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1. What is a thick target ISOL facility?
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Thick target ISOL facilities: origins

ISOL = Isotope Separator On-Line

http://dx.doi.org/10.1103/PhysRev.82.96.2

1951

“…Krypton formed in fission of uranium was pumped through a 10-m long tube directly from 
the cyclotron into the ion source of the isotope separator. The cyclotron and the isotope 
separator were operated simultaneously…”

http://dx.doi.org/10.1103/PhysRev.82.96.2
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Thick target ISOL facilities: ISOLDE

Combined production, release, ionization and study of radioactive isotopes
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Thick target ISOL facilities: ISOLDE

Happy Birthday ISOLDE!

First radioactive ion beam 16th October 1967
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Thick target ISOL facilities: ARIEL

ISAC (currently): 
• 480 MeV, ≤100 µA proton driver beam
• Two target stations (ITE, ITW), alternating 

operation

ARIEL (under construction):
• Two independent target stations
• 480 MeV, ≤100 µA proton driver beam
• ≤ 50 MeV, ≤10 mA electron driver beam
• RIB beam through beam transport and 

CANREB system to ISAC experiments
• 9000 hours of RIB available annually:

Requires both reliability + new beams!
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Outline

1. What is a thick target ISOL facility?

2. What does this mean for ion source requirements?
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Ion source requirements @ thick target ISOL

1. Efficiency 
2.
3.
4.

• A fixed amount of the isotope 
of interest

• The interest in an isotope is 
often inversely proportional to 
its production rate

UCx Target
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Ion source requirements @ thick target ISOL

1. Efficiency 
2. Extraction/ionization time 
3.
4.

• The effects of chemical reactions 
and low volatility is apparent in 
the extracted yields

• For a t1/2=5 ms isotope, a 100 ms
delay is a loss factor of 106
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Ion source requirements @ thick target ISOL

1. Efficiency 
2. Extraction/ionization time 
3. Ion beam “quality” 
4.

The transverse emittance 
and the  longitudinal 
energy spread affect the 
effectiveness of mass 
separation

Bending radius = Mass x Velocity
Charge x Magnetic field
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Ion source requirements @ thick target ISOL

1. Efficiency 
2. Extraction/ionization time 
3. Ion beam “quality” 
4.

“…the development of ion sources during the last decade has made most

elements accessible to an effective ionization and consequently has led to the

situation, where successful application to ISOL depends almost exclusively on

the extent to which the release problems have been overcome.”

1981
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Ion source requirements @ thick target ISOL

1. Efficiency 
2. Extraction/ionization time 
3. Ion beam “quality” 
4. Chemical selectivity 

Contamination

Signal of interest

Changing 
mode of 
ion source

Chemical selectivity has been at
the heart of ISOL ion source
development over the last
three decades
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Ion source requirements @ thick target ISOL

1. Efficiency 
2. Extraction/ionization time 
3. Ion beam “quality” 
4. Chemical selectivity 

Isotope specific purification

At

Mass 

selectivity

Element 

selectivity

Images by S. Rothe
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Outline
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3.1 Surface ion sources
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Surface ion sources

1971

1973
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Surface ion sources
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Surface ion sources

Efficiency≈
𝛼

1+𝛼

𝛼 = 𝑁𝜀e
ൗ𝜙−𝐼𝑃
𝑘T

Ionization on the surface of the hot cavity 

Atom-wall
interactions

Ion survival
probability

Work function

Effective ionization potential

Boltzmann constant 
and temperature

The “hot cavity effect”: a potential 
trough along the length of the 
cavity resulting from thermal 
electron emission has a multiplying 
effect

R. Kirchner: On the thermoionization in hot cavities
https://doi.org/10.1016/0168-9002(90)90377-I

https://doi.org/10.1016/0168-9002(90)90377-I
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Surface ion sources

Ionization on the surface of the hot cavity 

Increasing the work function 
increases the ionization efficiency if 
𝑁𝜀 are preserved:
Sufficient thermal electron emission 
must be maintained

𝛼 = 𝑁𝜀e
ൗ𝜙−𝐼𝑃
𝑘T

Atom-wall
interactions

Ion survival
probability

Work function

Effective ionization potential

Boltzmann constant 
and temperature

Efficiency≈
𝛼

1+𝛼

R. Kirchner: On the thermoionization in hot cavities
https://doi.org/10.1016/0168-9002(90)90377-I

https://doi.org/10.1016/0168-9002(90)90377-I
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Surface ion sources

1. Efficiency: ionization potential and material dependent
2. Extraction/ionization time: ~100 μs (not considering sticking times)
3. Chemical selectivity: element dependent

Often applied for:

+ molecules
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Surface ion sources: development highlight

PNPI

Single crystal tungsten cavity 𝜙 ≈ 5 eV
2400oC  
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Surface ion sources: options to explore

Ta+ReTa W Re

WTh

W
Mono

Re
Coat

C
HD

CSigradur

Development prospects: Materials!

Increased options 

Additional element 
specific 

optimization 
opportunities

…
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FEBIAD: Forced Electron Beam Induced Arc Discharge 

FEBIAD-type ion sources: milestones

1976

1992

The first FEBAID

Introduction of selectivity 
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FEBIAD-type ion sources

FEBIAD: Forced Electron Beam Induced Arc Discharge 

Selectivity introduced through temperature 
control of the transfer line 
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FEBIAD-type ion sources

1. Efficiency: ~universal typically 1-50 %
2. Extraction/ionization time: ~10-100 ms (neglecting sticking times)
3. Chemical selectivity: Introduced via transfer line development

Dedicated arc discharge ion source for 
ISOL: operation over a range of 
pressures down to 10-5 mbar

Selective operation for:
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FEBIAD: Forced Electron Beam Induced Arc Discharge 

FEBIAD-type ion sources: simulations

Simulations and testing improved
understanding of FEBIAD anode
geometries at ISOLDE, the Standardised
source was renamed the VADIS

2010
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Directions for the future: FEBIAD understanding

Simulation validation Off-line and on-line ion source tests ongoing

Comsol 150 V
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Y. Martinez

12:10 Wednesday 

Simulation and characterization

Directions for the future: FEBIAD understanding
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Ion sources simulation

PhD of F. Maldonado

Influence of the magnetic field 

Comsol

Simulation and characterization
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Ion source simulation

PhD of F. Maldonado

“Observable values” extracted for surface and FEBIAD ion sources
• Emittance
• Ion beam envelope
Simulation validation ongoing at the ISAC test stand 

Ion beam envelope Horizontal emittance Ion beam profiles
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RILIS (Resonance ionization laser ion source): origins
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Resonance ionization laser ion sources (RILIS)
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RILIS: principals

Stepwise resonance ionization

Multiple tuneable lasers target element 
unique atomic resonances

Ionizing step:
- Autoionizing state 
- Ionization to the continuum
- Ionization via Rydberg levels

Continuum
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Ionization potential

First excited state

Atomic ground state

Rydberg levels
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RILIS: principals

Stepwise resonance ionization

Multiple tuneable lasers target element 
unique atomic resonances

Ionizing step:
- Autoionizing state 
- Ionization to the continuum
- Ionization via Rydberg levels

>75 % of ISOLDE physics each year
>60 % of TRIUMF physics each year
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RILIS

1. Efficiency: ~1-40% 
2. Extraction/ionization time ~100 μs (not considering sticking times)
3. Chemical selectivity: process is selective, may not be the only ionization 

mechanism

https://riliselements.web.cern.ch/riliselements/index.php

Element selective an ionization scheme must be developed for each element

https://riliselements.web.cern.ch/riliselements/index.php
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RILIS/general: upcoming challenges

The efficiency of the ion survival/extraction can be severely reduced by total ion 
currents >100 nA. Higher limit for FEBIADS though more universal ionization method. A 
potential issue for new target materials and “high power” facilities.
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RILIS developments: ionization scheme development

Ionization scheme development at the ISOLDE RILIS 2016-2017
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RILIS: developments

ICIS 2017 Poster:

Tuesday #72 Y. Liu
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RILIS

1. Efficiency: ~1-40% 
2. Extraction/ionization time ~100 μs (not considering sticking times)
3. Chemical selectivity: process is selective, may not be the only ionization 

mechanism

https://riliselements.web.cern.ch/riliselements/index.php

Element selective an ionization scheme must be developed for each element

https://riliselements.web.cern.ch/riliselements/index.php
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RILIS developments: cavity investigations

2016
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RILIS developments: LIST/IG-LIS



16th October 2017 ICIS 2017 Chemically selective ISOL ion sources

RILIS developments: LIST/IG-LIS

Laser Ion Source (LIST) and Trap/Ion 
Guide-Laser Ion Source (IG-LIS) 

• Up to 106 in isobaric suppression
• 1-2 orders of magnitude of loss in the 

ion beam of interest
• Scope for increased efficiency

2003

2013
2014
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The selectivity frontier: isotope/isomer specific ionization

The selectivity frontier: isotope/isomer specific ionization

Can we be more selective?



16th October 2017 ICIS 2017 Chemically selective ISOL ion sources

The selectivity frontier: isotope/isomer specific ionization
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In

129In 

Iπ = 9/2+
Iπ = 9/2+

Iπ = 1/2-

The selectivity frontier: isotope/isomer specific ionization
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Laser wavelength

Isomer selective ionization!

Can this be more widely applied?
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RILIS: Extending isomer selective ionization

ICIS 2017 Poster:

Tuesday #63
R. Heinke
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RILIS: Extending isomer selective ionization

Tuesday #68
K. Chrysalidis

ICIS 2017 Poster:
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RILIS: developments:VADLIS

Versatile Arc Discharge and Laser Ion Source
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RILIS: developments:VADLIS
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AN:

120 V10 V 120 V120 V

35,000 counts

Ion survival was again found to be key to efficiency

RILIS: developments:VADLIS
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AN:

120 V10 V 120 V120 V

CPO 150V

20 mm

15 mm

10 mm

5 mm

0 3 mm  6 mm 9mm 12 mm

149 V
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125 V

120 V

115 V

150V

125V

100V

75V

50V

5V

3.75 V

2.5V

1.25 V

0V

Electrons: 15 mA (150eV)
Ions: 0.2 μA (0.2eV)

VSim 5V
Electrons:  0.5 mA (5eV)

VSim 150V
Electrons: 80 mA (150eV)

Previous simulations
using CPO

New simulations using VSIM

L. Penescu Rev. Sci. Inst. 2010
http://dx.doi.org/10.1063/1.3271245

Anode voltage <10 V 

RILIS: developments:VADLIS

See talk of Y. Martinez for latest developments

http://dx.doi.org/10.1063/1.3271245
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Mg
Experiment requiring ion beams of Mg, Ne and Na!

Initial plan: only VADIS ionized beams

Why bother with ion source development?
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Experiment requiring ion beams of Mg, Ne and Na!

Initial plan: only VADIS ionized beamsMg

Why bother with ion source development?
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Developments towards refractory metal ion beams at ISOLDE

ICIS 2017 Poster:

Tuesday #68
J. Ballof
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Summary

Surface ion source:

FEBIAD ion source:

RILIS ion source:

• Selectivity possible for certain elements
• Lots of scope for materials development

• Selectivity possible with temperature 
controlled transfer lines

• Simulations for optimization ongoing

• Ionization scheme development to further 
broaden the scope

• Laser atom interaction region development 
to reduce isobaric contamination and push 
the boundaries of selectivity
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Follow us at TRIUMFLab
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Surface ion sources (negative)
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Surface ion sources (Negative)

Negative surface ionization 

For negative surface ionization it is 
the electron affinity that must be 
considered, the work function 
should be minimized and the hot 
cavity effect is no-longer useful

𝛼 = 𝑁𝜀𝑃e
ൗ𝐸𝐴−𝜙
𝑘T

Atom-wall
interactions

Ion survival
probability

Electron affinity

Work function

Boltzmann constant 
and temperature

Interaction probability
Efficiency≈

𝛼

1+𝛼
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Surface ion sources (negative)

1. Efficiency: electron affinity and cavity work function dependent
2. Extraction/ionization time ~100 μs (not considering sticking times)
3. Chemical selectivity: significant

• Particularly applicable for 
Halogens

• Scope for improvement in 
efficiency and lifetime…
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Surface ion source: developments

ICIS 2017 Poster: David Leimbach
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Surface ion source: developments

ICIS 2017 Poster: Sebastian Rothe



16th October 2017 ICIS 2017 Chemically selective ISOL ion sources

Ion source requirements @ thick target ISOL

1. Efficiency 
2. Extraction/ionization time 
3. Ion beam quality 
4. Chemical selectivity 
5. Survival 

2

• Extreme radiation fields
• Temperatures up to 2300oC
• Thermal cycling 
• Inaccessibility

Expected dose rates @ARIEL target level

A. Gottberg
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Ion source requirements @ thick target ISOL

1. Efficiency 
2. Extraction/ionization time 
3. Ion beam quality 
4. Chemical selectivity 
5. Survival 

2

• Extreme radiation fields
• Temperatures up to 2300oC
• Thermal cycling 
• Inaccessibility

ISAC target off-line acceptance tests

A. Schmidt 
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RILIS: developments:VADLIS
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Blurred boundaries: developments
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What can developments bring?

Compatibility with RILIS systems
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What can developments bring?
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Laser light

What can developments bring?



16th October 2017 ICIS 2017 Chemically selective ISOL ion sources

G
a
 i

o
n

 c
u

rr
e
n

t 
(p

A
)

What can developments bring?
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ISOL ion sources at TRIUMF

Where and how?
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Thick target ISOL facilities: origins

ISOL = Isotope Separator On-Line

https://doi.org/10.1103/PhysRev.76.279

“Ten kilograms of powdered uranium oxide, mixed with a small portion of ammonium 
carbonate, were placed in a glass container which was surrounded by a few centimetres of 
paraffin… The uranium container was inserted between the coils of the cyclotron magnet… 
and then heavily irradiated for about three hours…”

1949

https://doi.org/10.1103/PhysRev.76.279
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The Birth of ISOL


