
Charge breeding 
                     aka 

 Charge state boosting 
   aka 

  1+ -> n+ transformation 

BE/CERN 

Fredrik  
Wenander 

Personal introduction 

 started my PhD in Gothenburg 1995, become a nuclear physicst 

 dealt with n+ ion sources (ECRIS and EBIS) 

 ISOL-production as a post-doc 

 machine physicist at CERN 
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Why charge breeding? 

Why a dedicated lecture? 

1st dedicated tests 1994 (among them Piet van Duppen) 

PIAFE project Grenoble 1995 

 

I was an odd bird in early PhD days 

Last EMIS, all projects based on charge breeding 

History comments 

on Ion Sources, Senec Slovakia, 2012 

T1/2=4.11 h 



Lecture layout 

1. Introduction and motivation 
 

2. ISOL beam parameters and breeder criteria 
 

3. Atomic physics processes for multiply charged ions 
 

4.   The different concepts 
 Stripping 
 ECRIS 
 EBIS 

 
5. Preparatory devices and tricks 
 
6. Facilities and the future 



Introduction and motivation 
 

Setting the stage 



- Nuclear structure 

- Additional isospin degree of freedom - extreme N/Z ratios 

- Weakening of shell structure 

- Exotic features – clustering, halo 

- … 

- Decays 

- Structure information from decay 

- Weak interaction probe 

- Tailored probes in applications 

- Astrophysics 

- r-, rp-process 

- Solar processes 

Why Radioactive Ion Beams (RIB)? • Some examples 
• Coulomb Excitation: 

–  30Mg 

–  122,124,126Cd  

–  74,76,78Zn 

• Transfer reactions (light nuclei) 

–  (d,p) 

–  (9Be,2) 

• Fusion reactions at the Coulomb barrier 

–  28Mg 

• Reactions of astrophysical interest 

–  14O(,p)17F (inelastic branch) 

• g factors 

• Exploratory transfer measurements 

<1940   1940    1950   1960   1970   1980 

495     822    1244   1515   2010   2270 

Projectile and target fragmentation 

+ 

In-flight separation 

Mark Huyse 

Radioactive nuclei: main interest for nuclear physics  

To this date: 

~6000 nuclei believed to ‘exist’ 

~3000 different nuclides  

           experimentally observed 

Less than 10% stable 

If one moves away from the valley of stability the production of these so-
called exotic nuclei, however, is confronted with difficulties that stem from 
the 
• low production cross sections 
• overwhelming production of unwanted species in the same target 
• very short half lives of the nuclei of interest. 

Proton 

dripline 

Neutron 

dripline 

Beams produced 

www.nscl.msu.edu/future/ria/science/toi.html 

Valley of 

stability 
Potential beams 



RIB production techniques 

Down to us lifetimes 
Large transverse emittance 
Large energy spread 
GeV beam energy 

typical parameters: 
 
T1/2 > ms 
energy x10 keV 
“continuous beam” 
high emittance  x10  mm mrad 

The field of ISOL systems is now more then 50 years old 
The first ISOL beam became available in 1951 [79], the 
first post-accelerated radioactive ion beam was produced 
in 1989 [37, 38] and since 1998 four new radioactive beam 
post accelerators have been commissioned (HRIBF, ISAC, 
REX-ISOLDE, SPIRAL) and are taking data. 

The IF method uses an intermediate energy or relativistic heavy ion beam (typically several 
100 MeV/u up to 4.5 GeV/u), impinging on a low-mass primary production target (e.g. 9Be). 
Reaction products are emitted in forward direction with energies of still a few 100 MeV/u. 
Isotopes of interest are selected and identified with a fragment separator, consisting of 
electromagnetic field combinations, a degrader, scintillators, and ionization chambers [27,28]. 
With this fast technique, isotopes with lifetimes down to the sub-microsecond range can be 
investigated. 

IF (In-Flight fragment separator) 

Thin production 
target 

Fragment   
separator 

Secondary 
beam 

Driver beam 
 
heavy ions 
-fusion 
-fission 
-fragmentation 

Electrostatic 
DC acceleration 

Pencil-like beams 
Chemistry involved 
Higher beam intensities than IF 
Lifetimes >10 ms 
Wtotal < 100 keV 

Driver beam 
light and heavy 
     ions, p, n, e 
-spallation 
-fission 
-fusion 
-fragmentation 

Isotope/ 
   isobar 

separator 

Thick, hot  

target 

Ion source 

Isotope Separation Online (ISOL) 

1+ ions  

Secondary 
beam 



! Fill with post-accelerated ISOL-beams 

Interesting physics at 0.1 – 10 MeV/u 

– Coulomb excitation 

– Few-particle transfer 

(d,p), (9Be,2α) , (10Be,2 α), (p,γ), (p,p)res… 

– Fusion reactions at the Coulomb barrier 1 GeV 

1 MeV 

1 keV 

1 eV 

fragmentation (IF) 

deceleration cooling 

(storage rings) 

post-acceleration 

isotope separation 

on-line (ISOL) 

E/A 

target-ion source 

inverse kinematics 

Closing the energy gap 

• Adapted to 0.1 – 10 MeV/u 
– Coulex excitation 

– Few-particle transfer 
(d,p), (9Be,2a) , (10Be,2a), (p,g), (p,p)res… 

– Limited # of reaction channels open 

– Fusion reactions at the Coulomb barrier 
– Reactions of astrophysical interest 

– g factors 

– solid state implantation 
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Specify 
Coulomb barrier 
as function of Z 

NB!  Wkin(total)=MeV/u*A 



Motivation for Q+ 

Most ISOL facilities provide beams with total beam energy of 50 keV.  
 
What does that correspond to in MeV/u and velocity: 50keV/A 
 
Coulomb barrier and energy of interest around a few MeV/u  
 
Max DC voltage limited by how much the air can "stand off" before sparking.  

Old 750 kV Cockroft-Walton  
proton source at CERN 

 
=> 0.015 MeV/u for A=50 

 Breakdown limit 
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Ecyclotron / M =(q/M)^2 * K 
K~(B*R)^2, e.g. 130 

Wfinal (MeV/u) Time structure 

Cyclotron K*(Q/A)2 cw (micro structure) 

K~(Br)2,   [B]=T,  [r]=m (cyclotron B-field and radius) 
 

Linac Q/A*E(ave)*L SC - cw 

NC - usually pulsed  

E(ave)=average acceleration field ~3 MV/m for NC*  
[L]=m (linac length) 

Normal conducting linac – stepwise adjustable 

Superconducting linac – continuously variable 

Cyclotron - continuously variable 

=> Linac length ~ A/Q 

1st motive for high Q 

Kilpatrick limit (valid for NC) 
f(MHz) = 1.64E (peak)2e(− 8.5/E(peak))     
[E(peak)]=MV/m E

xt
ra

 



Linac cost ~ length*radiusp   1<p<2 

+ short linac  
+ small transverse dimension  

Find pictures of UNILAC 
 
Freq dependent on the beam particle 
dynamics 
 high A/q -> low freq 
 
2. Beam particle dynamics decides RF 
wavelength RF 

Transverse size of acceleration cavity  RF 

Beam dynamics calculations showed that the RFQ and 
the first IH DTL should be less than 15 MHz for efficient 
acceleration of the most demanding ion in terms of 
dynamics, 476 kV 240U 1+ DC beam. Hence, 10 MHz and 
the frequency doubling scheme chosen to ensure good 
beam properties for all mass ions. 
 
A reduction in rf accelerating fields by a maximum 
factor of 24 in the room-temperature structures matches 
ion velocities over the full mass range. Such an rf voltage 
range should not lead to multipactoring or field emission 
difficulties as long as structures are conditioned properly 
and design takes into account the rf voltage range. 

Transverse tank dimensions scale with 1/fRF 

ISAC 35 MHz RFQ for A/Q<30 

If A/Q high => require low fRF to achieve adequate :  
 
   a. transverse focusing (focal strength ~                 ) 

 
   b. period length (Lperiod) of the first RF structure  
       as the source extraction velocity is limited 

Example: A=220, Q=1, Uextr=100 kV, Lperiod=2 cm 
 
 
             =3E5 m/s 
 
fRF ~ vextr/Lgap = 15 MHz 

u

e

A

QU
v extr

extr

2


2nd motive for high Q Motivation for Q+ 

open RFQ 

The ISAC 35 MHz RFQ is designed to accelerate ions of 
A/q up to 30 from 2keV/u to 150keV/u in cw mode. 

Bottom line:     low A/Q => 
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Post accelerator 

pros & cons: 

 

• Higher Charge State (short 

Linac) 

• Wide Mass Range 

• No Stripping Process Emittance 

Growth (Losses)  

 

• Pulsed Operation 

• Only for long lived Isotopes 

Isotope/ 
   Isobar 

Separator 

Thick, hot  
target 

Ion source 

Production 
accelerator 

Low energy 1+ ions  
Isotope Separation 

Online 

Post accelerator 
 layout 

Experiment 

Charge 
breeder 

Low energy Q+ ions  

Post- 
accelerator 

Secondary 
beam 

High energy Q+ ions  

Mass  
analyzer 

First ideas/suggestions for post-acceleration 
of radioactive ion beams: “Nuclides far off the 
Stability Line” (1966) Sweden  



ISOL beam parameters and breeder criteria 
 

What comes in and goes out 

For ion source details  
see T. Stora’s lecture 
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Because of the pulsed structure 
of the proton beam (one 2.4 μs long proton 
pulse of about 3 × 1013 protons every 1.2 s) 
the production of the radioactive ions can be 
measured as a function of time after the 
proton beam impact. Figure 8 shows a typical 
release curve for 8Li (T1/2 = 840 ms) produced 
by target fragmentation of tantalum foils. 

Ion mass 4 to >250 He to >U 

Intensity few to >1E11 ions/s Large dynamic range 

Charge 1+ Some (undesired) 2+, 3+,… 

Energy several tens keV 

Energy spread few eV 

Temporal structure cw or quasi-cw Driver beam – cw or pulsed 

ISOL beam characteristics 
    30-60 keV total energy 
    1+ (rare cases 2+) ions  
    (quasi-)continuous beam 
    ε < 0.05 mm mrad (90%) 
    beam intensity: 1 to > 1010 ions/sec 
    superimposed contaminating beams 

ISOL beam parameters 

Release curve 

Semi-continuous 
     depending on release  
 properties and ionization time 
 typical tens ms to minutes 
 (r=rise, f=fast, s=slow) 
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8Li (T1/2 = 840 ms) produced by target 
fragmentation of tantalum foils 

at CERN period time = n*1.2 s 
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See also http://ie.lbl.gov/isoexpl/charthlp.htm 

ISOL beam parameters 

Transverse 
emittance 

10-50 mm mrad 90% at 60 keV 

Half-life >10 ms Limited by ISOL-system 

Selection Not necessarily 
isobarically clean 

Use e.g. resonant ionizing 
laser ion source 

ISOL magnet  
selects A/Q (Q=1) 

Z 

resonant laser 
separation 

N 

The farther one recedes from the valley of beta stability, the shorter the 
half-life of the nuclide to be investigated typically becomes. Half-lives very 
close to the neutron and proton drip lines range from milliseconds to a 
few tens of milliseconds. This means that very fast techniques for beam 
handling, cooling and trapping are required 



0 Achievable A/Q         (3<A/Q<9) 

1 High breeding efficiency 
 rare radionuclides 

 limit machine contamination 

                      chain of machines  

2 Short breeding / confinement time 
 handle short-lived ions 

3 Clean extracted beams 

4 High ion throughput capacity 

5 Good beam-quality (large α, small trans, small Eextr) 
 good trapping effieincy 

                    high linac/separator transmission  

 good mass separation 

6 Pulsed or cw machine / beam extraction time structure 
 dependent on accelerator 

7 Easy handling and reliable 
       to be used in an accelerator chain on a production basis 

Breeder criteria 

)1(
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IQ

QI
breed

ionization 

Checklist for breeder design 

target ion source  

separation 

breeding 

acceleration 

detector 

= delay_ion source ionization transport bunching-cooling breeding delay_CB acceleration 
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Atomic physics processes for 
multiply charged ions 

Short revision 

See also lectures by  
M. Kowalska and G. Zschornack 



Electron impact ionization 
 more efficient than proton and photon impact 

 
  

Electron impact 
Single ionization 
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       electron energy         

Multistep (successive) ionization         e + Ai+ -> A(i+1)+ + 2e 
 the process takes time 

 
Ionization time has to be shorter than lingering time in the source 



Ionization process 

Electron impact 
Double ionization 
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       electron energy         

Intense bombardment of the ions  
with energetic electrons 
=> electron impact ionisation 
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Average time to reach the charge state q 
with multistep ionization for electrons with 
defined kinetic energy: 

To decrease the time, either increase: 
  je or σ 

For practical reasons the semi-empirical formula developed by Lotz 1967 for the energy 
dependence of the cross sections for the elements from H to Ca and for energies < 10 keV is 
commonly used. The error is given by maximal 10%.  
 
 This expressions is mostly used in calculations of the charge state distribution. 
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Lotz’s semi-empirical electron impact 
ionization cross-section formula for the case of 
high ionization energies Ekin > Pi is: 

Energies in eV and nl sum over n shell and subshell l 
Ekin - energy of the incident electron 
Pi=Enl  - binding energy 

V A Bernshtam, “Empirical formula for cross section 
of direct electron-impact ionization of ions”,  
J Phys. B: At Mol Opt Phys 33 (2000) 

σ – single ionization cross-section cm2 

je – electron current density A/cm2  
valid for electrons with fixed energy 

Ionization potential – binding energy of the least bound electron 

Ionization time 

 

Cross-section 
* Energy threshold = ionization energy 
* Max at ~2.7  times the ionization potential 
* Decreases   with charge state 
       for very high electron energies  

The dependence of cross section on electron energy means that the high energies 

required to produce high-charge states are not an advantage for the production of low-

charged seed ions. Ions are lost from the plasma by such processes as loss to the walls 

and electron capture from neutrals and plasma electrons. The design of high-charge-

state sources is complicated by these phenomena.  



Charge state distribution 

Charge state distribution as 
function of ne*Tconfinement 

* ~25% in one charge state 

* More near closed shells 

NB! Statistical charge state 
distribution -> 
max efficiency in one charge state 
25-30% 

Ionization a statistical process  
 charge state distribution 

 
Typically 15-25% in most abundant state 

atomic shell 
structure 

10 to 40 eV for singly charge ions 
several 100 eV for multi-charged states 
keV to tens of keV for highly charged ions 

Electron energy 

Q 
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• Ionisation factor 
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• Stepwise ionisation 

Also take into account 

Processes in an EBIS 

 electron-impact ionisation of ions 

 radiative & dielectric recombination 

             small   

 charge exchange between ions and 

   neutral atoms or between ions and ions 

         <0.1% 

 ion heating by the electron beam 

         <1 eV   

 ion-ion energy exchange 

     (even smaller) 

Add references 

Many processes involved 

 electron heating 

 plasma confinement (electric and magnetic) 

 collisions (e-e, e-i, i-I, residual gas) 

 atomic processes (ionisation, excitation, disassociation, recombination) 

 surface physics (coatings + desorption, electron emission) 

High ebeam energy not sufficient -> need density 

 

Time to reach a certain charge state depends on the cross-section and the electron current density 

Multicharged ions: 
 e+A(i+) -> A(i+1)+ +2e 
Assuming only outer-shell step-by-step 
ionisation and neglecting, for example, 
Auger processes 

Single Ai+ + e      A(i+n)+ + (n+1)e 

Multi Ai+ + e      A(i+1)+ + 2e 

Ni – number of ions with charge i 
ne, e – electron density and velocity 
n0 – neutral particle density 
                   – averaged ion velocity 
 
 
EI – electronic ionization 
RR – radiative recombination 
DR – dielectronic recombination 
CX – charge exchange 
Ri

ESC – escape rate 

ESC

iii

CX

iii

CX

iiion

i

DR

ii

RR

i

i

DR

ii

RR

ii

EI

iii

EI

iiee
i

RNNNn

N

NNn
dt

dN













][-       

])(       

)([

1110

1111

11111







Charge development 

Competing processes 

ionionion MkT /2

See also AIP Conf.  
Proc. 572, 119 (2001) 



From R. Becker 

Charge exchange vs ionization 
Vacuum pressure at which gain 

by ionization equals loss by 
charge exchange for lead ions 

Electron ion heating 
Radial well voltages eUtrap=kTion to trap 

multiply charged ions heated by electrons of 
1 keV (dashed line) and 10 keV (full lines) 

 
 
 
 

See R. Becker, Proc 3rd EBIS Workshop 1985, Ithaca, eds. V. 
Kostroun and B.W. Schmieder, p.185 
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EBIS beam 
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Stripper foil 

The First Alternative 



Classic concept – stripping 

beam 

carbon foils at CERN Linac3 

+ Simple method, passive elements. 
+ Sub-us half-life isotopes easily reachable 
+ Very high beam capacity >100 eA 
+ No additional beam contamination 

* Doesn’t really classify as charge breeder 

Carbon foils have the advantage of being 
stable in vacuum at high temperatures, in combination with good electrical 
and thermal conductivity. Carbon has the further advantage of being the 
material with the lowest Z that can be fabricated into a very thin foil to 
minimize multiple scattering and energy straggling of the transmitted ions. 
In many energy ranges, lower-Z materials also can lead to higher average 
charge states compared with higher-Z materials [1].  

* Foil materials: Be, C, Al, Al2O3, mylar 

For thermal stability, high sublimation temperature, 
radiation and mechanical resistance the foil material will 
be carbon, either amorphous or possibly diamond [4], 

Baron’s formula – for carbon foils 

The traditional way to achieve this, frequently proposed in the new 
projects, is a suitable pre-acceleration to about 200 keV u−1 followed by stripping of 
electrons by passage through a foil or a gas (which is often repeated). This method 
has the advantage of being very simple and cost effective, but introduces transverse 
emittance growth. The singly charged beam is now split up in a distribution of higher charge 
states, of which only one will be accelerated. The same process is also used to 
convert positive into negative ions by charge exchange if a tandem accelerator is the 
nal stage. These well-known processes have an efficiency which is mass dependent 
and of the order of 10{50%, where especially the charge exchange is most delicate 
and may reduce the beam intensities below those originally foreseen. 

* Bohr criterion: electrons whose orbital velocity 
is larger than projectile velocity are retained 

Although it is a very efficient 
method for the production of bare light ions, a lower efficiency 
is experienced for heavy ions for which the poststripping 
charge - state distribution is wide, and multiple 
stripping stages have to be used. It also requires a prestripper 
section, with low frequency RF-structures for the 
extreme A/q-range, that accelerates the radioactive ions 
to the minimum energy needed for the stripping process. 
For example, at GSI the High Current Injector of UNILAC, 
a 30 m long, 36 MHz, 2 MW accelerator consisting 
of an IH-type RFQ and two IH-DTL cavities, is required 
to accelerate the ions to 1.4 MeV/u for the first stripping 
stage. The pre-stripper induces a significant additional 
cost to the facility [3]. This method, although the most 
rapid and robust one, might not be the best choice for 
EURISOL due to the drawbacks given above (although 
stripping can be used for additional purification of the 
beam from isobaric contamination). 
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Zproj 

10 keV/u

500 keV/u

10 MeV/u

The pre-accelerated singly charged ions 

are stripped in the dense electron cloud.  

 447.0/28.83

21 1 projZ

proj eCCZQ




Baron’s formula for equilibrium 
charge state distribution (CSD) 
 
  
 C1=1 for Zproj<54 

C1=1-exp(-12.905+0.2124Zproj-0.00122Zproj
2) for Zproj54 

C2=1 for energies W>1.3 MeV/u 
C2=0.9+0.0769W for W<1.3 MeV/u 

NB!  ~only dependent on velocity  
vproj=c and Zproj 
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See also: G. Schiwietz, P.L. Grande, Improved charge-state formulas NIMB 175-177 (2001) 125-131 
Refined formulae for foil and gas stripping 

Stripper foil CSD 

)1(5.0

67.1
















projZ

Q
Q

Gaussian CSD distribution 
* assuming no significant atomic shell effects 
*        is not too close to Z Q

  )/2657.0)/(19.007535.0(
2

projproj ZQZQQ 

for Zproj<54 for Zproj54 

Light elements (low Zproj)  
=> narrow distribution  
=> high fraction in a single charge state 

35% 

Heavy elements (high Zproj)  
=> wide distribution  
=> less fraction in a single charge state 

15-20% 
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Foil equilibrium thickness 

1. Need a certain thickness to reach an 
equilibrium CSD 

M. Toulemonde, ‘Irradiation by swift…’, Nucl Instrum Meth B250 (2006) 263-268 

47.1

66 43.2 projWx 

 Wproj (MeV/u) 

Equilibrium thickness   2*x66 

* Typical carbon foil thicknesses: 5-1000 ug/cm2 -> 25 nm to 5 um 
 
* Pre-acceleration to >500 keV/u 
 
* Foil thicknesses < 5 ug/cm2 (< 25 nm) practically difficult  to mount 
 => use gas strippers for low velocity beams 

Equilibrium thickness =>  
CSD do not change when 
the target thickness is 
further increased 



Assume Uacc=Utotalenergy=200 keV 
What’s the energy per nucleon and particle velocity 
Use this to calculate qmean 

In solid stripper the collision 
frequency is larger the 
frequency of Auger and 
radiative decays =>  higher Q 
than in same integrated 
thickness for gas stripper 

Small emittance growth 

Gas stripping 
* Used for very low velocity: 5-25 keV/u 
 
* Very thin integrated thickness: fraction of ug/cm2 

 
* Usually noble gases  
 
* Small charge increase from 1+ to 2+, 3+ or 4+ 

E
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P.N. Ostroumov et al., PAC 2001 



Facility based on stripping technique  

Ideally strip as soon the increased velocity enables a higher charge state 
    + make maximum use of the accelerating voltage 
    - but at each stripping stage the transmission is reduced due to the CSD 

As already pointed out, a critical issue for 

charge breeding of radioactive ions is the 

efficiency of the process. An example of a 

post accelerator for radioactive ions using 

stripping is the SPES design scenario [8]. 

With a bunching efficiency of 65%, gas 

stripping efficiency of 40% at 8 keV/u, and 

a foil stripping efficiency of 20% at 

500 keV/u, an overall efficiency of 4% for 

132Sn is expected. For heavier ions the 

total transmission in a machine using 

strippers drops below 1%. 

Z=54 => almost Sn 

        Example  
Bunching efficiency      65% 
Gas stripping to 2+ at 8 keV/u   ~55% 
Stripping foil to 23+ at 500 keV/u    20% 
In total (single charge acc of 132Sn)    7% 

A bunch rotating rf cavity is 

mandatory in order to generate a 

time focus at the stripper to minimise 

the longitudinal emittance growth 

due to energy straggling.  

E
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Multi-charge state acceleration 

MCA and overall stripping efficiency (RIA proposal) 

  (trans. and long.) ~3 larger  
    compared with single charge  
    state acceleration 

* Accelerate multiple q after  
  the stripper 

* q/q of ~20% can be accepted 

 Higher intensities 

Discuss need for achromatic systems 

In order to improve the overall transmission of 
this stripper option, one could also explore the 
multi-charge acceleration concept, proposed 
for the RIA driver machine [11]. This technique 
seems to be very difficult to implement 
practically, and has to be deeply investigated if 
considered. 
Very precise longitudinal beam manipulations 
are especially required, with one additional 
cryomodule for phase synchronization after 
each stripping station, and another one for 
beam re-collection before each additional 
stripping station (if any) [2]. 

Mostly suited for stripper foils, less for 
charge breeders 
 
Substantial intensity enhancement of 
secondary radioactive beams in post-
accelerators 

* Synchronous phase of multi-q beam 
 
* The same final energy for all charge states 

RIA 
TRIUMF – check HWI presentation To increase the efficiency for heavy ion 

beams, where multiple stripping is 

foreseen, multi-charge state acceleration is 

an option, as considered for the RIA 

project. Instead of selecting a single 

charge state after the stripping stage, a 

broader band of charges (q/q ~10%) is 

accelerated leading to approximately the 

double particle intensity [9]. The 

disadvantage is an increased transversal 

and longitudinal emittance of at least a 

factor 3 compared with single charge-state 

acceleration. 



Stripping technique drawbacks 

 Needs pre-acceleration 
in gas stripping 8 to 20 keV/u 
in foil stripping ~500 keV/u  

  Emittance increase 

Energy straggling        
 
Angular straggling  
 

 

 No macro-bunching capability  => CW accelerator needed 

? Foil lifetime 
 

1. Radiation damage 
2. Sublimation at high power  
     levels (>150 W/cm2) 
 
=> Not limiting for radioactive beam intensities 

  Limited efficiency for high-Z 
elements 

2

2/1

2

2/1

2

2/1 SIT  

2/12/1 TTT x  

xT1/2= xI1/2=incident beam spot size 
T1/2=divergence exiting beam 
I =Incident, T=traverse, S=Scattering 
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Stripper foil 

The Second Alternative 



General principle 
- inject very slow ions  

   through a plasma of hot e- 

 

ECRIS  
as charge  
breeder 

Electron Cyclotron  
Resonance Ion Source 

separation 

from residual 

gas ions 

singly 
charged 
ions 

Q + ions 

To construct an ECRIS 
     min-B magnetic structure 
      ECR zone Brf=Bwce 

      a hot and dense plasma 
      a slow diffusion process of ions into the plasma 

Transmission efficiency 

* between 5 and 20%  

- now also for metallic beams 

 

Ion confinement 

* between some 10 ms and  

    several 100 ms 



ECRIS  
physics 

‘Magnetic bottle‘ confinement of plasma 

* Longitudinally by Helmholtz coils  
* Radially by powerful permanent multipole 
     => min-B field – increases in all directions 

•Discuss orientation of RF wave 

* e- heated by RF at ECR zone 
      where RF=ecr=eB/me 

For a given magnetic field, non-relativistic 

electrons have a fixed revolution frequency. 

This type of source is used routinely on heavy-ion cyclotrons and has been used in the pulsed 

mode on synchrotrons for the production of O6+ and S12+ beams.  

 

The electrons of the plasma are heated by injecting RF power at a frequency that is suitable for 

obtaining a resonant transfer of energy between the RF and the electrons. Because of the 

excellent confinement and availability of powerful RF generators, high plasma densities and 

electron energies can be reached in this way.  

 

High ionization efficiencies are obtained also for the lightest elements [64]. ECR sources have 

been successfully used for the production of 1+ or low-charge state radioactive ion beams of 

gaseous elements at Louvain-la-Neuve and Triumf [65, 66]. Because of its low-temperature this 

type of ion sources is very robust but beams of non-gaseous elements or molecules are difficult 

to produce (see below). Moreover, the source does not exhibit selectivity and produces strongly 

contaminating beams of stable isotopes. This is a limiting feature when performing, e.g., 

experiments with post-accelerated exotic beams of low intensity, say 1000 atoms/s. The 

high plasma densities and electron energies make these sources very efficient for the 

production of high charge states. At GANIL, high efficiencies have been obtained for multiply 

charged ions of radioactive isotopes of gaseous elements, using a projectile fragmentation 

reaction on a carbon target that was coupled through a room temperature transfer tube with the 

source [67]. 

e- temperature distributions 

Cold <200 eV: lowest confinement time  
Warm < 100 keV: ionization process 
          (main source of bremstrahlung) 
Hot > 100 keV: highly confined 

Photo of plasma 

Electron confinement time: 
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Required 

 high frequency (>10 GHz) 

 ne~we^2 

High electron fluxes -> high B 

What RF is needed? 

* Ionic confinement i~10 ms to a few 100 ms 

High-q ions with high-f and confinement 

High pass filter 
 
=> The plasma density can increase up to the value when the plasma freq equals the RF(ecr) 

Example 
* To produce Ar16+ ne=5E16 s/m3 required 
* Typical confinement time 0.1 s 
=> Need ne ~5E17 m-3    => RF>3 GHz  

Electron densities typically 
<1·1013 s/cm3  

Highly charged ions –> use high frequency ECRIS, f>2.45 GHz 

Typical confinement time 0.1 s 
=> need ne ~1E12 cm-3 

s/cm3 

fRF needs to be higher than 
the plasma frequency fp 
(cut-off frequency) 

e
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ne (m-3) 

ne < 1.2E10 fRF
2 cm-3 

fRF= in gigahertz 
CB ions 

Compare with stripper foils 
ne~1E24 cm-3 inside the foil 
vion=1E9 cm/s, dcarbon_foil=0.5 um => 
      ne*=5E10 s/cm3 
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We know ne ~ 1E12 cm-3 for charge breeding ECRIS 

 
   Assume: 
      * plasma volume r=2 cm, l=10 cm 
      * confinement time 0.1 s 
      * 10% radioactive ions 
       * 20% in the desired charge state 10+ 

    => 2.5E12 radioactive ions/s extracted (0.4 puA) 

Beam injected into a PHOENIX CB 
 from >2uA of In+ down to <100pA 
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In1+ beams  (low RF power) 

10 nA reached 

Spiral2 
     1E11 Kr to the physics setup  
     => a few 100 nA 1+ injected 

Theoretical capacity 
 Total extracted current ~500 uA 

        -> 
 1 uA injected beam  <<1% of the extracted current 

NB the very high injected current 

ECRIS capacity 

The large capacity  
– a major strength of 
the ECRIS CB concept! 

The plasma density limit is then nmax 
<B^2/2uo [KT]-1 - which is the 
magnetohydrodynamic 
plasma stability. 



Stopping ions in 
ECRIS plasma 

Non divergent 
monoenergetic 

1+ ion beam at Vextrac.  

~Vextrac. 

Grounded 

tube 

Equipotential  : Vextrac. + Vplasma 

Warm collisional 

edge plasma 

Grounded  

electrode Hot collisional 

core plasma 

n+ beam 

* Stopping of ions tricky and critical 
* No wall-collision tolerated 

proposed a collisional damping of the incident particles 
through plasma collisions with the thermal electrons and ions 
of the plasma whose velocity are, respectively, Wtherm 
2 and 
Wtherm 
1 . For fast ~super thermal! incident ions he showed that 
they can be thermalized through two kinds of plasma collisions: 
when the velocity ratio Wincident 
1 /Wtherm 
1 is <10, the 
ion/ion collisions are the guiding mechanism. For higher values 
of Wincident 
1 /Wtherm 
1 the damping efficiency drops rapidly 
until the ratio Wincident 
1 /Wtherm 
2 reaches values of the order of 
1. In this last case, collisions between the super thermal ions 
and the thermal electrons also become frequent and are able 
to absorb the ion energy of the incident ions. However this is 
true in huge astrophysical plasmas. But in the case of a laboratory 
ECR plasma the maximum length is only a fraction of 
a meter. Therefore we chose the long range ~90 deg! ion/ion 
collisional damping with Wincident 
1 of the order of 104 m/s 
~i.e., some 10 eV of incident ion energy! inside a thermalized 
ion population with energy of some eV ~typical value for a 
Min B ECRIS plasma!. The slowing down is then obtained 
over distance of some 10 cm. Under these conditions the 
super thermal ions, after a few ion/ion plasma collisions, are 
thermalized ~in some 1024 s! and trapped among the ions of 
the support gas in the Min B ECRIS;4 hence they become 
cold and Maxwellian and are confined like the other ions, 
which are submitted to inelastic step by step stripping collisions. 

Mean free path for 90 deviation 
smaller than plasma size? 
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Coulomb logarithm 

Wa=10 eV za=1, zb=10, ln=10 
 
             =>   90~ 5 cm 

1st electrostatic slow-down 
2nd subsequent long-range  
       ion-ion Coulomb collisions 
       lead to 90 deflection* 
3rd ionized 
 => Ions trapped 
 
* Cumulative deflection due to small-angle  
scattering is larger than those due to single  
large-angle scattering  (Spitzer/Chandrasekhar theory) 

a 



Example  
* ECR oxygen plasma T+=2 eV 
* Rb1+ ISOL ions  
 Einj(Rb1+) ~ 2eV*mRb/mO ~ 10 eV 

 
If we’d like to inject 11Li+, optimum 
energy would be <2 eV => difficult 
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Assumption 
1. low intensity of injected particles 

2. only interaction via long distance  

   cumulative plasma collisions 

3. plasma particles Maxwellian velocity distribution 

4. distance between 90 deviations < plasma size 

Requires: 
 

 

Mean path for 90 deg collision < ECR plasma size -> slowing down works 

 provide formula? R. Geller talk Nov 2004 

Long distance cumulative plasma collision (Chandrasekhar) – ion-ion long range plasma collisions 

  low intensity of injected particles 

  only interaction via long distance cumulative plasma collisions 

  plasma particles Maxwellian velocity distribution 

  distance between 90 deg deviations < plasma size 

 optimal slowing down when the incident particle has the same velocity as the average speed of the plasma particles 

 example ECR oxygen plasma T+=2eV (probe measurement) 

  Rb1+ ISOL ions E(Rb1+)~2eV*85/16~10eV 

  C1+ ISOL ions <2eV i.;e. difficult to inject light elements  

Injection velocity 
into ECR plasma 

What is the optimal velocity for 

stopping inside a plasma? 

Optimal slowing down when: 
vinjected particle = <v>plasma particles 

R(uab) 

The capture condition into the ECR plasma is 
that the final speed of the 1+ ions is equal to 
the speed of the ions of the plasma which is 
about 1eV 

Compatible with previous slide! 
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U curve for efficiency yield (%)  

on the most abundant n+ charge state. 

Longitudinal acceptance 

Up = plasma potential

Potential distribution
for injection

1+ -ion source ECRIS
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zchamber

ECRIS 
Plasma sheath 

Chamber walls 

Potential distribution  
for ion injection 

Positive plasma potential of 
some tens of volt with 

respect to the walls.  

Central hot plasma



wall

axial or radial direction

sheath sheath

 plasma potential

 

transport 
section 

Up 

U2 = plasma chamber  
           potential 
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Plasma chamber high voltage 

1+ beam 

Extraction  

voltage 

Noble gas 
Metallic ions 
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Plasma chamber high voltage 

1+ beam 

extraction  

voltage 

Noble gas 
Metallic ions 

Ionization efficiency vs injection voltage 

V tuning 

 too high Winj 

too  
low  
Winj 

V 

Noble gases  
     - wall recycling 
 
Condensable/metallic elements  
     - only one trapping chance 

Mean sojourn time given by Frenckel’s law 
 
  o~1E-13 s, Ed – binding energy 
 
Wide range: Ar 1E-11 s, Ni 100 years 
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How to change the  
charge state? 

)1(
min

max2

min

2

min||  
B

B
vv

The solenoid magnetic field still allows losses on 
axis – these ions make the beam. 

??Charge state B-field plot?? 
What charges can be attained in an ECRIS? 

lost lost

v0

v||0

loss hyperboloid loss cone

trapped

open-ended mirrormirror with ECR

The attainable charge state is mainly 
depending on the:  
 electron density ne 
 confinement time ion  
 electron energy distribution EEDF 

Axial confinement can be explained conservation of the 

 a) magnetic moment M 

 b) total energy Etot 

ptot E
mvmv

E

B

mv

B

mv
M
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The better the magnetic confinement, 
the higher charge states can be produced 

In reality adjust: 
   1. RF power 
 
   2. buffer gas pressure or mixture -> 
 ion-ion cooling 
 charge exchange probability 
 
    3. Bext since extopt BQ ln

3/1

RFopt PQ 

=> Magnetic bottle 
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   total energy 

   magnetic moment µ 

Axial B-field 

longer e -> longer ion 
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Transverse acceptance  
Intuitively larger acceptance than EBIS since large radius 
Give example – include a plot  
Benefits from cooled beam (e.g. RFQ cooler) 
 
Transverse emittance 
 higher charges, falls down into the center of the min-B configuration 

Extracted beam properties  
* Extracted energy spread few eV 

Background current 

Extracted beam properties Tricks suppress the background current 
 see EMIS 2007 and Vondrasek 
Cleaned Al surfaces reduces sputtered beam components 

Efficiency vs A/Q for 
different elements  

at different breeders 

A/Q 
Extracted beam with and without Cs+ 

Loss lines for 
a hexapole 
structure 

* Total Iextracted ~100 uA: 
      + radioactive ions 
    
      -  buffer gas ions  (He, Ne or O) 
    
      -  ions from the plasma chamber 
               sputtering of chamber material 
              desorption of implanted ions  – memory effect 



ECRIT mode 

Normal operation mode: 
   cw injection 
   cw extraction 
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Typical afterglow signal  
for charge bred Pb27+ 

RF 
pulse 

RF power 

Extracted 
current 

Wrong: Ions entering the loss cone  

In the afterglow mode ion confinement in the plasma 
 
Explain afterglow ion pulse expulsion 
 Coulomb expulsion 
 hot electrons not heated any longer 
 leave the plasma 
 
Expulsion by plasma instability 
 
In contrast to an ECR source, that can capture ions in continuous mode and delivers continuous 
beams, an EBIS needs a pulsed ion beam for injection 
and yields a pulsed beam (width about 100 μs). At REX-ISOLDE the 1+ ion beam is injected in a 
Penning trap to bunch the ions prior to injection 
into the EBIS [6, 43]. This pulsed ion beam structure is needed for linear accelerators as they 
often work with a specific duty factor (see below). 

Make use of afterglow: 
    1. Switch off RF 
    2. Heating of electrons stops 
    3. Electron confinement stops 
    4. Plasma instability / Coulomb  
         expulsion of trapped ions 

cw  
injection 

pulsed  
extraction 

Result: 
a.   ion trapping (some 100 ms) 
b.   pulsed beam extraction (some ms) 

Pulsed linac operation possible 



Practical design aspects 

* Similar magnetic-field relations for charge breeding ECRIS CB as for high-Q ECRIS: 
 Binj/Becr ~ 4, Bext/Becr ~ 2, Bmin/Becr ~ 0.8, Brad/Becr > 2, Bext/Brad < 0.9  
 
 Binj (Bext) is the B-field max at injection side (extraction side) 
 Brad the radial B-field of the sextupole at the plasma chamber wall 
 Bmin the minimum B-field between the magnetic mirrors 

 

* Grounded injection tube just inside Binj 
 

* Radial RF injection preferred to axial 

More iron at injection region -> better confinement 

RF injected radially 

Better pumping of 
the chamber 

Symmetrical B-field at 
injection region 

Movable grounded 
injection tube 

Only put plasma chamber on HT,  
keep source body at ground 

Bz 

Axial RF wave-guide 

Radial RF wave-guide 

Asymmetric B-field deflects injected particles 



* ECRIS charge breeder specifications:  
A/Q<7 for A<150 

 
* cw injection and extraction 
 
* Superconducting linac 
 
* Combined electrostatic and 
magnetic selection 

1+ cw 
beam 

magnet  
dipole 

Phoenix  
14 GHz  
ECRIS 

electrostatic  
benders 

to post acc linac 

mass 
focal 
point 

energy  
focal 
point 

Other facilities: 
1. Caribu, ANL, US (operational) 
2. SPES, Legnaro, Italy (design phase) 
3. TRIAC, JAERI, Japan (closed) 
4. SPIRAL, GANIL, France (commissioning phase) 

ECRIS CB facility 



EBIS beam 
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Fast ions 

Slow ions 

    Slow electrons 

Fast electrons 

ECR plasma 

Q+ 

Q+ 

Q+ 

Fast electrons 
Slow ions 
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Stripper foil 

The Third Alternative 



Electron Beam  
Ion Source /Trap 
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2-8 T 

• Produces highly charged ions 

• e- beam compressed by solenoid B-field 

• Ions are trapped in a magneto-electrostatic trap 

• Ionisation by e- bombardment from a fast,  
dense mono-energetic e- beam 

EBIS theory 

EBIS cross-view 
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B  Axial magnetic field profile 

2-5 T 

Electron Beam Ion Source 

n+ -ions

singly

charged

ions

extraction cycle

injection cycle

electron gun

(0.5 A/ 5kV)
solenoid

(2T)

collector

Electron Beam ion source (EBIS)

drift tubes

potential barrier

for charge breeding

potential barrier

for injection

injection energy

60 keV

exit energy

5 keV/u

A/q <  4.5

A =  84

q/A~ 0.21

= >  q= 18

j =  250 A/cm2

 = 19 ms

18

j*= 4.7

singly charged

radioactive ions

separation

from residual

gas ions

injected  
     1+ 

extracted 
       n+ 

EBIT - in principle an EBIS but: 
1. higher electron current density 
2. shorter (few cm) 
3. smaller rebeam  

 
Some consequences for CB! 



Breeding time 
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The average time necessary to reach the charge state q: 

σ – single ionization cross-section cm2 

je – electron current density A/cm2  
valid for mono-energetic electrons 

 Example: double magic 78Ni t1/2=120 ms, want A/q~4 
 Add graph for charge vs breeding time    

Breeding time depends on je  
(electron current density) 

 
Electron current density 
Breeding time 

Compatible with radioactive ions 

je usually machine fix    
je between 50 and 5000 A/cm2   Chose A/Q by adjusting the breeding time 
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QA / QA /

NB! Ie=je*rebeam
2*      1st reason for high Ie 

je~100 A/cm2 je~100 A/cm2 



Ion injection EBIS 

Desired: overlap between injected ion beam and electron beam 

If injection outside electron beam  =>   effective je low   =>   increased Tbreed 

ion  
track 

electron 
beam 

ideal case 
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Geometrical 
transverse 
acceptance 

magnetic confinement 

ebeam  
space  
charge  
per meter 

NB1.  ion neutralization  
            reduces the acceptance 
 
NB2.+ EBIS/T small  ->   
           -  EBIS/T small α 
 

* REXEBIS value ~10  mm mrad 
for 90% @ 60 keV 2nd reason for large Ie 



Round turn time 50 us for 14N at 100 eV, 1 m trap 

          Condition for trapping 
1. Transverse  2. Ionization 

acceptance  

Injection time 
Injection schemes 
Acceptance 

potential barrier for 

the multi-charged ions 

When? 

* Penning trap saturated (some nA) 

* Short-lived ions 

How? 
* Shoot through REXTRAP 
* cw injection for Tperiod-0.5 ms  
   and bunched extraction 

Intuitive arguments 

CW ion injection EBIS 

No dissipative forces but 
Ubarrier doubles when 1+ -> 2+ 
       => axially confined 

t1->2 -> e/(1->2  je) 
Prob(1+ -> 2+)=1-exp(-tinside_ebeam/t1->2) 
 
Example 14N 
1->2 =1E-17cm2 

je=200 A/cm2                   t1->2 = 55 us 

Prob=0.5 

High acceptance for a CW injected beam is obtained, 
if a Ltrap long   and    rebeam large    and     je large  
 

(last two in contradiction as Ie=je*rebeam
2*) 

1+ 

Thus: 
Inject with low energy for  
long round-trip time 
  
But too low energy => 
     magnetic reflection 

Ion reflection in magnetic field 

E
xtra 



Reality even more complicated… 
1. Entangled parameters 
2. Benefits from reduced emittance  
–> preparatory RFQ buffer gas cooler  
      or Penning trap 

Pulsed ion  
injection EBIS 

Ltrap 

U 

p
u

ls
e

d
 

injection 

1+ 
vinj 

U 
confinement 

1+ 

Not compatible with 
ISOL-beam properties! 

Solution: a  
Accumulating- 
Bunching- 
Cooling 
Penning trap 

Longitudinal acceptance: 
 
Winj < e  Uwell      (some 100 eV) 
 
T < 2Ltrap/vinj ~ 50 us     
(Ltrap=1 m, Winj=100 eV, A=14) Radial potential 

Uwell 

e

ee
well

eU

mI
U

24 0


Ie – electron beam (A) 
Ue – electron beam voltage (V) 

E
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Electron beam energy 

How to choose electron beam energy Ue for charge breeders? 
 
1. Related to the available current through the perveance: 
         Ie=PU3/2 (practical limit P~5 uPerv)   Example Ie=1 A      =>    Ue > 3500 eV 
 

2. Ue has to be larger than the ionization potential Ip for required charge state Q.  
        Worst case - reach elements close to neutron dripline, since excess of neutrons. 

Z A (neutron rich) Q   (A/Q~4) Iionization (eV) 

20 60 15 900 

40 110 27 1500 

60 161 40 2800 

80 210 52 3100 

Cross section max at 2.7*Iionization 

 
 No need for Ue  > 9000 eV 

Want to CB Hg (Z=80) to A/q<4 for 
A=240 => need q=60+ => ebeam energy 
<10000 eV 
Pretty independent of ebeam energy 



Space charge capacity – determined mainly by the electron beam  

N- = number of elementary charges 

Ie and Ue = electron beam current and energy 

k = attainable space charge compensation degree 

Ltrap = trap length 

EBIS capacity 

Formulae 

2. Breeding time 

(use page 4 in Kester’s DS presentation) 

    2a. Emittance < 10 ·mm·mrad (2) @ 20 kV (mass separator) 
    b. Emittance < 180 ·mm·mrad (2) @ 20 kV (RFQ) 
 
  3. Energy of 5 keV/u (determined by RFQ) 

 

  4. Energy spread < 50 eV/q  

What’s limiting? 

k = compensation degree  

      77% record (BNL) 

    <50% for low Ie 

      higher for large Ie 

kLUP1005.1C e
13 

P = perveance = Ie/Ue
3/2 

Geometrical factor 

Practically limited to 5 - 10 P 

3rd reason for high current 

e
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Example  132Sn34+  using REXEBIS parameters:    
 
Ie = 0.5 A, Ue = 5 keV, L = 0.8 m, k = 50% =>   ~3·1010 charges 

=>  3E10/34*0.2 = 2E8 ions/pulse 

~20% in desired  
charge state 

NB! Ion throughput (ions/s)  
= (ions/pulse) / Tbreed 



Beam extraction scenarios 

if heating by e- and ion-ion cooling neglected  
 
vion_extr ~ vion_inj (Winj ~ 100 eV) 
 
Textr~ Ltrap / vion_extr ~ 25 us for 14N 

How to slow it down? 

0

5

10

15

20

25

30

35

40

0 20 40 60 80 100

t (us)

C
u

rr
e
n

t 
(a

.u
.)

Self extraction, 14N4+ 

For REXEBIS duty factor 
Textr/Tbreed ~ 100 us /100 ms 
 
=> Good signal-to-noise-ratio  

Reduce instantaneous rate  
to experiment, 1 ms 

Speed up extraction for multi-turn  
injection into synchrotron <10 us 

U 

gun side collector side 

trapping region 

barrier barrier 

extraction 

breeding 

passive extraction 

...and emittance 
 

E: 10 to several 100 eV/q  

 

Slow or fast extraction 

Low  or  high compensation 

  (57 eV/q for a 300 mA  

  electron beam at 17.4 keV)  
 

t: 10 to a about 100 s (pulsed extraction) 

      DC extraction also possible 

injionWm2

25 us 



3 MeV/u re-accelerator of thermalized projectile fragmentation and fission beams 

MSU-EBIT for ReA3 

Design goals 
– Continuous injection and accumulation of ions  

– Variable extraction duty cycle  

 (ms pulse to quasi-continuous) 

– Electron current density >1E4 /cm2 

–  Beam rates >1E9 ions/s 

– Highest efficiency  

(> 50% in a single charge state) 

Gas  
stopper 

Mass 
separator 

A/Q 
Separator 

> 50 MeV/u 
Beams 

Multi 
Harmonic 
Buncher 

80 MHz 
RFQ 

80 MHz 
SRF 

b=4.1% 

80 MHz 
SRF 

b=8.5% 

1+  N+ 

up to 3 MeV/u beam 

NB! CW RFQ 

See talk by S. Schwarz 

e-beam 
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With 1E4 A/cm2  -> 
      1.   charge breed ions with Z<35 into  
       Ne-like or higher within 10 ms 
       2.  ionize from 1+ to 2+ within <1 us 

Cryogenic trapping region 

EBIT CB facility 



Preparatory devices and tricks 



Beam contamination 
Can’t see the trees for the forest 

 

High impurity problems 
     1. Background from beam excitation dominates direct emission from target  
  (random coincidences, detector dead-time) 
     2. Normalization problems 
     3. Have to measure every event using highly efficient mass and/or Z separator 

Beam impurities: 
a. isobaric contamination  
     from ISOL-target 
 

Remember: often deal with <1E4 pps => 1.7 fA 

Why purity is important – take notes from Butler, Miniball summary article 

Use the expression isotonic/isobaric contamination 

Discuss the difference in beam contamination 
 show picture with isobaric selection 
 contamination on same A/q – show graph with beam energies 

Production cross sections for nuclei far from stability are small 



Compare with required resolution for isobaric/isotonic separation 

 For most cases a resolution of about m/Δm=20,000 is adequate at mass A=100 to 
obtain a separation between isobars of mass excess difference of 5 MeV.  
 
Get value from Penning trap paper 

Near -stability 
Q<1 MeV, for A=100 =>  
resolving power >1E5 
 
Far from stability 
Q is 3-10 MeV, resolution  
of 1000-30000 sufficient 

ISOL beam separation 

Resolution required to separate: 
 
Neighbouring mass:        R=250 
Molecular ions (e.g. CO from N2):    R=500-1000 
Isobars (e.g. 96Sr from 96Rb):       R=5000-50000 
Isomers:         R=1E5 - 1E6 

Problem: isobaric separation difficult 
 
* Requires RFQ cooler for 
pre-cooling of  transverse  
  
* Tails of high intensity masses  
may go through selection system 

With an ion optical system of electrostatic or magnetic lenses the 
beam is subsequently transported to an analyzing magnet. In ISOL systems a dipole magnet is used 

Use this to motivate beam cleaning inside the charge breeder 

Also a way of introducing the need for RFQ cooler before the mass separator 

Solution 
1. Isobaric mass resolution  

inside Penning trap 
2. Molecular beams 



Preparatory beam cooling 

Introduce a Penning trap in ISOL-line to: 
 accumulate 
 phase space cool 
 bunch the beam 

B 

U 
trap cylinders 

beam in 

  

  

gas filled cylindrical Penning trap  
  

 

Energy loss due to buffer  
gas collisions: F=-mv 

Accumulation  
and cooling 

Bunched 
extraction 

With buffer gas and RF 
coupling between + and - 

all three motions cooled => 
      amplitudes reduced 

Axially - electrostatic field  
Radially – magnetic field 

In the case of continuous capture the ions are 
slowed down to just have enough energy to 
overcome one side of the potential walls 
provided by the trapping field. In order to 
capture the ion a dissipative mechanism, for 
example the presence of a buffer gas, is 
required. If the energy loss is large enough 
the ion will finally find itself at the 
minimum of the trapping potential. This 
process allows continuous ion beams 
to be accumulated and automatically provides 
ion cooling. If desired the ions 
can again be released from the trap as a 
short ion bunch if the potential is 
switched as shown in the figure. 

B-field 

noble  
gas 



Penning  
trap 

* Bunching: few us 
* Transverse emittance:  
   25 -> ~10  mm.mrad at 30 keV 
* Et~10 eVus 

EBIS 
injection 
ok! 
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Resolving isobars in Penning trap 

sideband excitation with a quadrupolar field  
in the transversal plane at the cyclotron 
frequency  
 
 c = + + - = q/m B 
 
coupling of magnetron and reduced cyclotron 
motion  
 

 r (t)  r(0) e -/2 t 

* Low m/m~300 in REXTRAP in normal mode 
* Can be setup with m/m>10000 

See also G. Bollen, Europ. Phys. J. A15, 237-343 (2002) 

* Filled with buffer gas 
 
* Sideband cooling technique 

 
* Recipe: 
    1. Axially cool the ions 
    2. Dipole excite with νRF= ν- to r>5 mm 
    3. Quadrupole excitation at νRF= νc 

         * Mass selectively converts ν- to ν+ 
         * Gas cools ν+ away  
              => centering of selected ions 
    4. Extraction 
          * Only centered survive 

 Procedure 

• cool down the ion cloud (normal operation) 

•  shift out the ion cloud (desired and contaminants) with 
a mass independent dipolar excitation νRF= ν- to r>5 mm  

•  selectively re-centre the desired species with νRF= νc 

• at extraction only the centered ions survive 

Shrink all Shift out Re-center selectively 

NB! Re-centering is  
mass dependent 
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* Molecular sideband beams from ISOLDE to avoid isobaric contamination 
   70SeCO to avoid 70Ge and La17F to avoid 17O 
 
* Keep molecules or break them inside the trap 
 
* Problems inside the EBIS 
 sometimes unfavourable molecule breakup and flight distance 
 
* Stable AlF beam test 
 no F+ out of the trap, AlF+ eff inside the trap 6-12% , not tested inside EBIS 
 
 
Use chemical properties to separate isobars  

e.g. 70SeCO to avoid contamination with stable 70Ge or 96SrF to avoid 

contamination with 96Rb 

* Gas leak in Isolde target to produce molecular ions -> the molecule is formed 

selectively with the desired element (Z selection) 

* The molecule breaks up in the trap or EBIS and only the desired ions are post-

accelerated 

Molecular  
beams 

TOF out of the REXTRAP 
for SeCO beam injected 

  The idea 
 
1. Use chemical properties to separate isobars e.g. 96Rb from 96Sr 
 
2. Create a molecular sideband (96Sr19F+) with gas leak at ISOL-target 

3. Molecular ions are extracted and selected in the separator  
 (A=115  selection) 
 
4. Keep molecules inside trap, break them in EBIS  
 
5. Charge breed as usual and obtain clean 96Sr 

Tried with 
 
Se(CO)  
(Al)F + Al(F) 
Ba(F) 
Sr(F) 
 
LaO (in ECRIS) 
 
Carrier in ( ) 

Works also 
with ECRIS! 

Finally, it should be noted that the creation of molecular sidebands can 
yield very pure beams. This delicate technique has been applied for a very 
long time. Recent success has been obtained by adding sulphur to the ion 
source producing very pure beams of tin isotopes from fission [62]. More 
details on the molecular-ion techniques can be found in [21]. 

All elements 
ionized by 
the ISOLDE 
1+ source 

96Sr19F+ 
115In+ 

A/q=115 

ISOLDE 
separator 

Trap EBIS 

F REX 
separator 96Sr27+       A/q=3.556 

115In32+      A/q=3.594 
 115In33+      
A/q=3.484 

3.54 
<A/q< 
3.58 

 REX linac 
Double separation 



Beam contamination 
Can’t see the trees for the forest 

 Beam impurities: 
a. isobaric contamination  
     from ISOL-target 
 
b. residual gases in CB 
      Iresidual  0->1+ Pres gas 

Remember: often deal with <1E4 pps => 1.7 fA 

What’s problem? 

EBIS extracted spectrum 
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Separator after breeder 

1. Separator magnet selects A/Q  
 
 B=Av/Q 
 
ambiguous A/Q if v large 

Isobaric separation not possible / necessary 

 

Only magnet, not possible to separate A/q with wrong energy 

 

Suppress residual gas 

Edeflector 

2. Electrostatic deflector performs a  
potential selection 
 
 Edefrdef=2Uext 

 

rdef 

Give example of  A/q=2 resolution required 
  A/q=4 resolution 

Difficult to have a high resolution separator after the breeder, 
especially for ECRIS due to the large emittance. 

* Only a single A/Q transmitted 
* Can suppress ions with wrong energy 

fix fix 

Combine 1 & 2 => Edefrdef=(B)2 (A/Q) 

v

v

A

A

x

x 







Even so, some A/Q contaminants difficult to resolve  
7Be3+ from 14N6+  R=450 
18F9+  from 12C6+  R=19200 

typically a few hundred  
 for a breeder separator )/(

)/(

QA

QA



Facilities and the future 



* Not only for post-acceleration! 

Future Project MATS within NUSTAR at FAIR 

Similar setup 

The experimental setup of MATS is a unique combination of an electron beam ion trap (EBIT) for charge breeding, ion traps for beam preparation, and a high-accuracy Penning trap system for mass measurements and decay studies.  

In addition to create high charge states in a very short time (charge breeding), the EBIT should be equipped with a high-resolution X-ray spectrometer to carry out spectroscopic measurements sensitive to nuclear size effects. 

CB for low-energy experiments 

MATS - similar future setup at FAIR, GSI 

Penning trap assisted spectroscopy 

X-ray spectroscopy 

Reaction spectroscopy 
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NBqT
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m – ion mass 
q – ion charge 
Trf – rf excitation time 
B – magnetic field 
N – number of measurements 

Ideally only one ion per measurement cycle 

High precision mass measurements 

The resolving power in Penning trap mass spectrometry depends on 
the time of observation of the ion motion. The line width Δνc(FWHM) 
of the resonance curves as shown in Fig. 21 with which the cyclotron 
frequency can be determined is approximately given by Δνc ≈ 1/Tobs. 
For the resolving power one obtains 
R = m 
Δm 
= νc 
Δνc ≈ νc · Tobs . (49) 
For a singly charged ion with mass number 150 in a 9-T magnetic 
field the cyclotron frequency is about νc = 1 MHz. A one-second 
observation time gives a resolving power of 1 million. Extending the 
time of observation of the ion motion to ten seconds would increase 
the resolving power by an order of magnitude. This of course requires 
the nuclide to live long enough. An interesting and potentially 
powerful alternative is to increase the charge state and, 
consequently, the cyclotron frequency of the ion. 



KoRIA 
* ECRIS and EBIS 
* Design 

 
 

REX-ISOLDE, CERN 
* EBIS/ECRIS 
* Operation/Stopped 

SPES, LNL 
* ECRIS 
* Design 

CARIBU, ANL 
* ECRIS/EBIS 
* Operation/Commissioning 

TRIAC, JAERI 
* ECRIS 
* Stopped 

Charge breeders for RIBs worldwide 

SPIRAL/SPIRAL2 
* ECRIS 
* Design 

MATS – FAIR EB 

VECC 
* ECRIS 
* Commissioning 

ARIEL, TRIUMF 
* EBIS? 
* Planning 

TITAN, TRIUMF 
* EBIT 
* Operational 

ISAC, TRIUMF 
* ECRIS 
* Operation 

ReA, MSU 
* EBIT 
* Commissioning 

EURISOL, Europe 
* EBIS/ECRIS 
* Design 



J. Äystö & P. Butler 
What to expect? 
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half-lives for Kr isotopes 

diffusion/effusion limit for ISOL facilities 

Next generation facilities 
 
* Increased intensities 
 
* Shorter half-life along drip lines 

Challenges with EURISOL 
Take data from Wenander JINST 



    Two main paths 

1. Very exotic low-intensity (<1E7 ions/s)  
beams for ‘standard’ experiments  
 

2.    High intensity beams (>1E9 ions/s) to  
       generate even more neutron rich beams  

– beam purity not of utmost importance 

Further information 
 ‘Final Report of the EURISOL  design study’ 

Nov 2009 What to expect? 

The real challenges: 
 
1. Inject ions into storage rings 
 fully stripped charge for Z>60 

 
2. Breeding of beta beams 
        (e.g. 6He and 18Ne) 

=> 1 s trapping of high intensity  

Extra 



Stripper EBIS ECRIS 

Simplicity 3, passive element 
1, complicated 

(SC, UHV, e-gun) 

2, medium 

(RF, beam tuning) 

Beam properties in 
3, no special  

requirements 

1, bunched, small 

acceptance  

2, CW, medium 

acceptance 

Beam properties out 1, emittance blow-up 
3, us or ms bunch, 

small emittance 
2, CW or ms bunch 

Low intensities 3, no contamination 2, some <0.1 pA 1, high rest-gas level 

Rapidity 3, instant, us isotopes 2, 10 to few 100 ms  
1, some 10 ms to a few 

100 ms 

CSD 
3, narrow, 

varying charge state 

3, narrow,  

high charge state 

2, broad CSD,  

moderate charge 

CSD tuning 1, not tunable 3, change Tbreed 2, many parameters 

Machine contamination 2, foil exchange 1, multiple parts  
2, change plasma 

liner 

Storage time 1, non existing 3, up to several s 2, ~100 ms 

Beam capacity 3, very high, 100 uA 1, limited to nA 2, several uA 

Energy spread 1, W/W~1‰ 2, a few 10 eV*q 3, some eV*q 

Efficiency 2, 5-15% 2, 5-20% 2, 5-20% 

Mass range 1, heavy masses difficult 3, full mass range 1, light masses difficult 

Life-time 
2, foil breakage,  

50 mC/cm2 1, electron cathode 3, klystron lifetime 

Price 1 high, (incl. pre-acc) 2, ~1 Meuro 3, ~0.5 Meuro 
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General books 
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General charge breeding papers 
• Charge breeding results and future prospects with electron cyclotron resonance ion source and electron 
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• Charge Breeding Techniques, F. Wenander Nucl Phys A746 (2004) 40c  
 (extended version as CERN note, CERN-AB-2004-035) 

 
 

Miscellaneous relevant conference proceedings 
• International Workshop on ECR ion sources 

• International Symposium on EBIS/T  

• Radioactive Nuclear Beams (discontinued) 

• International Conference on Electromagnetic Isotope Separators and Techniques Related to their 
Applications (EMIS2012)  

 
http://www.eurisol.org/  Task 9 

Students  

post docs  

wanted for  

EBIS test stand 

SC linac development Breeder development 

* CERN accelerator schools 

 www.cern.ch/cas 

* EURONS CB homepage  

user.uni-frankfurt.de/~okester/jra03cb/  

* REX-ISOLDE homepage 

 isolde.web.cern.ch/ISOLDE/REX-

ISOLDE/index.html 

* LPSC CB homepage  

 lpsc.in2p3.fr/w3ssi/index.html 

Bibliography Executive summary 

Stripper 

Fast but expensive 

          (pre-acc. LINAC) 

Large capacity but dirty 

ECRIS 

Clean but low capacity 

EBIS Electrical  

    car 


