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Introduction: lons
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Make atoms available in Generate free electrons:

Supply the ionisation energy:
the plasma generator via:

» Gas injection

% Thermlonicenision » Electron a.cceleration

> Vapo.ur, . . (electros.tatlc - e-gun)
melting of solids > Discharge » rf-heating

» Sputtering » E x B-drift
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Introduction: Electrons
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Generate free electrons:

» Thermionic emission
» Photo ionisation
» Discharge
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Generation of Free Electrons

Fermi-Dirac @ 0K I
” Statistics 1 -W
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§ / : Free
= Increasing | electrons

temperature
E, E0 Energy
Fermi level Vacuum level

« Work function: Amount of energy required for an electron to exit the metal

» Field enhanced thermionic emission:
An electrical field can reduce the effective work function (i.e. pull out electrons)

* Field emission:
At even higher electrical field the electrons can tunnel through the barrier
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Generation of Free Electrons

sea of electrons
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Thermionic Emission
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Photo Emission

Photo Emission Gun
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Discharges

100 A '

Arc discharge

v A Cathode reaches a temperature sufficient for
g thermionic electron emission
€
g
5
9]
g
M
£ o
5 Pos. ions impact cathode and produce electrons
§ HA Electron energy sufficient to ionize gas atoms
Dark discharge | Townsend
g avalanche
nA & breakdown
/_ Background ionisation O, Electrons produced by cosmic rays, radioactivity...

v Breakdown voltage

Voltage between anode and cathode
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Discharges

I Plasma generation:

100 A

Arc discharge

[ ¥ € €O
o A OOOO OO"OQOOOO
- (W ® O, | ¢6© @
E Make atoms available in Generate free electrons: Supply the ionisation energy:
E the plasma generator via:
a » Gas injection % Thermionicamissiorn » Electron acceleration
v » Vapour, O — (electrostatic > e-gun)
E melting of solids > Discharge » rf-heating
E » Sputtering » E x B-drift
X
2
;& KA Discharges generate free electrons AND
can supply the ionization energy
Dark discharge «| Townsend
g avalanche
nA Z| breakdown
/” Background ionisation 0 .

v Breakdown voltage

Voltage between anode and cathode
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Discharges: The Paschen Curve
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Basic Plasma Properties

« solid = liquid = gaseous = plasma
— distinct == continuous transition

» Charged particles see electromagnetic force, move and collide:
excitation, ionisation, neutralisation, recombination...

« lonisation mainly depends on:
- Number densities: n, for electrons, n; for ions, n, for neutral particles
- Temperatures: T, T; T,

e T, # T, #T,
- T ~1keVandT;~1eV in an ECR source (1 eV & 11600 K)
In magnetic flelds T can be different for diffel Y h

vV VWV

wy]
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Basic Plasma Properties

RANGES OF PLASMAS
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lonization
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Magnetic Confinement
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Solenoid (here you see a fusion reactor, Multicusp
ion sources use straight solenoids) (permanent magnets)
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Debye Length

In a plasma free electrons redistribute themselves and screen out electric fields
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In one Debye length the field is reduced to 1/e (typically 0.1 — 1 mm in sources)

lon Sources - K. Knie - CAS 2021




Extraction

 lons can only be extracted from the edge of the plasma.
This layer called meniscus is only few Debye lengths thick.

» The parameters of the source has to be carefully chosen in order to
obtain the right geometry of the meniscus.

 High current sources should be space charge compensated:
A low pressure gas right behind the source is ionized by the beam.
Electrons are attracted by the beam, positive ions repelled.
Space charge and beam blow-up is reduced.

Beam

Beam

Beam
Beam

I I I I I I I Neutralising Particles
concave
with space charge compensation

Plasma Extraction Plasma Extraction Plasma Extraction Plasma Extraction
Optimum = :; 7 '- i
|| W W .| ..
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Child-Langmuir Law and Perveance

locam  There is an absolute limit for the (iasma  Extraction
current density which can be
2 extracted from a plasma.

* The electric field originating from
o the space charge of the beam
o cancels out the extraction field.

(PLASMA)

HMITED « Child-Langmuir: j ~ V32

extr.

Beam

\ 4

SPACE
CHARGE
LIMITED

Perveance Limit

« Perveance: the beam intensity is
~- limited by the capability of the
plasma to supply fresh ions.

'

Extraction
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Suppressor Electrode

Plasma Extraction
Electrode Electrode Plasma Electrode

Plasma
I I Extracted Beam

Pos. ion source:

Electrons e.g. from rest gas
lonization are sucked into the > Z{mm)
plasma region!

Suppression Electrode

Ground Electrode

— — \
—> Compensating particles

i reflected by the Suppression
—_— Electrode

Beam

V (kV)
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Hot Cathode lon Sources

Electron Bombardment
Source (1916)

Early mass
spectrometry /A"Ode
| / Extraction
; Electrode
Gas Feed >=|[
[
| _———
Filament Power , =——— Beam
Supply ——
2-10 A Cathode
Filament
+ 1+ |-
- | Discharge Power Extraction Voltage
Supply 0.1-10A Supply 1-10 kV
51
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Hot Cathode lon Sources
Plasmatron (late 1940s)

Conical Intermediate
Electrode

Anode

-/

Extraction
Electrode

: [ .
ManfredWon Ardenne > =
[
| D — =
Filament Power 1 — = Beam
Supply S .
2-100 A Cathode |

Filament |

+ 1+ | -
- | Discharge Power Extraction Voltage
Supply 2-100 A Supply 5-50 kV
53
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Hot Cathode lon Sources

Duoplasmatron (1956)

Solenoid Field Iron Conical Iron Funnel
Return Yoke Intermediate

Solenoid Electrode
Anode Expansion
Cup
Extraction
| Gas Feed Electrode
ManfregWon Ardenne
Filament Power
Supply
2-100 A Cathode Beam
Filament
Defocusing
Solenoid

+
- | Discharge Power Extraction Voltage
Supply 2-100 A Supply 5-50 kV
54
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Hot Cathode lon Sources

» Bigger Plasma chamber

» Improved Cooling (l,,. = 200A)

» Symmetrical Magnet alignment at the ends

» Halbach-alignment of the Magnets

» Optimized for highly-charged ions
(Kr2*, Xe3')
on Sources - K. Knie - CAS 2021

MUCIS New

12345678

R, Hollinger

1 - Gas inlet

2 - Cooling system
3 - Cathode flange
4 - Filament

S - Magnets

6 - Anode

7 - PE flange

8 - Triode system




Penning Sources (PIG: Penning lon Gauge)

Discharge current depends on pressure:
Pressure measuring device (vacuum techniques)

Conversion to a DIY i1on source
(extremely simplified)

Drill a hole

Add and extration electrode

Done!

Cathode

Anode
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Vacuum Arc Driven Sources

Plasma generation:

g
.6 ¢

Make atoms available in
the plasma generator via:

» Gas injection

» Vapour,
melting of solids

» Sputtering

Generate free electrons:

» Thermionic emission
» Photo ionisation
» Discharge

Supply the ionisation energy:

» Electron acceleration
(electrostatic > e-gun)

» rf-heating

» E x B-drift
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Vacuum Arc Driven Sources

Ignition Pulse

Operation principle

Coil 1

XX

Cathode \><
(desired Me)

N\
u=o0 \

Trigger Finger ~
/

Isolator

I

= +(100+200) V

To Extraction

System
e

Trigger Ring / 2 ;

L
XX

Trigger Pulse: T~20us U=12kV |

Self Pinching Effect:

larc > 700 A
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Vacuum Arc Driven Sources

MEVVA (Metal Vapor Vacuum Arc lon Source)

Revolver with 17 Cathodes

2 Solenoids: 0.1 and 0.2 Tesla
Arc Power: 50 kW (13.3 MW/cm?2)
Arc Current: ~1 kA

Duty Cycle: typical 1 Hz, 1 ms

Working Material: ductile Metalls
Life time: ~1 Week (Uranium)

Insulators
Anode Coil

Extraction electrode

Trigger e SNl N
‘ 10000608 v/ S X 5 oo \ —

N

= B

mt rrrrr

e Insulators
_ e ’h 3 Scr. and Gr. electrodes
1 ¥ athodes Grid 2
% Insulators - scm
I. Brown Grid 1 as
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Laser Sources

Plasma Expansion High voltage

S
Target chamber region uppressor

Extraction insulators electrode
aperture /

2 .

plume

Il, | Ground
electrode
Target Salt window E—
rotation = 200 mm
mechanism Laser beam
i _ High power
Focusing optics I laser
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High Charge State Sources

GSI UNILAC (Universal Linear Accelerator)

toSIS18//£
MUCIS, HLI (ECR, RFQ, IH) I —

Foil |Stripper
MEVVA LEBT 108 MHz pPp

—d HSI (RFQ,IH1,1H2) -
ﬁ 36 MHz

|
Gas Stripper

Poststripper (Alvarez, Cav.)

100 m

A
v
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RF Sources

Plasma generation:

A AL
©c@ O? ¢ Ooooo

Make atoms available in Generate free electrons: Supply the ionisation energy:
the plasma generator via:

» Gas injection » Electron acceleration

» Thermionic emission

» Vapour, T — (electrostatic - e-gun)
melting of solids > Discharge » rf-heating
» Sputtering » E x B-drift

lon Sources - K. Knie - CAS 2021 _



RF Sources: Microwave Discharge and ECR

Solenoids

Plasma Chamber
High Voltage Insulators

Gas Feed m m‘ﬂ , W H

b

=
/ Discharge Region” | L ’J_L‘

Stepped RF M MJ\ |

Matching Section Ground
Plasma Electrode
~ 100 mm Electrode Suppressor
Electrode

HWave

£ / A\ Electron
Off resonance (or high pressure) @ ﬁ \\U//i €

On resonance

= Microwave discharge ion sources
= Electron Cyclotron Resonance (ECR) sources
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RF Sources: FAIR pLinac source from CEA

chopper

solenoid 2

CEA/Saclay
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RF Sources: FAIR pLinac source from CEA
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Electron Beam lon Sources (EBIS)

Plasma generation:

g
.6 ¢

Make atoms available in
the plasma generator via:

» Gas injection

» Vapour,
melting of solids

» Sputtering

Generate free electrons:

» Thermionic emission
» Photo ionisation
» Discharge

Supply the ionisation energy:

» Electron acceleration
(electrostatic -> e-gun)

» rf-heating

» E x B-drift
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Electron Beam lon Sources (EBIS)

Electron Gun Electron Beam  prifi Tubes Superconducting Solenoid g/lh‘-’_'glr:_’t'c
ielding

Electron
Dump
w Extraction
Electrode
L | .
=100 mm lonisation Chamber
Drift |
TubeV Stepwise
ionisation
Trapping and lonisation Phase
»Z
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Electron Beam lon Sources (EBIS)

Electron Gun Electron Beam  prift Tubes Superconducting Solenoid

Drift
TubeV

lonisation Chamber

Extraction Phase >

Magnetic
Shielding

Electron
Dump

Extraction
Electrode

High Charge State
Positive lon Beam
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Negative lon Sources: Applications

Tandem accelerators

positive .
high-voltage H™ ion
terminal charging chain

Cyclotron extraction

gradieﬂt

magnet

Ss
.
LT

. Beam
negative ions

steel pressure tank

stripping
chamber

accelerating positive ions
tube
beam steering
magnet

eroe! — iy

© 2008 Encyclopadia Britannica, Inc.

extractor

Stripping foil

Neutral Beams

Multi-turn injection into rings s b R, ﬂ ’

380 ];i? 380

316 316

/

Acceleaiion
Grids

waste beam
dump

~—~main dipole main dipole
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Cesium Sputter Source (Middleton Source)

» Cesium is ionized on a hot Ta-surface
« Cs*ions are accelerated to a sputter target

» Negative to neutral ratio: Langmuir-Saha-Equation
B EA-W

N /N0~ek—7"e

» Electron affinity EA should be high:
high currents e.g. from halogens possible

« Work function should be low:
Substantial reduction by a Cs layer on the target

« Atoms with negative EA form no stable neg. ions:
No noble gas beams from sputter sources,
but also no Mn-, Mg~ or 1*N-
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Excursion: Accelerator Mass Spectrometry
or Utilizing the Disadvantages of Negative Sputter lon Sources

« Cosmic rays are permanently producing 14C in the atmosphere via 1*N(p,n)C
« The whole biosphere has an equilibrium ratio 1*C/C = 10-12
« After the dead of an organism, this 1*C/C ratio decreases with an half life of 5730 yr

« Measuring the *4C content allows dating of this organism

A=AN=In(2)/ Ty, x N

« Short half life: measure decays

 long half life: count particles

p|o SIA 008 INOQE :uLIN] JO PNOIYS

P10 SIA 00EG 0GR 1210
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Excursion: Accelerator Mass Spectrometry
or Utilizing the Disadvantages of Negative Sputter lon Sources

14C- — 14Cx+
12C-’ 13C- lZCHZ- — 13CX+ + H+ 14Cn+
14C- ,12CH, ", 13CH- Coulomb explosion 12Cx+ 13Cx+

2. Filter Charge exchange

mass analysis
(low-enegry end)

4, Filter
mass analysis
(high-enegry end)

3. Filter
molecule destruction
(stripping process)

spectrometer

14N-,28Si2-...

112G
1IC‘|"1ZC
12C- 13C- 14C- ! /
] 1 e
- - - Er o] sl = e o
12CH,,13CH bt
Electrostatic

1. Filter 5. Filter deflector
negative ion particle identification 14C3+

formation

remaining background

Vuong, Le er al. (2015). Opportunities in low-level radiocarbon microtracing:
applications and new technology. Future Science OA. 2. 10.4155/fs0.15.74.
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Negative RF Sources

High-electron-temperature

plasma region

Low-electron-temperature

Hydrogen

=
o 5 EEEELLEE'
(Caesiﬁm ymm— :
vapour) Iﬁr
i
Ceramic coated i \
RF Coil Multicusp i Fijter
magnhets !
Stainless steel | magnets
plasma chamber A

plasma region

Surface production
(Cs,CrO4 cartridges)

,/Extraction electrode

Electron
dump

- Filter magnets to avoid
fast electrons in the
extraction region

- Electron dump

- Possibility to add Cs

High electron A Low electron

temperature temperature plasma
plasma region | region
‘ Bopn Extraction
\ ' m electrode
H™ beam

External antenna
solenoid

-

Ll
T [L\H

Plasma chamber | \ Anode Electron
. Filter dump
Ly
~100mm Magnets
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Positrons Particles

et Electrpni
€ Photons
Neutrinos
Prc;tons Antiprotons y V‘u Ve
L: Muons « lI- o Neutrons
Light
ions Neutral
e.q. I.Vegative atoms
I, ions .
C H_ ‘ HO
Positively Charged Particles Negatively Charged Neutral
Highly charged ions FEIEEE Particles
e.g. 7~
Ag?*
Higgs
te™ Bosons
Fully stripped n:zrile: 4 1] Polarised Zoo of
* e.g. U particles curiosities
H Tauons W+Z

i i 103+ Mesons Bosons
Exotic nuclei ﬂ eg.Lr Baryons



Positrons

Particles and Sources

Plasmatrons

Microwave
discharge

Photons

Neutrinos
e’u’r

@
Protons Antiprotons

Neutrons
n

Negative
ions

Penning

Magnetron

Vacuum
arc

Highly charged ions

e.g.
Electron Ag®?*
Cyclotron
Resonance

Fully stripped nuclei A 5

Electron * e.g. U9+

beam

Tuned lasers
+ Gas cells

Polarised
particles

curiosities

Tauons W+2

Mesons Bosons
Baryons

Exotic nuclei




