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RADIOACTIVE ION SOURCES

An Introduction

T. Thuillier, JUAS, Archamps, 7/3/2016
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lon Source for Radioactive lon Beams (RIB) facilities

Nuclear Landscape

* Motivation: study exotic nuclei far from stability . /’

* Two exotic RIB production method:
* |sotope Separation On-Line (ISOL)
* Projectile separation

Electrostatic

ot DC accelerati +—N+
Radiation hard accT e Isotope/ : 1+—=N http://radchem.nevada.edu/
1+ ion source lcobar Ion source
Separator : : .
Production L Projectile Fragmentation
accelerator Thick hot : -
Lightand heavy target Low ene[gy 1* ions In'FIIght faCIIIty
ions.p,ne :.paﬁlation
[ ey on
fragmentation ce ’.
| Low enefgy Q* ions — Thin production
Secondary ot i e le
beam targ Radioactive ion beam

/

EURISOL, HIE-ISOLDE, SPIRALZ2, SPES,... RIKEN RIBF, FAIR (siide H. Koivisto, JUAS2013)
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1+ Radioactive source for ISOL
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ma have a ShOI’t half'“fe The .PeriOd_ Ion source:
Y . . . 1 1 + |[Surface| - 2
radioactive atoms have to be ionized LX hot|[Plasma cool L He
. < | 4 : r S 6 F 8 9 10
and transferred to the beam line as fast 2 | uilee \ fasee 1 slclinlollrine
as possible. 3 |nallmg|| CERN beams, T. Stora, CAS_2012 lectures a1 | s; | » [|'s | ot || Ar
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As an example: after the CERN production target, the following 1+ ion sources are mainly used:
1. Surface lon Source (SIS) (see ion source section)

2. Resonant lonization Laser lon Source (RILIS)

3. Forced Electron Beam Induced Arc Discharge (FEBIAD)

(Slide H. Koivisto, JUAS2013)
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Surface lon Source with ISOL-target
» Production target can produce large variety of different nuclei having the same mass
* Produced 1+ ions having same mass cannot be separated by a dipole magnet
« Some “selectivity” can be made by a tape system
( 5§OL set-up to measure Lr* Wi at JAEA-ARSC
/a@pm Atomic Eorgy gy, Soteher D Production yield measurement
JAEA Tandem Detector N Direct — N* + N ¥’
accelerator facility | tion S Mass
ill .
w_— Ecapl ary o separation
/ Skimmer : <
Beam ;{. ° o | __ / ISOL
—)-\.OTO'-? ----- £ : = <l:> °
| Atom ; on & Detector
He gas + Cluster (Cdl,) ;]' Filament —
Gas-jet transport system Surface ionizer i | . |
Tape system
Production and lonization lonic yield
transporiof lsalopas| Bt medénh | migasurenment
From CAS lecture, T. Stora N N*
Nuclei with short life-time will decay before the detector ISOL —
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How to separate Iso-mass radioactive atoms”?

« Sometimes only a very small amount of the element of interest is produced. This is a great problem if
other elements having the same mass and higher abundance have been produced! For example:

Slide from CAS-Lecture; B. Marsh

Fighting against unwanted isobar production and ionization to obtain 78Ni

78As G i_'r\ Ni+:Ga+ ratio with surface ionization only:
reiarive’
13n L00 IP (Ga)=5.99eV IP(Ni)=7.63eV
ege| </
o | | 100 a="_z=&exp{¢—W;J
kT
Gl T\ N=50 "o o
Ry l"‘\._l./"l Ga+:Ni+ > 106!
Fission of U e |
with 1 Gev 158 o

Need to selectively increase Ni
ionization efficiency

And/or suppress isobar (Cu, Zn,

protons

Z=28 Ga) ionization efficie
afSame mass D
" ) ) ' e EEEE )
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B) DenCN000000
; i 00
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Resonance lonization Laser lon Source (RILIS)

« The co-produced iso-mass radioactive atoms have specific electronic level states

 Lasers can help selecting the atom of interest using any specific resonant excitation
state having a much higher cross section than others

« When using several appropriate lasers, only the element of interest is ionized!
auto-ionizing state

= = iOnization potential

Rydberg state

\% laser beams
/> excited states
@ - ‘__ experiments

ground State
®projectiles '~ target material @neutrals W ions

mamanme wamanaanaanes

Isotope of interest llllll! ]

Slide from CAS-Lecture: B.

arsh
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Resonance lonization example

« Order of magnitudes photo-ionization cross sections:
* non-resonant (direct ionization): c = 10-19- 10-17 cm?

 resonant: ¢ = 10-1%9cm?
« auto-ionizing states (AIS): 6 = 1014 cm?
« Several laser wavelength are often required

0OeV

7k

W,: 297.3 nm
4.18 eV

—1__ 1s22s'2p?

®4:234.9 nm
5.28 eV

9.32eV -

— Ground state

CBeryllium> 152252

Excitation schemes used at the ISOLDE RILIS. A1, A\> and \; are the wave-

lengths of the first, second and third step excitation transition; £; — atomic

ionization energies; 7o, — values of ionization efficiency.

Element Eh A1 A2 A3 7ion  Produced ion beams
(eV) (nm) (nm) (nm) (%) (mass numbers)
932 2349 2973 - =7 7,9-12, 14

Mg 765 2852 5528 5782 98 off-line

Mn 744 2798 6283 5106 192 49-69

Ni 764 3051 611.1 7482 =6 56-70

Cu 773 3274 2879 - =7 56-78

Zn 939 2139 6362 5106 49 58-73

Ag 758 3281 5466 5106 14 101-129
Cd 899 2288 6438 5106 104 98-132

Sn 734 3009 8114 8235 =~9 109-137
Tm 6:18 5896 5712 5755 32 off-line

Yb 625 5556 581.1 58I1.1 15 157-167

T. Thuillier, JUAS, Archamps, 7/3/2016
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Forced Electron Beam Induced Arc Discharge (FEBIAD) ion source

*FEBIAD are used for example at CERN and TRIUMF to produce
radioactive 1+ beams at ~uA intensity level.

* the electrons are produced by a hot cathode

* electrons are accelerated through a grid

 Electron impact ionization of vapors emitted by the hot anode

Atom hot transfer
line
Hot anode

W/

S

N

Thermionic cathode grid

T. Thuillier, JUAS, Archamps, 7/3/2016
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Charge breeding (1 +— Q +)

* The charge breeding technique consists to increase the ion beam charge

state online
accelerator Max. Energy reached (MeV/u) parameters
2 K~(Br)?
CyC|Otr0n K g B : cycl.magnetic field
A r: cycl.radius
Ll NAC Q (E_acc.) : average acceleration
a (Eacc >L [ l'elLCiNACl
A . : ength

* Motivations to increase the radioactive ion charge state Q:

« Higher energy reachable
« Shorter accelerator dimension (COST REDUCTION)
 Faster transport to the experiment

* Furthermore, for LINAC, the RFQ radius decreases with the %
* LINAC cost ~length X radius™ 1<n<?2

Source : F. Wenander, CAS 2012

T. Thuillier, JUAS, Archamps, 7/3/2016
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The 3 Charge breeding techniques

Slow electrons
Fast ions

* Stripper foil | =

f

» Afoil is placed in the beam to multiionize the beam
« Several charge states extracted
* Mean charge state function of the beam velocity

Carbon foil at CERN LINAC3

« Work with high currents, but Emittance increase Charge breeding Yield:
 Not discussed here I(g+)
I Fast electrons 77 - q. 1(1 -|—)
- ECR charge breeder = [llil] = > Y

» A decelerated 1+ ion beam passes through a plasma with hot electrons

Slow ions
Fast electrons

 EBIS charge breeder ~ —— [} —

» A decelerated 1+ beam is trapped in an EBIS and crossed an intense
electron beam

Partial source : F. Wenander CAS 2012

T. Thuillier, JUAS, Archamps, 7/3/2016 111
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benders

ECR charge breeder o
78

energy =
focal

* lons are decelerated down to a few eV and cross slowly a 102 e~ /cm3
plasma with hot electrons | %ﬂﬁ*
lons are naturally decelerated to the ion plasma temperature — e
lons collide with other ions (coulomb collision) and scatter => memory loss %
lons are ionized on flight
lons are captured by the plasma, and finally extracted after having being multi-

1L ‘ 14 GHz
ionized m’g ECRIS
TRIUMF m]
ISAC
—"

I1+ cw
beam

to post acc linac

/ Non divergent Equipotential PV + Vplasma \

monoenergetic -
1* ion beam at V+3V / e

Grounded

v F
\__

tube
Grounded
\ V electrode
ECR Charge Breeder . .
L Warm collisional Hot collisional
\prlnmple edge plasma core plasma W,

T. Thuillier, JUAS, Archamps, 7/3/2016 112



JUAS — PARTICULE SOURCES — ION SOURCES —RADIOACTIVE ION BEAM SOURCE juas __ LPSE

ECR Charge breeder

* Optimization of ion beam capture: AVplot

Ar8 Rb15+ Zn11+ S 22
1,0 ~
AV = U1=U2 Potential distribution Normalized 0,9/\ f\
U1 for ien injection ~efficiency oo
A =
vz 4+ ERYE
Up = plasma potentlal / 04 \
transport Uz = plasma chamber / odl!
section | petentlal
1*«lon source ECRIS 6 50 40 30 2 40 0 10 20 30
AV (volts)

* The 1+ beam emittance and energy needs to be carefully tuned to grant
plasma capture, specially for condensables which are lost if they touch
the ion source wall

Source : F. Wenander CAS 2012
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ECR Charge Breeder features

* 1+ beam intensity up to ~100 epA
» Continuous Work operation
« Breeding time ~ 3-10 ms/charge

» Breeding efficiencies in the range : n~2 — 18%
» Extracted beam contaminated by any chemical species

present in the source and vacuum (source operation &

10" mbar)
e C,N,O,H,Fe,Cu,AlArKrXe...

« Requires a very high resolution mass separator

downstream to purify the beam

10000 ¢
1000

100 b

current [nA]

;—————background;f

Cs

-
(=]
T T

Extracted beam 01 |
With and without Cs
Source : F. Wenander CAS 2012

18

Efficiency (%)

16 -

14 -

12 -

10 -

Charge breeding Yield:

_ I(qt)
= q.1(1+)

;MAI' 8+
84Kr 17+
40pF 9+
S5Rp 19F 1:)‘& 25+
7 v @
1330g 27+ ®
13, xezm
. 84Kr12
& LPSC
@ ANL pia
ETRIUMF ‘ 85Rp 17+ W 13pxe20-
AISOLDE A 11652
23N~ G+
Na ‘ == = 208pja 25+
n
FETYP. 22 Min 138035224 123|016 A
Batt AW 20925 AE A
233U23+
3 4 5 6 7 8 9

A/Q
Typical Experimental ECR CB efficiencies
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EBIS Charge Breeding

* Bunch of 1+ ions are introduced in an electron beam ion source
* The ions are electrostatically confined and are ionized by an intense electron

beam
injection confinement extraction
U . ] A U A
3 @ g ©—
@ )~ &
2 «— > 2
- Ltrap - T

L 4
A 4
A 4

electron injected

suppressor

glectron : 1+
re. BUn inner and outer barrier /
‘\ .--"""-FFF"J 1.-_‘-‘-‘_‘-'_""'---._
; breeding trap / drift tubes
; electron

\ collector extraction  extracted
. . . electrode
<cathode . superconducting solenoid electron n+
28T beam
Source : F. Wenander CAS 2012
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lon cooling Prior to EBIS injection

* Prior to EBIS injection, the 1+ RIBs needs to pass throught a
Penning trap to:

« Accumulate the beam
» Bunch the beam

« Cool down the ions to reduce the emittance .0 >O_)(DO_)O—)
. / v l

v
/\J/\

Axially - electrostatic field
Radially — magnetic field

gas filled cylindrical Penning trap

Non
cooled

EX-ISOLDE (CERN) :
+ ‘.r
-,
9-GAP 7-GAP ~Q
RESONATOR RESONATORS ISOLDE i
@ 202.56 MHz @ 101.28 MHz . L B X ACCUI’T‘\U|E‘.|:IOH Bunched
eam noble and cooling .
- . extraction
2eea 0% 0pd gas
e E loss due to buff
3.0 MeV/u 2.2 MeV/iu 1.2MeV/u 0.3MeV/u SEPARATOR REXTRAP 60 keV nergy loss aue 1o butrer

Experiments

gas collisions: F=-dmv
Source : F. Wenander CAS 2012
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EBIS charge breeder features
Charge breeding Yield:

* Breeding time t~1-5 ms/charge 1=
* Breeding efficiency n~5-20%

- Limited extracted beam intensity : 10° — 101%ons/s (~1 enA)
 Very low contamination (P~10-19 mbar)

* Requires a beam cooling stage (Penning trap)

Ne®
30 100 23.05.02
7 230502
Cs injected t=78 ms 80 Ne™ t=158 ms
60- .~100 A/cm?
|~ 2 N Je-
< Je~100 A/cm < sl  Ne
= £
5 40 o &+ g Ne™ &
5 as R 3 40 _ 4
: 0 et s {Aem2 X
= Ne™ & + S DI ™y
20 o™ ~ + 09,
+ o 20- | [0 Ne
+1 o x + &
Lt ] w +
kmﬁ )\J 8 & Al o | [
D T - N I‘Il_ WL T 1 1 U- T 1 IL Ln/l 1 T M T
75 80 85 90 95 100 5 60 65 70 75 80 85 90 95
Magnetic field mT = /4/ Q0 Magnetic field mT cr‘fA—Q

Source : F. Wenander CAS 2012
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