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Overview

• Introduction to ISOLDE and the motivation for a Resonance Ionisation Laser 
Ion Source (RILIS)


• Atomic physics fundamentals relevant to achieving resonance ionisation 


• Considerations for the implementation of a laser ion source


• The ISOLDE RILIS 


• The RILIS as part of the array of ISOLDE Experiments
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Particle	accelerators

2nd world	war1st world	war

Nuclear	reactors

Heavy	 ion	accelerators

Increase	 in	
accelerator	energy

Rare	 isotope	beam	factory(ies)

1st ISOL	experiment

Mass	spectroscopy
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ISOLDE - CERN’s isotope factory

“Isotope Separator On-Line”
radioisotope production, selection and 

transport to an experiment in one machine

T1/2 > 5 ms
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“Isotope Separator On-Line”
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The ISOLDE Laboratory

J P Ramos

http://iopscience.iop.org/journal/0954-3899/page/ISOLDE%20laboratory%20portrait
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•Create the isotope

+ +

+ +

Spallation

protons
neutrons

+1.4	GeV



•Create the isotope
•Release the isotope from the target



•Create the isotope
•Release the isotope from the target
•Ionise the isotope



•Create the isotope
•Release the isotope from the target
•Ionise the isotope
•Separate the isotope from contaminants
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•Create the isotope
•Release the isotope from the target
•Ionise the isotope
•Separate the isotope from contaminants
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https://isoyields2.web.cern.ch/Yield_Home.aspx

> 1000 isotopes available at ISOLDE

In the form of an ion beam with 
individual isotope selection 

Delivered ~immediately to an 
experiment for study!

>75 different elements

ISOLDE beams: available for experiments
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85Ga 85Rb<<

~109



85Ga 85Rb<<

~1091



85Ga 85Rb<<

~109

Different number 
of protons

Different 
electron 
configuration

1



85Ga 85Rb<<

Different number 
of protons

Different 
electron 
configuration

Different 
spectral 
properties

~1091



By	Julie	Gagnon	(C)	2007,	2013.	CC-BY-SA	4.0



Stepwise Resonance Photo-ionization

85Ga

85Rb

An element-selective ionisation method!



History of the RILIS method

(V. S. Letokhov and V. I. Mishin)

Early	proposals:	1988
1984



Mass separator Laser system

Target

Proton 
beam

+

+

+

Laser
beams

Target - Ion Source Unit

Ionizer

Target

Extraction
Electrode

++

DC

60 kV

Ion beam lines

WPtotalCu 75£

WPdye 8£

WP 22 £w WP 2.03 £w

CVL	lasers:				nrep=11.000	Hz
Oscillator	+	2	amplifiers
2-3	dye	lasers	with	amplifiers,	
nonlinear	crystals	BBO:	

1994

History of RILIS at ISOLDE

https://home.cern/news/series/meet-isolde/isolde-50-
years-cutting-edge-science-benefitting-society

Valentin Fedosseev 
(Former section leader of 

SY-STI-LP), now a 
Contributing Retiree @ 

CERN

V. Mishin

Institute of 
Spectroscopy of the 
Russian Academy of 
Sciences



Laser ion sources worldwide
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Now for some atomic physics 
fundamentals..



Some terminology

h - Planck's constant, 6.6261 x 
10-34 J⋅s or 4.1357 x 10-15 eV⋅sEnergy, eV
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Some terminology

A 500 nm photon is ~2.5 eV

h - Planck's constant, 6.6261 x 
10-34 J⋅s or 4.1357 x 10-15 eV⋅sEnergy, eV

Wavenumber, cm-1

Linewidth, MHz, GHz

Wavelength, nm

Number or wavelengths per unit distance (cm) 
Proportional to energy (and to frequency)…. Very convenient

1 cm-1 x 30 (speed of light in in cm 
per nanosecond) = 30 GHz 500 nm = 20000 cm-1

Strong transition
-> Short half-life O(ns)
-> Broad linewidth
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!" ≙ 400	nm

FWHM=	!")
8 ln 2 ./	0

1
�

!" ≙ 800	nm



Some terminology

A 500 nm photon is ~2.5 eV

h - Planck's constant, 6.6261 x 
10-34 J⋅s or 4.1357 x 10-15 eV⋅sEnergy, eV

Wavenumber, cm-1

Linewidth, MHz, GHz

Wavelength, nm

Number or wavelengths per unit distance (cm) 
Proportional to energy (and to frequency)…. Very convenient

Timescales, ns

1 cm-1 x 30 (speed of light in in cm 
per nanosecond) = 30 GHz 500 nm = 20000 cm-1

Light travels ~1m in 3 ns Lifetime of a strong atomic 
transition = 10 ns

Strong transition
-> Short half-life O(ns)
-> Broad linewidth
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Some atomic structure terminology: spectroscopic notation

Principal quantum number, n

Related to the electron’s motion 
in space, around the atom

Orbital angular momentum, L 
(s,p,d,f) = (0,1,2,3)

1s

p d f

4s



Some atomic structure terminology: spectroscopic notation

http://umop.net/spectra/

Principal quantum number, n

Spin angular momentum S

Intrinsic motion (rotation) of the electron 

around its own axis 
‘Up’ or ‘down’ 
+1/2 or -1/2

Related to the electron’s motion 
in space, around the atom

Orbital angular momentum, L 
(s,p,d,f) = (0,1,2,3)

1s

p d f

4s



Some atomic structure terminology: spectroscopic notation

http://umop.net/spectra/

Principal quantum number, n

Spin angular momentum S

Intrinsic motion (rotation) of the electron 

around its own axis 
‘Up’ or ‘down’ 
+1/2 or -1/2

Related to the electron’s motion 
in space, around the atom

Orbital angular momentum, L 
(s,p,d,f) = (0,1,2,3)

1s

p d f

4s

J= L + S to |L − S|
Total angular momentum, J 



The Term Symbol, to describe the (excited) state of the atom

2S+1LJ

Total spin 
angular 

momentum Total orbital 
angular 

momentum 

Total angular 
momentum 
(L+S…L-S)



The Term Symbol, to describe the (excited) state of the atom

Ground state = 0 eV

2S+1LJ

Total spin 
angular 

momentum Total orbital 
angular 

momentum 

Total angular 
momentum 
(L+S…L-S)

2*(1/2)+1P(1/2)+1
2P3/2



The Term Symbol, to describe the (excited) state of the atom

2*(1/2)+1P(1/2)+1
2P3/2

2*(1/2)+1S(1/2)+0
2S1/2

Ground state = 0 eV First excited state = 3.07 eV
24788.530 cm-1

2S+1LJ

Total spin 
angular 

momentum Total orbital 
angular 

momentum 

Total angular 
momentum 
(L+S…L-S)



Building up an ionization scheme

http://umop.net/spectra/

https://physics.nist.gov/PhysRefData/ASD/levels_form.html

Ground state (lowest 
energy electron 
configuration)

En
er

gy

Grotrian Diagram

Individual possible  
electron 

configurations 
arranged by energy 

and linked by 
allowed transitions


between them  
3d10 4s24p

Ionization energy

2
P

3/2

2
P

3/2

2
S1/2

http://grotrian.nsu.ru/en/



Building up an ionization scheme

http://umop.net/spectra/

https://physics.nist.gov/PhysRefData/ASD/levels_form.html
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Grotrian Diagram

Individual possible  
electron 

configurations 
arranged by energy 

and linked by 
allowed transitions


between them  
3d10 4s24p

3d10 4s25s

Ionization energy

Step 1 - Blue Laser light 
~403 nm

2
P
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2
S1/2



Building up an ionization scheme

http://umop.net/spectra/

https://physics.nist.gov/PhysRefData/ASD/levels_form.html
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Individual possible  
electron 

configurations 
arranged by energy 

and linked by 
allowed transitions


between them  
3d10 4s24p

3d10 4s25s

3d10 4s26p

Ionization energy

Step 1 - UV Laser light 
Step 2 - Red laser

~639 nm

~403 nm

2
P

3/2

2
P

3/2

2
S1/2



Building up an ionization scheme

http://umop.net/spectra/

https://physics.nist.gov/PhysRefData/ASD/levels_form.html

En
er

gy

3d10 4s24p

3d10 4s25s

Ionization energy

Step 1 - UV Laser light 
Step 2 - Red laser
Step 3 - Green laser —> ionization!

Ga
+

~639 nm

~403 nm
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http://umop.net/spectra/3d10 4s24p

3d10 4s25s

~639 nm

~403 nm 4.85e+07 s-1 (transition strength) 
Einstein A coefficient

http://umop.net/spectra/3d10 4s24p

3d10 4s24d

532 nm

~287 nm
1.17e+08 s-1

Simpler, 2 step scheme, higher efficiency, 
reduced complexity

https://www.nist.gov/pml/atomic-spectra-database



http://umop.net/spectra/3d10 4s24p

3d10 4s24d

532 nm

~287 nm
1.17e+08 s-1

Use a second laser @ 294 nm to also excite 
from 826.12 cm-1 thermally populated level!

2
P

3/2
2
P

1/2

Fine Structure splitting

Spin-orbit interaction

L+S = 3/2
L-S = 1/2J= 0 cm-1

826.19 cm-1

Total angular momentum, J

Boltzmann formula to calculate thermal population of fine-structure levels

55 % @ 2200 C

~294 nm



Some ionization scheme considerations

Transition strength Is it possible to saturate the transition with 
available laser?



Some ionization scheme considerations

Transition strength

Wavelength  
(< 200 nm is difficult to 
generate and transport)

Is the wavelength convenient (or possible) to 
produce?

Is it possible to saturate the transition with 
available laser?



Some ionization scheme considerations

Transition strength

Wavelength  
(< 200 nm is difficult to 
generate and transport)

Radiative decay paths

Is the wavelength convenient (or possible) to 
produce?

Does the excited state decay to a level that will 
render the atom ‘invisible’?

Is it possible to saturate the transition with 
available laser?



Some ionization scheme considerations

Transition strength

Wavelength  
(< 200 nm is difficult to 
generate and transport)

Radiative decay paths

Suitability / existence 
of  subsequent 

transitions

Is the wavelength convenient (or possible) to 
produce?

Does the excited state decay to a level that will 
render the atom ‘invisible’?

Is it possible to saturate the transition with 
available laser?

We may compromise on the above 
considerations if it makes subsequent steps 

more convenient or efficient 



Developing an ionisation scheme for astatine

PhD work
Sebastian Rothe



a

b

c

d

Initial exploration - confirm existence of 1st steps

Search for on-set of ionization (ionization energy)

Search for second steps that would allow the use of 
the high power green laser for ionization 

Carefully compare best second steps

Developing an ionisation scheme for astatine

PhD work
Sebastian Rothe



a

b

c

d

e

Initial exploration - confirm existence of 1st steps

Search for on-set of ionization (ionization energy)

Search for second steps that would allow the use of 
the high power green laser for ionization 

Carefully compare best second steps

Careful scan across the ionization continuum - to 
precisely measure ionization energy and look for 

more efficient ionization steps

Developing an ionisation scheme for astatine

IP (At) = 9.31751(8) eV

PhD work
Sebastian Rothe



Wavelength 
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(Not accessible 
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1st excited 

states >6 eV)

He (24 eV)
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Cs (3.3 eV)

Hg (10.4 eV)

210 - 950 nm
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Now how is this actually done practically..
ISOLDE operation in 2022….



RILIS overview
3 ion 

source

types: 

6 

tuneable 

lasers 

40 
ionisation 
schemes

HC-RILIS VADLIS LIST

+ MEDICIS (MELISSA), Offline 2 , LARIS

http://riliselements.web.cern.ch



4ω	Ti:Sa
210-230	nm

210	nm 950	nm532	nm

Ti:Sa
700-950	nm

Dye
550-700	nm

2ω	Ti:Sa
350-475	nm

2ω	Dye
300-350	nm

3ω	Ti:Sa
230-270	nm

UV	pumped	Dye
475-550	nm

Dye laser



Ti:Sapphire laser

4ω	Ti:Sa
210-230	nm

210	nm 950	nm532	nm

Ti:Sa
700-950	nm

2ω	Ti:Sa
350-475	nm

3ω	Ti:Sa
230-270	nm
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ISOLDE RILIS setup - detailedRILIS	Laser	Setup	(reality)	 ISCOOL	

GPS	

GLM	
PISA	

HRS	

CRIS	

ISCOOL

S. Rothe et al. Nuclear Instruments and Methods in Physics Research B 376 (2016) 91–96

10 kHz (9 ns), 100 W @ 532 nm

TEM 00
M2 = 1.1
Circular, 
gaussian 
beam

IS400-2-G 

TiSa pump lasers

Dye pump laser

Non-resonant ionisation

18 W, 40 ns, 
532 nm

60 W, 150 ns, 
532 nm

40 W, 17 ns, 
532 nm



Beam transport to targets

re
fe
re
nc
e

Quartz	plate

Broadband	optics

Quartz	window

INACCESSIBLE
ZONE
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• Simple, robust, reliable 
• Problem with surface-ionised isobars 
• Ion capacity limit in the range of 10-100 nA

Hot-cavity RILIS



Grounded 
extraction 
electrode

Transfer line 

(from target)

Atoms 
from 

target

Floating @60 kV HT platform 



Atoms 
from 

target

Transfer line 

(from target)

Grounded 
extraction 
electrode

Resistive heating to ~2000 C 

SPES	ion	source	and	transfer	line*.	(a)	Source	at	room	
temperature.	(b)	Source	at	300A	line	current.	(c)	Simulated	
model *	M.	Manzolaro et	al.	Thermal–electric numerical simulation of a surface ion 

source for the production of radioactive ion beams.

Floating @60 kV HT platform 



Floating @60 kV HT platform Grounded 
extraction 
electrode

Resistive heating to ~2000 C 
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Plasma	potential	
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Electron	 charge

Ion	density

Electron	 density

*	V.	Panteleev et	 al.	Enhancement	of	ionization	efficiency	of	surface,	electron	bombardment	and	
laser	ion	sources	by	axial	magnetic	field	application
**	 R.	Kirchner.	Progress	in	ion	source	development	for	on-line	separators.



Resistive heating to ~2000 C 
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Resistive heating to ~2000 C 
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Floating @60 kV HT platform 
Low work function 

cavity material 
Higher electron emission 

(better laser ion 
Lower surface ion rate (less 

contamination, lower ion 
High temperature operation, 

material compatibility
Tantalum is 

standard choice

K. Chrysalidis, R. Heinke

Ralitsa Mancheva



• >5 orders of magnitude surface ion suppression in LIST mode 
• Efficiency loss factor of ~20-50

Laser Ion Source Trap (LIST)

Reinhard Heinke Daniel Fink Sven Richter
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• Modified version of the standard FEBIAD source at ISOLDE 
• Ability to turn on/off non selective electron impact ionization 
• Molecular breakup with electrons or lasers  
• Adjustable extraction voltage and larger volume may improve ion capacity limit to 10 uA range

Versatile Arc Discharge and Laser Ion 
Source (VADLIS) 

Yisel Martinez Tom Day Goodacre



OPTimizing ION Sources for medical 
applications 

https://www.prismap.eu

Yisel Martinez

PhD Topic Ralitsa Mancheva, KU Leuven / CERN



RILIS as one of the ISOLDE experiments
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Decay modes
Half life

Decay energies
Branching ratios

Nuclear Masses
Nuclear sizes, shapes, 

dynamic properties  
Moments : SPIN, magnetic 
dipole, electric quadrupole 

High resolution 

Unmatched 
 Sensitivity 

Low 
resolution 

High resolution 
+ v sensitive 
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Spin

Quadrupole 

Dipole 

Shapes, 

Hyperfine  
structure
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Change in nuclear  
mean-squared charge radius

Isotope\ 
isomer 

shift

Nuclear radius: few × 10-15 m
Atomic radius: few × 10-10 m

Point nuclear charge:
Coulomb potential (-1/r)

Potential is slightly deeper for the
smaller isotope: s-electrons more
tightly bound

V(
r)

r

V(r)

r

Isotope shift of 
atomic level

dnIS = dnFSdnMS +

D|ye(0)|26hε0

THEORYEXPERIMENT

Ze2
  2δ r
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Measuring the charge radius systematics: isotope shifts



Spin

Quadrupole 

Dipole 

Shapes, 

Hyperfine  
structure

Measuring shape and nuclear moments: The Hyperfine Structure 
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1971



19721971



19721971

1986

Incredible results for the time, but limited by low production rates and low sensitivity of the method 
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The lead region

In-source spectroscopy ‘niche’

dnIS = dnFSdnMS +

D|ye(0)|26hε0

THEORYEXPERIMENT

Ze2
  2δ r

Sensitivity is 
unmatched! 

0.01 ions per second!

Half life < 50 ms

Resolution is limited by 
Doppler broadening 

Heavier ions —> smaller Doppler 
broadening and larger Field shift 

proportion of Isotope shift 

ω1

ωD1
ωD2



The PI-LIST

232Th

• Hot	cavity
• Crossed beams
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The PI-LIST



Atom
beam cone

Narrow bandwidth spectroscopy laser

o Doppler broadening as limit for

in-source spectroscopy

o Reduced Doppler ensemble

in laser intersection volume

Ø Resolution improvement > x10

Ø At cost of efficiency 1/1000

vthermal

!" ≙ 400 nm

FWHM=	!")
8 ln 2 ./	0

1
�

!" ≙ 800 nm

x 1000

RILIS à LIST

LIST à PI-LIST

PI-LIST opt.

~ 30

~ 4

~ 10
~ 1,000

Loss factors

The PI-LIST

Reinhard Heinke
Asar Jaradat



The single-mode 
diamond Raman laser

[1] https://doi.org/10.1364/OL.44.003924 
[2] https://doi.org/10.1364/OE.384630

https://kt.cern/technologies/
singular-light-integrated-

single-mode-laser-converter

Eduardo Granados
Katerina Chrysalidis

Daniel Talan Echarri
George Stoikos



The PI-LIST

Reinhard Heinke
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‘Uncharted 
territory’ 

The actinide region

New laser 
technologies

Advances in 
experimental 
methods

Atomic 
theory input

15 new 
young 

researchers 
in the field

An innovative training network for 
laser ionisation and spectroscopy of 
the actinide elements
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Spin

Quadrupole 

Dipole 

Shapes, 

Hyperfine  
structure

????

????

????

????

????

????

???? ????

??
??

??
??

????

e.g Fm, Md, No, LrA significant experimental challenge !

https://indico.cern.ch/event/1231547/



Thanks to contributors
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Valentin Fedosseev
Ralitsa Mancheva

Reinhard Heinke

Eduardo Granados

Asar Jaradat
Isa Hendriks

Ruben de Groote

Cyril Bernerd
Katerina Chrysalidis

If you are interested in a PhD, Masters 
(technical studentship) or internship in 

the RILIS team.. 
Let me know! 

bruce.marsh@cern.ch
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