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Introduction: Ions
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Introduction: Electrons
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Generation of Free Electrons

• 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

work function

free electrons
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Thermionic Emission
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Photo Emission
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Discharges

Electrons produced by cosmic rays, radioactivity…

Electron energy sufficient to ionize gas atoms

Pos. ions impact cathode and produce electrons

Cathode reaches a temperature sufficient for 

thermionic electron emission
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Discharges

Discharges generate free electrons AND

can supply the ionization energy
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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…

• Ionisation mainly depends on:

- Number densities: ne for electrons, ni for ions, nn for neutral particles

- Temperatures: Te, Ti, Tn

• Te ≠ Ti ≠ Tn

- Te ≈ 1 keV and Ti ≈ 1 eV in an ECR source (1 eV ≙ 11600 K) 

- In magnetic fields T can be different for different directions
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Basic Plasma Properties

Ion Sources - K. Knie - CAS 2021



Ionization
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Magnetic Confinement

Hexapole

Multicusp

(permanent magnets)

Solenoid (here you see a fusion reactor,

ion sources use straight solenoids)
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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)



Extraction

with space charge compensation

• Ions 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.
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Child-Langmuir Law and Perveance

• There is an absolute limit for the 

current density which can be 

extracted from a plasma.

• The electric field originating from 

the space charge of the beam 

cancels out the extraction field.

• Child-Langmuir:  j ∼ Vextr.
3/2

• Perveance: the beam intensity is 

limited by the capability of the 

plasma to supply fresh ions.
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Suppressor Electrode

Pos. ion source:

Electrons e.g. from rest gas 

ionization are sucked into the 

plasma region!
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Hot Cathode Ion Sources
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Hot Cathode Ion Sources
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Hot Cathode Ion Sources
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Hot Cathode Ion Sources
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Penning Sources (PIG: Penning Ion Gauge)

Anode
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Discharge current depends on pressure:

Pressure measuring device (vacuum techniques)

Conversion to a DIY ion source 

(extremely simplified)

Drill a hole

Add and extration electrode

Done!
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Vacuum Arc Driven Sources
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Vacuum Arc Driven Sources

Cathode:  Ti

IArc = 1000 A

100 μs after Ignition
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Vacuum Arc Driven Sources
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Vacuum Arc Driven Sources
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Laser Sources
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High Charge State Sources
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100 m

GSI UNILAC (Universal Linear Accelerator)



RF Sources
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RF Sources: Microwave Discharge and ECR
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RF Sources: FAIR pLinac source from CEA
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RF Sources: FAIR pLinac source from CEA
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Electron Beam Ion Sources (EBIS)
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Electron Beam Ion Sources (EBIS)
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Electron Beam Ion Sources (EBIS)
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Negative Ion Sources: Applications
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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

ൗ𝑁−

𝑁0~ 𝑒
𝐸𝐴−𝑊
𝑘𝑇𝑒

• 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 14N-
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Excursion: Accelerator Mass Spectrometry
or Utilizing the Disadvantages of Negative Sputter Ion Sources

• Cosmic rays are permanently producing 14C in the atmosphere via 14N(p,n)14C

• The whole biosphere has an equilibrium ratio 14C/C = 10-12

• After the dead of an organism, this 14C/C ratio decreases with an half life of 5730 yr

• Measuring the 14C content allows dating of this organism

A = 𝜆 N = ln(2) / T1/2 × N

• Short half life: measure decays

• long half life: count particles
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Vuong, Le er al. (2015). Opportunities in low-level radiocarbon microtracing: 

applications and new technology. Future Science OA. 2. 10.4155/fso.15.74. 

14N-,28Si2-…
12C-,13C-,14C-

12CH2
-,13CH-

…

12C-, 13C-

14C- ,12CH2
-,13CH-

14C- ➝ 14Cx+

12CH2
- ➝ 13Cx+ + H+

Coulomb explosion

14Cn+ 

12Cx+ 13Cx+

14C3+ 

remaining background

Excursion: Accelerator Mass Spectrometry
or Utilizing the Disadvantages of Negative Sputter Ion Sources
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Negative RF Sources

- Filter magnets to avoid 

fast electrons in the 

extraction region

- Electron dump

- Possibility to add Cs
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