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Definitions and history

. Basics of ion optics and dispersive elements

Static fields

a) deflection spectrometer

b) retardation spectrometer

Dynamic fields/separation

a) Time-of-Flight spectrometer

b) Radiofrequency spectrometer

c) Traps

Technical realization (ion sources , etc.)

. “Realexamples” for nuclear physics applications

a) IsSOL

b) Recoil separators

c) Fragment separators
d) Spectrometer




Radioactive ion beam facilities for fission product S

Previous , presently operating and future RIB facilitiesusing fission:

252Cf(f) CARIBU

235 (ny,,f) OSTIS, OSIRIS, LOHENGRIN, TRIGA-SPEC,
CARR-ISOL, PIAFE, MAFF, PIK-ISOL

233U(p, ) ISOLDE, IRIS, LISOL, JYFL, HRIBF, TRIAC,

ISAC-II, SPES, ISOL@MYRRHA, EURISOL
W(p,xn..) > 28U(n,f) ISOLDE, IRIS, ISAC-Il, EURISOL
12C(d,n) > 28U(n,f) PARRNe, SPIRAL-II
2Hd,n) > 28U(n,f) SPIRAL-II
9Be(d,n) > 238yY(n,f) PARRNe
Lid,n) > 28U(n,f) FRIB
Wy > 238U(y,f) ALTO, DRIBS, ARIEL
1H, °Be..208pp(238Y,f)  GSI-FRS, RIKEN, FRIB, FAIR

‘E

F. brahim et al., Nucl. Phys'..A787 (2007) 110.
D. Verney et al., PhYBWREY. CB7 (2013) 054307.

50 MeV - 10 pA electron LINAC




50 MeV, 10 mA electron LINAC
<100 kW till 2015, 500 kW till 2020

aim 4.6E13 fissions/s with
liguid Hg converter

butalso 500 MeV protons with
maximum 10 pA on UC,

SPIRAL2 facility at GANIL

SP2 Beam time: 44 weeksly
GANIL Beam time: 35 weeksly
ISOL RIB Beams: 28-33 weeksly
GANIL+SP 2 Users: 700-800/y

GANIL/SPIRAL 1 today

CIME cyclotron RIB at 1-20 AMeV
(upto 9 AMeV for fiss.fragments)

DESIR Facility
low energyRIB

| HRS+RFQ Cooler I

RIB Production Cave
S3 separator- K Up to 104 fiss./sec.

spectrometer

: | LINAC: 33MeV p, 40 MeV d, 14.5 AMeV HI

Neutrons For
Science

Cost: 200M€

A/lg=3 HIl source
Upto 1mA

Alg=2 source
p,d, 3*He 5mA

A/g=6 Injector option




SPIRAL2 RIB production module

Maintenance and Storage cells

1-2.2 GeV, multi-MW proton  driver

Several directtarget stations (ca. 100 kW)
One Hg spallation + fission  target station ( >1 MW, i.e. 1E15 fissions/s )

Multiple user operationin parallel
Post-accelarator (linac)
LOW-energy beam area Hi-resolution -_./

mass-separator
==

Post-acceleration with

—
LINAC upto ca. 10 A.MeV ':,“,‘;f;::aif:;‘: 1 ',.1_‘: ’—’5:’-—; ?{Z"FL:LEE
h e — u e
Post-acceleration to i 'u'L
n I //
ca. 100 A.MeV = = ]l
¥ Shaded areas show

shielding needed around
each target, ion source
and pre-separator.

with LINAC or cyclotron

i

e

Fragmentation of

e |
post-accelerated RIBs . g
e -
Commissioning: > 20207 _-="" Proton beams

from driver

Megawatt target area
accelerator _ _ v




IGISOL method

|||—<-3u kv 10 ky 500
XM+ He0 o X(O-D* + He* or

X0+ 4+ Ar0 , XO-D+ 4 Art

rapid reduction of ionic charge
state to 2+ or 1+ by charge I"‘" CRR

exchange reactions with buffer = * = * % e”ed’e iq“ ﬁ I,':i_
gas — o+ ey
IP(He)=24.6 eV, IP(Ar)=15.8 eV
target
or extEotien ki acceleraior
dlectmde =rim ey beam

remains in 1+ or 2+ charge

state until charge exchange ot 107 1100 mbar
reaction with impurity molecule

(O3, Ny,...) occurs
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bl The IGISOL facility at JYFL
B 202 2.
e

Collinear laser
spectroscopy

Mass & decay
spectroscopy

lon guide & laser ion
source (trap)

/

RFQ cooler & buncher — optical
manipulation

CARIBU: Radioactive Beams from  2°2Cf(sf)
ATLAS .

Mass Analyzer

R.M. Yee et al., Phys. Rev. Lett. 110 (2013) 092501. S,
J. Van Scheltetal., Phys. Rev. C 85 (2012) 045805. "% *\ P
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1 Ci 252Cf source: 1E9 fissions/s




TRIGA-SPEC atMainz reactor
0.5 mg 235U or 0.5 mg 23°Pu or 0.3 mg 24°Cf

1.8E11n./cm?/s Laser svete |" I FR—
.. ser system il -
2E8 fissions/s g = -L'u'_ ’
¥ ey u ‘1'[}
S ) lﬁ::::
¥ 7 - :
a o L HI‘II
w78 - H
Py | O e ;
L .{5;‘ . -I.'d "(
Penning trap s
HH*E*;‘L.
=4
Dipole mass & Switchvard
separator '\x,} e
A

len source
J. Ketelaeretal., Nucl. Instr. Meth. A594 (2008) 162. ol

J. Ketelaeretal., Eur. Phys. J. D58 (2010)47.

TRIGA

reactor

Optimize RIB intensity

All steps of the separation chain need to be optimi

zed!

r=®.c-N- Yrarget” Esource * Etransp® Edet




ISOLDE Target(1967)

ISOLDE Targetand ion source (1968)




ISOLDE Compacttargetandion source (1974)

PLASMA 10N
SOURCE

TARGET MATERIAL

- Ta CONTAINER

Robothandling




ISOLDE targetand ion source unit

Water-cooled
| transferline

Extraction i

electrode

Plasma
chamber

Heated target
container

Historical development

Miniaturisation = faster release
Standardisation = easier mass-production

Remote handling = higher activities
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SPIRAL targetandion source unit

Graphite target (1850-1900 °C)

HF injection
NANOGAN-IECRIS g iz
LR e i — calibrated
extractedy (K7 T-’xf N leak
beam: NN F==1 i
14,150+ | o E——y— =t=Ta window
iJ, __::Iv:ﬁ:,_‘_ _\ f : p 2
HHA <] < &)
i |'ai."'f'____:____‘_!j'__';'__l'_' =
it T
li___l am:
|

140 (reléase test)
1608+ 95 A=MeV (production)

GSI-ISOL targetandion source unit

A

radioactive ion beam

® ® ®
® ®
®
H ® ®
heavy ion beam ®
several MeV/nucleon
> B>
®
target
catcher
ion source
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Variants of ISOL facilities

la protons on thick (heavy) target : fragmentation, spallation, fission
ISOLDE-CERN (1.4 GeV), IRIS-PNPI (1 GeV), ISAC-TRIUMF (0.5 GeV)

1b directreactions in thick target
CRC Louvain-la-Neuve, HRIBF Oak Ridge, TRIAC Tokai

1c fission inthick target
OSIRIS (Studsvik), HRIBF Oak Ridge, TRIAC Tokai, SPIRAL2 (GANIL)

2 projectile fragmentation in thick (carbon) target
SPIRAL (GANIL), DRIBS (Dubna), EXCYT (LNS Catania)

3 fusion-evap. or multinucleon transfer in thin targ et plus solid catcher
GSI-ISOL, UNIRIB (ORNL), DOLIS (Daresbury), LISOL (Leuwven), IMP
Lanzhou, TRIUP KVI Groningen, MASHA (Dubna), SPIRAL2 (GANIL)

4 fusion-evap., direct reaction or fission in thin t arget plus gas catcher
(lon Guide ISOL = 1GISOL)
IGISOL (Jyvaskyld), LISOL (Leuven), ...

5 liquid helium catcher
JYFL Jyvaskyla, KVI Groningen

ISOL targets

Target materials:
1. molten metals: Ge, Sn, La, Pb, Bi, U,...
solid metals: Ti, Zr, Nb, Mo, Ta, W, Th,...

2

3. carbides. Al,Cs, SIiC, VC, ZrC, LaCy, ThCy, UC,,...

4. oxides. MgO, Al,03, CaO, TiOy, ZrO,, CeOy, ThOs,,...
5

others. graphite, borides, silicides, sulfides, zeolithes,.

Targetdimensions:
target container: 20 cm long, 2 cm diameter
targetthickness 2—200 g/cm 2, 10—100% of bulk density

micro-dimensions of foils, fibers or pressed powder :1—30 um

Radiochimica Acta 89 (2001) 749.




Diffusion characteristics

Bad diffusion hosts (narrow and/or stiff crystal la ttice):
Re, diamond, SiC,...

Good diffusion hosts (wide crystal lattice):
Ti, Zr, Hf (fcc metals), Nb, Ta, graphite,
polycrystalline oxides (in particular fibers!)

Characteristic diffusion length:
d=@2nDtl2 n=1 (foil), n=2 (fiber), n=3 (sphere)

Maximize D and minimize diffusion path:
= thin metal foils (2 pm ... 30 pm)
= fine powders ( um)
= thin fibers (some pm)

Effusion: randomwalk release

Rolled 25-um
Nb-foils
in target tube Plasma

ion source

Water-cooled
transfer tube

13



Optimize RIB intensity

All steps of the separation chain need to be optimi zed!

r=®-.c-N. €target’ “zourse * Etransp® Edet

Isotope Separation On-Line

PRIMARY BEAM

m

ION BEAMTO
TARGET OYEN ‘ TRANSFER LINE 10N 30URCE MASS SEPARATION
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The firstionization energy ofthe elements

First ionization energy (eV)

25 1%
F e
20T
[ TS
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z

Positive surface ionization source

Surface lonization Extraction

electrode

\ Ta Transfer line
Q
/ ion = :
W Surface k
Z - =
hot metal surface onizer

ionization
energy
< 5-6 eV

ground state

work function

%///u///////% %//é//{//{///ﬁ Target

a5 =0./90 exp(-(P— ®YKT))

Es=0s/(1+as)

Saha-Langmuir equation

fconduction band
EaEEEENIl

el & surface ionization efficiency
Fermi energy .
¥ ground state O yvork fgncnon of §urface

IP ionization potential of atom

g=2J+1 stat. factor (go=2, g-=1 for alkalis)




Surface ionizationversus thermalionization

N\ N\
10.00% AN
> —— N
o N N
QC) N N
£ 1.00% SN
— (o] —- =3
S W Ijlff.54 eV 2200 °C —— ——
5 0.10% suriace A
IS5 =W 4.54 eV 2200 °C, N N
cavity effect k=8 \\ N
0.01% T T T T T T
3.5 4 4.5 5 5.5 6 6.5 7
lonization potential (eV)
Thermal ionization efficiency

€ = 1/(1 + go/g/k exp((IP— P)/KT))

in realistic ionizer cavity

R. Kirchner, Nucl. Instr. Meth. A292 (1987) 204.

lonization potentials ofthe elements

atlon potentia 2
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Ingredients of a plasmaion source

lonization by e Fastelectrons:

electron impact A) Thermionic emission +
accelerating field

B) RF heating

- + .
— - « Atom confinement: plasma
fast .\ -p
electrons chamber

ion

* Electron “recycling”
magnetic field

 lon extraction system

I[A] = A" T[K]2 exp(-®[eVIKTIK])
A"=120A cm-2K-2

Veye[GHzZ] = 28 B[T]

rfmm] = 0.35 E .[eV]Y?/B[T]

atom

7

continuum

ionization
energy
<
electron
impact
energy

ground state

lonization and neutralization

X0+e o X*+2e, Q=-IP;

X0+e 5 X?*+3e,Q=- (P +1Py)
X0+e o X3*+4e,Q=- (P +IP, + IPy)
Xt+e - X*+2e,Q=-1P,

Xt+e o X9, Q=1P, Neutralization

XO+Yr 4, X*+Y0, Q=IPy—IPy Charge exchange

17



Electron impactionization cross-sections

VA

— He 24.6 eV

[ ~

Ne 21.6 eV
- Ar15.8 eV

[ T |
—

Kr14.0 eV
—Xel2.1leV
—C014.0eV

N Wk~ O OO N

=

loniz. cross-sect. (10*° cm?)

-/
W
;_L/

50 100

Electron energy (eV)

As 9.8 eV

100.0%

lonization efficiency

0.1%

Forced ElectronBeam lon Arc Discharge (FEBIAD)

30

10.0%

10%

AhA ab

T5<
”» 2
A Efficiency |1 5, =
P S
TS
. o
v 105
o | =
+5 E
L

T T T T 0
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FEBIAD ion sources are excellent
for heavier elements!

. Kirchner, Rev. Sci. Instr. 67 (1996) 928.




ISOLDE “FEBIAD”

Resistively
heated cathode

Water-cooled
| transferline

" Extraction |
electrode

Plasma
chamber |

Target material

Heated target
container

2001: 94-°°Kr decay studied atISOLDE
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U.C. Bergmann et al., Nucl. Phys. A 714 (2003) 21.
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Volatility of the elements

T (p vapor > 0.01 mbar) < 100 °C
T (p vapor > 0.01 mbar) < 400 °C
vapor > 0.01 mbar) < 1000 °C 5 6 7 8 9 10
B Jc In Jo |F Ine |
15 16 17 18
--_-
35 36
Ca Mn I!I--

73 74 76 77 78 80

62 63
l'!EI

92

Electron Cyclotron Resonance lon Source (ECRIS)

Magnetic Field Lines

radial plasma confinement by magnetic multipole fie Id

longitudinal plasma confinement by magnetic bottle effect (1+ ECRIS)
or minimum B configuration (n+ ECRIS)

plasma heating by RF (typically 2.45 — 30 GHz)
good efficiency for light elements(20% He *, 50% C*, O*, Ar*, 90% Xe™)

R. Geller, Electron Cyclotron Resonance lon Sources and ECR Plasmas,
IOP, Bristol, 1996.
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Laser lonization

[ ]
o +
laser
beams

atom ion

.

excited states

ionization AN
energy —d
< 9-10 eV "'
v
Y '
ground state =——————{—

Resonance lonizationLaserlon Source

Laser lonization

Laser System

ionization
/ energy
Taraat <9-10 eV

lonizer
cavity

- someV

ground state

Spectrochimica Acta B58 (2003) 1047.




lonization of Cu

AlS Structure of the 3d® 4s 5s 2D,, AIS at 65260.1 cm'}
65260.1 cm".__........._.x_.x_.3d‘-‘ 45 55 2D, 18-

A v = 16

P=7.73eN

510.6 nm °1=;, i

> 8

290.0 nm| |287.9 nm S 6

g2 .l

Bd® 55 25 § ]
793.3 nm :?-mc W0 s MM M0

307837 cm”’ 3d'° 4p P, , Frequency of second step (cm")

305353 cm’! [—3d°0 4p 2P B 2=Saturatit'.m curve of first step (14=327.4 nm)

3248 nm/ /3274 nm £

&N

5 o5

doasss,, |Cul &

00 20 a0 60 80 100

Laser power at ionizer cavity (mW)

Neutron-richMnisotopes fromUC |, /graphite target

M. Hannawald et al., Phys. Rev. Lett. 82 (1999) 1391.
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Surface ionized background

2
He
7 8 9q 10
N o _|F Ne
5] 18] 1 18
P S Cl _JAr
33] 34] 39 36
As_|Se |IBr JKr
s1f 52 54 54
Sb_JTe 1 X e
83] s8] 8 86
Bi_ JPo ]t Rn

Prr Nd Pm Sm Eu G&Gd Thb Dy I[do 1 ‘b lu

m--mﬂlﬁl{lﬁ.
Md INo

Th Pa U Np Pu Am Cm Bk Cf Es

ISOLDE beams around N=50

ik i i

R R

81Rb background is 150000 tlmes ‘more abundant than
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Zn/Rb discrimination on quartz surface!

80% 1600
———> ——
20% / Ar gas flow Zn 1 1400
S 60% T \ Rb - 1200
2 \ \ —— Temperature
3 50% \ \ 1000
g 40% \ \ 800
§ 30% \ﬁ\ 600
g 20% .k / \ ~——1 400
o M&w .
0% b 0
0 20 40 60 80 100 120

Distance (cm)

Combination of neutron converter and quartz transfe r line
provides 81Zn/®'Rb selectivity gain of 100000!

Nucl. Instr. Meth. B266 (2008) 4229.

Temperature (K)

Zn/Rb discrimination on quartz surface!

lon source
Transfer line

Thermal screen 1010 00@

E. Boucquerel etal., Nucl. Instr. Meth. B266 (2008) 4298.
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g Eoﬂ 3801
9 maso-
‘Hﬂ - %340
8
200 £
3007 1 81
0 ! : 2804 : : . . Zr:]
0 500 1000 1500 2004 T e

energy [keV] g B S. Baruah et al., Phys. Rev.

J. Vande Walle et al'.‘, Phys. Rev. Lett. 99 (2007) 142501. Lett. 101 (2008) 262501.

REX performs Coulex  #1 |[SOLTRAP performs

' ;:ﬂf measurementof 87Zn % direct mass

, observing its 2 * state  ©. measurement of
NS 1
LT r-process nucleus!
{ Gfe | Gag3 | Gasa

ops | 03s | B5me \5;" I
fiL

O3z B\ 0540 N 1p05

mean time of flight / s

18N | En | w | e \D1

1 R.N.Wolf etal., Phys. Revw.
G5 a0 s o s+ 1o 1 Lett.110(2013)041101.

excitation frequency v - 1107794.3 / Hy S

Experimentalaccessto r-processnuclides

The landscape of possible nuclel

| PRl
i i il thai
| i Wl MR e

Fram FAIR Brochure
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Production of 12C in stars

C12

B9 BxW B1l1l
8E-19 s

Be 9
-17 s
Lig” Li7
2E21s
7E-22 s 3E-21 s 7E21s|3E21s
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The triple-alphaprocess

r3q Ul rad e QKT
12-7 1+ H\I‘IIHIHII‘IH\IIII\II\IHI\IIH\IIIIHI
-a
10 -
103 | —— (0,24
b N
1 I ]
765 | ————0+ = 5
] T=0410°110 E
= - £ -0
A o 10 -
444 24 £
[v'd
8-$
= Fl i g
He ‘ He 5 cags
& -11_ _
0.0 o N s 00k NACRE9S :
B‘BE. ‘ ‘HE E Hoyle state 1
L Assumed 2 stote |
ST SV TRTYAIRUNE SYRTRETTN FRTTAERURI NNETI SN,
0 1 2 3 4 5 [ 7 8 9 10
IZC

T,y (Kelvin)

Exercise:

scale from two-
body fusion d+t to
three-body fusion
“He+*He+He!

14 m

costca. 10 I EUR
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Setup for study of triple alphareaction!

New detector design

Element: 3120 pm

fi _rpm

Ei
g Al contact
1500 pm il :/m i

| jaen
B bulk
= n+ doping
I Al contact

Reduced deadlayer

s
A 1500 um
1

Inverse reaction: ?B(,3a)decay
2B 1+ 15.11 -

B12

20.2ms 12.71 1
10.3 7// 02

% 3a

7.6542 o+ threshold
______________ 7.285 ¥
4.4389 2*
0 0+
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How to measure beta-delayed particle emission?

12N/12B+X Previous

‘|2N‘/1QB+X

’ 1 ISOL
12N{12B
Il

o.p

12Be(B-)'?B betadecayto 2C* - 2a detected

18 | 1 ]
— - 15.11 Mev 1*-}- 48
2 - ] ]
Z .4F ]
o I Qs threshold I
o -;n T . 6 0
J- s 12,71 MeV 1* ] | Z
> o J
5121 | of
£ E : 43
- 10.3 Mev (0%,2") | ] =
s 18 | |
0
o -1 Z
Q
& /|
Ll_l -

8 7.85 MeV 0* | ]

S S S S YIS T Jc S NN LS S N | ml Ll poaaal T
0 2 4 g 1 10 10°
Ec('I,Z,J (Mev)
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The triple-alphaprocess: '?Band >N decays

e o
| E=13.9(3) MeV
r=0.7(3) MeV [[2*

| iu.u T
T Frrryy)
E=11.23(5)MeV ¥,
\ r=2502) Mev |9
7.6542 L
7285 - 0
4.4389 .
E("C) (weV)
Combined R-matrix fit of | 125 1+ 12N 1+
lzB and 12N 20ms 0 1 ms
ISOLDE - JYFL O+

H.O.U. Fynbo et al., Nature 433 (2005) 136.

New rates for the triple-alpha process

oF \W

-

0G40/ (NACRE))

logyo(Tg)
H.O.U. Fynbo et al., Nature 433 (2005) 136.
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Solid State Laser(s)

Dye Laser 1 and
Dye Amplifiers

Target
and
lon Source

RILIS laser setup

Mirror telescope

il

Dye Laser 3

it

BBO crystals

]
Y v 2

Lens Telescopes

B
I /; Wavelength tuning\

Dye Laser 2 and Dye Amplifier

Proton Beam

08 GeV, 1 GeV, 1.4 GeV,
3-1013pps

2.4 ms pulse length

1.2 s period

ISOLDE Mass Separator

v

Steering Optics

Laser Beams

[
v )

range:

Fundamental ( w)
390-850 nm
2nd harmonic (2 w
210-425 nm
3rd harmonic (3 w)

lon Beams

\_ 213-265nm 4

Lasers:
ns
3 laser beams -

Trep = 11.000 HZ, tyyee = 15

2-3 Dye Lasers with Amplifiers - £ =8}
Py 2w

Nonlinear Crystals BBO -

Elementsionizable with CVL or Nd-YAG
pumpeddyeor Ti:Salasers

2)
He
8 9] 10
O |F Ne
16] 17] 18
S |CI JAr
34] 35| 36
Se |Br [Kr
47 48 49 50 51 [V EEEY Y
Nb Mo |Tc |Ru |Rh [Pd
79 80 83 86|
Ta |W |JRe |Os |Jir Pt
88] 89| 104| 105] 106] 107] 108] 109| 110] 111] 112
Fr JRa JAc |Rf [Db |Sg |Bh |[Hs Mt

elements ionized with ISOLDE RILIS
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Isomer separation

Selectivity =400

®89Cy intensity (a.u.)

30534.6 30534.8 30535.0 30535.2 30535.4 30535.6 30535.8 30536.0

Transition frequency (cm '1)

Hyperfine Interactions 127 (2000) 417.

Mass measurements with Penning traps

B8 Cyclotron frequency:  f. = %-E--B
i m

i PENMNING trap
+ atrang hemageneous

qim magnetic field
= Weak electric 3D
quadrupole field

end cap tr t B
: - o, +o_ =0, =4 B

d — 4y
rln.g' T ‘ _ . s
electrade Nobel prize 1989:

cvelotran (+)
Dehmelt magretron (-) reschuit
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Resonance frequency measurementvia TOF method

260 L[| smim =107 10*
. 1 f Tye ® 100 ms

] ] Eff. = 40 %
rap I z B | g ll'\._:" P e - x T
BIB4E  BIASK0  AMIG5E  E336A0 BAS6S

- - H'n h £ | I y o e
detector _‘ T o PN sl L /) 1\ fiad v
360 4 W L
| |
% 2t I. |1 s 6885 He
drift- 8 3204 | | i a ¥ 40% mbu
gl 1 y 129)(6 ‘l || PERFORMANCE:
o § o0 | R=108.. 107
=

Excitation requancy [Hz]
I#5X e time of flight spectrum

On resonance
Off resonance

M. Kdnig et al., Int. J. Mass Spectr. lon Proc. 142 (1995) 95.

Mass measurements with ISOLTRAP

determination of & meP3

-
B cyclotron frequency \

(R =107)

Il

2m

Penning
trap

precision M

B=59T
removal of << | mMep

contaminantions — | =
(R=109 \
preparation
Penning g
B trap =,
O
MCP 1

B=47T
-
pr e —

2 Bunching of the
continuous beam 100 eV ion
bunches
| 2nd pulsed
drift tube

N

a/m

/ bunches

‘ ISOLDE beam e \ :jf'tftpt[dlt?: ‘ /
S (continuous) > Coooooo f— _,//
60 keV ) JeeEeseos T 28keVion

stable alkali HV platform
;ifjrfcegw ion G. Bollen,etal., NIMA368 (1996)675.
F Herfurth etal., NIMA 469 (2001) 264.




Solvingthe "°Cu masspuzzle
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J. Van Roosbroeck etal., Phys. Rev. Lett. 92 (2004) 112501.

Linear TOF spectrometer

multi-reflection time-of-flight mass-spectrometer mode
mass analyzer
mixture of

different  electrostatic mirror 1 in-trap lift electrode electrostatic mirror 2
species +—— 160mm —— 460 mm «— 160 mm —

v
abundance

N

|ima—uf—ﬂi§hl difference /us

b Mz
unches & 2 1 Peinil
time-of-flight separation separated ion trajectory L,_\ ‘-__,n ballic
in multiple revolutions ~ atomic species |'-k‘ traps
mass-separator mode iy Bradbury-Nielsen gate
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301’ A =149
8 201 ("Ce 0)
c {
=] {
104 (""La"0)" | (*'Pr'0) “py"
1
i

5% 706 58.708 58.710 58 71é
time of flight (ms)
R.N. Wolf et al., Nucl. Instr. Meth. A686 (2012) 82.
R.N. Wolf et al., Int. J. Mass Spectrometry (2013) in press.
S. Kreim et al., Nucl. Instr. Meth. B, Proc. of EMIS-16, in press.
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':-_=-—I_.=-:_’:‘ MISTRAL - Mesures de mosces g f5OLD E avee umn
T _MISIRAL 7 spectrométre d Transmission et RAdioféguence en-Ligne

lon counter RF modulator detail

-
L ream reference

RN ion source

T i g

E0EQDO S0E100 E0EZ0O0
fro quency (KHz)

M. de Saint Simon et al., Phys. Scr. T59 (1995) 406.

Mass measurementof Li(T,,=9 ms)

2
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o i o
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o9 000 - 55 575 180 MIS5 M5 NTEH ITO JT1LE ITS
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Fig £ Exampie o soommusbeied waosmuesn poak for ' Lo The ooty position £ 299 265 ke | o omespem i o 9
e of et oychomis Gy Wiih o 8F persers af 1180 W, & mass sesafvey power of 390 ~ STI0E wi achisand

C. Bachelet et al., Phys. Rev. Lett. 100 (2008) 182501.
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Many many traps at CERN ! , tape station ,
\1 o

r\ i
TOF detector v . =

475 — T T T T T T
B2 +
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%] | !
= a00f !I
-g’ a7rs " 1
Boars| | i
bs i { 4 S TOF detector a
g0\ S U
20\ { ) preparation
goon| ° Penning trap
L
250 L . \ , , . \ .
ikall 45 10 5 0 5 [LE laser ablation
5 el excitation frequency v - 1107794.3 / Hz ion source T
ion source
[I RFQ cooler and buncher ﬂ I] s
decelerati
MR-TOF MS ” oo iy

soon | [ | oy

60 keV ion beam [s8ssasssnsnnsannssss]

) trapping ki ]
HV platiorm de‘fg’”rg““” cavity luﬂp
S. Kreim et al., Nucl. Instr. Meth. B, MR-TOF detector or

Proc. of EMIS-16, in press. BN beam gate

CERN accelerator structure

Antiproton decelerator

LHC:Large Hadron Collider
SPS: Super Proton Synchrotron
AD: Antipraten Decelerator
ISOLDE: Isotope Separator OnLine DEvice
PSB: Proten Synchrotren Booster
PS:Praton Synchrotran

LINAC: LiNear ACcelerator

LEIR: Low Energy lon Ring

CNGS; Cern Neutrinas to Gran Sassa

Wesi Area

antiprotons

— s

— OOAOTS
neuttings to Gren Sasso |

Gran Sasso (1}
730 km
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Antiproton traps at CERN

G. Gabrielse et al., Phys Rev Lett. 100 (2008) 113001.
M. Amoretti et al., Phys. Lett. B 583 (2004) 59.
D. Brown, R. Howard et al., “Angels and Demons” (2009).

Elementsionizable with CVL or Nd-YAG
pumpeddye or Ti:Salasers

elements ionized with ISOLDE RILIS
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8 9 10

(@] F Ne

16 17| 18|

S Cl JAr

25 27 28 29 30 31 36

-T| Cr [l Fe| €6 INi - Kr

o a] 42 -IE-E

Zr Nb Mo Tc Ru Rh Pd

------

W Re Os Ir

102 103
o] r
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Hf beams at ISOLDE

CF4

Rolled 25-um e
Ta-foils Hﬂ:4 — Hﬂ:3+ + e’
in target tube Plasma
ion source

Hafnium: &
m.p. 2227 °C
b.p. 4602 °C
p=10-?mbar 2560 °C .
“Hf + CF, —» HfF,+C” |F—Hf—F |

HfF ,: p=10-2mbar ca. 1200 °C IEl

Ta/Wfoil target+ MK5+ CF ,
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1E+09 @ 4sTa289 Ll =
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g ® ISOCELE |m y 0 \
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1E+04 f 5 5
F P J
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i { om
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Hf Isotope

Eur. Phys. J. Spec. Topics 150 (2007) 293.
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Overviewof molecular ISOL beams
Separation as XF *, XCl* Separation as XO x  Separation as XCO *

Separation as NX

2711 28] 29| 30
Co Ni [Cu fFn Pa
4] 46|l 47| 48
Rh Jpd |Ag |cd |in
771 78] 79| 80
Ir Pt JAu Hg |l

1091 110] 111} 112} 112 112§ 112
Mt

'b Py Ho
o o911 92] 94 94| 95| 9] 97] 98] 99| 100 101] 102] 103
Th JPa |U Np JPu JAn €Em Bk €f s m d o U

Nucl. Instr. Meth. B266 (2008) 4229.

=

Nuclear chartat ISOLDE

> 600 isotopes available atISOLDE-SC
> 1100 isotopes produced at ISOLDE till today

> 2000 isotopes in principle feasible B=20
with ISOL method P \

Extension needs target and ion source
T development!

7 i ; T Se

rp-process

stable nuclides

g, B* - decay

B~ - decay

o - decay
spontaneous fission
p - decay

EE0O0Em
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High Resolution Separator (HRS)
- HRS MAm=5000

[+ ]
89 100 101 | | ] -

60
LI S =

I m »
W

Beamtransport

electrostatic beam transport is mass-independent (E=60 keV),
but has space charge limit for high beam intensities (>10 pA)
= high current beams need magnetic beam transport

REX-EBIS s n Py
REXTRAP /’, itarl
RFQ .." "

DL 3L, #°
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s ISOLDE CERN

1.0or 1.4 GeV PROTONS from PSB

“

EBIS = R A il
REXTRAP - /‘/,/:» e e
rRrq & & _.

DTL

EXPE RIMENTAL HALL
V-Platform

MINIBALL

N\

Applications

nuclear physics

biochemistry nuclear chemistry

Radioactive ion

beam preparation materials sciences

nuclear astrophysics

nuclear solid state physics atomic physics

nuclear medicine
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Somatostatin analogues:
Peptide Receptor Radionuclide Therapy (PRRT)

Peptide receptor  Peptide analog Radionuclide

with

Eray:nusMC
['77Lu-DOTA, Tyr¥loctreotate  RoelfValkema, EANM-2008. < (_ 2%/

Radionuclides for RIT and PRRT
nuclide |life (keV) (keV) cross-fire o
i stab-
V.00 64h 934 B 12 mm n o
[-131 8days 182 B 364 (82%) 3 mm isotopes
Lu-177 7days 1348 208 (10%) 2 mm Emerging
113 (6%) isotopes
Th-161 7days 1548 75 (10%) 2 mm
5,17, 40 e 1-30 pm
R&D
Tb-149 4.1h 3967 a 165,.. 25um isotopes:
Ge-71 1lldays 8 e - 1.7 ym supply-
limited!
Er-165 103h 53¢ - 0.6 ym A 4
localized
Modern, better targeted bioconjugates require short er-range
radiation = need for adequate (R&D) radioisotope supply
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Terbium:aunique elementfor nuclear medicine

Gd 158
24,84

General Purpose Separator (GPS)

\moderate mass resolving
/

& ~,power (m/Am = 1000), but
multi-user capability!

.

Distance to Target: 20m oo ] I
~

=
Ly &+ o

Laser System

Proton beam
Target
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Theranostics with terbium isotopes

PET

SPECT

SPECT

152Th-folate: 9 MBq
Scan Start: 24 h p.i.
ScanTime: 4h

Y

155Th-folate: 4 MBq
Scan Start: 24 h p.i.
ScanTime: 1h

ioldz

161Th-folate: 30 MBq
Scan Start: 24 h p.i.
Scan Time: 20 min

NEUTRONS
FOR SCIENCE

1S528 Collaboration: C. Mulleret al., J. Nucl. Med. 53 (2012) 1951.

Targeted Beta Radionuclide Therapy

KB Tumor-Bearing Mice Treated with 161Tb-Folate

C contro D: treated

B - therapy

mouse d1
——mouse d2
mouse d3

relative tumor size

—-e—mouse d4
mouse d5

d<2d

relative body weight

control 161Th-folate
group T
-=-group d ] .grrlJup'd A
v v M v v 0 7 14 21 28 35 42 49 56
0 7 14 21 28 35 42 49 56

time [d]

time [days]

1S528 Collaboration: C. Mulleret al., J. Nucl. Med. 53 (2012) 1951.
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Principle of Radio Immuno Thera

€ell membrane
DAUDI cells 4

149Tp
g \ € Linker
\ (CHX-A-DTPA)

Proteins in healthy cells ™

| MoAb (Rituximab)
specific to

, CD20 antigens

/ of B cells

i i gereells
(CD20 antigens of:B c&lls)

1'10° limfoma cells

injected to all mice
(Daudi cells of

Burkitt limfoma)

(Ritwximah,
specific to CD20
antigens of B cells)

First in vivo experiment to
demonstrate the efficiency of alpha
targeted therapy using 14°Tb
produced at ISOLDE, Summer 2001

SCID muce (Severe
Cotnbined
ImmuncDeficient)
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% of survived mice

149Th-RITUXIMAB in lymphoma mouse model
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1 | 519 MoAb, cold |
f f f } }
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Survival time, days

G.J. Beyer etal., Eur. J. Nucl. Med. Molec. Imaging 31 (2004) 547.
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