time

The product of density and confinement time
determines the time required to reach a certain charge

State.
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Impact lonization
AZ+ t+e
Impact excitation
AZ+ t+e
Photo ionization
A”" +hu
Excitation

A“" +hu

Photo absorption

SU0J103|3
YIM SUOISI||0D

suojoyd

YHM SUOISI||0D

A" +hu+e @

Three-Body-Recombination (TBR)

a A(Z+1)+ + e| +e||

Impact disexcitation

Radiative Recombination (RR)

+
€ |::> Line spectrum

a A(Z+1)+

Spontaneous emission
= (A)

Bremsstrahlung

AZ*: Atom of species A
with charge state Z

e 0 electron changed
energy

*
+
a (AZ ) + e' |:> Non-radiative transition

Z+
A + e' |::> Continuous spectrum

9 positive ions can be produced by electron impact, photons or on hot surfaces

e +X=X"+2¢e
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1 negative ions

An electron has to be attached or charge exchange of a positive ion on a hot surface or in metal

vapour (alkaline, mainly Cs)
A exothermal process due
to electron affinity

Electron affinities and ionization energies of elements

electron affinity > 0

A negative ion is stable
(Table)

Group lemization potential (eV)
1A = Electron affinity (V) VIO A
1H 2 He
13.59 24.58
Q.75 IIA 10 A IV A VA VI A VII A 0.078
3L 4 Be 5B 6C 7N 80 9F 10 Ne
3.3%9 2.32 8.30 11.26 14.54 13.61 17.42 21.56
0.62 <0 0.28 1.26 <40 1.45 3.39 <0
11 Na 12 Mg 13 Al 14 Si 15P 16 8 F7 C i8 Ar
5.14 7.64 5.98 3.15 10.55 - 10.36 13.01 15.76
0.54 < 0 0.46 1.38 0.74 2.07 3.61 <0
15K 20 Ca 31Ga 32 Ge 33 As 34 Se 35 Br 36 Kr
4.34 6.1 6.00 7.88 9.81 9.75 11.84 14.00
0.50 = 0.3 1.2 0.80 2.02 3.36 <0
37Rb 38 Sr 49 In 50 Sn 51 Sb 52 Te 531 34 Xe
418 5.6% 5.78 1.34 8.64 9.01 10.45 12.13
0.48 <0 .49 0.3 1.25 1.05 1.97 3.06 <0
55 Cs 36 Ba 31 Ti 82 Pb 83 Bi &4 Po 85 Ar 26 Ra
3.89 5.21 6.11 7.41 7.29 8.43 9.5 10,74
0.47 < 0 0.3 1.1 1.1 1.9 2.8 <0

Additional mechanism: dissociation of molecules

excitation
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From the multiple processes described above arise the dynamic balance quantities:

1 Distribution of the abundance of all charge states Z (=0...Zmax), lonization equilibrium
1 Number of emitted and absorbed photons per time interval, Radiative equilibrium

The density of the particle species are determined from so-called rate equations:
dn :
— =souces sinks

Example: electron impact impact ionization:

Moo = i, G

i 2 241~ Mo @) (172+1,TBR

[ ,+1, TBR . rate coefficient for Three-Body-Recombination (TBR)

z+1

The rate coefficients can often not be calculated with sufficient precision; experimental data are only
available to a limited extent. Therefore one tries to obtain data from thermo dynamical equilibrium.

With decreasing electron density the TBR drops, so that the impact ionization is not in equilibrium with
the TBR anymore. The RR rate also decreases but not as strong. With decreasing ne the photo
ionization becomes unlikely as well. As result the impact ionization and the RR-process dominate the

processes in the source plasma. The photons leave the plasma without being re-absorbed.
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Type of ion sources:

/

1on beam

9 lon sources that deliver high beam currents
up to several amperes, but low ion charge states.

Metal tube

1 lon sources that deliver highly charged ions
(up to U%"), but low intensities.
simple ion source A surface ion source /

Electron impact ion source Plasmatron ion source

T?H

Electrc-n bnmbardme

o

— ARC HV [

FIL
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Magnetron ion source

HV

Penning ionisation gauge (PIG)
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Volume ion source

Glih-
kathode
Filtermagnet

Emissions-
Offnung

Plasma-
elektrode

Plasmakammer
Entladungskammer
Anode
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LEBT

lon Source

Second lens / steerer / chopper

Plasma Dumping magnets

Dumping electrode  First lens

Cesium collar

Permanent magnets

Window.

_-

Chopper target / RFQ
entrance flange (ground)

e IR S
77

RF antenna Filter magnets Outlet electrode Extractor eleclrode}und electrode
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MeVVA (Metal Vapor Vacuum Arc ion source)

Working principle for high current metal ions: ; e
J princip J Operation principle

lonition Pulse

T A discharge of very high current is triggered "»=*12%Y 2 Coil 1
. Cathode
1 Metal is evaporated for the cathode desired Me) X

by the high current density U=0 \ }EZZ%IIZZZZ”HZH

. . . || é \node To Extraction
{ lonization takes place in the arc U, = +(100:200) ¥ Sigsfom
. dooer Fine /
{ lons are extracted for the arc region ArgEr Fmgex S
- N

Isolator

Trigger Ring

Trigger Pulse: T~20pus U=12KV [I=30A
Self Pinching Effect: [,,.>700A

WS205/16 112



High charge state ion sources: Coils Iron core  UHF feed

Insulator| ////// / / /%/////////
%»A/f = 4

ECRIS (Electron Cyclotron Resonance lon Source) pendB

Microwave heated plasma

Extractlon\ | Plasma I r| Egas
I chamber - feed

A magnetic confinement of the ions HHHH
via a solenoid and a multipolar field

V! 4/

.

Turbo pump

Multipolmagnet

, . (radiale Komponente)
Plasmaheizung
durch EZR V. ...

Extraktion e Y Einkopplung von

hochgeladener Jonen  RSEREEEE =G Mikrowellenleistung

i

Gasemlall

= Solenoide
(axiale Komponente)

Y
W Minimum-B-Struktur 1.13




The electron beam ion source (EBIS)

The ions are confined in an electron beam. The electron beam is focused by a strong magnetic field
from a solenoid.

-7| Elektronen-
| repeller

' bboco"'go
OOOOOOOOOOO
Driftréhre
A
U(z) lonisation

Extraktion
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Aside plasma ion source

e -

& . ® +
ST excited states ~ ~ ~ ™
(RILIS resonant laser ionisation '°e"r:z‘r’;';“ Yy laser
' d beams
ijon source) <910 eV I

i .

' atom ion

f
lonisation via multi step ground state % &
resonance laser excitation:

? 60 kV

Example: ISOLDE RILIS RILIS IONIZER

LASERS

3V

Laser ionization in a hot cavity
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Beam formation, -transport und -diagnostics:

Plasma
A _clektrode elektmde
1! d
Potentialfeldlinien '
|
ndstrahl{en)
Ianenstrahlra]ekionen A
r:f % % —— \ magnetischer elektrostatischer
r — —— : -._ Repeller Repeller
s -—-_._—‘..—
— 5 e o 5 2 — o —
lonen-
“quelle & LEBT - Sekfion Beschleuniger
Extraktion
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Beam phase space representation: Emittance
X,
X% _x
XO
M px
P, >

Z X,

/\ ) |

The position and the momentum of a particle are usually sketched in the phase space. The transvers

momentum is related to the longitudinal momentum

Xi:&
P,
where x0 iIs the angl e -axs.

If the phase space coordinates of all particles
in the beam are plotted they cover a phase space area.
The beam emittance is then
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Space charge: Beam self-generated fields and forces

Consider two particles of identical charge g. At rest,

the Coulomb force exerts a repulsion. Now, consider a
test particle of charge q in a beam of particles (charge ;)
with a circular cross-section.

The Coulomb repulsion pushes the test particle outwards.
The induced force is zero in the beam center and increases
towards the edge of the beam.

So a radial force acts on the charged particles inside the
beam that pushes the particle outwards and leads to

a defocussing of the beam. The space charge field can
be calculated via

(1.2)
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