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Institut Laue-Langevin

Chartreuse mountains Ecrins mountains Vercors mountains

Belledonne mountains

+ founded 1967
+ today 13 member states

* operates most powerful neutron source of the world:
58 MW high flux reactor, 1.5-10%5 n./cm?2/s maximum neutron flux

* over 40 instruments, mainly for neutron scattering
» user facility: 2000 scientific visitors from 45 countries per year
* Nuclear physics instruments: LOHENGRIN, GAMS, (PF1B)



LOHENGRIN: an electromagnetic separator
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Electromagnetic separators at GANIL
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Importance of electromagnetic spectrometers

CRINE SCENE INVESTIGATION
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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.)

. “Real examples” for nuclear physics applications
a) ISOL

b) Recoil separators

c) Fragment separators

d) Spectrometer

Definitions

spectrometer: electrical detection

spectrograph: photographic or other non-electrical
detection

also used: spectroscope

mass / energy / isotope separator: assures a physical
separation of different masses / energies / isotopes



Thomson 1897: cathode rays

“Cathode rays”, J.J. Thompson, Phil. Mag. 44 (1897) 293.

Noble prize in physics 1906 for discovery of the
electron and the determination of its m/q ratio.

Goldstein 1886: Kanalstrahlen

Diluted gas )
Positively charged

? gas-phase jon beam
Anode 1
Figure 1.3 Coldstein’s
C. Brunnew, (nt. 1. Mass, Spectrom. oo Prox 6. 125 (1987 ). Re N wluced by pormission of Elkevier

First fluorescent lamp and ion source.



Wien 1902: Wien filter

Electrical
sector field

Electrical force: e E
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Figure 1.4 Schematic of a Wien velocity filter with EB configuration: combination of electric (E) and
magnetic (B) field (Wien,1898). (C. Brunnée, Int. J. Mass. Spectrom. lon Proc. 76, 125 (1987). Repro-
duced by permission of Elsevier.)

Wien: Nobel price in physics 1911 for discovery
that “Kanalstrahlen” carry positive charge

Thomson 1910: parabola mass spectrograph

Electric field parallel to magnetic field
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Figure 1.5

1on source, a superimposed electtical neld and a magnetic field onented parallel to it tor 1on separation

Parabola mass spectrograph constructed by J.J. Thomson (1910} with a discharge tube as

and a photoplate for jon detection. (H. Kienitz (ed.), Massenspektrometrie (1968), Verlag Chemie,
Weinheim. Reproduced by permission of Wiley-VCH.)

Neon consists of two isotopes with mass 20 and 22



Thomsorn. 1913: mass spectrum of neon

ot

Figare 1.6 Mass vith masses 20 and 22 4 measured by .1, Thomson (191
KisnRy (e

el )
s paradoly mass spacirograpi

Vierlag Chemie, Weinheim. Reproduced by [

Parabola spectrograph
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transit time through field: t=LN
vertical displacement: y =% U/d g/m (L/v)?
horizontal displacement: X =% B q/m L2/v
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The LOHENGRIN fission fragment separator

Angular focusing in x and y direction.

- Condenser
E/q separation -Main magnet
| Plq separation
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Aston 1919: velocity focusing spectrograph

Electric field

\

Magnetic field

Aston's design for the mass spectrograph.

Aston: velocity focusing gives factor 10 improvement in
mass resolution (Am/m = 1/130)

Noble prize in chemistry 1922 for the discovery that elements
may have isotopes of different mass (*°Ne, 2INe and ?°Ne).



Dempster 1918: 180 degree spectrometer

 electron bombardment ion
source for monoenergetic
ions

+ 180 degree magnetic field
provides angular focusing

» scan of magnetic field to
measure mass spectra

1920: discovery of isotopes
in Mg, Li, K, Ca, Zn

g/m=2U/(B?r?

Fgure 1.7 Maw spectr
{ Faraclay cup: €
Wainfiotm. Reprodicod by

Calutron 1942: electromagnetic isotope separation
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Large scale electromagnetic isotope separation

T




1945: large scale electromagnetic isotope separation

g

Magnetic coils made from silver! le;' o

Operators

1945: “Impact” of electromagnetic isotope separation

Hiroshima: 60 kg of isotopically enriched 235U

12



Present enrichment technology for 235U

boiling point: UF, 56 °C
= centrifuges

Today: very high enrichment of stable isotopes

13



Cancer and efficiency of treatments

At time of diagnosis Primary With
tumor metastases

Diagnosed 58% 42%

Cured by:

Surgery 22%

Radiation therapy 12%

Surgery+radiation therapy 6%

All other treatments and 5%

combinations incl. chemotherapy

Total cured 40% 5%

Fraction cured 69% 12%

Total

100%

45%
45%

Per year over one million cancer deaths in the EU.

= improve early diagnosis
= improve systemic treatments

14



Mammary Carcinoma
Survival time since diagnosis of metastases

i Results for 6 time periods
data from tumor centre Munich
n=9228

Survival

1980-1984
1985-1989
1990-1994
1995-1999
2000-2003

Klinik und Poliklinik fiir Strahlentherapie und Radiologische Onkologie Prof. M O | | S

Comparison of Therapies

Tumor-
cells Macroscopic tumors: 25mm (> 107 cells)
1010 Microscopic tumors: <5mm (1 — 107 cells)

108 [ l l l l l l 6 Chemoth. cycles

106 | gl
Chy
Mot 10 |
104 | 3 *rapy
< _ 1o+ |
% Cell Kkill after Chemotherapy:
102 | v % only about 3 logarithmic steps 1
‘g 2 (ordinate) ] : i
= 0 |
O | = 1 1 1 ! 1 1 1

0 1 2 3 4 5 6 month

(Molls, TU Miinchen; according to Tannock: Lancet 1998, Nature 2006)

m Klinik und Poliklinik fir Strahlentherapie und Radiologische Onkologie PI’Of M (0} I | S




The principle of targeted therapies

« “attractive” vector > high uptake by the target
« transportable

* good in-vivo stability

* warriors “not visible”

* delayed uptake > suitable half-life

* limited space > high specific activity
* optimum arms '
* specific

Multidisciplinary collaboration
to fight cancer

—

Linker '?
Receptor Radionuclide
Immunology Coordination Nuclear physics
Structural biology chemistry and

radiochemistry

Nuclear medicine and medical physics
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Structural Formula of DOTA-TOC/TATE

NH,

DOTA-TATE

1,4,7,10-tetraazacyclododecantetraacetate
111|n 90Y

Ga 177Lu ICs, (YM) =1.6 = 0.4 nM
%Ga 2VBi Helmut Maecke, EANM-2007.

_)I_l ggg‘nmiliuzpild

Male
36 years of age

Small cell pancreatic
neuroendocrine
tumour

Liver metastases
Ki-67 index 10-15%
(liver biopsy)

4 cycles with 77Lu-
octreotate and
capecitabine

Partial remission

1st therapy 4t therapy

Roelf Valkema, EANM-2008.




What success does PRRT offer?

v'CR+ PR + MR in about 50% of patients: YES

v'Reduce symptoms and improve quality of life: YES

v Increase survival time: YES

v’ Safety and tolerability: YES

Eras sMC
Roelf Valkema, EANM-2008. < (_ 2/

Lymphoma therapy: RITUXIMAB+177Lu
E.B., 1941 (m): UPN 6

BFDG PET  'Lu-Scan  'SFDG PET
.  J

.

v > SR
e Still

L in
L8 ‘ § ‘ ‘ CR

s My V “

.' ’ ¢ w
1.9.2002 13.9.2002 15.11.2002 15.9.2009

F. Forrer et al., J Nucl Med 2013;54:1045. 3 Y

L <
Univarsity HospHal Besal, CH W % oS

18



Production of non-carrier-added 77Lu

Vb175 Yb 1/13
424

- \\
=~

(B Enrlchment o?stabIeroiope'-(lvﬁ’Yb or 176Lu)
J

2. lIrradiation in high flux reactor

“

The rising star
for targeted therapy
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ESI-TOF-MS for DOTA-peptides analysis

Electrospray ionization/TOF-MS positive ion mode

1:4 177Lu to ligand

Identification of radiometallated species

"- n.c.a. 7Lu-DOTATATE 10 MBq 177Lu-DOTATATE
L ) 0.014 nmol
DOTATATE o 3 o e
o, : T Lu
L I i e H ___:I
¥ .~. o3 "0_"\. . l‘:;_ .
':':"‘ .v =0 0 8 . I'\-I‘ .ll-..ll
# we m"l""‘: L 'I__.-‘f":. :-.-I.. .-‘I-.{
.. ca'7Lu-DOTATATE e 1':1
== Ah:u — L‘ ..“b

K. Zhernosekov et al., ICTR-PHE 2012.

back to electromagnetic separators...



Aston 1925: improved mass spectrograph

i~ a

Improved version gives mass resolution: Am/m = 1/600

Accuracy of mass determination: 10
Used to study deviations of atomic masses m from A.
Introduced: “packing fraction” =m/A-1

Systematic investigation of nuclear binding energies

Carbon isotopes

19Na
Bhe
I5F | 16F

20

50 T T

Ske| 6He[ 7He| BFE

4H| 5H N
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Chart of the nuclides

>3000 isotopes known, thereof less than 10% are stable

>3000 additional isotopes are expected to exist! =

Production of radioisotopes via nuclear reactions!

Z
m 3 -
| “
s A »
4 “. — N

L

1%

Hall e Range
Ulnknown
01
01-5s
B s . 100s
M 00s-1b
1h ly
Iy - 1Cy
Seable

Why “ion beams”?

Production:

high radiation environment

primary

beam

Transport methods:
« carry (“SRAFAP”)

* drive (G.T. Seaborg and W.D. Loveland, The Elements

Detection:

low radiation background

beyond Uranium, John Wiley & Sons, 1990)
« transport shuttle with pressurized air

* transport in gas-jet
* pump through vacuum system
 send as ion beam

22



Irradiations of targets

Off-line mass separator

23



1951.: first ISOL experiment at Niels Bohr Institute

Foathers Mermod = Goiget Countes
for Dvaluating of
i - Ray Spesiig

ISOL beams of 899Ky

10kg UO, AND
T BAKING POWDER
s -
2° METAL TUBE
ON S0KVOLY

o
. RA]
O. Kofoed-Hansen and K.O. Nielsen, :%?;Enoa

Mat. Fys. Medd. Dan. Vid. Selsk. 26, Nr. 7 (1951).

Isotope Separation On-Line

PRIMARY BEAM

ION BEAMTO
TARGET OYEN | TRANSFER LINE ION SOURCE MASS SEPARATION
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Isotope selection

Hall 1 Range
Ulnknown
<(ls
01-5s

s oms

M 100s- 10
1h )y
Iy IGy
Stable

« lonization to q = 1+ ISOLDE
» Acceleration to 60 keV CERN
* Mass selection by magnetic deflection

*Bp =p/q o< VA

Z selection by chemically selective step
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The challenge of the extremes!

Cross-section (mb)
[N
i
w
\
/

1. low cross-sections = optimize efficiency
2. enormous production of isobars = optimize selectivity

3. short half-lives = optimize rapidity

Optimize event rate

All steps of the separation chain need to be optimized!

r=®d.c-N- €target* €source * Etransp * Edet
\ /N~ ~— ~

In-target production Efficiency

26



Optimize RIB intensity

All steps of the separation chain need to be optimized!

r=d.6-N- Eﬁrget *Esource etransp *Edet

powerful accelerator

= accelerator technology

YAz
/,//f/,/ /,’//{' "J |
Al

2

Optimize RIB intensity

All steps of the separation chain need to be optimized!

r=®-c-N-. €target* €source * Etransp * Edet

high production cross-sections

= nuclear physics

27



Optimize RIB intensity

All steps of the separation chain need to be optimized!

r=o-c-N-. €target* €source * Ctransp * Edet
reliable “thick” targets

i = materials science

Optimize RIB intensity

All steps of the separation chain need to be optimized!

o
o
-
o
-

r=®-c-N- €target* €source * Etransp * Edet

.. Extraction efficiency from
" target determined by:

- bulk diffusion
= solid state physics

* surface desorption
= surface chemistry

« effusion
= gas phase chemistry

strongly element dependent!

28



Optimize RIB intensity

All steps of the separation chain need to be optimized!

r=®.c-N- €target” “source * Stransp * Edet

high ionization and extraction
efficiency

o = ion source technology

o
-
o
-

b7
4

’r "/’r;/..'/{,,n‘“'l -} A ) g .
i
JEEPhde
gt

Optimize RIB intensity

All steps of the separation chain need to be optimized!

r=®d.c-N- &arget‘ €source’ €transp* €det

efficient transport of RIB

" = ion optics
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Optimize RIB intensity

All steps of the separation chain need to be optimized!

r=®-.c-N '\Etarget *Esource * €transp SCdet
Mind the decay?o(sses during delays

= efficiency strongly half-life dependent

r :"r/,’ //'/ [ll ._; B
ik

ey
At

4

Optimize RIB intensity

All steps of the separation chain need to be optimized!

r=®.c-N- €target* €source * Etransp* Cdet

Detection efficiency

30



Optimize RIB intensity and purity

All steps of the separation chain need to be optimized!

r=d-c-N- £1arget *Esource etransp *Edet

Selective separation required for exatic isotopes!

= chemistry

Optimize RIB intensity

Factors are highly correlated and isotope dependent!
r=®.c-N- €target* €source * Etransp * Edet

Individual optimisation!

}
7,
/i '/
l/'

A
,;Z[ J
N

Prog. Part. Nucl. Phys. 46 (2001) 411.

31



Particle accelerators

r=d.6-N- Eﬁrget *Esource etransp *Edet

/ "al///.' ‘
ﬁpyw,‘
VAl

CERN synchrocyclotron 1957-1990
e

600 MeV p
up to 4 pA

910 MeV 3He
1 GeV 2C

32



CERN accelerator structure
CERN-PS Booster Synchrotrons
E,=1.4GeV
31013 protons/pulse = 5 pC |
laverage = 4 A |
Paverage = 6 KW

ALICE 7%,

LHC) Large Mackon Cofticder
SP3Super Proton Synchrotron
AL At proton Decelerator
ISCLDE: Isonope Separaor Online DEvice
PSE Pronon Syncheotion Boasier
PS%:Proton Synchrotron

LINAC Livear ACceferancr

LEUR Low Energy lon Ring

CNGS:Camn Neutrinas to Gran Sasso

Weat Aivs
P

Nuclear reactions

r=d-c-N- €target* €source * Etransp * Edet

WA 7
//,"q'/ T
P :/,//,/'l‘"(
Wi ;
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B A 4=2)
Uiy
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Cross-section (mb)

Direct reactions

Si 28 Si29 Si30

Mg 24 Mg 25 Mg 26

Ne 20 Ne 21 Ne 22

F 19

01| 017 018

N 15

80O(p,n)8F cross-sections

600

500

400

proton energy (MeV)

Thick target yield (GBq/C

34



Nuclear reactions

Direct reactions and light ion fusion-evaporation

(p,n), ((He,n), (a,n), (n,a),...

high cross-sections, products relatively close to stability
driver beams from (low-cost) cyclotrons

Fusion-evaporation i &
,;V'
58Ni(°8Ni,2n)1“Ba L
I
58N (°8Ni,a2n)10Xe i
50
3 HE
"‘ 4 V"b?s“.
e ; I:?f.:i?"'
oee: i HHH
s L scamns el 82
28 b )
B B
- i sassaastRan
20 s ——
FEERE MR 50
s il
: 331 1838
==, 28
§ —> N
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Nuclear reactions

1. Direct reactions and light ion fusion-evaporation

*  (p,n), BHe,n), (a,n), (n,a),...

» high cross-sections, products relatively close to stability
* driver beams from (low-cost) cyclotrons

2. Heavy-ion fusion-evaporation

» produces neutron-deficient heavier isotopes

» small energy window in vicinity of Coulomb barrier (some MeV/nucl.)
* requires heavy ion beams = bigger cyclotrons or LINACs

Multinucleon transfer reactions

186W(64Ni ’X)184L u

K. Krumbholz et al., Z. Phys. A352 (1995) 1.

[sstaten ! 126
Half life
Unknow)
<(L.1s
0.1-5s
M5 100«
M 100s-1
Wainoy
Wiyic
. Stable
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Nuclear reactions

Direct reactions
high cross-sections, products relatively close to stability
driver beams from (low-cost) cyclotrons

Heavy-ion fusion-evaporation

produces neutron-deficient heavier isotopes

small energy window in vicinity of Coulomb barrier (some MeV/nucleon)
requires heavy ion beams = bigger cyclotrons or LINACs

Deep inelastic collisions (multi-nucleon transfer)

products close to target, mass-flow towards stability

light to heavy ion beams (tens of MeV/nucleon)

only method to reach neutron-rich isotopes with Ny oquct > Niarget +1

Spallation

intranuclear cascade heats nucleus

evaporation of preferentially neutrons = neutron-deficient products
high cross-sections for products close to target

requires protons of >100 MeV = big p cyclotron, synchrotron or LINAC

Spallation + Fragmentation + Fission

T 298Pp + 'H (1 A GeV)

Z

28=k
20—
=
- LR N—s

T. Enqguist et al., Nucl. Phys. A686 (2001) 481.
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UCD: unchanged charge distribution o i

Proton

Low-energy fission

Fission products

“Low-energy” fission (>3U(y,f) from 50 MeV e)

10° 134
107125
10°1ia
107108
1093
10° 8
10° 74
10" 65
1054
10" 4n

10733

fEEEEEEEREEEn

10°2s
104
"

Neutron
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High-energy fission (500 MeV p on 238U)

107134
10*128
10*11s
10710
10793
10° 8
1074
107 &n
10758
10~ 4n
10° 38
10" 2n
100

15

SEEEESEEEEER

Neutron

Nuclear reactions

Fragmentation
many cross-sections show little energy dependence in the region
40-2000 MeV/nucleon
target fragmentation needs high energy protons (see spallation)
projectile fragmentation needs high energy heavy ions
= huge cyclotron, synchrotron or LINAC

Fission

induced by: “time” (spontaneous), neutrons, photons, protons, heavy
ions, antiprotons, pions, post fusion-evaporation, beta-decay/EC
highest cross-sections for thermal neutrons

with increasing excitation energy symmetric and far asymmetric fission is
favored, but the products get in average less neutron-rich!

driver accelerators: reactors, medium-energy (some MeV to tens MeV)
deuterons from cyclotron or LINAC, microtron or LINAC for electron
beams,...
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Radioactive ion beam facilities for fission products

Previous, presently operating and future RIB facilities using fission:

252Cf{(sf) CARIBU

235U(ny, ) OSTIS, OSIRIS, LOHENGRIN, TRIGA-SPEC,
CARR-ISOL, PIAFE, MAFF, PIK-ISOL
238U(p,f) ISOLDE, IRIS, LISOL, JYFL, HRIBF, TRIAC,

ISAC-Il, SPES, ISOL@MYRRHA, EURISOL
W(p,xn..) > 28U(n,f) ISOLDE, IRIS, ISAC-Il, EURISOL
12C(d,n) > 28U(n,f) PARRNe, SPIRAL-II
2H(d,n) > 28U(n,f) SPIRAL-II
9Be(d,n) > 238U(n,f) PARRNe
Li(d,n) > 28U(nf) FRIB
W(ey) > 238U(y,f) ALTO, DRIBS, ARIEL
1H, °Be..2%8pPp(238U,f) GSI-FRS, RIKEN, FRIB, FAIR

F. IbrahirﬁJet al., Nucl. Phys‘.A787 (2007) 110.
D. Verney et al., Phﬁfﬁgv. C87 (2013) 054307.

50 MeV - 10 pA electron LINAC



ISAC @ TRIUMF: ARIEL photo-fission'upgrade

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

 aim 4.6E13 fissions/s with
liquid Hg converter o r—

5 Yoar Plan e

* but also 500 MeV protons with
maximum 10 pA on UC,

. - .

SPIRAL?2 facility at GANIL

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

GANIL/SPIRAL 1 today

CIME cyclotron RIB at 1-20 AMeV
(up to 9 A MeV for fiss. fragments)

DESIR Facility
low energy RIB

1 HRS+RFQ Cooler ‘

RIB Production Cave

S3 separator- up to 10 fissions/sec.

spectrometer

Alg=3 HI source
Up to ImA

Neutrons For
Science

Cost: 200M€

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

A/g=6 Injector option




SPIRAL2 RIB production module

40 MeV d
5 mA

Maintenance and Storage cells

B EUl SOLEES

1-2.2 GeV, multi-MW proton driver
Several direct target stations (ca. 100 kW)
One Hg spallation + fission target station (>1 MW, i.e. 1E15 fissions/s)

Multiple user operation in parallel

/ Post-accalarator (linac)

Low-energy beam area Wicosoluton X7
mass-aepaTator —
Post-acceleration with i
LINAC up to ca. 10 A.MeV [t S = A 7
user sreas
Post-acceleration to e ooty
ca. 100 A.MeV

Shaded aress show

with LINAC or cyclotron shiskiing needed arcand

wach target, lon source
and pro-aeparator,

Fragmentation of
post-accelerated RIBs

Commissioning: >> 20207 EESSEEETTE
om driver Megawatt target areo

acoslerstor _ _ -~
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IGISOL method

[fe30 kv 10k 500 V
X+ + He® —» XD+ + He* or

XN+ 4+ ArO - x(n-1)+ + Art

rapid reduction of ionic charge . ——

state to 2+ or 1+ by charge X * . l°9 .’ 1 helium
. . © o o CNJ

exchange reactions with buffer o %0’ 0% 00 o goW¥haplege nput

gas — :- KL,

IP(He)=24.6 eV, IP(Ar)=15.8 eV

target
extraction . accelerator
or electrode sidmmer beam

remains in 1+ or 2+ charge i

state until charge exchange 10° 104 1 100 mbar
reaction with impurity molecule

(O,, N,,...) occurs

Volatility of the elements

T (p vapor > 0.01 mbar) < 100 °C
T (p vapor > 0.01 mbar) < 400 °C
T (p vapor > 0.01 mbar) < 1000 °C

T (p vapor > 0.01 mbar) > 2000 °C

81
Tl

113]




| The IGISOL facility at JYFL

Collinear laser
spectroscopy

lon guide & laser ion

Mass & decay
spectroscopy source (trap)
RFQ cooler & buncher - optical i

manipulation

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

Oaremsephers

¢  Tagm
Ausa IV

R. M. Yee et al., Phys. Rev. Lett. 110 (2013) 092501.
J. Van Schelt et al., Phys. Rev. C 85 (2012) 045805. """

o ) Cammanrrem
Seprlinn

. L ia L]
- Bpechanreter

Target fema I

. Large Scattering
Fasiity

Avesiwatar
Contred Rante
@ Weak Beam Diagnostics ¢ w

Nt b

1 Ci 252Cf source: 1E9 fissions/s
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TRIGA-SPEC at Mainz reactor
* 0.5 mg 23°U or 0.5 mg 22°Pu or 0.3 mg 24°Cf

« 1.8E11 n./cm?/s " iT-
» 2E8fissions/s o S L_'-J 2 />

Lo

I Laser

Dipole mass
- separator

J. Ketelaer et al., Nucl. Instr. Meth. A594 (2008) 162.
J. Ketelaer et al., Eur. Phys. J. D58 (2010) 47.

reactor

Optimize RIB intensity

All steps of the separation chain need to be optimized!

r=®-c-N- €target * €source * Etransp * Edet
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ISOLDE Target (1967)

ISOLDE Target and ion source (1968)

46



ISOLDE Compact target and ion source (1974)

Robot handling

47



ISOLDE target and ion source unit

Water-cooled
transferline

Extraction
electrode

¢ Plasma
f chamber

‘ S ~ Target material |

| Heated target |
| container

Historical development

Miniaturisation = faster release
Standardisation = easier mass-production

Remote handling = higher activities
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SPIRAL target and ion source unit

HF injection Graphite target (1850-1900 “C}

NANOGAN-III ECRIS

L e i —

extractedﬂ_ _E\ : II
beam: ML/ \F=e==rl —r—
14;1501‘ I =====g:l;

L N ==

| % >

i |T—-_____::__T-'—"_

JI_!_'[

['—'i'l

]

140 {reléase test)
1608+ 95 AsMeV (production)

GSI-ISOL target and ion source unit

A

radioactive ion beam

° ° °
° °
°
heavy ion beam ° ° o
several MeV/nucleon
> RN >
°
target
catcher
ion source
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Variants of ISOL facilities

la protons on thick (heavy) target: fragmentation, spallation, fission

1b

1c

ISOLDE-CERN (1.4 GeV), IRIS-PNPI (1 GeV), ISAC-TRIUMF (0.5 GeV)

direct reactions in thick target
CRC Louvain-la-Neuve, HRIBF Oak Ridge, TRIAC Tokai

fission in thick target
OSIRIS (Studsvik), HRIBF Oak Ridge, TRIAC Tokai, SPIRAL2 (GANIL)

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

fusion-evap. or multinucleon transfer in thin target plus solid catcher
GSI-ISOL, UNIRIB (ORNL), DOLIS (Daresbury), LISOL (Leuven), IMP
Lanzhou, TRIuP KVI Groningen, MASHA (Dubna), SPIRAL2 (GANIL)

fusion-evap., direct reaction or fission in thin target plus gas catcher
(lon Guide ISOL = 1GISOL)
IGISOL (Jyvéaskyld), LISOL (Leuven), JAEA Tandem ISOL (Tokai),...

liquid helium catcher
JYFL Jyvéaskyla, KVI Groningen

ISOL targets

Target materials:

1. molten metals: Ge, Sn, La, Pb, Bi, U,...

2. solid metals: Ti, Zr, Nb, Mo, Ta, W, Th,...

3. carbides: Al,C;, SIC, VC, ZrC, LaC,, ThC,, UC,,...
4. oxides: MgO, Al,O4, CaO, TiO,, ZrO,, CeO,, ThO,,...

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

Target dimensions:
target container; 20 cm long, 2 cm diameter
target thickness 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.
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Diffusion characteristics

Bad diffusion hosts (narrow and/or stiff crystal lattice):
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=(2nDt)¥2 n=1 (foil), n=2 (fiber), n=3 (sphere)

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

Effusion: random walk release

Rolled 25-pum
Nb-foils
in target tube

Plasma

Water-cooled ion source

transfer tube
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Optimize RIB intensity

All steps of the separation chain need to be optimized!

r=®.c-N- €target” “source * Stransp * Edet

Isotope Separation On-Line

PRIMARY BEAM

ION BEAMTO
TARGET OYEN ‘ TRANSFER LINE ION SOURCE MASS SEPARATION
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First ionization energy (eV)

The first ionizatio

25 1

n energy of the elements

20 1

15 4

10 4

Positive surface ionization source

Surface lonization

atom

hot metal surface

commungBZl  FOCC vacuum
lonization
ener
< 5—6% work function

ground state

o 2 S

fconduction band
LA LN N

Fermi energy

ilbl‘lﬂ state

Extraction
electrode

—

o = 9./g, exp(-(IP- ®)KT))

gs = ag/(1+a)

Ta Transfer line

W Surface
ionizer

Saha-Langmuir equation

€ surface ionization efficiency
o work function of surface
P ionization potential of atom

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

53



Surface ionization versus thermal ionization

100.00% -%
N "

Ny
10.00% \ \

)
S NS N
2 N AN
£ 1.00% \%
5 —— W 4.54 eV 2200 °C e —
S 010% surface \ \
5 — W 4.54 eV 2200 °C, e —
cavity effect k=8 \\ —
0-01% T T T T T T
3.5 4 4.5 5 5.5 6 6.5 7
lonization potential (eV)

&n = 1/(1 + go/9./k exp((IP— @)/KT))

Thermal ionization efficiency
in realistic ionizer cavity

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

lonization potentials of

1 lonization potential: <5 eV
lonization potential: 5.0 - 5.8 eV
lonization potential: 5.8 - 6.5 eV

the elements

22l 23] 24 25| 26| 271 28] 29
\ Cr |Mn JFe |Co INi |Cu

40| 41| a2] 43] 44| 45| 46| 47
Nb |Mo JTc JRu |Rh JPd J]Ag

72| 73} 74| 75| el v7] 8] 79
Ta |W |Re |Os |Ir Pt JAu

104] 10s| 106] 107] 108] 109] 110} 111
Db |Sg [Bh [Hs [Mt

Ce Pr Nd Pm Sm Eu Gd Tb Dy

Ho Er Tm Yb Lu

S )

U Np Pu Am Cm Bk Cf
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Ingredients of a plasmaion source

lonization by
electron impact

—s . B
*—>

fast ..’. ‘o "~

electrons

atom lon
.
i
continuum _ _ _ f
lonization
energy
<
electron
impact
energy
ground state o

* Fast electrons:

A) Thermionic emission +
accelerating field

B) RF heating

* Atom confinement: plasma
chamber

* Electron “recycling”:
magnetic field

* lon extraction system

I[A] = A" T[K]? exp(-®[eV]/KT[K])
A"=120 A cm2K-?2

Ve,o[GHz] = 28 B[T]

rfmm] = 0.35 E_[eV]Y?/B[T]

lonization and neutralization

X0+e 5 X"+2e, Q

P,

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

Xt+e = X9,

X0+ Y*—X*+Y0, Q=IP,—IP,

Q=1pP,

Neutralization

Charge exchange
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Electron impact ionization cross-sections

—_— He 24.6 eV
Ne 21.6 eV

- Ar 15.8 eV
= Kr 14.0 eV
- Xe 12.1 eV
- C0O14.0eV

As 9.8 eV

loniz. cross-sect. (10*° cm?)
O L N W A~ OO O N

100 150 200

Electron energy (eV)

Forced Electron Beam lon Arc Discharge (FEBIAD)

Z

0 10 20 30 40 50 60 70 80 90

100.0% "y 30
A > E N 153
i A o
I ° ici [
| l | .g 10.0% + A Efficiency | | 20 g
| | = : oIP o]
m -
1 | < % 158
168 LA * 100
; 0% + v o 108
- ., 0 9 | ¥
| 9 A T5 'g
l : 0.1% T T T T T T T T O
I
|
|

for heavier elements!

FEBIAD ion sources are excellent

R. Kirchner, Rev. Sci. Instr. 67 (1996) 928.
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ISOLDE “FEBIAD”

Resistively
heated cathode

Water-cooled
| transferline

Extraction
electrode

Plasma
chamber

'[arggt material

\

'Heated target
container

2001: 94°9Kr decay studied at ISOLDE

o] - - T
210 Kr B . B’y Kr B
8 -~ ‘95 ".“- e - . -
IO it - T e, . K ARy kb Y et
E N/q\‘_v;»n-,-,k,.z.....,l.,qi EIO : : :
Jd [ L% d

G ERVINE !
1 v |

! t + —t— | 3 S 1
g n: gw’ n
o ] 8 f\ E|
S 10 L [ :.‘. . i L. s |
3 \ . B0 pEly P:r“*:—:t;‘frﬁﬁrﬁ'IWr;
3 fin Tmaeeatent @ B |
r Y l

¥y L 1V . ‘f

2000 4000 6000 0 2000 4000 6000
Time (ms) Time (ms)

U.C. Bergmann et al., Nucl. Phys. A 714 (2003) 21.
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ISOLDE VADIS

VADIS (VD5 and VD7) {He &Ne &Kr &Xe) injected cument 7.1 p&
Ancde = 150V Ar injected current: 4.6 pA
I_magnet=35A : ; :

. 10 !
£ |
B- !
g !
S i
= |
o f
§ o1 |
= i
‘.3 | —@—s_Xenon (%)
e i =——g_Krypton (%)
2 0.01 i == ¢_Argon (%)
i| —p—_Neon (%)
{ R | | _ [ =——g_Helium (%)
{—%—1 | | {l « <% « |_cathode (A) (EXP)
163 = ; i + B = |_cath_max (A) (TH)

T T S T S
1600 1700 1800 1900 2000 2100 2200 2300
Cathode temperature (°C)
L. Penescu et al., Rev. Sci. Instr. 81 (2010) 02A906.

Electron Cyclotron Resonance lon Source (ECRIS)

radial plasma confinement by magnetic multipole field

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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Volatility of the elements

T (p vapor > 0.01 mbar) < 100 °C
T (p vapor > 0.01 mbar) < 400 °C
T (p vapor > 0.01 mbar) < 1000 °C

T (p vapor > 0.01 mbar) > 2000 °C

.--EI

73 74 75 76 78

Laser lonization

- — -
- -
- ==
laser

beams

atom
continuuml/ %
ionizaﬁon \ N . excited states
energy Y
< 9-10 eV "
ground statev—(f;—




Resonance lonization Laser lon Source

A Laser lonization

I N » °
>/§’.
- e —»
[ @,
-
:‘::E , laser
L4__r:r beams

atom ion

Laser System

== | _

excited states

ionization
- energy
<9-10 eV

ground state

Spectrochimica Acta B58 (2003) 1047.

lonization of Cu

Structure of the 3d® 4s 5s Dy, AIS at 652601 cm”!

65260.1 cm™___AI5___3dv4s 55D, "
A a g o
= o
P=773ev = “
5106 nm B 0.
g B 4 *e
290.0 nm| |287.9 nm g { .
5 4 -
3d"551S, ; ? . .
e aa b
7933 nm M 3410 M0 14140 J4750
30783.7 cm’) 3d°0 49 zpow Frequency of second step (om)
305353 cm’’ > 3d 4p 2P+, , Saturation curve of first step (14=327.4 nm)

2

.

3248 nm 3274 nm

Photoon current (a.0.)
-

deasss,, [Cul

0 &0 0 100
Laser power at onizer cavity (mW)
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Neutron-rich Mn isotopes from UC,/graphite target

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

Surface ionized background

1 lonization potential: <5 eV 2

H He

lonization potential: 5.0 - 5.8 eV
lonization potential: 5.8 - 6.5 eV

22] 23| 24] 251 26| 271 28 29
i |V Cr |Mn JFe |Co INi |[Cu
401 41] 42] 43| 44] 45| 48] 47
Nb |Mo |Tc JRu |Rh |Pd JAg
70 73 74 75| 7|l 77| 78] 79
Ta |W |JRe |Os [Ir Pt JAu
104] 105 106] 107] 108] 109] 110 111
Db |Sg |Bh JHs |Mt |Ds |Rg

15] 16| 17, 18]

33] 34| 351 36
As |Se |Br |Kr
511 52| 53] 54
Sb |Te | Xe
83] 84| 85| 86
Bi JPo JAt |Rn
115] 116] 117] 118
Lv

Ce Pr Nd Pm Sm Eu Gd Th Dy Ho [Er Tm Yb Lu

lﬂ----m-ﬂm
Md No

Np Pu Am Cm Bk Cf Es
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ISOLDE beams around N=50

Zn/Rb discrimination on quartz surface!

80% 1600
> Ar gas flow —7n

70% — 1400
j =
2 60w AN RD 1 1200
3 \ —— Temperature
T 50% \ 1000
2]
S 40% \ 800
>
S 30% \’K 600
3] 0
2 20% / ~—1 400
10% 200
0% -%““ 200 “‘:‘&b‘om- 0
0 20 40 60 80 100 120

Distance (cm)

Combination of neutron converter and quartz transfer line
provides 81Zn/8'Rb selectivity gain of 100000!

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

Temperature (K)



Zn/Rb discrimination on guartz surface!

> lon source
Transfer line

C 245 ir)
]

Thermal screen 0310 0%

E. Boucquerel et al., Nucl. Instr. Meth. B266 (2008) 4298.

800 .
g :s 3804
-3
o 600
Q , 3609
400 ESAO
200
[ 3004 + 81
O RAmTRERARME L
0 500 1000 1500 200f s
energy [keV]

S. Baruah et al., Phys. Rev.
J. Van de Walle et al., Phys. Rev. Lett. 99 (2007) 142501. Lett. 101 (2008) 262501.

REX performs Coulex | |[SOLTRAP performs
measurement of 8Zn ™ djrect mass

observing its 2* state . measurement of
\ ' . r-process nucleus!

I i I R.N. Wolf et al., Phys. Rev.
W W 4 . 4w 4 Lett. 110 (2013) 041101.

entonon foguency v, - 107794 2 e e
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RILIS laser setup

Idirror telescope
Solid State Laser(s) P

Dy: v v

Lons Talescopes
BBO crystals
Jl - ik o b
\ v v

I

o Laser 3
Dye Laser 1 and Wavelength tunin

mRinen f 1: 7 ( range:
Dye Laser 2 and Dye Amplifier
Steering Optics Fundamental ()
390 - 850 nm
Target 2nd harmonic (2w)
s WO S 210 - 425 nm
- 3rd harmonic (3)
; ‘ \_ 213-265nm

Lasers: 1, = 11.000 Hz, 1,,,,= 15
ns

e ol
&3 0w Lty vt Arrgders '. g
Rocaw

24 (e pubes henigen

% penod Horsnear Cryssgls DG

Elements ionizable with CVL or Nd-YAG
pumped dye or Ti:Sa lasers

elements ionized with ISOLDE RILIS
tested ionization scheme

He

N JO |F Ne

5| 16| 17] 18
P_ IS |CI JAr

33] 34| 35| 36
Se |Br |Kr

52, 53] 54

29 30 31 3
Ni
26| 49 50

48 51
Te

Ru JRh |Pd

g 79 80 81 82 83 84 86

Ta |W |JRe |JOs |Ir Pt i Rn
105| 106] 107] 108] 109] 110] 111) 112] 113] 114] 115 116] 117| 118

Db |Sg |Bh |Hs [Mt |Ds |Rg |Cp Fl Lv
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Isomer separation

0.20
0.18 1
0.16 1
0.14 1
0.12 1
0.10 1
0.08 1
0.06 1
0.04 1
0.02 1

0.00 - r T r
30534.6 30534.8 30535.0 30535.2 30535.4 30535.6 30535.8 30536.0

—8— 68gCu
—o— 68mCu

Selectivity = 400

89 Cy intensity (a.u.)

Transition frequency (cm™)

Hyperfine Interactions 127 (2000) 417.

Mass measurements with Penning traps

B |
B Cyclotron frequency: f. = A.p
27 m

PENNING trap

+ Strong homogeneous

q/m magnetic field

+ Weak electric 3D
quadrupole field

O +0_=0. =;%B

] I—/ U ; s .A
ring \IIT . 8 :
electrode Nobel prize 1989: - AR

rédut

Dehmelt magnetron (-)



Resonance frequency measurement via TOF method

1
‘.'l I' ] A 7 380 < T ,-—.‘u"“‘r\' "u ". . "‘ ’00..""'___
- Iy \‘. "" l"k " w
330: \y . , \/
= . |
% gz .‘. ;‘ t 833055.588(3) Hz
drift- ' 2 3201 | ‘L_n'_Lx_m‘_mhr__
g 5 129)( | PERFORMANCE:
B A € [ |R=105... 107
= 2s0 I /| smim=107.. 0%
%0 ' 1| Ty>100 ms
) \ i |Eff.=40%
v 3T . ‘ | AL —
833545  B33550 833555  §33680  B3IGES
I T === 1 Excitation fraquency [Hz]
fizp-¥D 12%Xe time of flight spectrum

On resonance
Off resonance

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

Mass measurements with ISOLTRAP

—B> determination of £ MeP3

cyclotron frequency
(R = 10) \( \

precision
Penning o
trap B

B=59T
removal of «> £

>
2m

!

E4
S
N

contaminant ions A TN
(R = 109) \

preparation
Penning v
trap

B=47T
«> £ | MeP1

i

Bunching of the

continuous beam ;ﬁg;‘é?“
2nd puised
drift tube
if tra|

ISOLDE beam P \ ;ijit{-{ptﬁlg:d /

{continuous}) [ o o

e -

60 keV Ve LAEE e s s e 2.8keV ion

'

bunches
stable atkaii HV platform
reference ion G. Bollen, et al., NIM A 368 (1996) 675.
souree F. Herfurth et al., NIM A 469 (2001) 264.



Solving the °Cu mass puzzle

Intensity ratig:
“ 14 |16%

i

J  El/keV Ty,ls o3 | %

0)
all

A
8 /

ety T eeia
YR

(14) 242(5) 6.6(0.2)

L)
IT=5% \{—:95% 14

() 1015 33(2)
E IT~50% \'37“50%

(6-) 0 44.5(0.2)
= 1*state = 2;is

\5::100%
0 é }‘ é 8 10 12

J. Van Roosbroeck et al., Phys. Rev. Lett. 92 (2004) 112501.

with cleaning of 6- state
270

Linear TOF spectrometer

multi-reflection time-of-flight mass-Spoctromeler mode
mass anatyzer

I
i |
:;‘p:::‘o' WOCHOAAE Mo | Intrap ¥4 electode eloctrontate mivor 2 o« ’ | AN f (f |
apocies s 00 AN e %) mm 160 M — ! \J ‘ {
i ]
~A ! \ tma-cf-fight iemnce /)cs

R ;um from e - = "
i Smoolfig secarsion  separaled o trapeciory “AA AEPE
noouliphe revolutions  SIOMK 3peciey o - A trups
mass-separator mode ¢ Bessbury-Nishiso gate
-
30 A=149
g A ;
B 1¥ce"0)
10 o § c=proy gy
1) I—— u‘... LI

SA708 58708 58710 SST1Z  SSTM
R.N. Wolf et al., Nucl. Instr. Meth. A686 (2012) 82. e

R.N. Wolf et al., Int. J. Mass Spectrometry 349/350 (2013) 123.

S. Kreim et al., Nucl. Instr. Meth. B 317 (2013) 492.
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Many many traps at CERN !

TOF detector “_ :

Aso.v"Zﬂ.v l ' ; precision
5] Penning trap
=IREEEE.
%:: 1t 1 i e TOF detector
b U e (]
U R R R
ekl a5 w5 0 s 1w 18 laser ablation —_T'—'—‘
oy o0 excitanion frequancy v, - 1107754 3 / Hz lon source u
RFQ cooler and buncher URTOR WS Il u’ Jcn::i’m
MV platioem e;'iw i ‘cavity ’ :- :
S. Kreim et al., MR-TOF detector or D
Nucl. Instr. Meth. B 317 (2013) 492. BN beam gate

CERN accelerator structure

Antiproton decelerator,

..
-
.

LHC) Large Mackon Coflice
5P3:Super Proton Synchrotron
AL At proton Decelerator
ISCLDE: Isonope Seporasor Online DEvice
PS& Pronon Spncheotion Bonsier

PS: Proton Synchrotron

LINAC Livear ACcwferancr

LER Low Energgy lon Ring

CNGS:Camn Neutrinos to Gran Sasso

—_— s
—
A e
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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).

Elements ionizable with CVL or Nd-YAG
pumped dye or Ti:Sa lasers

elements ionized with ISOLDE RILIS

1| 15| 16| 17 18
P S Cl Ar

21-- 24 =B 21 2 29 30 &5 2R EE
Tl Cr Fe “co N AS Kr
39-5-- -E-
-Zr Nb Mo Tc Ru Rh -
---- 80 81 82 83 86

Hf Ta W Re Os Ir Po JAt |Rn

115] 116] 117} 118
Lv
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Hf beams at ISOLDE

Rolled 25-um
Ta-foils
in target tube

e
HfF, - HfF;" +e
Plasma
ion source

Hafnium:

m.p.
b.p. 4602 °C
p=102 mbar 2560 °C
“Hf +CF, —» HfF,+c”  |E-Hf=E]

HfF,: p=102 mbar ca.1200°c I|El

Ta/W foil target + MK5 + CF,

1E+1]| == S&T
- ABRABLA
m— EPAX2.1
1E+10[ m gsTaW.312
O mlTaw.312 -
X m2 TaWw.312
1E+09) g §sTa.289 ] "
O m1lTa.289 |
1E+08| X m2 Ta.289 oy
B gs SCyield ] =|
O mlSCyield
1E+07| x m2 SCyield
® |SOCELE ] O

1e+06 AL /

X
// E mnN xaoY
u ue 0 X
1E+05/ m ..—. X._.D
" oe mE
1E+04 f = -
Y
1E+03
/ o
1E+02 fr—@— r r

156 158 160 162 164 166 168 170 172 174 176 178 180 182 184 186
Hf Isotope
Eur. Phys. J. Spec. Topics 150 (2007) 293.

Yield (per uC)




Overview of molecular ISOL beams
Separation as XF*, XCI" “separationas X0, [ EEEEIGIOHESNGON

30

Zn
48

Cd

80
Hg

112

Ce |Pr INd |Pm |Sm |Eu |Gd |Tb |Dy JHo |Er |Tm |JYb |Lu

9| 91 92 93] 94 951 98] 97] 98] 99| 100] 101] 102] 103
Th JPa |U Np |Pu JAm |Cm |Bk |Cf JEs |Fm |Md |No |Lr

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

Nuclear chart at ISOLDE

> 600 isotopes available at ISOLDE-SC B
P -
> 1100 isotopes produced at ISOLDE till today ; __,-"'
) | N
> 2000 isotopes in principle feasible B,= 0 -7

with ISOL method : 1§
Extension needs target and ion source ael
T development! B2 = ;d_—-

VA

28 i =
AF T | B statde nuclides
20 w > W e § - decay
a < =" es decay
ﬂ:’«" 50 1 - decay
9 - 28 > B spootanecs fission
! | o - decay
2=wR= 2 N
—
2 8
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ISOLDE CERN

1.00or 1.4 GeV PROTONS from PSB

RADIOACTIVE

Beam transport

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
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Applications

nuclear physics

biochemistry nuclear chemistry

Radioactive ion

nuclear astrophysics beam preparation materials sciences

nuclear solid state physics atomic physics

nuclear medicine

Experimental access to r-process nuclides

The landscape of possible nuclel

Z

| s-Process
| rp-Process | St IRSrms" W chain
| ‘Banid profs

anid Droto O l of statsde nudebmhrough

neUtron caphism
L P —
N x,

Number of protons

I

From FAIR Brochure
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Production of 12C in stars

2E-21 s
He 9 [|He 10
7E-21 sj3E-21 s
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103
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The triple-alpha process

14
— 02}t

TVJ

O - 5

o =01 110 E

i o~ 5

n [\

rog E

[v'd

8% :

~ R

a 4 -

He ‘ He §

vl

M3 ©lrad e KT

Cad8

NACRE92 3

Hoyle state

Assumed 2" state

b b b b b b b b b
0 1 2 3 94 K3 [} 7 8 9 10
12c

Ts (Kelvin)

Setup for study of three-body-fusion?

Exercise:

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

14 m

cost ca. 1019 EUR
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Setup for study of triple alpha reaction!

New detector design

Kt 1120 s

4 F 1 . Al Gortnet
200 e 1M
bhen - ‘. “ o ps Ooping
.
" s

ne toping
Al oortact

Reduced deadlayer

Inverse reaction: 1°B(B,3a) decay

12B 1+ 15.11 1+
B 12
20.2 ms 12.71 1+
% 3¢

7.6542 o+ threshold
______________ 7.285 ¥
44389 2*
0 o




The triple-alpha process: ?B and 12N decays

l V] R
% E ~ 13.9(3) MeV
ol | oo r~07(3) MeV [[2*
‘ LZ7T ’r
08 + ‘
,' | Y T
ad 1 E = 11.23(5) MeV f().
[ I'=25(2) MeV
04+ 1 o
7.6542 .
02 - - 7.285F-=--=-------- 0
s a...l::u::?t"..:..l:j ==l
[l 10 12 4 4.4389 o+
£("C) (veV)
Combined R-matrix fitof | 128 1+ 12N 1+
1ZB and 12N 20 ms 0 11 ms
ISOLDE - JYFL > o=
H.O.U. Fynbo et al., Nature 433 (2005) 136.
New rates for the triple-alpha process
T ¥ ; T ! J Y T X T
Or W" 7]
m -
5 - -
<
£ 05} B
8
A
:g ! ]
o
io; -1.0+ -
N
15} '
l L L 1 l 1 1 1 I 1 1 1 I
-2 -1 0 1
logy(Tg)

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

nuclear physics

biochemistry nuclear chemistry

Radioactive ion

nuclear astrophysics beam preparation materials sciences

nuclear solid state physics atomic physics

nuclear medicine

Development of pharmaceuticals

ﬁ
— () C} Q © £}
fe gt approval laranted
5000 to % a7 53 15 13 10
10000
substances
U I D
i I
N i 4 . k) L 14 u - A.‘);
Screening in vitro tests tests with humans
animal exp. toxicity wanted effect comparison

side effects with standard

20-80 healthy 100-300 patients x00-x000 patients
volunteers
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Survival curve

1% °
®
o
= 08 A ® ® o
>
? 06 A
G
§ 04 —| eTreated A
S
® 0.2 {— aControl
L
0 - - - A
0 1 2 3 4

Time

* medium survival time, median survival time, survival benefit
* shows final benefit but not detailed mechanism

* more information from bio-distribution studies
* preferentially on-line with suitable radiotracers
and small animal SPECT or PET
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New generation of small animal SPECT

Pivel 1
I Multiplicity 1 events
; 5Co
150
" eidh J CZT
'Ill o] ALY |50 _'VII“ 0 s ) N N
i ke
1
33Ba ‘
LaBr3ce http:/ /spect-ct.com/
NKI-AvL
. systematic biodistribution studies
| with different radiotracers become
possible with dedicated small
F Tl m w W aew animal SPECT

» Multi-Isotope SPECT

123| 1R 2017
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Lu Tm Dy Sm Comparison
In Yb Y GdPm Ce Ac of the

100.00 o bio-distribution
of different
tumor seeking
._T—l—1 |Octreotide | tracers
|C:> e labeled with
< ‘ = radio-lanthanides,
—iDTPA—mab
o Il ; 225Ac and 1n
>
5 1.00 -\'*k free chelates:
g Ml\j\ S Citrate
o) BN EDTMP
s ] g )
3 \\\ specific tracers:
= 010 R Octreotide
N and
N Mab
\ Linker:
0.0 - e Aminobenzyl-DTPA
80 85 90 9dS_ 100 105 110 Y @B, yEerine
ionic radius in [pm| Interactions 129 (2000) 529.

Radionuclides for RIT and PRRT

Radio- [Half- |E mean Ey (B.R.) | Range
nuclide |life (keV) (keV) .
cross-fire

V.90 64h 9B - 12 mm A
-131 8days 182 B 364 (82%) 3 mm isotopes
Lu-177 7days 1348 208 (10%) 2 mm Emerging

113 (6%) isotopes
Th-161 7days 154 75(10%) 2 mm

5,17,40 e 1-30 pm
R&D
Tb-149 4.1h 3967 a 165,.. 25 pm isotopes:
Ge-71 1lldays 8 e - 1.7 ym supply-
limited!
Er-165 103h 53 e - 0.6 ym V
localized

Modern, better targeted bioconjugates require shorter-range
radiation = need for adequate (R&D) radioisotope supply.
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Terbium: a unique element for nuclear medicine

General Purpose Separator (GPS)

-

' \moderate mass resolving
e

& 4 power (m/Am =~ 1000), but
d Iti- bility!
y_ multi-user capability!

.
v
GPS

S —
" Distance to Target: 20m COrT] M— F

. A
N N—

Laser System
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Theranostics with terbium isotopes

PET SPECT SPECT

152Th-folate: 9 MBq 155Th-folate: 4 MBq 161Th-folate: 30 MBq
Scan Start: 24 h p.i. Scan Start: 24 h p.i. Scan Start: 24 h p.i.
Scan Time: 4h Scan Time: 1h Scan Time: 20 min

| i%%43&

‘67"‘_;: FAUL SCRERRER INSTITIT '."
(FED

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

The Nuclear Medicine Alphabet

.. SPECT
© “Camera

PET-
Scanner
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149Th-RITUXIMAB in lymphoma mouse model

100

80

60

40

% of survived mice

20

0

biochemistry

nuclear astrophysics

nuclear solid state physics

90:
0]
50:
30:

10

w
| | 300 pig MoAb, cold
i 1| 5 Hg MoAb, cold |
0 20 40 60 80 100 120

Survival time, days

G.J. Beyer et al., Eur. J. Nucl. Med. Mol. Imaging 31 (2004) 547.

Applications

nuclear physics

nuclear chemistry

Radioactive ion

beam preparation materials sciences

atomic physics

nuclear medicine
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Types of commercial mass spectrometers

|.TOF
1. BCl 2. Quadrupole
1.GC 2 APCI 3.1on trap
2 HPLC 3ICP 4. Orbierap
Sample 3.CE 4 MALDI 5. lon cyclotron 1.EM
incroduction 4 5. ESI 6. Magnetic sector 2. Amay
Detector

Workstation

GC: gas chromatography
HPLC: high pressure liquid chromatography
CE: capillary electrophoresis
IMS: ion mobility spectroscopy
EI/CI: electron impact/chemical ionization
APCI: atmospheric pressure chem. ioniz.
ICP: inductively coupled plasma
MALDI: matrix assisted laser desorption/ioniz.
ESI: electrospray ionization
S. Naylor and P.T. Babcock, Drug Discovery World (Fall 2010) 73.
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Inductively Coupled Plasma-MS

10-15 LPM Ar
Water-cooled sustains the plasma
-cool
skimmer cone Water o and isolates it from
! the torch’s walls

\ 1 ICP quartz torch
| Mass \ ' l-"lasma*i_si I Sample

_ Detec- - spectrometer, “ aerosol in
tion where ions are \ __1LPM Ar

sampler cone

——0-2 LPM Ar

system = separated >~ /
' according to m/z [ele]s]e) . positions the
{ RFinduction coil ~Plasma above
! inner tubes
Differentially- 4
Where ions are pumped interface  Cooler central channel
counted or ion where most of the  of the plasma, where
current measured, Ar(from the analyte ions are generated
using a single or portion of plasma  following desolvation and
multiple collectors extracted) is vaporization of the sample,
evacuated and atomization of compounds

D. Beauchemin, Mass Spectrom. Rev. 29 (2010) 560.

TOF-SIMS
time-of-flight secondary ion mass spectrometer
lon Mirror

/

= =

=
lon Gun \ I I I |

2 b Spectrum
Pulsing
o~ ‘ Detector
Hoaeing / \ Transport Optics
Raster NV Extractor

'-__- Electron Flood Gun
Target



MALDI-TOF
matrix assisted laser desorption/ionization TOF

=0

OCH,

\
HSCO\-/-{“ - oM - — — I g
X L o o e o ST S " |
e | ~w it {‘
Source TOF tube

Matrix:

* low vapor pressure for operation at low pressure

* polar groups for use in aqueous solutions

* strong absorption in UV or IR for efficient evaporation by laser
* low molecular weight for easy evaporation

« acidic: provides easily protons for ionization of analyte

Mass selectivity of radio-frequency quadrupoles

Gplt) — U - VRFCUS Q

Rzell dze Vi

fy = =—sm3 Qx= T3
mig€)” mrpQ°

(97
2

d*x .
— + (ay — 2¢,co828)x =0
" Mathieu equation
0.3 a}_ — —a“ q.‘ — —(]_l_

D.J. Douglas,

0L 01 02 03 04 l)q.’. 08 07 ©0a 09 10 MaSS Spectrom REV 28 (2009) 937
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Ultrahigh-mass mass spectrometry

= 3
& & S fod
o N - By & & ¥
& > ¢ g & S & S
& & o o & & o &
¥ & d & & & o8 ) g
S » P : o
& » ~ N By k) o o d! Y .
& 2 £ z > S o ) > y
& R & & & S S ¥ S S &
¢ e J P, - P N\
Q¥ ® ¢ < 3 4 ¢ ¢ S o ©
Laass s g g Loaaas o o Lossaa s o Llaasa o o Laaaa s o o | TTTR I ]
100 pm 10um Tum 100 nm 10 rm I nm 0.1 nm

Rod blood Maochonddia D MS2 fibosomes Homoglobins Anglotensin  Amano
<dls nchds
Mass distribution of human erythrocytes
125 T 7
b
ek
Duadrugom o6 trag
'S
Jam* s i 3
- p—
A 2

¢ ol
2.0 10 20 in 40 50 EC

Measured mass (10'? Da}(=16.6 pQ)
H.-C. Chang, Annu. Rev. Anal. Chem. 2 (2009) 169.

Forensic applications

* trace detection of drugs, poisons, explosives, etc.
» composition analysis of paint, tissue, etc.

* pesticide control

* measurement of isotopic composition

. etc.
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Doping control

U r endogenous exogenous
testosterone nortestosterone
iz 22 Corn s dod
Controle | 7 7
endogenous origin of
' androsterone norandrosterone?
Anti-Dopage °
Gl S
A
. Fow wike -
.. ., : b2 ..
H . '
ooaalbabadui d o 0 Felaaeaeaeis v AAPPRREREIE . F 1L LI L AT T T Tvoonen iy
i -y ST e e
= .',Q I
.
r - "
R S M. Hebestreit et al., Analyst 131 (2006) 1021.
Radiocarbon dating
. . . Treelrings
o®-W. oW ® a
"N+ In—lC+p W~ UN+e+V g na Pr S
T g postl e
v g Bost PR
E 04 e sostris ::_._
®  » o
Mol “C = 10" Mol''C 0

o 1000 2000 3000 4000 5000 6000 7000 8000

Mol “C > 10" Mol*'C \ Hisorical Age (years}

« Cosmic radiation > spallation neutrons > “N(n,p)'“C reactions
* Living organisms: equilibrium with atmospheric 4C/*2C ratio
« After death: 4C/*?C decreases due to “C decay (T,,=5370y)

Problem: measure #C* at ppt level without interference from
N*, 12CH,* 13CH*, 28Sj**, 12C16Q**, 42Cat*t, S6Fett+ ...
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Multistep-Separation in Accelerator Mass Spectrometry

1. Negative ion formation

2. Acceleration and stripping

14N anions do not exist

breakup of molecules

, 72
3. Z-selective ion detector dae _ Z°
dx E
Mass Collision cell Mass
spectrometer at 0.5-10 MV spectrometer
12CH2_ |4C lH ;2C
> e>» > o>
e>»
o > 1 -
CH- 4C— ZH Li

A4
3
]

Ton source with sample

Ion detector

and Zurich.

™o a5o 1500
Carant 408 L) Radiocarbon age (yr-se}

P.E. Damon et al., Nature 337 (1989) 611.

AD 1260-1390

AMS measurements
at Arizona, Oxford
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el
2 €04
=
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Winter s
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Aerosol composition in Swiss alpine valleys
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S. Szidat et al., Geophys. Res. Lett. 34 (2007) L05820. JJ{ Ll. LT

M.R. Alfarra et al., Environ. Sci. Technol. 41 (2007) 5770. xa




Asian haze: biomass burning contributes !

S0 canbon
and DIGANIC CaIoon

Oryanic carbon

a
BIOGENIC 'i_’ BIOMASS BURNING
IS IONS 5 A
3 FOSSIL-FUEL ¥
COMBUSTION 4 MJ] Jl Ly
* - v

thum:.'.'

h.cdvmarl-.n-
Biomass/biofuel
0 -
200 - W
¥ w04
(I
D-.—tH HH S. Szidat,
600 - Science 323 (2009) 470.
O. Gustafsson et al.,
~500 Science 323 (2009) 495.
Fossil fuel
L} L 1 L}

1000 -y v

28-Jan  11-Feb 25Feb 11-Mar 25-Mar 0B-Apr 22-Apr

6 MV tandem: the “working horse” for AMS

ETH Zurich, Laboratory for lon Beam Physics
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0.6 MV TANDY: the “working pony” for AMS

> T 04 MYNEC Pelletron
G Magnet 90° Magnet

[ Gas lonzation
R Chamboer
7/
r
N Degrader
Lanaht™] el
130" Magrwt
“ A wrsa JJ
MCSNICS =X o | /)
an Seurce \ { — )
™ Retractable Gz

lonization Chamber

Routine measurements of: 1°Be, 41Ca, 129|, 236U, Pu, etc.
longer-lived than 4C: geology, cosmochronology,...

ETH Zurich, Laboratory for lon Beam Physics

MICADAS (Mini-radioCArbon-DAting-System). 0.2 MV AMS

2.3 x 3 m?2 “tabletop”

Routine measurements of: 14C

ETH Zurich, Laboratory for lon Beam Physics
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MUCADAS (MICRO-radioCArbon-DAting-System). 45 kV AMS

433 i “ @ &L -~ “:

Vo ey | ke

ETH Zirich, Laboratory for lon Beam Physics

Retardation spectrometer

» electrostatic energy measurement

* charged particles move against electrostatic potential;
transmission measured as function of repulsive potential

* analyzes only the energy component perpendicular to the
analyzer

+ total energy measurement requires perfectly parallel beam

I

+ + 4+ + +

Yy v
A

. . detector
incoming beam
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Examples of MAC-E retardation spectrometer

1. WITCH at ISOLDE: weak interaction studies
via recoil detection after EC/B* decay

2. aSPECT at ILL: precision spectroscopy of angular
correlation between neutron spin and decay protons

3. KATRIN in Karlsruhe: precision measurement
of beta endpoint in tritium decay
for neutrino mass determination

[3-decay and neutrino mass

model independent neutrino mass from 3-decay kinematics

(lr" ’ (F ([ I 1) 'J“ } "2 nll n f 4 \
1 Cp(E+m,) (& —F) \ (FEy — E)? — (E)O(E, — E —m;)

C=06G5%—= oo’ O | M 4 il . .
Eo experimental observable is m,2

E, = 18.6 keV e B-source requirements :
Ty =123y

high B-decay rate (short t,;,)
low R-endpoint energy E,
os b - - superallowed B-transition
Miva) » 0 eV - few inelastic scatters of R‘s

rel rate [au.]

o4 / B-detection requirements :
oy 2x 10 ot 0l . .
n2 decays in st 1 &Y - high resolution (AE< few eV)

- large solid angle (AQ ~ 2x)
- low background

=

T W0 W om 5
electron energy £ feV) E-Eylev]
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Electrostatic filter with Magnetic Adiabatic Collimation

MAC-E-Technique Ug
adiabatic guiding of ‘ !
R-particles along the e weien | HV electrodes

magnetic field lines

8.C. solenc«d §.c. solenoid
= ==
inhomogen. B-Feld: P
stray field of 2 super-
conducting magnets ‘
Brax=3-6T \
B, <1mT
m BS Bmax Bmm

very large solid angle !

I it A

f—:- =(M-V)B+q E adiabatic transformation E, ~E
M =E, /B=const

=E, A. Picard et al., Nucl. Instr. Meth. B63 (1992) 345.

KATRIN experiment

Karlsruhe Tritium Neutrino
Experiment

at Forschungszentrum Karlsruhe
unique facility for closed T, cycle:
Tritium Laboratory Karlsruhe

~ 75 m linear setup with 40 s.c. solenoids < 1E-11 mbar
< 1E-20 mbar 3H
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main spectrometer — design

L .
~ |
B 10m |
233m design parameters:
volume: 1258 m3
N\ surface: 605 m?
thickness: 32 mm
I ] material 1.4429
|/ weight: 192 t

pumping port
for getters

Projection.
standard garalion 40°N anc 54°%
: ¥ h—t—y
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Identification # Separation

* Identification:
The beam composition is determined but not changed.
e.g. time-of-flight measurement, AE measurement,...

» Separation:
Beam contaminations are removed.
e.g. mass separation, chemical separation,...

* Unique isotope selection requires the combination of
at least two different identification/separation methods.

* A higher-fold combination gives improved suppression
factors.
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Prism

dispersion of light

normal 1y

yiolet

1954 Encyclopaedia Britannica, Inc.

FIG. 5,158 A system with mo-
mentum dependent deflection
of the central ray, showing
lateral displacement due to
momentum spread.,

* magnets are momentum dispersive
» electrostatic deflectors are energy dispersive
* Wien filters are velocity dispersive
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Focusing by tilted entrance/exit of magnetic field

FI1G. 5.3 Particles leaving a
magnetio field normal to the
edge.

FI3. 5.4 Particles leaving a
magnetic field at an angle to
the edge. Dotted lines are for
normal exit (ef, Fig. 5.3).

horizontal focusing effect

Focusing by tilted entrance/exit of magnetic field

¥1G. 5.5 Plan view of a posi-
tively charged particle enter-
ing & magnetic field directed
into the paper, The trajectory
makes an angle 8 with the
normal. For view in the direc-
tion of arrow G see Fig. 5.6.

N flacos

NEANL )

(3]

FIG. 6.8 View of Fig. 5.5 in
the direction of arrow Q. DE
is the madian plane on which
H,=0.

vertical defocusing effect
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Quadrupoles

Electrostatic:

V =U (x?-y?/a?

E =-grad V

€, =-dV/dx =-2U/a?x +y
€, = -dV/dy = 2U/a?y

F, = -2 Uge/a? x

F,= 2 Uqgela?y

1. Force increases proportion%llly
to distance from origin.

2. Focusing in x and defocusing in y (or vice versa).

= requires quadrupole doublet or triplet to focus in x and y

Multipole correction elements
Correction of higher-order effects (aberrations) by hexapole,

Fis 1 Sqm"c].(a&c-hkc clectrode arrangement of an clectro- Fig. X Calculated potentiol distnbutions i 32-wire syuiszel
static 2(n + 1) pole consisting of 18 wires, 1.c. a squirrchcage <8¢ multpole for the cises of dipofe (1, » 0L quadrupole
with # =8 In this multipole the potential of cach wire is (¥ # 00 hexapole (15 ¢ UL octupoie |V v D) excitulions [soe

ey ()] with vamishang §,. ¢, ¢ %

controlled by a separate power supply.
M. Antl and H. Wollnik, Nucl. Instr. Meth. A274 (1989) 45.
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lon-optical calculations

1. Matrix calculation:
TRANSPORT, COSY-INFINITY, GIOS, GICO, LISE++,...

2. MC simulations/ray tracing:
SIMION, ZGOUBY, RAYTRACE, LISE++, MOCADI,...

Focal plane of LOHENGRIN

ENTRENCE SLIT

énce CARRIER

VERTICAL ELECTRIC
DEFLECTOR

HORIZONTAL '\
MAGNETIC DEFLECTOR

P. Armbruster et al., Nucl. Instr. Meth. 139 (1976) 213.
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Energy dispersion:

Mass dispersion:

=R

lons/s per 0.5% energy bin

LOHENGRIN focal plane
Ax=Dg AEIE =7.2cm/% =7.2m
Ay =D, Am/m =3.24cm/% = 3.24 m

A=99,E=99MeV A=099, E=100 MeV A =99, E=101 MeV
[ [ [

A=100, E=99 MeV  A=100, E=100 MeV  A=100, E=101 MeV

A=101, E: 99 MeV  A=101,

800
700
600
500
400
300
200
100

E

7.2 cm/%
3.24 cm/%

E=100 MeV  A=101, E:lOl MeV

Measured kinetic energy distribution

Mass 98 from 0.2 mg/cm® **U0O, + Ni ¢

gver

<

4

40

50 60 70 80
kinetic energy (MeV)
kinetic energy acceptance: AE/E

=1%
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Reverse Energy Dispersion magnet

00 . '

=anzomdl alspiocement (em)
=4

SN0 g > i o
co 20 wo 00 Moo wo o0 L z -6(“‘_]- =
Conrod fropctony ength (o)

Fig. 5. Horizontal displacement with respect to the central

trajectory of & beam arising from a 5x70 mm” target vs the

central trajectory length. The vertical dashed and dotted lines

show respectively the extent of the pole pieces and the focal
position.

G. Fioni et al., Nucl. Instr. Meth. A332 (2003) 175.

LOHENGRIN Setup

Experimental setup (straight beam)

Experimental setup (bent beam
/ p p( )

QED Magnet Target position

Electrostatic dipole Reactor wall Reactor core

Introduction of new target
It
3l

Magnetic dipole
Heavy water vessel

Container for used targets

Neutron tomography beamline im
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Measured kinetic energy distribution

800
700
600
500 -
400
300 .
200 = =
100

Mass 98 from 0.2 mg/cm? **U0, + Nilcovler
® e

L 3

lons/s per 0.5% energy bin

40 50 60 70 80 90 100 110
kinetic energy (MeV)
kinetic energy acceptance: AE/E = 5%

= 10-60% transmission (low for thick spectroscopy targets)
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Counts

Counts

160000
140000
120000
100000
80000
60000
40000
20000
0

Gamma decay of 7.6 us %Y isomer

.,__ﬁmrfiﬁ=ﬁJL~ih__ﬂ4

17-isomer at 6.6 MeV in 98Zr

100 150

.\".—)\.—J LR
200 250

Energy (keV)

300

350

E L e AH L —
' “ML: .IW‘J: l—["
.‘h ) - X! IStV
[ A
\
*\
Aéﬁ\;ﬁJ“i;p__; S MTEIS
J F (T*LI _ G.Simpsonetal,
Tus ]

* Phys. Rev. C 74 (2006) 064308.

400
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The LOHENGRIN fission fragment separator

mass-separated fission fragments, AA/A = 3E-4 - 3E-3
up to 10° per second, T,;, 2 microsec. AE/E = 1E-3 - 1E-2

lonization ¢iiamber

in focal Hlane RED magnet flux 5.5-10% n./cm?/s
Ekln '.‘( o < - Condenser few mg fission target
mh E/q separation
| oin magnet . .
q& ). | | i separation  Several 10+ fissions/s
. energy ioniclcharge Actinide target
.-acceptance fraction

0 1 O 7] 0. 15 0.2 Source liolley
S lid anle 1E-5

mv2/rg=qE M V2 fagn =q VB
Evin/A=EI/2r1g mv/q=B magn

lonic charge separation

/q+1

2 q;

5 \ q_l
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Fraction

20%
* o
15% + .
10% -
2
5% ®
¢ S
2
0% 14 . ' . ' . ' . ' . '
16 18 20 22 24 26
lonic charge
lonic charge separation
: X g+l
q+1 : a' /
# T
—_— CIiI -
: _\1A
B ' B d

lonic charge state distribution
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lonic charge separation

&pﬁ

Separation with gas-filled magnet

average

— o
q average — V/VBohr Z

Qineo = 1/3 (Bohr)
Qeyp = 0.33-0.7

He or N, at few mbar
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Isotope selection with gas-filled separators

* Gas collisions give average q = fkt(Z,v) « Z8 vivgg,
* p/g selection by magnetic deflection
* Bp o« A/ZY3 (A. Ghiorso et al., Nucl. Instr. Meth. A269 (1988) 192) F

Z selection by specific energy loss

" AE ~ C 7%v? (Bethe-Bloch)

Half Iife Range
L nknown
<(L1s
01 5s

s ;s

W wos 1k
1h 1y
1y-1Gy

= Sable

Multistep-Separation in Accelerator Mass Spectrometry

time-of-flight
- gas-filled

magnet

90 deg analyzing magnet vacuum
Wien filter
q
el
58Fa + 58NI

14MV MP tandem

10w

150 kV preacceleration

18 ded. electrostatic deflection
/AMS ion source

1015 sensitivity!
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From ISOL beams to RIBs with higher energies

ISOL beams

* have well-defined energy (AE/E = 1eV / 60 keV)

* have usually small emittance (e.g. 10 t mm mrad),
i.e. limited opening angle

* have often well-defined ionic charge q=1

+ Zselection is performed before the mass separator

Recoils or fragments of nuclear reactions:

* have large energy spread

* large angular spread

« different ionic charge states

* depending on nuclear reaction different Z

Fusion-evaporation

58Ni(°8Ni,2n)1“Ba
58N (°8Ni,a2n)10Xe : b

50 _
F — i ; 82
28 - —
2 ciinmuinge
20 = f
Z BB wEInES 50
] @ 4 I
& T 20 28

2' T
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Requirements for in-flight separators

2

10°

Energy / mass unit (MeV/u)

=]
2

momentum spread / X

, '

e
o‘n‘ T 5 a7 % Fl o -
Fig. 3. Solid angle and mmll:::‘d o i

products compared 10 the acceptances of spectrometers.

Fig. 2. Domains of kinetic energies of the reaction products

from various nuclear reactions.

G. Minzenberg, Nucl. Instr. Meth. B70 (1992) 265.

Recoil separators

separate the products of a nuclear reaction (recoils)

from the projectile beam
« early dumping of unwanted beam

optionally also A/q separation of reaction products

« usually kinetic energies up to 10 MeV/nucleon

* mass dispersion achieved by combination of
magnetic dipoles, electric dipoles or Wien filter
» usually additional quadrupoles for focusing
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SHIP at GSI| Darmstadt

SHIP 94

. fa % e
% 7. 5deg Magrat

Beamn stop

Proecties

G. Mlnzenberg et al., Nucl. Instr. Meth. 161 (1979) 65.

32.04 MeV
F"113CN) 1606 mm
Observed events at GSI e ey
.08 70 ; ; 24.09 MeV
in 208Ph + 70Zn reaction 280 ps 26.06 mm
273Dg 17.85mm

09-Feb-1996 s ey "112CN

70 = )
E(79Zn) = 343.8 MeV 110 ps 11.17 MeV

269Hg| 17.77 mm 1406 ps
213Dg 26.03 mm
23 MeV
2658g|  17.81mm 310 ps
269H4g|  26.01 mm
4.60 MeV
745 18 MeV
261Rf|  17.57 mm 22.0s
2655g| 26.16 mm
52 MeV
47s 0.2 MeV
%57No|  17.96 mm 18.8s
27.33mm
.34 MeV 05-May-2000
15.0s 153 MeV E ("Zn) = 346.1 MeV
253Fm| 17.91mm 145s
26.70 mm
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VASSILISSA

“u
/ Time of

Flight
dchcbr

" M Sl

AN
TN Aol a7
= 1w N AN
e q=18

Fig. 5. lon-optical clements of the VASSILISSA an computersimulated trajectones of ™ Po jons,

A.G. Popeko et al., Nucl. Instr. Meth. A510 (2003) 371.

DGFRS: Dubna Gas-Filled Recoil Separator

Exit - max
TOF Mylar H:I (~1 Ton) Bp =3Tm
Proportional mr;dow
chan‘ﬂx,rs i Rolating
. ‘\'TT\#_“-‘-I;’”"""" r system
/ 7~o
'\ Pentane H_ /
| (~1.5 Torr) / ,
' -
Position-sensitive N\ / / Rotating o,
Si detector array EVRs Suppressed beam entrance
E.x.v (Faraday cup) window

K. Subotic et al., Nucl. Instr. Meth. A481 (2002) 71.
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RIKEN Gas-filled Recoil Separator GARIS

Differential pumping section
Q;%‘
X

o

Rotating Target
@ 2000 rpm

D1 Q1 Q2 D2

- D2

D1
Bending angle 45 degree
Pole gap 150 mm
Radius of central ray 1200 mm
Maximum field 154T
Q1,Q2
Pole length 500 mm
Bore radius 150 mm
Maximum field gradient 5.2T/m
Bending angle 10 degree
Pole gap 160 mm
Pole length 400 mm
Maximum Field 1.04T
Magnification X -0.76

YA =109
Dispersion 0.97 cm/%
Total length 5760 mm
Acceptance A9 68 mrad

A¢ E£57mrad

AQ 12.2msr

Decay chains from %Ca + 38U => ?%6112*

DGFRS mean values

SHIP mean values

sy CN 3 N
x, a !
%‘_%5;:0“5”‘" 9520 = 0,015 7 232 £ 15 MeV
2 .
a, b, 010 Tia=88335 5
9.70 / 226 MeV i Bty
mgs| Twa=020s
ay b, = 0,90 210 :g‘ Me
032
.90 MeV Tip=0187557 &
Tia=01%s
b, =10
ay , o=(2.5+'%_,,)pb (DGFRS)
BS54 / 248 May =4 «10) 233
Tig = 1.9 min o= “'0 -0 6) pb (SHIP, U'noul) S, Hofmann ot al
by = 0.70 o=(07+"8 . ) Db (SHIP, U + UF;,' Eur. Phys. J. A32 251 (20407)
260 MeV TKE

bt el KFR 63 7 @

YuTs. Ogarmssianetal,
Phys. Rev. C74, 44602 (2008)
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INSTEC £ .00

E Mimawr
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VAMOS at GANIL

Very wide acceptance = trajectory reconstruction for
aberration correction

Focal Plane
detection m‘.60°

= DIPOLE |["QUADRUPOLES

H. Savajols for the VAMOS Collaboration, Nucl. Instr. Meth. B204 (2003) 146.

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

GANIL/SPIRAL 1 today

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

DESIR Facility
low energy RIB

} HRS+RFQ Cooler ‘

RIB Production Cave

S3 separator- Up to 10 fiss./sec.

spectrometer

Alg=3 HI source
Up to ImA

Neutrons For
Science

Cost: 200M€

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

A/g=6 Injector option
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S3 at SPIRALZ2, GANIL, Caen

First Rejection Second Rejeition
A g
e ~ p .
Separator Spectrometer

Beam Stopper

High Power Focal
Target Plane
Detection

Fig. 1. Schematic idea for S showing the two stage separator.

S3 at SPIRAL2, GANIL, Caen

Cails with Iren Shed
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D. Hutcheon, Nucl. Instr. Meth. A498 (2003) 190.

Spallation + Fragmentation + Fission
238 + H (1 A GeV)

J. Taieb et al., NPA 724 (2003) 413.
M. Bernas et al., NPA 725 (2003) 213.

......

N ——»

50 mb
10 mb

100 pb

10 pb
1 ub
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Normal kinematics: n, p or light ions on heavy target

* “conventional” accelerator providing
“easily” high beam intensity ™ Sz 2o

o4
« dedicated target required R A

* reaction products emitted into 4n

» complex and expensive
accelerator

Mind the losses during stopping!

(graphical representation censored)
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Spallation + Fragmentation + Fission
238 + H (1 A GeV)

J. Taieb et al., NPA 724 (2003) 413.
TM. Bernas et al., NPA 725 (2003) 213.
VA

T 50 mb
o 10 mb
] 1 mb
100 pb
10 ub
1 b

Momentum-loss achromat (Wedge separation)

Primary Target Sccondary Target
Beam

Fig. 4. Schematic representation of the ion-optics used in a momentui-loss achro-
At to separate projectile fragments.

D.J. Morrissey and B.M. Sherill, Lecture Notes in Physics 651 (2004) 113.
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LISE

Faisceau on

Filtre de Wien

LISEN

CLIM targi
Ralentisseur
Dipéle 1

Caviar '-"[

Dipdle 2

R. Anne et al., Nucl. Instr. Meth. A257 (1987) 215.
R. Anne et al., Nucl. Instr. Meth. B70 (1992) 276.

Dispersive ion optical elements

* magnets are momentum dispersive

» electrostatic deflectors are energy dispersive

Wien filters are velocity dispersive

« achromatic wedges are dispersive in mZ%/E or (Z/v)?

RF kicker are flight time selective
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Effect of wedge selection

v 1 v T | v L v I v 1

92 | 0.6 GeV/u B
i e 50 MeV/u ]
90 S 7

88 -

Proton number

84

1 (i ) Jd A 1 A 1 A

82 i 1
128 130 132 134 136 138

Neutron number
K.H. Schmidt et al., Nucl. Instr. Meth. A260 (1987) 287.

Effect of wedge selection d/R=0.5

80 E [MeV/nucleon] 182pp
N 200
300 100
’a‘ E=400p
Q 60 2020g
g 100
= o 1325
o 40
.8 48y stability line
0 7851
E 20 —— N/7 separation
—— Energy-loss
4 0pg separation
0
0 25 50 75 100 125 150

Neutron number N

T. Kubo, Nucl. Instr. Meth. B204 (2003) 97.
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In-flight production of rare isotopes hg

w‘ Reaction product identification

aﬁ‘f’ﬁ’ S800 spectrograph

Fragment separator o
A1900 fragment separator 4%

Driver accelerator (v = 0.25-0.6 ¢)
» Fragment separator (A1900 nsct, FRS csi, BigRIPS riken, ALPHA spectrometer/LISE caniL)
» ldentification and beam transport
» Stopped beam experiments, reaccelerated beam experiments
» Fast beam experiments
» Secondary reaction

» Reaction product identification (S800 spectrograph, CATE/Aladin, Silicon
telescopes/TOF wall, SPEG)

In-flight production of rare isotopes hﬁ

Example: 78Ni from 8Kr at NSCL

Fragments at
production target

65% of the
produced 78Ni

"N transmitted

=

Fragments at
focal plane

Fragments at
Driver accelerator achromatic degrader
» Fragment separator (A1900 nsct, FRS csi, BigRIPS riken, ALPHA/LISE caniL)
» ldentification and beam transport
» Stopped beam experiments
» Fast beam experiments
» Secondary reaction

» Reaction product identification (S800 spectrograph, CATE/Aladin, Silicon
telescopes/TOF wall, SPEG)
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Isotope selection at (high E) in-flight separators

* lonization to q = Z (high energies!) T

» A/Z selection by magnetic deflection
*BpxAlZvy

* v can be measured by time of flight

or selected by Wien filter

Z selection by specific energy loss

AE = C Z?/v? (Bethe-Bloch)

ﬂ plastic santillator: AF. g

$ time projuction ckamber: X, ¥

’
& lonigabon chumtree: 7

——

Perfect isotope identification at high energy
1 A GeV 28U on titanium

wET T
2% |
22 |
20 F
8

v LR G

wk . %
2k "

10 #
- u

5
o B IS el G Tl STV PR |

18 19 20 21 22 23 24 25 26 27 28
A/Z

M.V. Ricciardi et al.,Nucl. Phys. A733 (2004) 299.
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Optimum energy for FRS-like momentum achromat

- T T T T T T T T T E
1200 50% secondary reactions 7
1000 -
>
< 800 -
— 600 -
S +AEtar t E
L 400 v
200 ) -
80% fully strippe
0 I 1 I 1 1 1 1 1
0 20 40 60 80 100
Proton number
K.H. Schmidt, Euroschool Leuven 2000.
BigRIPS at RIKEN, Japan
|
Y-MAK = 4/ 1.200 1L o o o o :':- 7.2

0200 U I-WAX = 77200
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BigRIPS at RIKEN, Japan

BigRIPS : Tandem (Two-stage) Separator

Ist stage (2-bend FRS)
. Production and
Separation of R1 beams

‘Tagged RI-beams' 'Cocktail beams'

- — e

o nm ’oo‘m‘ o ﬂ n
F3
lsolopc
separation  /

Wedée
degrader  from SRC

Fl

4
/ -~

-

Target
.

2nd stage (4-bend FRS)
Tagging of RI beams

TOF, Bp. AE — Z. A/Q (A, Q) P

T. Kubo, Nucl. Instr. Meth. B204 (2003) 97.

Super-FRS at FAIR, Darmstadt

Fig. 4. Beam catcher locations in the first dipole stage of the pre-
separator. Depending on the fragment setting the primary beam will be
dumped at the position given by the relative difference in magnetic rigidity,
Plotted are trajectories of primary beams with different Gy, values in steps
of 1%,

Fig. 5. Layout of the front part of the beam catcher. The V-shaped
graphite block will absorb the beam energy of up to 50 kW and is actively

cooled.

M. Winkler et al., Nucl. Instr. Meth. B266 (2008) 4183.
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Q3D Spectrometer
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M. Loffler et al., Nucl. Instr. Meth. 111 (1973) 1.

Example spectrum 1&Hf(d,p)

F Bondarenko er al / Nuclear Piysics A 709 (2002) $.59

- N
1000 HWide) " HI
24 MoV, 24"

T .y T T T T glg 'r% ,,:_,No
polest g.ﬁ ﬁ" Sf =
,] !

T Ll
1800 2000 2200 2400 2600

f
i
R
'.

CHANNEL

Fig 3 An example of proton spectra from the reacoon 1895344, )3V HE The peaks are labelled by the excaation
energy i keV The protoe groups labeled wath "¢ beloag 1o contamsnant wotopes
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The SPEG spectrometer at GANIL

6l )} —
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Fig. 20. Zero degree spectrum messured for the “*Ph'*0,
PN B reaction

L. Bianchi et al., Nucl. Instr. Meth. A276 (1989) 509.
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Beam line WS-course at RCNP

T. Wakasa et al., NIM A482 (2002) 79.
Ancoptance Bonitof ~
G| | lmater
m \ s
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i o P WS Beam Line

'h.r:u i Dean

Dispersmn Matching Techniques
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o1 Q\
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°Be(®He,t)°B spectrum (at various scales)

T T I N S e i TP SR S W SPGB S
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é 200 8=0", narrow angle cut |
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1064 | [
50- !; ¢
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C. Scholl et al. Phys. Rev. C84 (2011) 014308.
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Be(®He,t)°B spectrum (ll)

250 PR .“ 1 .’1 i 9. " ;3. " é A A d A .N A .AE/EA<‘]-.O-;
4 o~ || M Be(Het)B S i
é 200- Ei‘ o E=140 MeV/u !;._‘,‘2 T
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wlsd [ -
v!L’ b 2
o -~ -
100+ © .
3 | ‘ |
504 | 1 —
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J ~ ‘
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g.s. decays into p+2a Channel
Isospin selection rule prohibits
proton decay of T=3/2 state!
C. Scholl et al. Phys. Rev. C84 (2011) 014308.
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