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General layout of the lecture 
This 1 hour lecture unfortunately can not be exhaustive 
 
Structure of the lecture : 
 
• Production of radioactive ion beams and specifities 
• Some generic principles 
• 3 case studies: 

 Surface ion sources 
 Forced Electron Beam Induced Arc Discharge ion sources 
 ECR ion sources 
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Production of radioactive ion beams 
and specifities 

 
Some generic principles 
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World map of radioisotope ion beam facilities* 

*As shown during FPRIB, Saha inst., Kolkata, India 
(Apr 2012) 

In-flight 
Fragmentation 
Facilities (in red) 

Isotope Separation 
OnLine Facilities 

ISOL (in black) 
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Figure of merit of a (ISOL) radioisotope ion beam facility 

Not sorted by order of importance: 
 
Number of different radioisotopes beam available 
Beam intensity (secondary radioactive ion beam/primary beam µC) 
Beam quality, for instance purity and emittance 
Facility up-time 
Stability of beam over time 
(Post)Accelerated beam characteristics 
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Underlying principles of a radioactive ion source design 

Primary beam 
(MeV/u-GeV/u) 

Ionize trace radioelements in larger&variable impurities loads 
 
Must be compact 
Must withstand 1 MGy 
Compatible with standard connections/interfaces 
(high current, 3kV, Thermocouples, …) 
Example: 
At CERN-ISOLDE, 1 production unit every 1-4 weeks 
At ISAC-TRIUMF, 1 production unit every 4-6 weeks 

Leaks 
Release loss 

Decay loss 

Leaks 

Decay loss 
Condensation 

Decay loss 
Condensation 

Leaks Neutrals 
Sidebands 

Multiply charged 

Plasma Extracted 
ion beam 
~nA   for Surface 
~µA   for FEBIAD 
~mA   for ECR 
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Figures of merit for a radioactive 
ion source: 
 
Compatibility with Front End 
interfaces 
Integration in production units 
Robustness in radiations 
environment 

Operation in changing gas compositions and 
Contaminations 
Maximal efficiencies for the desired beams 
Low total extracted current intensities (0.1-100 µA) 
Transverse emittance, energy spread 
Eventually provides chemical selectivity 

Beams and ion sources at CERN-ISOLDE 
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Where do we find ion sources 
At ISOLDE, at CERN 

V. Fedosseev 
Resonant Laser 
Ion Source 

F. Wenander 
EBIS charge breeder  
At REX-ISOLDE 

T. Stora 
Target and Ion Source 
Units 

ISOLTRAP, 
Local ion source 
(heated alkali, 
Laser sputtered C clusters) 
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Some key properties of chemical elements 

The related radio-isotopes have in addition 
A finite half-life 
( from a few ms to years at ISOL-Type facilities) 
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Surface ion sources 
 
How to measure the Lr+ 1st ionization potential Wi? 

+ 

Hot tube 

e- 0 



11 

Radioactive  ion sources 
T. Stora 

May 2012 

Saha-Langmuir Equation 

For Iodine, 
g0=4 (2P3/2, degeneracy 4), g-=1  

Meghnad Saha, 1920 

Material work function Φ 
Isotope 1st Ion. Pot. : Wi 
Isotope e- affinity : Ea 

For Alkalis, 
g0=2 (2S1/2, degeneracy 2), g+=1  

Some additional correction factors such as applied electrical potential or  
surface coverage 

http://en.wikipedia.org/wiki/File:SahaInBerlin.jpg
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CERN-ISOLDE negative ion source 

“MK4” ion source* 

material Φ0 
[eV] 

T [°C] 

Re 5.0 2200 

W 4.5 2200 

Ta 4.3 2150 

Nb 4.0 2000 

LaB6 2.4-
3.3 

1200 

GdB6 1.5 1500 

Ir5Ce 2.6 1600 

BaOSrO 1.0 1100 

LaB6, Ir5Ce 

Magnetic field 
Polarized 
e- dump 

Ta transfer tube 
Operation 
temperature 

* : What is the e- current  to be deflected/dumped ? 

For 
1+ 
ions 

For 
1- 
ions 
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Cavity in (non)-thermal equilibrium 

NTE = exp(-Φp.e/kT) 
“Amplification factor” at thermal equilibrium 

Amplification factor in non-thermal equilibrium, : 
κ number of collision, 
ω probability  to leave cavity as 1+ ion 

Effect of plasma properties in tubular surface ion source 

Cavity length 1cm, Diameter 3mm For ωκ=150 

NnTE = ωκ 

εtub = εsurf NTE / (1- εsurf(1- NTE)) 



14 

Radioactive  ion sources 
T. Stora 

May 2012 

Ionization efficiencies for high-T. Cavity 

1=N   : prediction for single collision (Saha-Langmuir) 
 150≈N

311
0 /10 cmn ≈

kN ≈≈ 700 :measured (high Xe pressure)  mbarcmn 1.0/10 315
0 ≅≈

7500≈N  : prediction for thermo-equilibrium:  ∑ ≈ 39 /10)( cmZniv

: measured (min. press.vp)   
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Effect of 1+ ion density in the cavity 

Cavity length 1cm,. 
Diameter 3mm 
Orifice 0.7mm diameter 

Ie, presence of unwanted 
impurities 
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0 3 cm

Skimmer  

Filament  

Ionizer (W)  
Extractor  

Atom ion 

Ionization 
Implant  Tape system  

Ionic yield 
measurement 

Target  

He gas + Cluster (CdI2) 

Production and  
transport of isotopes 

Mass 
separation 

Beam  

Teflon 
capillary  

Surface ionizer Gas-jet transport system 

ISOL  

Catcher  Production yield measurement 

Detector  NDirect = N+ + N0 

NISOL = N+ 

S. Ichikawa et al., Nucl. Inst. and Meth. in 
Phys. Res. B 187 (2002) 548. 

ISOL set-up to measure Lr+ Wi at JAEA-ARSC 

Detector  

JAEA Tandem  
accelerator facility 

Japan Atomic Energy Agency 
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Overview on surface ion sources 
T=1200-2300 °C (2700°C) 
Tube: L= 1-5cm, diam=1-8mm, extr.: 0.5-3mm 
Materials:  Nb, Ta, Re, W, Ir5Ce 
LaB6, GdB6, TaC, SrOBaO 
Heating: Ohmic, e- bomb. 100-1000W 
Plasma density : 108-1010/cm3 

Total beam current @20-60kV : 10-1000nA 
Plasma potential : -1 to -2V, 
Eions = 0.2 eV 
λDebye = 0.05 – 1mm 
ε95%@30kV = 10-15 pi mm mrad 
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Forced Electron Beam Induced Arc 
Discharge (FEBIAD) ion sources 

+ 
Hot  cathode 

e- 

Hot  anode +100V 

0 
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→ End extraction; 
→ Long discharge chamber  
(for better efficiency); 
→ Vapour tight (operation pressure: 
10-4 ÷ 10-3 torr); 
→ Discharge chamber heated  
by the filament (base version); 
→ Gas inlet in the hottest part  
of the ion source (filament). 

Nielsen source 
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sec/
2

2 ⋅
⋅⋅

⋅
≈ +

++ cmions
me

Tkni e

π

2
2/1

2/1
10 /105,3 cmA

M
Tni e µ⋅⋅⋅≈ +−+

Currents to the cavity walls 

i+ - current density through the plasma boundary 
n+ - density in the plasma 
m+ - mass of an ion (in grams) 
Te – electron temperature 
e ≈ 2,718 
ε - electron charge 
M – mass number 

Remarks:  i+ independent of (Ep – Et,b) 
 Space charge limited current 

Et, Eb < Ea Ep < Ea 
Oscillating electrons 

Et=Eb=Ea 

bigger Ep 
Ia ~ 0,5 ÷1A (~ x10) 

Shorter filament lifetime 
Same Ii and RP 

Hotter bottom plate 

The plasma potential depends  
on the potentials of the surrounding walls 

(Ep – Ea,t,b) determines the thickness of 
the sheaths 

( ) )(23,0 2/14/1

4/3

cm
iM

E
x p

+⋅
⋅=

Ep=100V; 
M=100; 
i+ ≈ 1mA /cm2 

=> x ≈ 0,7mm 
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FEBIADs at ISOLDE 

Targets Ion sources 
 Solid materials: 
metalic foils, powders, 
ceramics 
 Molten metals  
Pb, Sn, Hg. 

Surface ionizers 
 “Plasma” source 
(FEBIAD) 
 RILIS (laser ionization) 
 Plasma sources (ECR, 

RF) 
 

ISOLDE, MK IV, 1972 
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The 3 ISOLDE FEBIADs until 2009 

MK5 

MK3 

MK7 

 Hot transfer line 
 Employed for the ionization of the 

condensable elements 
 

 Water-cooled transfer line 
 Employed for the ionization of the noble 
gases and molecular compounds 

 Temperature controlled transfer line 
 Coupled to the molten metal targets 
 Full graphite, BN insulators 

FEBIAD: “Forced Electron Beam Induced Arc Discharge” 

Materials used for 
the different models: 
 
Cathode: Ta 
Anode: Mo, C 
Insulators: BN, BeO 
Grid: (Ta) C 
Heat screens: Mo 
Transfer lines: Ta 

3cm 
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Modeling of “relevant phenomena” 

Recombination 

Neutral 
effusion 

Electron  
impact  

ionization 

Charge 
exchange 

Surface 
ionization Chemical 

reactions 

Transfer line 

Cathode 

Anode 

22mm 

 
16mm 
 

Thermionic 
emission 

 Full cocktail of possible phenomena. 
 Not all appearing all over the variation range of the operation parameters. 
 Some of them can be neglected at the nominal parameters. 
 Application range has been investigated (experiment vs. theory). 
 Performance limitations could be pointed out, justified and removed 

Modeling of the arc discharge plasma 
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Link between operational and physical parameters 

Parameters 
Accessible for 

Operation 

Temperature 

Anodes potentials 

Magnetic field 

Operating 
pressure 

Density 

Energy 

Confinement 

Density 

Extraction 

E
L

E
C

T
R

O
N

S 
IO

N
S 

Physical 
Parameters 

Impact of operational parameters on physical 
parameters of a FEBIAD ion source 
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Ionization efficiency modeling 

inn

ionizsource

n
RVf
_

×=ε
inn

relionizne
source n

vnnVf
_

×××
××=

σε=> 

1 electron passage; 
 no ion trapping; 
 Te = 150 eV (e⋅Vanode, initial energy);  
 Ti = 0.17 eV (2300 K, thermal energy);  
 ne = temperature dependent (cathode emission given by Richardson Dushmann); 
 nn = dep. on  pressure, nn_in, Cout. 

The extraction factor, f  

total

active

V
Vf ≡VactiveVtotal

 VactiveVtotal
 

+ 
+ 

 f  = the fraction of the produced ions that are 
extracted before losing their charge on the ion 
source walls or being pumped. 

 f  (geometrical) = the fraction of the source volume 
where the generated ions are extracted from, due to 
favorable field distribution.  

CPO simulation of the internal 
electrical field distribution 
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Validation of the theoretical model 
Ionization efficiency (exp) 

 Quality Factor 
 Plasma characterization 
 Ionization limit!  (fmax=1) 

 ε measured directly 
 f calculated for each set  
 of operating  parameters 

f factor (computed) 

“ f ” 

relioniznesource

inn

vnnV
n

f
××××

×=
σ

ε _

Compute f for a MK5 ion source. 
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Offline mass-separator at ISOLDE 

 Test of all the TIS units, before being mounted online 
 Development studies 
 Commissioning of new diagnostics 
 Prototype testing & validation 

27 

 Source subtype: MK5 
 Buffer gas: Ar (95%) + Xe (5%) 
 Target material: CeO 
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Plasma potential and energy spread 
Beam energy measurement device 

 Deceleration potential: (Vextraction+∆V), with ∆V ∈ [0, 300V] 
 Recorded dependence: Iback_electrode = f (∆V) 
 Beam energy distribution reconstructed through the 
differentiation of the measured data 
 Broad range of beam intensities (from nA to mA) 
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29 

Horizontal 
emittance 

Vertical 
emittance 

Vextr=30kV; Itotal = 300nA 
Dextr=70mm; Φextr = 1.6mm 

FEBIAD MK7 
Depending on: 
   -  Plasma density (by external field penetration) 
   -  Outlet plate geometry (aperture, potential)  
   -  Ion temperature 
   -  Background pressure (by elastical collisions)  
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Present performance of the 
VADIS febiads at ISOLDE 

YIELDS 
31Ar 

(15 ms) 
72Kr 

(17 s) 
73Kr 

(26 s) 
138Xe 

(14.1 m) 
229Rn 

(~12 s) 

Measured 
(at/µC) 

5 
(CaO) 

1.1e4 
(Nb) 

1.2e6 
(Nb) 

2.4e9 
(UCx) 

200 

(UCx) 
Database 

(at/µC) 
1.5 

(CaO) 
2.0e3 
(Nb) 

7.4e4 
(Nb) 

5.7e8 
(UCx) 

- 

Multiplicatio
n factor >3.3 5.5 16 4.2 - 
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FEBIAD at ISAC-TRIUMF 
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Overview on FEBIAD ion sources 
T = 1500-2300°C 
Cavity: L= 2-3cm, diam=1-2cm, extr.: 0.5-3mm 
Materials:  C, Ta, Mo, W, BN, BeO 
Cathode Heating: Ohmic, e- bomb. 100-1000W 
Plasma density : 107-1010/cm3 

Total beam current @20-60kV : 1-100µA 
Plasma potential : 70% of Anode V (50-100V); ∆Eion= 20eV 
Ee- = 10-300 eV 
λDebye = 0.05 – 1mm 
ε95%@30kV = 15-25 pi mm mrad 
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ECR and RF-driven ion sources for 
radioactive ion beams 
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ECR ion source in operation 

Target and Nanogan-III ECRIS at SPIRAL I-GANIL 
Permanent magnets, 10GHz, 200W 
Multicharged ECR. 
 
For injection in post-accelerator, a 2-steps scheme 0 1+, 1+  N+ is now preferred. 
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2.45GHz 1+ ECR ion source under commissioning 

Monobob 2 for SPIRAL II 

0

20

40

60

80

100

0 10 20 30 40 50

Waveguide MONOBOB
Antenna MONOBOB
MONO1000T

Gas support mass (u.a.m.)

3He

4He CO
2N

2

40Ar

20Ne

40Ar
40Ar

20Ne

20Ne

20Ne

4He

4He

4He

40Ar
40Ar
40Ar

40Ar

20Ne
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-500 A -500 A

600 A 600 A

59

64 

 B (T)

Le 15.4.2011.
Superposition du champ calculé pour MONOBOB, 
de la chambre en inox et de la structure 
magnétique pour détermination de la position de 
l’électrode plasma

20
43

14

37
 (i

nt
)

41
 (e

xt
)

216

110 

B1

B2

B4

B3

Magnetic field Mapping 
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Ionization efficiencies 

Gaz 
d’intérêt 

Gaz 
support Eff1+ x Efftransp Eff2+ x Efftransp 

Eff. 
transport Iextrait 

  % % % µA 
Ar N2 27 4 86 934 
Ar N2+He 34 4 90 892 
CO Ar 30 / 88 816 
Kr N2 39 8 53.1 843 
Kr Ar 40 7 49.4 764 
Xe Ar 47 7 39 798 

 

Support gas flow is comprised between 1 and 7 10-4 mBar L/s 
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Emittance 

40Ar+Emittance : 76 π.mm.mrad ( 93% of the beam) 
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Comparison of different 1+ ECR 
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Overview on ECR ion sources 
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Supplement 
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Nielsen model (for Nielsen ion sources) 

Kirchner model (for FEBIADs) 

Bohm’s formula 
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Alton model (for FEBIADs and EBGP) 
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FEBIAD plasma properties 

Cathode Anode

Ax
ia

l p
ot

en
tia

l (V
)

z

x

Radial potential (V)

x

z

ni_min < ni < ni_max

(for Anode=150V)

Ions 
 Their charge sustains the plasma; 
 The generated potential well defines the source 
trap capacity; 
 Generated by a hot cathode, ne=f(T); 
 Their energy is defined by Vanode; 
 Primary beam can reach the space charge limit;  
 There is a maximum excess ne in the source. 

Electrons 
 Generated mainly by electron impact; 
 ni < ne; 
 Ei = ~0.2 eV (thermal); 
 For efficient operation at high 
temperatures, they are required for 
compensating the electron charges. 

45 
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Improvement of the ionization efficiency at ISOLDE 

FEBIAD 
Ion source 

Ionization Efficiency (%) 
He Ne Ar Kr Xe Rn* 

Standard MK7 0.14 0.36 2.0 4.3 11 - 

VADIS VD7 1.4 6.7 26 38 47 62 

Multiplication 
factor 10 18.6 13 8.8 4.3 - 

Tests with noble gases (offline and online): 
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