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 founded 1967
 today 13 member states

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

« over 40 instruments , mainly for neutron scattering

o user facility : 2000 scientific visitors from 45 countries per yea r
 Director General: Richard Wagner

 Nuclear physics instruments: LOHENGRIN, GAMS



LOHENGRIN Setup

Experimental setup (straight beam)
j Experimental setup (bent beam)
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Outline

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) Recoll 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 / isotope s



i e 8300 tons

| @ 5.36 m extraction radius
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Super-FRS at FAIR, Germany
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Importance of electromagnetic spectrometers




Thomson 1897: cathode rays

Fig, 9.

“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 g15 Cathode

Positively charged
gas phase 1on beam

Can =0

Figure 1.3 CGoldstein’s glow discharge tube (1886) for generation of positively charged ions.
(C. Brunnée, Int. J. Mass. Spectrom. lon Proc. 76, 125 (1987). Reproduced by permission of Elsevier.)

First fluorescent lamp and ion source.



Wien 1902: Wien filter

Electrical
Electrical force: e E sector field

r
® @ &K (* lon current
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74
Lorentz force: e« B / ; \
‘ Magnetic
S sector field
evB=eFE
E

'=-5 Electric field perpendicular to magnetic field

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. |. 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

--------------

lon
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e

Magnetic and  Screen or
electrical field photoplate |

Figure 1.5 Parabola mass spectrograph constructed by /. ]. Thomson (1910) with a discharge tube as
ion source, a superimposed electrical field and a magnetic field oriented parallel to it for ion separation,
and a photoplate for ion 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



Thomson, 1913: mass spectrum of neon

e — Hg+

EGNE

Figure 1.6 Mass spectrum of neen with masses 20 and 22 u measured by [.|. Thomson (1913) using
his parabola mass spectrograph is shown in Figure 1.5. (H. Kienitz (ed.), Massenspekirometrie (1968),
Verlag Chemie, Weinheim. Reproduced by permission of Wiley-VCH.)



Parabola spectrograph

= T

hiagnetic:nd Screen or ,-J"'
electrical field photoplate

transit time through field: t=L/v
vertical displacement: y =% U/d g/m (L/v) 2
horizontal displacement: Xx=%BqgmL ?v

y =k m/qx?; k=2 U/(dB?L?



The LOHENGRIN fission fragment separator

Angular focusing in x and y direction.
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Aston 1919: velocity focusing spectrograph

Electric field - ‘(
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Aston's design for the mass spectrograph.
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Aston: velocity focusing gives factor 10 improvement in
mass resolution ( Am/m = 1/130)

Noble prize in chemistry 1922 for the discovery tha t elements
may have isotopes of different mass ( ?°Ne, “!Ne and 4°Ne).



Dempster 1918: 180 degree spectrometer

* electron bombardment ion il

source for monoenergetic :

lons

» 180 degree magnetic field Uil D

provides angular focusing === | [

« scan of magnetic field to B

measure mass spectra

1920: discovery of isotopes A
In Mg, LI, K, Ca, Zn

gm=2U/(B?r?)

)

Figure 1.7 Mass spectrometer from A.J. Dempster (1918). A — ion source; B — electromagnet;
C — Faraday cup; D — electrometer. (H. Kienitz (ed.), Massenspektrometrie (1968), Verlag Chemie,
Weinheim. Reproduced by permission of Wiley-VCH.)



Calutron 1942: electromagnetic isotope separation
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Large scale electromagnetic isotope separation




Collector plates of a Calutron




1945: large scale electromagnetic isotope separatio n
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1945: “Impact” of electromagnetic isotope separation

Hiroshima: 60 kg of isotopically enriched 2351



Aston 1925: improved mass spectrograph

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

Accuracy of mass determination: 10 -4

Used to study deviations of atomic masses m from A.

Introduced: “packing fraction” = m/A—-1

Systematic investigation of nuclear binding energie S



Carbon isotopes
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Chart of the nuclides

Ca. 3000 isotopes known, thereof less than 10% are s table i

>3000 additional isotopes are expected to exist! e

Production of radioisotopes via nuclear reactions!
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Why “ion beams”?
Production: Detection:

high radiation environment low radiation background

primary

beam
target

Transport methods:
e carry (“SRAFAP”)

e drive (G.T. Seaborg and W.D. Loveland, The Elements
beyond Uranium, John Wiley & Sons, 1990)

o transport shuttle with pressurized air
e transport in gas-jet

e pump through vacuum system

e send as ion beam




Irradiations of targets




Off-line mass separator




1951 first ISOL experiment at Niels Bohr Institute
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Isotope Separation On-Line

PRIMARY BEAM

ION EEAMTO
MASS SEFARATION

TABRGET O¥YEN | TRANSFER LINE ION SOURCE




30

Isotope selection
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lonization to g = 1+ |SOLDE

Acceleration to 60 keV CERN

Mass selection by magnetic deflection

Bp =p/q OVA

selection by chemically selective step




The challenge of the extremes!

Cross-section (mb)

Z
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 optimi zed!

r=d-c-N- €target’ source’ Etransp * Edet
T _J

In-target production Efficiency




Optimize RIB intensity

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

@.c-N- Etargat‘ €source’ Etrslr'ls'q:rr * Edet

powerful accelerator

—> accelerator technology
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Optimize RIB intensity

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

r=®-c-N- *Etarget® Ssource’ Stransp * Edet

high production cross-sections

—> nuclear physics



Optimize RIB intensity

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

€target’ source’ Etransp * Edet

reliable “thick” targets

{ = materials science




Optimize RIB intensity

All steps of the separation chain need to be optimi zed!
r=d.6-N-¢,

get " €source EtI'E"'l’EliI?* " Edet

Extraction efficiency from
target determined by:

- bulk diffusion
—> solid state physics

e surface desorption
— surface chemistry

o effusion
—> gas phase chemistry

strongly element dependent!



Optimize RIB intensity

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

r — d}" O - N . Etar.?t z o Etl"ﬂﬂﬂp 7 Edﬂt

high ionization and extraction
efficiency

—> lon source technology



Optimize RIB intensity

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

r=®-c-N-: €target’ Esource* “transp* Edet

efficient transport of RIB

" = ion optics



Optimize RIB intensity

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

B Edet

Mind the decay I(?s’;es during delays

= efficiency strongly half-life dependent



Optimize RIB intensity

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

r=d.c-N- €target’ Ssource ® Etransp* “de

Detection efficiency




Optimize RIB intensity and purity

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

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

Selective separation required for exotic isotopes!

= chemistry




Optimize RIB intensity

Factors are highly correlated and isotope dependent

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

Individual optimisation!

U.K., Prog. Part. Nucl. Phys. 46 (2001) 411.



Particle accelerators

@.c-N- Etargat‘ €source’ Etrslr'ls'q:rr * Edet
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CERN accelerator structure

CERN-PS Booster Synchrotrons
E,=14GeV

3+10%3 protons/pulse =5 pr"o.x
Iaverage =4 IJA
= 6 kW

Pave rage

LHC:Large Hadron Collider
SPS: Super Proton Synchrotron
AD: Antiproton Decelerator
ISOLDE: Isotope Separator OnlLine DEvice
FSB: Proton Synchrotron Booster
PS:Praton Synchrotron

LINAC: LINear ACcelerator

LEIR: Low Energy lon Ring

CMNGS; Cern Mautrinos to Gran Sasso

antiprotons
ans

protons
neufrings to Gran Sasso t)

i Gran Sasso {1}
T30 kin
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Nuclear reactions

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



Direct reactions

Si28 Si29 Si30

Al 27

Mg 24 Mg 25 Mg 26

Ne 20 Ne 21 Ne 22

F 19

017 018

N 14 N 15

C 13




Cross-section (mb)

180(p,n) 18F cross-sections

600 2000
1800
o500 1600
200 1400
1200
300 1000
800
200 500
100 400
200
0 0
0 5 10 15 20 25 30

proton energy (MeV)

Thick target yield (GBg/C)



Nuclear reactions

Direct reactions

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

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



Fusion-evaporation

>8Ni(°8Ni,2n) 11“Ba

58Ni(58Ni, 0 2n) 110X e

30 |

28

20

20




Nuclear reactions

Direct reactions

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

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/nucl.)

requires heavy ion beams = bigger cyclotrons or LINACs



Multinucleon transfer reactions

186W(64N | ’ X) 1841 u

821

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

126
Half-life
Unknow
<0.1s
0.1-5s
1 5 - 100
& 100s-1
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Biy 1G
M Stable




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 N

>N +1

product target

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

208Pp + TH (1 A GeV)

N——

T. Enquist et al., Nucl. Phys. A686 (2001) 481.



Nuclear reactions

Fragmentation
many cross-sections show little energy dependence in the region
40-2000 MeV/nucleon
target fragmentation needs e.g. high energy protons (see spallation)
projectile fragmentation needs high energy heavy ions

= huge cyclotron, synchrotron or LINAC



High energy nuclear reactions
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Low-energy fission

UCD: unchanged charge distribution D ol

235U

Fission products




“Low-energy” fission (

238U(y,f) from 50 MeV e )

107~ 13/s
107 12/s
10°~11/s
10~ 10/fs
10" 9/s
10" 8/s
10" 7/s
10" é/s
10" 5/s
10~ 4/s
10" 3/s
10" 2/s
10/s

1/s

Neutron



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

Proton

10~13/s
10™12/s
10~11/s
10~ 10/s
10™9/s
10~ 8/s
10~ 7/s
10~ 6/s
10~ 5/s
10~ 4/s
10"~ 3/s
107~ 2/s
10/s

/s

Neutron
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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
lons , 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,...



Radioactive ion beam facilities for fission product

Previous , presently operating and future RIB facilities using fission:

252Cf(sf)
23>2U(ny,,f)

238U(p,f)

W(p,xn..) > 238U(n,f)
12C(d,n) > 238U(n,f)
H(d,n) > 238U(n,f)
Be(d,n) > 238U(n,f)
Li(d,n) > 238U(n,f)
W(ewy) > Z°U(v.)
'H, °Be..2%8Pb(%38U,f)

CARIBU

OSTIS, OSIRIS, LOHENGRIN, TRIGA-SPEC,
CARR-ISOL, PIAFE, MAFF, PIK-ISOL

ISOLDE, IRIS, LISOL, JYFL, HRIBF, TRIAC,
ISAC-II, SPES

ISOLDE, IRIS, ISAC-II, EURISOL
PARRNe, SPIRAL-II

SPIRAL-II

PARRNe

FRIB

ALTO, DRIBS, HRIBF upgrade, ISAC upgrade
GSI-FRS, RIKEN, FRIB, FAIR

S



ISOL facilities using fission

Facility Location Target Driver beam Fiss. rate
g/lcm2 Type MeV UA pers

TRIGA-SPEC Uni Mainz, D 249Cf 3E-4 (nf) 3E-8 "0.03" 2E+08
CARIBU Argonne, US 252Cf nr sf nr nr 1E+09
ALTO Orsay, F 238U 40 o0 10  8E+10
TRIAC Tokai, JP 238U 1 36 3 1E+11
IGISOL Jyvaskyla, FIN 238U 0.12 30 10 1E+11
HRIBF Oak Ridge, US 238U 2.1 42 10 4E+11
ISOLDE CERN,CH 238U 50 1400 2 2E+12
CARR-ISOL Beijing, CN 235U 3E-2 3E-8 "32" TE+12
SPES Legnaro, | 238U 2.5 40 200 1E+13
ISAC2 Vancouver, CAN 238U (40) 50 10000 5E+13
SPIRAL2 Caen, F 238U (40) d>(n,f) 40 5000 <1E14

=h

=h

=h

=h

=h

=h
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50 MeV electron LINAC, <10 pA




ISAC @ TRIUMF (fission upgrade)

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

e aim 4.6E13 fissions/s with
liguid Hg converter

10 Year Plan s

5 Year Plan

e but also 500 MeV protons with
maximum 10 pAon UC,




SPIRALZ facility at GANIL

SP2 Beam time: 44 weeksly
GANIL Beam time: 35 weeks/y
ISOL RIB Beams: 28-33

weeks/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

S3 separator- | Up to 1014 fiss./sec.

spectrometer

LINAC: 33MeV p, 40 MeV d, 14.5 A MeV HI

A/g=3 HI source

Neutrons For
Up to ImA

Science

A/g=2 source

Cost: 200M€

A/g=6 Injector option p, d, 34He 5mA




SPIRALg RIB production module

Maintenance and Storage cells
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* * * *
* * * *

*** ) ***

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-accelarator (linac)
Low-energy beam area i resalution e

mass-separator
Post-acceleration with
LINAC up to ca. 10 AMeV [t PRI o s A s
user areas
: L i tt
Post-acceleration to b amn
ca. 100 A MeV
with LINAC or cyclotron

r" Shaded areas show

“ shielding needed around
each target, ion source

| and pre-separator,

I

Fragmentation of L - A s ‘
post-accelerated RIBs [ Sy

t::c’

Commissioning: > 20207? ~ "Proton beams

from driver Megawatt target area
accelerator




IGISOL method

200V o0—

|30 kv oo t0kv
Xt + Hel o XO-D+ + He* or

X+ 4+ Ar0 _, XO-D+ + Ar+

P

3 =

=3
-

rapid reduction of ionic charge .'

state to 2+ or 1+ by charge ) “ Lol [oger
exchange reactions with buffer "o " ¢~ o7 e o g NgEge
IP(He)=24.6 eV, IP(Ar)=15.8 eV AN

\

X"+ or iiﬁif: skimmer ac;iifftm
F X
remains in 1+ or 2+ charge
6 4 1 100 mbar

state until charge exchange 107" 107"
reaction with impurity molecule
(O,, N,,...) occurs




H
3
Li Be
11
Na [Mo

19 30
K &--Em-
48 49
Sn
80 81 82

37
Rb

55
Cs |Ba

87
Fr Ra

12

56

88

T (p vapor > 0.01 mbar) < 100

T

Volatility of the elements

n vapor > 0.01 mbar) < 400 C

n vapor > 0.01 mbar) < 1000
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Lu

102

103
Lr




The IGISOL facility at JYFL

' 3

Collinear laser
spectroscopy

lon guide & laser ion
source (trap)

Mass & decay
spectroscopy

| 1|
/

RFQ cooler & buncher — optical
manipulation



LISOL
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CARIBU: Radioactive Beams from  2°2Cf(sf)
ATLAS i s

.{" Target
% ArealV

Gammasphers

HELIDS \ o ]
GP/Gammasphere

=1 LAY

X
.
_‘.
;
.
r
fi 27

g a8 & 5

| — FN-Tandem Injector gl \ Y .

o, Physics

~ Split-Pole
< Spectromeler

CARIBU AN

ECR Il
lon Source

Tarpet Area I

e o AL AN R N Large Scattering
pEen T i Facility

Canadian
Penning Trap

General Pupose

Acceleralor } Beam Line

Control Room
0 i
L —
Approximale Scala
[in feat)

@ \Weak Beam Diagnostics

1 Ci 2>2Cf source (1E9 fiss./s) expected end of 2009



TRIGA-SPEC at Mainz reactor
« 0.5mg 23U or 0.5 mg 23%Pu or 0.3 mg 2*°Cf

« 1.8E11 n./cm?/s s
Laser system {ij::

o« 2E8fiss./s 4 N
é ML :--)
| Laser

@
®
/

e start 2009
beam-

line

Penning trap

Dipole mass Switchyard
separator

lon source

TRIGA

reactor



ISOL@CARR

60 MW China Advanced Research Reactor (CARR).
Expected start of operation in 2009.

gas-jet ISOL system

25 mg 23°U (90%) in ®=2E14 n./cm?/s

7E12 fiss./s |




Optimize RIB intensity

All steps of the separation chain need to be optimi zed!
r=@d.c:-N-¢

target " €source " Etransp * Edet

e
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Target (1967)




Target and ion source (1968)
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Robot handling




ISOLDE target and ion source unit

|
l.
‘ - | Water-cooled
| transferline

" Extraction
electrode

|

~

/
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Plasma
chamber

Target material

\

Heated target
container




Historical development

Miniaturisation — faster release
Standardisation —> easler mass-production

Remote handling = higher activities



SPIRAL target and ion source unit

HF injection

NANOGAN-III ECRIS 10 GHz

I e e i — calibrated
extractedﬂ i 7, T\ % loak
beam: |[T\[==1" g
14150+ | __'_F_'__" ''''''''''' ==r=Ta window

LiJ. = T::_l_ ™ ""_ L FH

A% s T

I

il k e

. am:
I

140 {reléase test)
1608+ 95 A«MeV (production)

Graphite target (1850-1900 °C)



GSI-ISOL target and ion source unit

radioactive ion beam

heavy ion beam
several MeV/nucleon

—

target

catcher

cathode

lon source



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

1c fission in thick 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 targe t plus solid catcher
GSI-ISOL, UNIRIB (ORNL), DOLIS (Daresbury), LISOL (Leuven),
IMP Lanzhou, MASHA (Dubna), SPIRAL2 (GANIL)

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

5 liquid helium catcher
JYFL Jyvaskyla, KVI Groningen



The life cycle of an ISOLDE target
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Postmortem examination of used targets







Effect of pulsed proton beam

Ta rod after irradiation with ca. 200000 proton pul  ses
(1 Coulomb)




ISOL targets

Target materials:

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

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

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

a bk~ D

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 folils, fibers or pressed powder : 1—30 um

U.K. for the ISOLDE Collaboration, 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=(2nDt)1? n=1 (foil), n=2 (fiber), n=3 (sphere)

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



Effusion: random walk release

Rolled 25-um
Nb-foils

in target tube Plasma

ion source

Water-cooled
transfer tube




Optimize RIB intensity

All steps of the separation chain need to be optimi zed!
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First ionization energy (eV)

25
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The first ionization energy of the elements
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Positive surface ionization source

Surface lonization

atom

Y

@
/ ion
7

hot metal surface

nnnnnnn

ionization
energy
< 5-6 eV

ground state

'y
work function

conduction band
G EEEENI

Fermi energy
Y ground state

Extraction
electrode

\ Ta Transfer line

/ W Surface
lonizer

Target
a5 = g./g, exp(-(IP— @)/KT))
es=a.,/(1+a,)

Saha-Langmuir equation

€q surface ionization efficiency
P work function of surface

P lonization potential of atom

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



Surface 1onization versus thermal 1onization
100.00%

10.00%

%)
o
£ 1.00%
)
S —\W 4.54 eV 2200 °C
§ 0.10% surface
5 —\\ 4.54 eV 2200 °C,
cavity effect k=8
0.0l% I I I | | | |
3.5 4 4.5 5 5.5 6 6.5 7

lonization potential (eV)

_ Thermal ionization efficiency
&, = /(1 + go/g./K exp((IP— ®)/KT)) in realistic ionizer cavity

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



Thermal ionization efficiency In realistic cavity

Thermal ionization efficiency

100.00% . - =
Y
10.00% =

1.00% M M
| = Nbh 4.19 eV 2000 °C

0.10%
| ——W 4.54 eV 2200°C
| = \W-O05.5eV 2200°C

0.01% | | | |
4 4.5 5 5.5 6 6.5

lonization potential (eV)

Watch out for surface contaminations!

7.5



lonization potentials of the elements

1 lonization potential: <5 eV
3] 4 lonization potential: 5.0 - 5.8 eV
lonization potential: 5.8 - 6.5 eV

22l 23] 24| 25] 28] 27] 28] 29
Ti |V Cr |Mn |JFe [JCo [Ni |Cu

40 41] 42| 43] 44] 45] 46| 47
Zr |Nb [Mo |Tc [Ru [Rh |JPd |Ag

721 73y 74 75y 78]l 77} 78] 79
Hf |Ta W [|Re [Os |Ir Pt JAu

104] 105f 106] 107] 108] 109 110] 111
Rf |Db |Sg |Bh [Hs [Mt |
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Ingredients of a plasma ion source

lonization by « Fast electrons:

electron impact A) Thermionic emission +
accelerating field

B) RF heating

tast 0\  Atom confinement: plasma
electrons chamber

atom  Electron “recycling”:
magnetic field

mtmuumm * lon extraction system

otzaton | [A] = A" TIK]? exp(- ®[eVIKT[K]
energy
ele;tron A"=120 Acm—2K-
i t
;TE?;Y Veye [GHz] = 28 B[T]
Y

ground state @,

rfmm] = 0.35 E [eV]Y2/B[T]




lonization and neutralization

X0+e - Xt+2e, Q=-1P,

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

2

X*+e - X0, Q=1P; Neutralization

XO+Y* o X*+Y0, Q=IP,—IPy Charge exchange



: =16 2
loniz. cross-sect. (107 cm”)

Electron impact ionization cross-sections

/ | —He 24.6 eV
6 —Ne 21.6 eV
- — Ar 15.8 eV
5 —Kr 14.0 eV
4 i - —Xe 12.1 eV
[ / ——CO14.0eV
e
11/
! _- // —
O _ : [ [ [ [ : [ [ [ [ : [ !
0 50 100 150 200

Electron energy (eV)



Forced Electron Beam lon Arc Discharge (FEBIAD)

for heavier elements!

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

100.0% 30
2 . E AAA A‘
- AA
— - A A T 25
. | Lc:) [ A T
1 Ix I S100% + A Efficiency || o,
| = : olp
- ‘ T * 1 15
+ =15 o A ‘
! . = 1.0% ® ° 10
I | E ~ [ ] Q’ Q
= @ I
a % | [
i 01% T T T T T T T T 0
= i 0 10 20 30 40 50 60 70 80 90
= __t - FEBIAD ion sources are excellent

lonization potential (eV)



ISOLDE “FEBIAD”

!
| Water-cooled

| transferline

Resistively
heated cathode g

" Extraction |

electrode
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| Plasma |
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Heated target
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2001: 94-99Kr decay studied at ISOLDE
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U.C. Bergmann et al.,

Nucl. Phys. A 714 (2003) 21.



Volatility of the elements

T (p vapor > 0.01 mbar) < 100 T
T (p vapor > 0.01 mbar) < 400 C
n vapor > 0.01 mbar) < 1000 €T 5 6 7 8 9 10
B IC [N [0 [F [Ne_

15 16

17 18
Si__|P
B/E s 36

44 45
Nb
77

73 75 76

Mt

109‘ 110

o] 7ol 74

Tm |Yb |JLu

101] 102} 103
Md |[No |Lr




Electron Cyclotron Resonance lon Source (ECRIS)

Piasma

radial plasma confinement by magnetic multipole fiel d

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.



Laser lonization

it - +
- — =
laser
beams
atom ion
nnnnnnn /%
ionization M clted states
energy F|
< 9-10 eV d

ground state' O




Resonance lonization Laser lon Source

Laser lonization

L]
()
laser
beams

1
1
11
AR

Distance to Target: 20m

Laser System %
Target lon Source Unit continuum /%
& y
Proton beam ooy £
Target Extraction J ‘, .
Electrode | ionization , ©excited states

energy Y
< 9-10 eV d

¥ Target

ground state




lonization of Cu

AlS Structure of the 3d® 4s 5s 2D,, AIS at 65260.1 cm'"
65260.1 cm_. dg 4s 55 2D31 18

IP=7.73eV = /
5106 Nnm qt_g 10 ,-ll
© r
290.0 nm| |287.9 nm S & ?f
2 il
3d'9 55 25”2 E% 5. J \,,
WL o - : e :
793.3 nm 3;;1{] 34720 34730 34740 34750
30783.7 cm-! 3d° 4p 2Po,, Frequency of second step (cm)
305353 cm’! 3d' 4p 2P 2 Saturation curve of first step (14=327.4 nm)
25
= -
5 2 e
= e
e 2 o
3248 nm/ /3274 nm e
g W
S J
2 05
3d'? 45 2S .5 Cul &
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Laser power at ionizer cavity (mW)



The laser system

511 nm
7 N\
" 7 578 nm '
- CV-Laser 1 (Amplifier) 45 W _ )—A‘ \
511 nm
7 578 nm

CV-Laser 2 (Amplifier) 30 W

327.4 nm
AR, O AW T
: 4 _ 287.9 nm
CV-Laser 3 (Oscillator) 6 W : B = N,
Amplifier 6 W "

Copper-Vapor-Laser System Dye-Laser System Frequency Doubling

1 «—N

Theodolite

To lonizer Cavity A 4
At Source; 0.1TW 0.3W



ISOL versus In-flight separation

» '6Ge fragmentation at A1200 fragment separator (MSU)
» Ge detectors (80% and 120%) in close geometry

e 24 h data taking for 7Cu

M. Huhta et al., Phys. Rev. C58 (1998) 3187.

81— 15569—keV
gate

6 I

41— 450—keV “Cu
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*g 0 ||I||IIJ||||I i H|||I|I
8 81— 67;1&1‘%&

6— 450-keV ™Cu

4 I

2 I

; L

0 200 400 600 800 1000 1200 1400

Energy (keV)




ISOL versus In-flight separation

* ISOLDE: 50 g/cm 2 UC,/graphite target plus RILIS

» Ge detectors (75% and 64%) in close geometry

e 20 min data taking for
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Neutron-rich Mn

Isotopes from UC

Jgraphite target

Ge64 | Ge65 | Ges6 | Ge67 | Ge68 | Ge6d Ge 71
Ed-5 s 2.8 18,7 m 2roged FE0h 11, 43.4d
il 7 = g 1 Ei’i 1005
BT o e {3-" e I £ JraE [ r. )
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M. Hannawald et al., Phys. Rev. Lett. 82 (1999) 1391.




57Cu for nuclear solid state physics
@

experiment  simulation for displaced S sites

<110>

22 - 126
118 - 122
11s - 118
110 — 1.14
2 1.06 — 1.10
1.02 — 1.08

088 - 1.02
B oo4 — 098

<211>

B33 - 1.39
B2y - 1.33
B2z - 127
B .16 - 1.22
g — 11e

104 = 110
098 - 1.04
Bl og: - 098

<111>

130 - 1.35
i - 1.3
B9 - 125
114 - 119
~ 109 = 114
1.03 - 1.09
1088 - 1,03
Eoe3 - 0.98

<100>

126 - 1.3
12 - 1.26

16 - 1
112 - 116

11.07 = 1.12
102 - 1.07
10.87 - 1.02
Blos2 - 097

2° 0" 2°
tilt angle

e Lattice location of Cu in Si
studied by emission channeling

» 5 samples with each 5 min
implantation of ©/Cu (ca. 100

ppm doping)
U. Wahl et al., Phys. Rev. Lett. 84 (2000) 1495.




RILIS Laser setup

Mirror telescope

Copper Vapor Lasers P g .
S T=—== wavelength tuning
- — g
Dye Laser 3 4

Fundamental ( w)

: 530 -850 nm
2nd harmonic (2 w)
265 -425nm
3rd harmonic (3 w)

v 213 -265nm
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Elements ionized with CVL pumped dye lasers

elements ionized with ISOLDE RILIS

tested ionization scheme

possible ionization scheme (untested)

20 26 27 28 AY)
Cr |v|n Fe |Co INi |cu Ge Se Br
4

49
- Tre

38
Sr Y
56
Ba La Hf

88 104
Ra Ac Rf




*%9Cu intensity (a.u.)
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0.18 -
0.16 -

0.14 -
0.12 -
0.10 -
0.08 -
0.06 -

0.04 -
0.02 -

0.00 -

30534.6 30534.8 30535.0 30535.2 30535.4 30535.6 30535.8 30536.0

—i— 68gCu
—&— 68mCu

4

——

m/g=20

Selectivity =400
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-~ —

Transition frequency (cm '1)

U.K. et al., Hyperfine Interactions 127 (2000) 417.




Mass measurements with Penning traps

=) |
B Cyclotron frequency: f, = R
2T m

| | PENNING trap

« oStrong homogeneous

g/m magnetic field

-+ Weak electric 3D
quadrupole field

\
cyclotron (+)

magnetrqn {-I' reduit



Resonance frequency measurement via TOF method

~ A7
detector ﬁ
drift- T
tube
»
trap j— z al

Time-of-flight [us]

380 " i Mg 2 A +.-*""+m,+f*”'**~+ur*'
160 ﬂH; H | hﬁf
3401 ‘.

] II f: 833555.688(5) Hz
3204 '+ n A4y 10" mhar

] 129X | PERFORMANCE:
oo € '; R =106... 107
280 dm/m =107.. 108

f \ T,, > 100 ms
s \ | |Eff. =40 %

Wt |
| §33555 833560  B33565

833545

833550

M. KOnig et al.,

Int. J.

1 Excitation frequency [Hz]
| 122Xe time of flight spectrum

H‘"““" On resonance
I~ Off resonance

Mass Spectr. lon Proc. 142 (1995) 95.



Mass measurements with ISOLTRAP

determination of ZAN MCP 3
cyclotron frequency vy
(R = 107) N
—_— 1 q precision c
VC - B Penning — N
2]7' m trap );([
A
B=59T
y
removal of A MCP 2
contaminant ions
(R =10°) \/ A
preparation
Penning -
trap =
I
B=47T A
_ <> £ | MCP1
Bunching of the
continuous beam 100 eVion
bunches
| 2nd pulsed
drift tube
rf tra
ISOLDE beam i el nrva .
(continuous) I P - 7
> _-> e I e O e O e O e R e -  —~
60 keV Jz _ 2.8 keV ion
/ bunches
stable alkali { HV platform
reference ion G. Bollen, et al., NIM A 368 (1996) 675.
source

F. Herfurth et al., NIM A 469 (2001) 264.



Solving the 79Cu mass puzzle

BO0D

% ® 1,
l " Intensity ratiq:
9 S 2V R

- | 80%
- | 4%

Ju.  E/keV Ty,/s

Intensity (arb. units)

(1+4) 242(5) 6.6(0.2)
1IT=5% \Q—z%%

(3-) 101(5) 33(2)
lwzso% %:50% '

(6-) 0 44.5(0.2)

Y—:lOO%

(& ]

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

CERN-PS Booster Synchrotrons
E,=14GeV

3+10%3 protons/pulse =5 pr"o.x
Iaverage =4 IJA
= 6 kW

Pave rage

LHC:Large Hadron Collider
SPS: Super Proton Synchrotron
AD: Antiproton Decelerator
ISOLDE: Isotope Separator OnlLine DEvice
FSB: Proton Synchrotron Booster
PS:Praton Synchrotron

LINAC: LINear ACcelerator

LEIR: Low Energy lon Ring

CMNGS; Cern Mautrinos to Gran Sasso

antiprotons
ans

protons
neufrings to Gran Sasso t)

i Gran Sasso {1}
T30 kin



Antiproton traps at CERN

B
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).




°%9Cu intensity (a.u.)

Measurement of magnetic moments

0.20
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Transition frequency (cm '1)

hyperfine splitting proportional to g-factor



Nuclear properties from laser spectroscopy

Hyperfine splitting  In electronic transitions:
§ —_
AE, s :éDK +B 2 K(K+D)-2I(l +1)J(J +1
27 4 1@-1IQI-D)
CF(F+)=-JJ+D-1(1 +1)
J(I+1(2 +)

K

A= y[:]—;e(O) = magnetic dipole moment U (J>0)

g=_ &

()

= electric quadrupole moment  Q (J > 1/2)

Isotope shift between two nuclei:

. M,—-M
W™ = (Kyus + Kgys) -2

M, M,

= nuclear charge radii A2 PA

A+ Fy 00(r?)""



Atomic vapor laser isotope separation (AVLIS)

Shéma du procédé SIL VA
large scale application of

resonant laser ionization! Callectewr pauvre

tranivm appayvei

Fort chakmp &lectrigue
pour fa séparation

Electrode
positive

Electrade
negative

Zone eclairée par falsceals laser

® _‘ aliectayr nohe

hraninn aptichi

Refit: au
crenset

& Uranivm 238
Uraninm 235

gparisation de Furanidim dans Wh crenset,
4 g trés hante température ¢ 30007 )
par bonbardement d'électrons

—1 4 Carons § lectrons



Surface ionized background

1 lonization potential: <5 eV
3] 4 lonization potential: 5.0 - 5.8 eV
lonization potential: 5.8 - 6.5 eV

22l 23] 24| 25] 28] 27] 28] 29
Ti |V Cr |Mn |JFe [JCo [Ni |Cu

40 41] 42| 43] 44] 45] 46| 47
Zr |Nb [Mo |Tc [Ru [Rh |JPd |Ag

721 73y 74 75y 78]l 77} 78] 79
Hf |Ta W [|Re [Os |Ir Pt JAu

104] 105f 106] 107] 108] 109 110] 111
Rf |Db |Sg |Bh [Hs [Mt |

Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er
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ISOLDE beams around N=50
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Rubidium mass

better use neutron-induced fission!



Neutron “converter’ geometry




Ga & RDb suppression with the “neutron converter”

proton beam on target

_total-energy vs energy loss |
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Zn/Rb discrimination on quartz surface!

80% 1600

Ar gas flow

70% 1400
/ !

60% 1200
50% 1000
40% 800
30% 600
20% 400
10% 200
0%

Temperature (K)

Activity distribution

0 20 40 60 80 100 120

Distance (cm)

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

U.K. et al., Nucl. Instr. Meth. B266 (2008) 4229.



Zn/Rb discrimination on guartz surface!
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E. Boucquerel et al., Nucl. Instr. Meth. B266 (2008) 4298.
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= Measurement of 80Zn
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Experimental access to r-process nuclides

The landscape of possible nuclei

Y .
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Elements ionizable with CVL pumped dye lasers

elements ionized with ISOLDE RILIS

tested ionization scheme
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possible ionization scheme (untested CEENC N F__INe
refractory elements 13 18

A Isi P Is eI JAr
. 20 22 BERRE] sBEE 27 28 29 30! 31 BEEEBEEBED BEE BES
[e=N 3 T VA O VIl e ot INi Kr
B A EE N E 2 EEE 47 48 49 50 51 EE BEL
. Xe
81 82 83 84 KL KD

4
DNz Nb Mo Tc Ru Rh [Pd
ss| so| 57| 72 73| 74 75| 76| 77| 7ojRRCHRNL
Cs |Ba |JLa [HgiiE-U'\ A = (- S |y Se AU |[Hg |TI |Pb |Bi JPo JAt |Rn
87 88] 89] 104] 105| 106] 107] 108] 109] 110] 111] 112
Fr_|Ra JAc JRf JDb |Sg |Bh |Hs Mt

11 12

Na_JMg |

K




Hf beams at ISOLDE

CF,

Rolled 25-um
Ta-foils
in target tube

) .
{7 HfF, - HF;*+e
f Plasma
ion source

b.p.
p=102 mbar 2560 C
“ Hf +CF, - HfF,+c»  |E—Hf—Fl

I
HfF,: p=10-%2 mbar ca. 1200 C Is



Ta/W foil target + MK5 + CF ,
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U.K. et al., Eur. Phys. J. Spec. Topics 150 (2007) 293.



Neutron-rich hafnium beams
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Overview of molecular ISOL beams
Separation as XF *, XCI” Separation as XO " Separation as XCO *

Separation as HX *

Separation as NX *

26| 271 28] 29| 30
Fe JCo INi |JCu |Zn

a4l  45] 46 47] 48
Ru |Rh |Pd JAg |Cd

76l 771 78] 79| 80

Os [Ir Pt JAu |Hg
108] 109] 1100 111] 112

Hs |Mt

U.K. et al., Nucl. Instr. Meth. B266 (2008) 4229.



General Purpose Separator (GPS)

\moderate mass resolving
" 7 —

+

A power (m/Am = 1_0_00), but
, /multl-user capability!

Distance to Target: 20m b

Laser System

Proton beam
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beams
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Positive surface ionization source

100%

Surface lonization
80% — ———

%)
T 60%
Q
=
S | — Nb 4.19 eV

atom S 20% H——W 4.54 eV
S - — Re 4.96 eV

hot metal surface 0% e
1000 1500 2000 2500

///////’/////%% %/{% - Temperature (C)

exp(-(IP— ®)/KT))

- A A A

jonization
:ggge}{{ work function 83 — as / (1 + as)
around sate oraionbang | S@NA-LANgMUIr equation
GEEEREEL O g surface ionization efficiency
,Fer';::,f;g;ate ® work function of surface
IP lonization potential of atom

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



Beam intensity (per s)
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Mass separation
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General Purpose Separator (GPS)

\moderate mass resolving
" 7 —

+

A power (m/Am = 1_0_00), but
, /multl-user capability!

Laser System
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High Resolution Separator (HRS)
| HRS ™Am = 5000
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counts

A=200 alpha energy spectrum
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Beam transport

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

L hut — Faen i
HEfErEAE ';\l-_-.-_
REXTRAP M 7 i
rrq & A ‘COLLAPS

DTL

MISTRAL



A rapicacTVE  |§O)L CERN
754" LABORATORY DE

1.00or 1.4 GeV PROTONS from PSB

S Y I =S¥~ CONTROL
REX-EBIS s 50 8, ROOM

REXTRAP 22258
arq & A S ZCOLLAPS
S % COMPLIS

- E}{F”EHI MENTAL HALL

DTL 3%,
MINIBALL

ASPIC >
NICOLE < 7/
MISTRAL 0



Applications

nuclear physics

biochemistry nuclear chemistry

_ Radioactive ion _ _
nuclear astrophysics beam preparation materials sciences

nuclear solid state physics atomic physics

nuclear medicine



. - KIS TRAL - Mesures de moasses ¢ F5OELD E avee un

L

MISIRAL > spectrometie d Transm isvion et RAdioftequence en-Ligne

60O kW
| SO LDE
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lon countar

referemce “
ion source

J=irm+ 125 10

nh

ITraoriicayic g her e
T T T T
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M. de Saint Simon et al., Phys. Scr. T59 (1995) 406.



Mass measurement of iLi (T, =9 ms)

60

counts
T

50 | Q

T T T T

40 |

T '| T T

30

10

299 000 + 255 257.5 260 262.5 265 267.5 270 2725 275
kHz

Fig. 2. Example of accumulated transmission peak for HLi. The center position (299 265 kHz) corresponds to the 917th
harmonic of the cyclotron frequency. With a RF power of 100 W, a mass resolving power of % ~ 537000 was achieved.

C. Bachelet et al., Phys. Rev. Lett. 100 (2008) 182501.



Retardation spectrometer

electrostatic energy measurement

charged particles move against electrostatic potent al;
transmission measured as function of repulsive pote ntial

analyzes only the energy component perpendicular to the
analyzer

total energy measurement requires perfectly paralle | beam
+
T ——— o
b ———
+ P ¢ —
+ < >
+ < > o
detector

Incoming beam



Examples of MAC-E retardation spectrometer

1. WITCH at ISOLDE: weak interaction studies via
recoll detection after EC/ [(3* decay

2. ASPECT at ILL: precision spectroscopy of angular
correlation between neutron spin and decay
orotons

3. KATRIN in Karlsruhe: precision measurement of

peta endpoint in tritium decay for neutrino mass
determination




[3-decay and neutrino mass

model independent neutrino mass from [3-decay kinematics
Y
dl’; 2 2
I 24 1A A\
= 0Grz cos”™ Vo (1 . .
T2 experimental observable is m,?
E =186 keV f [3-source requirements :
0 ' il region close to 8 end point
Ty,=123Yy Dfa - high 3-decay rate (shortt )
- | - low R-endpointenergy E
1.0 STl E 06 | - superallowed 3-transition
spectrum o m(ve) =0 eV - few inelastic scatters of B's
08 i : :
/ < 04r / [3-detection requirements
06 g . only 2 x 103 of all _ _
f" 02 F decaysinlast1ev | - high resolution ( AE< few eV)
= f;'“ - large solid angle ( AQ ~ 2m)
- / 0} - low background
l.lll i L I 2 1 |
0 — 3 -2 1 0

2 i 10 14 18
electron energy E [keV] E-EqleV]



Electrostatic filter with Magnetic Adiabatic Collimation

MAC-E-Technique

adiabatic guiding of J__I_
R-particles along the HV electrodes

magnetic field lines

s.c. solenoid s.c. solenoid

—— ——

inhomogen. B-Feld: E: detector
, source

stray field of 2 super- ==
conducting magnets
Brax=3-6T
Bin <1mT

B Bmax
very large solid angle !

oo /(7(//)(/7 AE/E = B, //

— —— —— —

F=(u-V)B+q E adiabatic transformation E; —E

M=E; /B=const , piadet 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



main spectrometer — design

\]

design parameters:

A

23.3m |
Bl volume: 1258 m3
surface: 605 m?
- thickness: 32 mm
material 1.4429
;II[E weight: 192 t

i
L/

pumping port
for getters
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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



Production of 12C in stars

C 12
2E-21 s

B 7 B B1ll
4E-24 s 8E-19 s
Be 6 Be 9
5E-21 s ‘17 s

Li 5 Li € Li 7
4E-22 s

He 3 He 47 58S He 7
TE-22 s 3E-21s

He 9
TE-21s

2E-21s
0
3E-21s






The triple-alpha process

-Q/KT
34 DrI’ad € Q/
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Setup for study of three-body-fusion?

S
.
=

-~ _“___?'
E7

-
'__|i ]
!

Exercise:

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

14 m

cost ca. 10 10 EUR



Setup for study of triple alpha reaction!

New detector design
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Inverse reaction: 12B([3,3a) decay

12g 1+ 15.11 1+
2%.2133 12.71 1+
10.3 %/_ 02"
% 30

7 6542 o+ threshold
______________ 7.285 *
4 4389 2"
0] O+




12C* from the beta-decays of 12N and 1B

B-delayed a-spectrum measured:
+1950 by Alvarez

«1957 by Fowler ef al.

*1963 by Wilkinson et al. 12B/1°N

*1966 by Schwa
*1978 by Schwa
(unpublished)

mand Povh  12B/2N
m and Gergely 12N




How to measure beta-delayed particle emission?

12N/12B+X Previous
ﬁ |

12N/12B+X

— | 1 ISOL
12N;1EB
[~1

o




12Be(3-)1°B beta decay to 1°C* - 2a detected

Excitation Energy in *C (MeV)
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The triple-alpha process: 12B and 12N decays

-L_ 11 a
| E=13.9(3) MeV |
r=0.7(3) MeV |27
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Combined R-matrix fit of 12 1+ 12\ 1+
12B and 12N 20 ms . e

ISOLDE - JYFL > 0

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



l0g4g(ray/ray (NACRE))

New rates for the triple-alpha process
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10g14(7g)
H.O.U. Fynbo et al., Nature 433 (2005) 136.



7,10Be from Paul Scherrer Institute

PSI: 2 mA 590 MeV protons onto
graphite target for pion production




Be

Li

He

Spallation products

He 3 He 4 .

5 10

Be 9

C 12

Bill

C 13




Procedure for off-line produce '‘Be beams

o O~ WP

W,

Break graphite into pieces

Fill ISOLDE target container
Put into Pb-shielded container
Transport to ISOLDE

Heat target container to 1700 C
lonize Be with RILIS



RIB with “macroscopic” intensity!

My Computer

=]
—m
ﬁj;)k ¥ HRS.MAGI0 Mass Control X|| =FHRS.MAG60Mass Control x|
AL
Meighborhood
‘ Mass Control Program ‘ ‘ Mass Control Program ‘
g’/ Hi o ) L
gholtage Calibration kass Setbdass fBe ] Higholtage Calibration hass Set Mass
7oe
Recycle Bin J J J J
[p0.0472E+03 [7.01833 | <] [Foteaz | [Bo.0472E+03 [7.01633 | <] [rotesz |
Mass Factor SetField Magnetic Field hass Factar Set Field
LR

|8.D‘I 3E79E+02

hagnetic Field
| |D.0935?91 |

< 0.0938071 |?.9?4?88E+D2 | |D.l39380?1
Connect to
Status Status
FS On
| Send Field | MDjSSS‘BD

ﬂ F5 On | ’m‘ Mnjss Step .
rol@ e ro[e — o ]
Mass: 7.01692(0.00000)

Izolde Contral
Mass: 7.01693(0.00000)
Mew High Voltage to calculate the Mass | EO00E Feset Pow. Sup.

culate the Mass

System
e
2
Rezet Pow. Sup.
nucleus
— 9 HRS.FC490
; Position 5
Ove's files Exit
In Out
% Paosition : in
Phone baok Measure
v Refresh
Measure: 3.3534e -7 A

Isotope Separator On Line

]
FanbDEAm Scanner

Scanner Name: Status:

Section:
[Rsscdez o Coordinates |

[HRs -

Sengitivity:
=] 500 M

Heset| Zoom In |

Fepetitiortime = 4z
O ébways slow

Exit

Resolution =
RS

Extraction of 710 Be* pe

with 300 pnA (2E12 ions per s) for many hours!
U.K. et al., Nucl. Instr. Meth. B204 (2003) 343.

ams




Measurement of ‘Be(p,y) with ion-implanted target

Detector close geometry Antiscattering shield
g |

’Be target from ISOLDE *g a

-

with 1.2E16 atoms (1.8 GBq) Out o

Detector far geometry - - - = - ]

Cooling water

Scanner plates Steppmg motor — E
@

A

|

|

LN » trap _ _ . |

- _ - Y |

o |

Measurement at Collimator " 2 :

Weizmann Institute: o e !
Target Collimators Faraday cup

S,.(0) = 21.5(7) eV b
L.T. Baby et al., Phys. Rev. Lett. 90 (2003) 022501 & 92 (2004) 029901.



SHH(E}(eV barn)

Measurement of ‘Be(p,y) with ion-implanted target

500
T
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) A TJunghans [21] € 05
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5 Eﬁ 40
2 F
20
20 0
15 —
s | | | | .
0 300 600 900 1200
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C.1m.

200

400 600 800 1000 1200

E (keV)

C.In.

L.T. Baby et al., Phys. Rev. Lett. 90 (2003) 022501 & 92 (2004) 029901.



High sensitivity wear measurements

Radioactive Labeling

on the Cylinder Wall 2
Piston Ring % CMM

Detector (TLD) <
©
D

2 TLD
©
(0]

= 0 1 2 (pum)

Thin Layer | R
o Difference Depth in Material
®
o * method
o ® _ |
T o teedes 2 OISump Implantation
S profile

- s
Concentration =
Measurement S
Method g
Detector (CMM) 3

o 1 2 (um)

M. Hoffmann et al., Nucl. Instr. Meth. B183 (2001) 419. Depth in Material

P. Fehsenfeld et al., Nucl. Phys. A701 (2002) 235c.



'Be for wear analysis

Material [Pensity | Wear rate Implant. depth in  pm at beam energy of:
gicm3 | um/10°cyc. |60 kev 260 keV 1.2 MeV 6 MeV 15 MeV
UHMWPE]} 0.97 0.36 1.1 2.9 13 43
Ti 452 0.17 0.56 1.5 6.1 18
CoCrMo 8.28 0.11 0.39 1.1 4.1 12
Alumina 3.1 . 0.20 0.59 1.6 6.7 21
Zirconia 55 0.15 0.48 1.3 5.3 16
3

J!i;

In-vivo use: ~10° cycles/year
Simulator runs: (2- 10)-106 cycles

Required dose: some pnA per cm ? (e.g. ball of 22-28 mm diameter)



About 1000 000 new cancer cases per year in EU (15)
58 % local disease, 42 % generalized

45 %  cured (5 year survival)

22 %
12 %
6 %
5%

just beginning of

surgery alone

radiation therapy

combination surgery + radiation
chemo-therapy

systemic radionuclide therapy

HOW: expose cancer cells or cancer tissue
to sufficient radiation doses?




Gamma Auger
Knife R-Knife a-Knife Knife
131|, 90Y, 212,213 BI, 125|
6OCO 153Sm,166H0’ 211At’ 149Tb, 165Er
Isotope
Others 223,224Ra
E,>1MeV | E;1-3MeV | E,4-8MeV | E_feweV
Range Full body
penetration aboutlcm | 30-80pum 1 pm
RIT
Application | Brain cancer R0l L2l IR
Immuno lymphoma
therapy
Tissue surgery | Tissue surgery | Cell surgery | Molecular
ex vivo INn Vivo surgery




o half-life
 radiotoxicity of daughter isotopes

* biokinetics: in-vivo stability of chelating agent,
clearance,...

 affordable
 reliable supply: more than one facility per geograp hic area
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Octreotide
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80 85 90 95 100 105
lonic radius in [pm]

Comparison
of the
bio-distribution
of different
tumor seeking

tracers
labeled with

radio-lanthanides,
225A¢c and 11in

free chelates:
Citrate
EDTMP

specific tracers:
Octreotide

and

Mab
Linker:
Aminobenzyl-DTPA

- G.J.Beyer, Hyperfine

Interactions 129 (2000) 529.



DAUDI cells Cell membrane

P a— Linker
CHX-A-DTPA

Proteins in healthy c

MoAb (Rituximab)
specific to
CD20 antigens
of B cells

Plasma




demonstrate the efficiency of alpha

produced at ISOLDE, Summer 2001

1-10° limfoma cells

injected to all mice
(Dandi cells of

Burkitt limfoma)

" smeMoab | 2dayslater the mice have been divided into 4 groups
(Ritwximah,
specify to CD20
antigens of B cells)

First in vivo experiment to .
=CID tice (Severe

Cotnbinied
ItnmunoDeficient)

targeted therapy using 14°Thb




Survival of SCID mice

300 pg MoAD, cold

5 ug MoAb, cold

)
2
S
©
)
P
>
S
-
7))
Y
o
x

60
Survival time, days

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

nuclear physics

biochemistry nuclear chemistry

' caim preparatic
nuclear astrophysics beam preparation materials sciences

nuclear solid state physics
nuclear medicine

CERN provides physics results even when the LHC doe s not run!

ISOL beams are not a subfield of nuclear physics bu t have
Incredibly many applications across many discipline S



Nuclear chart at ISOLDE

> 600 isotopes available at ISOLDE-SC

B,= 0
> 1100 isotopes produced at ISOLDE till today \ﬂ_,__x"’ I
A= L g Me |
> 2000 isotopes in principle feasible B=0 ”V > i
with ISOL method i S e ' g

Extension needs target and ion source
T development! 82 ——=

= 4MeV
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-
b -
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s \
rP~process r—process

50

= =
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L a = -
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stable nuclides

e, 7 - decay

B~ - decay

o - decay
spontanecus fission
p - decay
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Existing thick-target ISOL beams

Isotopes with T,» < 0.1 s separated
H

e
Isotopes with T, < 10 s separated 6 7 10
c N Ne
13 JRL! 17 L
Al §l Cl Ry
29 30 3 34 35 36
Cu Zn Ga Se Br Kr
47 48 49 52 54
Ag Cd In Te Xe

g L Tl e e PSR,
o Ba JLa |JHf W JRe JOs [ir Pt JAU Bl R o Dl - TR o Rn

" ra S O G T T T I O
Fr Ra [\ 53 g [Bh R

ce fer " Ina” fem fsm feu” fod fro” Toy o fer “frm o fru”’
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ldentification # Separation

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

e 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.



dispersion of light

normal 1,y

violet

The angles fand & that the rays make with the normal are the angles of incidence
ahd refraction. Because H'z depends upon wavelength, the incident white ray separates

into its constituent colours upon refraction, with deviation of the red ray the Teast
and the violet ray the most.

21294 Encyclopaedia Britannica, Inc.




Dispersive ion optical elements

FI1G, 5.18 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



Focusing by tilted entrance/exit of magnetic field

/

\
NN \
i

8
! '\
!
1
FIG. 5.% Particles leaving a FId. 5.4 Particles leaving a
magnetic field normal to the magnetic field at an angle to
edge. the edge. Dotted lines are for

normal exit (ef. Fig. 5.3).

horizontal focusing effect



Focusing by tilted entrance/exit of magnetic field

Fi¢. 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. 5.0.

i
iy

r1¢. 6.6 View of Fig. 5.5 in
the direction of arrow G. DE
18 the median plane on which

H,=0.

vertical defocusing effect



Quadrupoles

\‘\. N = U ;;‘uf

Electrostatic: NN R

: \\H}\H ~ e élf/

—_ 2 R - 7 !
V =U(x*-y?)/a \\ %3 ,;:J':f N
-~ o N
E =-grad V \ CH:- B PN
5 \ \ ‘\.\ DH.-’ / .'f
€, = -dV/dx =-2U/a* x + Uy } e + U
! y N\ \
£, =-dV/dy = 2U/a?y ; RN N
v RENAN
. ! SN YA 5\

1. Force increases NN\ "*-.}a_ N
proport?o_nally to distance “';f" \ -7 NS f}*‘?‘
from origin. e NN

: : ./ x\

2. Focusing in x and defocusing - U

Iny (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,

Fig. 1. Squirrel-cage-like electrode arrangement of an electro- Fig. 3. Calculated potential distributions in a 32-wire squirrel-

static 2(n + 1) pole consisting of 18 wires, i.c. a squirrel-cage cage multipole for the cases of dipole (¥, #0). quadrupole

with n=8. In this multipole the potential of each wire is "27 0). hexapole (V3 # 0), octupole (¥, # 0) excitations [see
L p P eq. (1)] with vamishing . ¥, ¢35, g, -~

controlled by a separate power supply.

M. Antl and H. Wollnik, Nucl. Instr. Meth. A274 (1989) 45.



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

EXIT SLIT

QE ="'5 *Ia

AE

0

AE =5,

ENTRENCE SLIT

SOURCE CARRIER

YERTICAL ELECTRIC

DEFLECTOR | HORIZONTAL
MAGNETIC DEFLECTOR

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



LOHENGRIN focal plane
Energy dispersion: Ax=Dg AE/E; D=7.2cm/% =7.2m
Mass dispersion: Ay =D, Am/m; D_ =3.24 cm/% =3.24 m

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

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

7.2 cm/%

3.24 cm/%

A=101, E‘: 99 MeV  A=101,

FE=100 MeV  A=101, E=101 MeV

3



Magnification in X:

Energy resolution:

<
ﬁ A:]_OO, E=100 MeV
e —————————————————————-

3

LOHENGRIN energy resolution

X =M, X,

R c=Xx/Dg=M, X, /D=

=1.0-70cm/7.2m =1/100

depends on target length!

X;=7.0cm

>

A=100, E=101 MeV mpp £

7.2 cm/%



Counts / channel

‘Be(n,p) spectrum measured at neutron beam

10° 3¢

10° =

10* =

10° =

, ' t ' | 1 | ; | ' r
0 50 100 150 200 250 300

Channel

350



Counts per s

'Be(n,p) measured at LOHENGRIN

peak/background > 1000

"Be(n,p,)/"'Be(n,p,) ca. 1.6%

A
It

950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450
Energy (keV)



LOHENGRIN mass resolution

Magnification in y: y =My,
Mass resolution: R w=VYi/Dn=M, -y, /D=
=1.0-0.3cm/3.24 m = 1/1000

depends on target width!

A=100, E=100 MeV c

3.24 cm/%

vA:101, E=100 MeV
I

3



A/q separator

A “mass” separator is in reality an A/q separator an
miX masses with the same A/q and same E/q.

Avoid the use of A/g with (near-)integer ratios!

A =95, g=19, E =95 MeV
A=100, g=20, E=100 MeV

A=105, =21, E=105 MeV

3

d will

E



Focal plane of LOHENGRIN

EXIT SLIT

QE ="'5 *Ia

AE=0

AE =5,

ENTRENCE SLIT

SOURCE CARRIER

YERTICAL ELECTRIC

DEFLECTOR HORIZONTAL
' MAGNETIC DEFLECTOR
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Reverse Energy Dispersion magnet
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trajectory of a beam arising from a 5X70 mmz_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)
j Experimental setup (bent beam)

r RED Magnet Target position

Condenser Reactor wall Reactor core

Introduction of newtarget | ( ﬁ

v "— A m—

nght vater pool

1

Main magnet
Heavy water vessel

Container for used targets
Neutron tomography beamline 1m



Measured kinetic energy distribution

2 235

Mass 98 from 0.2 mg/cm UOyx + Ni

lons/s per 0.5% energy

70 80
Inetic energy (MeV)

Kinetic energy acceptance: AE/E =5%

= 10-60% transmission (low for thick spectroscopy tar gets)
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Detection of rare ternary particles

Alq
E/q

11/3

5 MeV

an +
W+

1013 per s produced
worldwide in nuclear
4w 11g power plants!

2-1010 per fission

150

Exotic ??77?
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17-isomer at 6.6 MeV in 98Zr
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Existing thick-target ISOL beams

Isotopes with T,» < 0.1 s separated
H

e
Isotopes with T, < 10 s separated 6 7 10
c N Ne
13 JRL! 17 L
Al §l Cl Ry
29 30 3 34 35 36
Cu Zn Ga Se Br Kr
47 48 49 52 54
Ag Cd In Te Xe

g L Tl e e PSR,
o Ba JLa |JHf W JRe JOs [ir Pt JAU Bl R o Dl - TR o Rn

" ra S O G T T T I O
Fr Ra [\ 53 g [Bh R

ce fer " Ina” fem fsm feu” fod fro” Toy o fer “frm o fru”’
Ce |Pr Tb Ho Tm jYb |JLu
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The LOHENGRIN fission fragment separator

mass-separated fission fragments, AA/A = 3E-4 — 3E-3
AE/E = 1E-3 — 1E-2

up to 10° per second, T ,,, 2 microsec.

lonization chamber

in focalplane /,«—RED magnet flux 5.5-101%4 n./cm?/s
Ekin AT — Condenser few mg fission target
o E/q separation .
Main magnet 12 fice
Iq separation several 10 *4 fissions/s

. energy ! jonic

O aeceptande

N\00:1-0.7
NS

arge Actinide target 5

mv2/r,=qE
Ekinlq=E12re| mVIq=Brmagn



lonic charge separation




Fraction

20%

15%

10%

5%

0%

lonic charge state distribution

16

18 20 22 24

lonic charge

26

28



lonic charge separation

q+1



lonic charge separation

2 q;
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Separation with gas-filled magnet

average

_ o
g average ~ viv Bohr VA

Qe — 1/3 (Bohr)
Oeyp = 0.33-0.7

exp

He or N, at few mbar



Isotope selection with gas-filled separators

* Gas collisions give average g = fkt(Z,v) O Z"vivg,,

 p/g selection by magnetic deflection

En
« Bp O A/ZY3 (A. Ghiorso et al., Nucl. Instr. Meth. A269 (1988) 192) %

# Z selection by specific energy loss

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

20

20

28

Half-life Range

| Unknown

. <015

L1 01-55

15 -100s

] 100s-1h
Min1y
Biy Gy

™ Stable



Multistep-Separation in Accelerator Mass Spectromet  ry

time-of-flight
- gas-filled

magnet
90 deg analyzing magnet g vacuum

Wien filter

b~
o1
58Fe + 58NI

o2

14MV MP tandem

10m

150 kV preacceleration

18 degq. electrostatic deflection
AMS lon source

10-1° sensitivity!



From ISOL beams to RIBs with higher energies

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

e have usually small emittance (e.g. 10 1TTmm mrad), I.e.
Imited opening angle

 have often well-defined ionic charge g=1

e Z selection 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

>8Ni(°8Ni,2n) 11“Ba

58Ni(58Ni, 0 2n) 110X e

30 |

28

20

20




Multinucleon transfer reactions

186W(64N | ’ X) 1841 u

821

K. Krumbholz et al.,

Z. Phys. A352 (1995) 1.

126
Half-life
Unknow
<0.1s
0.1-5s
1 5 - 100
& 100s-1
Bin 1y
Biy 1G
M Stable




Requirements for in-flight separators

momentum spread / %

ok

Energy / mass unit (MeV/u)

10" G /f/’ &
: ﬁy/y” /'E\
s A et / In"l 2 5 10“ 2 5 II]' 2 5 101 2 5 in’ﬂ
sold angle [msr)
o ——— Fig. 3. Solid angle and momentum spread of the reaction
20 40 60 €0 100 products compared to the acceptances of spectrometers.

Element number

Fig. 2. Domains of kinetic energies of the reaction products
from various nuclear reactions.

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



Recoll separators

separate the products of a nuclear reaction (recoll
from the projectile beam

early dumping of unwanted beam
optionally also A/g 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



SHIP at GSI Darmstadt

SHIP 94

= :I_;;_..

Electric Field

Projectiles

G. Miunzenberg et al., Nucl. Instr. Meth. 141 (1979) 65.

Si-
Deatactors

TOF



Observed events at G
In 208Ph +70Zn reaction

S|

259

09-Feb-1996
E("Zn) = 343.8 MeV

3.34 MeV
15.0s
17.91 mm

261Rf

52 MeV
47 s
17.96 mm

26589

269Hg

2771 17

32.04 MeV
CN 18.06 mm

1.08 MeV
110ps
17.77 mm

9.23 MeV

19.
17.81 mm

4.60 MeV

7.4s

17.57 mm

261Rf

7S

/1
280s

2713Dg 17.85 mm

269Hg

9.18 MeV

> 220s

20559 26.16 mm

0.2 MeV
18.8 s
27.33 mm

153 MeV
145 s
26.70 mm

45 MeV 24.09 MeV

26.06 mm
077117 CN

11.17 MeV
1406us
273Dg 26.03 mm

11.20 MeV
310pus
26.01 mm

05-May-2000

("%Zn) = 346.1 MeV



VASSILISSA

Time of
Flight
detector

il
|.\I

P:i.
3

E

gy o) o pacy (MY 1
Beam g
T: B

Fig. 5. lon-optical elements of the VASSILISSA and computer-simulated trajectories of ™ Po ions.

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



DGFRS: Dubna Gas-Filled Recoil Separator

Exit max
TOF Mylar Hy (~1 Torr) Bp =3Tm
Proportional wmlrduw
chambers f Rotating
\\ / [ target  Beam

/ control
) system

| renane

Pentane \[L
\ (~1.5 Torr)

[

- - “ o N T e P e e T
e O R Ry S ) o i CLRR Pl i =
e I ey e sl S BT = S ek e e Pl i Y | g e - -

i ' T e 3 R e oy e
- - o i
[ ] i L ] " = . i
] L A |

Position-sensitive \ / / Rotating T,
Si detector array EVRs Suppressed beam entrance
E,x,y (Faraday cup) window

K. Subotic et al., Nucl. Instr. Meth. A481 (2002) 71.



Rotating Target

RIKEN Gas-filled Recoil Separator GARIS

Differential pumping section

r 150 mm
w 2000 rpm

1 1 1
______________

==

D1

Q1 Q2 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 5.2 T/m
D2
Bending angle 10 degree
Pole gap 160 mm
Pole length 400 mm
Maximum Field 1.04 T
Magnification X -0.76
Y -1.99
Dispersion 0.97 cm/%
Total length 5760 mm
Acceptance AO 68 mrad
Ap +57 mrad

AQ 122 msr
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SP2 Beam time: 44 weeksly
GANIL Beam time: 35 weeks/y
ISOL RIB Beams: 28-33
weeks/y

00-8007y

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
Up to 1014 fiss./sec.

S3 separator-

spectrometer

LINAC: 33MeV p, 40 MeV d, 14.5 A MeV HI

A/g=3 HI source

Neutrons For
Up to ImA

Science

A/g=2 source

Cost: 200M€

A/g=6 Injector option p, d, 34He 5mA




S3 at SPIRAL2, GANIL, Caen

First Rejection Second Rejection
A
4 N
Separator Spectrometer

Beam Stopper Gas catcher
High Power jon traps, laser | Focal
Target spectroscopy Plane
Detection

. . . ‘ 3 .
Fig. 1. Schematic idea for S7 showing the two stage separator.



S3 at SPIRAL2, GANIL, Caen
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A. Drouart et al., Nucl. Instr. Meth. B266(2008) 4162.



VAMOS at GANIL

Very wide acceptance = trajectory reconstruction for
aberration correction

=mm

Focal Plane
detection at 60°

DIPOLE

| QUADRUPOLES

H. Savajols for the VAMOS Collaboration, Nucl. Instr. Meth.'l'3204 (2003) 146.



DRAGON

Gamma
Gas
Tﬂl"ﬂEt Magnetic
Dipole
Charge Slit
;f Box

Detector of Recoils And
Gammas Of Nuclear reactions

Recoil Detectors
Final Focus

% / g:g d":“’“ Electrostatic
Dipole
=~ % Gad

Py

L
)

At g i3

’ll..t""-l‘,

#

'-'"
AN

IZ

D. Hutcheon, Nucl. Instr. Meth. A498 (2003) 190.

Magnetic

MCP Start Dipole




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

TJ. Taieb et al.,, NPA 724 (2003) 413.

M. Bernas et al., NPA 725 (2003) 213.

/




Normal kinematics: n, p or light ions on heavy targ et

 “conventional” accelerator providing
“easily” high beam intensity

» dedicated target required

 reaction products emitted into 4Tt




Inverse kinematics: heavy Ions on light target
o _— : *-\_., .,-—-*-_L% ﬂﬁ""

e complex and expensive
accelerator

- Mind the losses during stopping!

(graphical representation censored)



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

TJ. Taieb et al.,, NPA 724 (2003) 413.

M. Bernas et al., NPA 725 (2003) 213.

/




Momentum-loss achromat (Wedge separation)

: Degrader
~ +8 - -
N SR o o
SiSisees S S
BiAI= =S NN
Zi S
J0H = ULE

97
%75
/’ Quadrupoles // Y7 <

7 >

Primary Target Secondary Target
Beam

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

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



LISE

Faisceau
= Filtre de “Aien

CLIM targe

Falentisseur
T
£

Dipdle 1
! Caviar , —‘ _

Dipdle 2

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

Sm
. |

Bounsrd et F_ Lepneel



Dispersive ion optical elements

magnets are momentum dispersive

electrostatic deflectors are energy dispersive

Wien filters are velocity dispersive

achromatic wedges are dispersive inmZ  ?/E or (Z/v)2
RF kicker are flight time selective




Effect of wedge selection
—T | Y T J 1 J T T | ! |

92 - 0.6 GeV/u .

80

88 |-

86 |-

Proton number

84 -

82

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

E [MeV/nucleon] lgzph /
80 7
N 200 /n
300 100 ’I\
E E=4UD{'\
,g 60 W 7 2020g
100
E °r 132gn
40 )\
a \w "
E 484 | atabilility line
0 _, m?ﬂm
E 20 I W A/Z separation
— Energy-loss
m 40Mg separation
0
0 25 50 75 100 125 150

Neutron number N

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



Reaction product identification
S800 spectrograph

Fragment separator um—a ldentification and beam transport
A1900 fragment separator

A TEe T AR — ™ W W
s L R P = -
T

Driver accelerator (v = 0.25-0.6 ¢)
» Fragment separator (A1900 nscL, 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
Example: "8Ni from 8°Kr at NSCL

Fragments at
production target

Jz
65% of the
Hia Al produced 78Ni
et "ENi i
transmitted
#
£l N
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)



Isotope selection at (high E) in-flight separators

e lonization to q = Z (high energies!)
» A/Z selection by magnetic deflection
*BpUOAZvVY

e Vv can be measured by time of flight
or selected by Wien filter

Z selection by specific energy loss

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

126
\ = ‘;’ plastic scintillator: AE, #iming
e 7 S X,y > L i
/ | P | ; time projection chamber: x, ¥
I i ’ :NLI P "
28 = |
T g
20 7
8 gl ) 28
e production breakup

/ 8 ' N target

target



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

26
24
22
20

18

14
12
10

Bl b e e 4w b e T ey ]

1.8 1.9 20 21 22 23 24 25 26 27 28

A/L
M.V. Ricciardi et al.,Nucl. Phys. A733 (2004) 299.



Optimum energy for FRS-like momentum achromat

1200

0% secondary reactions

1000

800

600

(E/A) [MeV]

400

200 :
80% fully stripped

0 20 40 60 80 100
Proton number

K.H. Schmidt, Euroschool Leuven 2000.



BIgRIPS at RIKEN, Japan

WERRERIRARERRERRERREY
o | .

STO3
STQ2
D1 Fl D1

T
B STQI
Target Target

‘ i L‘ H = :r r%m L=

10m SRC e

—

(OO0 L | OO U L) US| O )OO0 L L) ] g ) o

X=MAX = +/=  0.200 TLU Z-MAX = 77.200U




Super-FRS at FAIR, Darmstadt

1.5m

Ta r:get_

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 o, 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.



BIgRIPS at RIKEN, Japan

BigRIPS : Tandem (Two-stage) Separator

'"Tagged RI-beams'

-

E7

| st stage (2-bend FRS)
Production and
Separation of RI beams

'Cocktail beams'

[sotope Y
separation
Target

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

Wedge L
degrader from SRC

TOF, Bp, AE — Z, A/Q (A, Q), P

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



Q3D Spectrometer

I

Fig. 1. lon optical layout of the QDDD spectrograph. T — target chamber; ME - multipole element; D1, D, D3 — dipole
magnets; E.D. = electrostatic deflector; F — focal surface: D — detector chamber.

M. Loffler et al., Nucl. Instr. Meth. 111 (1973) 1.
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The SPEG spectrometer at GANIL

T T T — T

i EDEPMMG'iSmEU?Bi

E1ﬁl:l = 793 MeV

-0.5°<8,_, < +0.5°
400 lab )
17 q.s.
F h9s2”
g.5.
o tass2* 0.896 Mev L
Z 300 12" .
S 1.608 MeV

113,27

200 2.822 MeV

2f 5727

:

'

100

B2 150 1315 1400
CHANNEL

Fig. 20. Zero degree spectrum measured for the 2°*Ph(!'¢0,
>N)2™Bi reaction.

L. Bianchi et al., Nucl. Instr. Meth. A276 (1989) 5009.
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Beam line WS-course at RCNP

onitor ‘ '
) ! o
T”ﬁ _
y 8 | Active S1it System | | I
. P2 . DSR
3 - s Target and Faraday Cup

o

T. Wakasa et al., NIM A482 ('02) 79.
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Counts

9Be(3He,t)°B spectrum (at various scales)
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00
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i gBe(aHeJ)gB E=140 MeV/u
| =0°, narrow angle cut |
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1500 2000 2500 3000

Y. Fujita
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IBe(3He,t)°B spectrum (II)

W °Be(*He t)’B
| E=140 MeV/u

200+

Counts
0.54 keV

150-

[=0.40 keV

g.s. 3/2,T=1/2

14.655 3/2°,T=3/2 |

1001

I
2.361 5/2°T=1/2

50+
0-—43,,.1,!
500 1000 1500 2000 2500 3000 3500 4000
g.s. decays into p+20. . Channel

| sospin selection rule prohibits

proton decay of T=3/2 state!

C. Scholl, Koln
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