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Bref Historique

* Piegeage d’'ions

— Lol de Laplace

A 0° ¢ N 0% ¢ N 0* ¢
N = - ) — —
S o2 Oyt 022

Rotation axis B field
A Harmonic well

S N
’ m N

e \ S N
s, tﬂ”*‘@&%\‘“&‘ B N\
L
Ryt

Piege de Paul Axe de fuite Piege de Penning Axe de fuite



Frans Michel
Penning

1930’s: Penning gauges
+J.R. Pierce 1940’s: Penning trap for electrons

Paul traps as

Mass spectrometers
Late 1950’s

« Penning trap »

W. Paul H. Dehmelt
Nobel Prize 1989  With N. F. Ramsey

for the invention of the separated

" . oscillatory fields method and its use
for the development of the ion trap in the hydrogen maser and other

techn |q ue" atomic clocks



Modes de fonctionnement

* Piege de Paul

Potentiel quadrupdlaire
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Piéges de Paul linéaires (RFQ) ou 3D




Piége linéaire ou RFQ
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Diagrammes de stabilité (3D)

Equations de Matthieu
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Micromotion et mouvement séculaire

Stability diagram
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Modele du potentiel effectif
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Application en spectrometre de masse
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Spectrometres commerciaux

Extraits du catalogue en ligne de EXTREL http://www.extrel.com

19 mm Quad w Vented Housing 9.5 mm Quadrupole w Solid Housing
19 mm Quadrupole

MAX SYSTEM SELECTION CHART
Mass Range Quadrupole RF Operating

Model . Typical Applications
amu Size Frequency

MAX 60 1-60 19 mm 2.9 MHz He-D2, He Scattering, Atmospheric Chemistry
MMAK 120 1-120 19 mm 2.1 MHz SIM3, Inorganic Analysis, Atmospheric Chemistry
MAK 200 1-200 19 mm 1.2 MHz TFD, 5IM3, Gas Analysis, PlasmalCVD Monitoring
MAK 260 1-260 95mm 2.8 MHz SIMS, Inorganic Analysis, ICP-MS
A 300 1-300 19 mm 1.2 MHz TPD, 3IM3, Gas Analysis, PlasmalCyvD Manitoring
MAX 500 1-500 19 mm 1.2 MHz TFD, 5IM3, Gas Analysis, PlasmalCyVD Monitaring
MAX 500b 1-500 95mm 2.1 MHz Special Ultra-High Resalution Wark
AKX 800 2-300 9.5 mm 1.2 MHz SIM3, Gas Analysis, PlasmalCyvD Manitaring
MAX 1000 1-1000 19 mm 880 KHz Cluster Analysis, Biomolecules
MAX 1200 2-1200 9.5 mm 1.2 MHz Cluster Analysis, Biomolecules
A 2000 2-2000 9.5 mm 380 KHz Cluster Analysis, Biomolecules
MAX 4000 10-4000 95 mm 880 KHz Cluster Analysis, Biomolecules

MAX 2000+  25-9000 g mm 380 KHz Cluster Analysis, Biomolecules



lon Circus

The lon Circus concept:
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Refroidissement par « buffer gas cooling »

buffer gas

ISOLDE ion @) _ - _
beam (DC) _1 H o o 0 o | ion bunches
60 keV J__l ‘”db—d——l—l—_i—_{-uuuu“uuul ~ 2.5 keV
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*Piege de Paul linéaire (comme pour QMEbnfinement radial
*Segmentation des electrodes Pieégeage et regroupement

. « bunching » ou simple drift par
*Buffer gas “He Refdigdisbeéadist par collision



Performances optimales

ISCOOL, ISOLDE 2007
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Refroidissement en mode continu

A8’ [nrad] FILE: RFQ1703F. EMI

= FILE: RFQ1783M. EMI
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133CS

Réduction d ’émittance d’'un facteur > 10



MCP signal

Mode « bunching »
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Principe de fonctionnement
Piege de Penning

Piege de Penning
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Mouvements cyclotrons et magnetron
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Excitation des mouvements propres

Ires
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« Excitations
— Magnetron ¢

dipolaire

— Cyclotron e,
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Excitation quadrupolaire ¢

 Excitation quadrupolaire ¢
— ¢ = ¢_+ ¢_couplage des 2 mouvements

— Conversion du mouvement magnétron en
mouvement cyclotron et vice - versa

quadrupolaire



Techniques de refroidissement

» Buffer gas cooling

Gaz tampon “He Gaz tampon
Sans excitation Excitation quadrupolaire a

AT
-\:\k\\“‘wf'f///@

force de friction F=-d m v
=r(t)=r(0)e-d5/2t

exemple Na* 104 mbar Ne: 6 = 400 s-1

=20 ms

’ Trefroidissement
Couplage des mouvements

magnétron et cyclotron
Sideband Cooling

Mode pulsé
Obligatoire!

Accumulation Refroidissement Ejection



Méthode de refroidissement sélective en masse

« Excitation magnétron dipolaire

— Décentre les ions

 Excitation cyclotron quadrupolaire

- Recentre les ions o~ =qB/m

Relative accuracy:
(dm/m) = 10
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Resistive cooling

induced image currents:
kinetic energy of trapped ions is
dissipated in tuned circuit (T = 4 K)

v, = 350 kHz

dE,

ion

dt=P_,,

R =Qo,L

’1 Tcool

LR L%u =I| R

= -I°’R

axial energy [arb. units]

Resistive Cooling

of 12C5* to 4 K

cooling time [s]




Refroidissement evaporatif

lons lourds dans un bain d’ions de masses légéres

gun ® hot ions
barrier ® coldions

potential ]
well extraction

barrier

Les ions Iégers et chauds sont extraits en diminuant la barriere de potentiel

Surtout utilisés pour les sources EBIS
Peu efficace pour les pieges Penning



Electron cooling

B—
ORISR
HITRAP 10keV/q
(@) 1 jons
] , /
- o .~ electrons
(b) C_U ~300 -200 -100 (@) 100 200 300
=
% S REES
Q
O -300 -200 -100 O 100 200 300
(c) £
2 Recombinaison quand la température des ions est trop faible!
= Resistif cooling
(d) - AOO -200 -100 @) 100 200 300
_ Y/\
-360 -200 -100 l6) 100 200 300

Distance from trap center (mm)



Techniques de mesure des frequences propres

* Time of flight
» Charge induite



4
C

- : : MCP
Time-of-flight resonance technique Detector
A
Dipolar radial excitation at f_

o) = increase of r_

c

)

S

S

= Quadrupolar radial excitation near f, =

g = coupling of radial motions, conv. ~

s &

O

X

o Ejection along the magnetic field lines JBldz
Y

o = radial energy converted to axial energy

&

&)

n

Time-of-flight (TOF) measurement Sl
u A A

Resolving power: R = fexc Texc



Spectre de temps de vol

 Excitation pendant une porte At=T_,.
— Transformeée de Fourier sinc(w), largeur

1/Texc

— Temps de vol pinim~l

conversion est o

Relative accuracy:
(dm/m) <10
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Excitation Ramsey
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Charge induite

ion signal mass/frequency spectrum

Amplitude

very small »FT-ICR"
signal ~fA Fourier-Transform-

lon Cyclotron Resonance

Operation of traps and electronics at cryogenic (4 K) temperature.

— Mass measurements on heavy and superheavy rare elements
(SHIPTRAP)

— Fast identification and effective use of stored ions

—Ultra hi%h-precision mass measurements on long-lived/stable ions
C. Weber, PhD thesis, University of Heidelberg (2004) and C. Weber et al., Eur. Phys. J A 25, 65 (2005)

Klaus.blaum@mpi-hd.mpg.de



Mesure de masse

Carbon clusters
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Manipulation de faisceaux d’ions

radioactifs

» Faisceaux ISOL (Isotopes Separation On
Line) et faisceaux in-flight

In-Flight

Experiment ISOLDE’
ISOL v Experiment GANIL/SPIRAL,
o TRIUMF, ...

Experiment GS| (FAI R prOjeCt),
MSU, ANL...

Post-accelerator

Gas Isotope
ion-stopper separator

Fig 3.1: Comparison between the ISOL and In-Fliaht methods of producing radioactive ion beams.

Post-acceleration is possible in either case.

From the EURISOL report



Faisceaux ISOL

« RFQ coolers

— Réduction d’émittance du faisceau et
bunching (10:1)

— Temps record de refroidissement (<1ms)

— De plus en plus populaires — ISCOOL
desservant plusieurs lignes expéerimentales,
SHIRAC en développement au GANIL

— Limites de capacité en mode bunching



ISCOOL a ISOLDE

First floor
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RFQ cooler 1€ génération

LPCTRAP setup

Total Length : 500 mm

Réduction d’émittance: 80 r.mm.mrad a 40keV -> 10 x.mm.mrad a 100 eV
Réduction de I'espace de phase du faisceau ~1600 en 1 ms

Energies thermiques 0.025 eV
Efficacité de piégeage: <50% Limitations en charge d’espace: 10° ions par paquet



ISCOOL: 2éme génération

*Anneaux pour les tensions DC
suivant I'axe de piégeage
*Puissance RF 400Vpp a 1MHz
*Dimensions significativement
plus grandes r0=20mm

Transmission optimales
>70% pour m>=40

Space charge limits: 108/bunch
Mode CW: >>100nA




Séparation en masse
* Association avec un séparateur de masse

— Réduction d’émittance améliore la résolution
* Meilleure séparation de faisceaux fins

* Meilleure homogeénéite du champ magnetique le
long de la trajectoire des ions

ISOLDE HRS upgrade
Tim Giles CERN AB-OP

R=m/om~4000 in best cases
Upgrade
R~10,000

High acceptance 100%
Ultra-fast separation



Penning traps

* Penning traps comme refroidisseurs
regroupeurs

— Non end-user experiment: REXTRAP a ISOLDE,
selection de masse en developpement

— Trap assisted spectroscopy a JYFLTRAP, en
déeveloppement aupres des spectrometres de
masse

— Possibilités de sélection en masse

— Temps de cooling/ se€lection en masse
incompressibles (de 20 ms a 1s)

— Limites de capacites



REXTRAP

- |
REX-ISOLDE + WITCH + Trap assisted spectroscopy

9-GAP 7-GAP
RESONATOR RESONATORS IHS
@ 202.56 MHz @ 101.28 MHz RFQ SOLDE
- I|_ eam
" , MASS 0 keV
SEPARATOR
3.0 MeV/u 2.2 MeV/u 12meviu O3 MV g
Experiments A(a/A) =

Refroidissement et regroupement

Superconducting magnet
3T

Prne ~10-4mbar in the
Trapping area




Performances de REXTRAP

* Le piege Penning le plus large pour la physique
nucleaire

Tm

Pulse drift tube

Center electrodes

Un piege tres large de grande capacité
Limitations de charge d’espace 108
lons/ cycle




Tests de sélection en masse

Pb de charge d’espace!!

5
o5t il

3.6t

3.55f

3.5 A
aasr |

Resonance frequency[Hz)
{

3.4

-2 0 2 4 6 8 10 12
Number of trapped ions [1]

Observed resonance frequency shift and

broadening as function of the number of ions

D. Beck et al, Hyp. Int. 132(2001)469

y-Position [m]

-0.01
-0.02
-0.03

-0.04

-0.05
-0.05 -0.04 -0.03 -0.02 -0.01 0

0.05

0.04

0.03

0.02

0.01

0

0.01 002 003 0.04 005
x-Position [m]

Ay

>
X

Diploma thesis Sven Sturm



Simulations vs experiments

770

760

750 Width=6.5 kHz

Extracted ions [a.u.]

740

730

340000 342000 344000 346000 348000 350000 352000
Quadrupolar excitation frequency [Hz]

Measured resonance with 5 106 133Cs
ions in Rextrap

Extracted ions (%)

i i i 1 i 1 i
33 338 34 342 344 346 343 38 3462 354 356
Euxcitation freqeuncy (Hz) w10

Simulated resonance with 1 107 133Cs
ions, normalised to Rextrap magnetic field



Tests de séparation en ligne

90 1
80
70 0.8
60
Z 50 gl '
= = \
z ] ‘
£ 40 g H
] 1
2 S 04
30 %
20 )t | ‘
0.2 ‘- "F'.
10 AN :'l‘
e T T T W
0 i1 ﬂ 4 AR byl
‘ 0 : A X
1630000 1630500 1631000 1631500 1632000 1632500 1142800 1142850 1142900 1142950 1143000 1143050 1143100

Excitation Frequency (Hz) Excitation frequency (Hz)

Resolving 2pA N, (lower frequency) and
1.5pA CO, both mass 28 (Error bars
derived from statistical fluctuations)

Resolving approx. 0.8pA 49K (lower frequency)
and 0.8pA 4Ca (Errror bars derived from
statistical fluctuations) Resolving Power~4.5 104



Faisceaux in-flight

Thin
production
Driver accelerator target

Experiment

Experiment

Isotope Post-accelerator ; : E E

er separator

Fragment

|n_F|ighT separator




Gas stopping of fast projectile fragments

Advancing Knowledge.
Transforming Lives.

NSCL
» Study of gas stopping of fast beams ( >50 MeV/u ) in linear gas cells
—NSCL (high-pressure gas cell ) : 90 - 150 MeV/u Si, P, Ca, S, Ge, As, Se, Br

NIM A540(2005)245, NIM A522(2004)212,
NIM A531(2004)416, Nucl. Phys. A746(2004)655c

—RIKEN (low-pressure gas cell) : 50 -70 MeV/u Li, Be

Rev. Sci. Instr. 76(2005)103503,
NIM A532(2004)40, NIM B204(2003)570

—GSiI (low-pressure ANL gas catcher): 280 MeV/u Cr

* Linear gas cells work:

NSCL first to start experimental program with stopped fast beams (LEBIT):
Penning trap mass measurements of rare isotopes from projectile fragmentation
Since summer 2005:  33Si, 2°P, 34P, 37Ca, 8Ca, 493, 413, 4?S, 433, 445, 63Ga, %4Ga, 54Ge, %°Ge, °Ge,

GGAS, 67AS, GSAS, 80AS, 6886, 6986, 7086, 8186, 81mSe, 70mBr’ 71Br

100
* Linear gas cells have limitations! < | |[ ,pTF
cC
> Rate-dependent extraction efficiencies limit 2 0 ﬁ/’ﬂd
experimental opportunities 5
Q
& MSU
> Average extraction times of about 100 ms p ‘, i
do not match advantages of in-flight production % ! L
o RIKEN
5 LLWH? ;j‘_x_
01

107 10° 10 10" 10" 10"
lonization rate density is critical parameter 2> lonization Rate Density (IP/cm?/s)



MICHIGAN STATE

@ An advanced concept - the cyclotron gas stopper fSizasies

Advancing Knowledge.
Transforming Lives.

Separation of stopped-ion distribution

N
NSCL Gas-filled focusing cyclotron

magnet + RF guiding techniques _ _ AR
Extracied | and region of maximum ionization
beam RFQ lon guide
- — RF carpet - Beam rate capability > 10%/s for
/ 100 MeV/u fragments
Superconducting
magnet Low pressure (10 mbar typical) + short
— | extraction path
ee—— ~a i ) i
Injected i - Extraction times <10 ms
10 mbar He — — elec}odes
degrader .
; Cryogenic + power Beam
connections monitor
/
Cryogenic 2
stopping

L Ent indowid d
ntrance window/degrader chamber

Energy density in MeV/cm?

.. 94Br,Bp =2.6 Tm

ionization Beam
extraction

.....

= T~
Adjustable
degrader

;0 G. Bollenetal.,
o NIM A550 (2005) 27 Injection

channel

stopped ions

-1 -0.5 0 0.5 1 1.5 ” - "

X
I I

« Concept fulfills requirements of next generation facility
* Full scale system under design at MSU — will be used at ISF




Pieges electromagnétiques au sens large
* Sources EBIS
— Penning trap + electron beam!

sectron collecto E. D. Donets, V. . Tlyushchenko
elect;n gun superconducting coil “; . . and V. A. A|per'1', JINR'P7'4124,
/. L . highly 1968

chargedions  E D. Donets, Rev. Sci. Instrum.

ca e \ - ; = : ',
thod post accele ratmndrift tbas SR 69 ( 1998 )6 14

Abundance in %%

a0 Argon Etat de Char e mO en
80\ 8 keV / B g y
\ “‘Rﬁ / q~log(j.t)
o \(\,\ "/ \’Y Capacité de charges élementaires

20 /\/\A N\/ \ Q=3.36 10"L.I _/E-/2
' m/ \
'3/'2 L0 1 \ 3 Contréle de I'état de charge

log(j*t)

Régime essentiellement pulsé



Sources ECR

~1L plasma chamber

14 GHz
microwave

Phoenix 14GHz at ISOLDE

I ? 1+ 30 keV

ISOLDE ions

n+ 30 keV ions-l )

30 kV

<

Solenoid coils for
B, axial mirror

Hexapole for radial
confinement

B, max extraction B, max injection

\

R. Geller, Electron Cyclotron Resonance Ion Source and ECR plasmas,
IOP, Bristol, UK, 1996.

frr=0Bgcr/M Ne~Fre
Régime naturellement continu, peut étre pulsé

A




Charge breeding of daughter nuclides

]| Mn Measurement cycle:

29 36 1. ECR plasma is on
670 ms. (5/2)- 2. %1Mn injected into the ECR
M ~51560 (230)

B =100%
E n=%

T Figa
M-58521 ()
B-=100%

61
27 c“ 34
B field ina

16500 712°

M-Egﬁﬁéén_g} trap configuration




Pieges a ions

Ecole Joliot-Curie
Physique nucléaire instrumentale

22-27 Septembre 2008
Seignosse

P. Delahaye



Applications des pleges
électromagnetiques a la physique
nucléaire et des interactions

_ fondamentales
Penning trap mass spectrometry

Etude de la desintegration 3
Spectroscopie collinéaire laser
Antihydrogene et CPT



Requirements for mass spectrometry

K. B., Phys. Rep. 425, 1-78 (2006)
dm/m
General physics & chemistry <10
Nuclear structure physics <106
- separation of isobars
Astrophysics <106
- separation of isomers
Weak interaction studies <108
Metrology - fundamental constants <10-°
CPT tests <10-10
QED in highly-charged ions <101
- separation of atomic states




Facilities for mass spectrometry

JYFL-TRAP

r“:\:::“‘

, T LL&_N:ZHOU

T v gy

A
L

operating facilities

Klaus.blaum@mpi-

hd.mpg.de

facilities under
construction or test

planned facilities

K.B., Phys. Rep. 425, 1 (2006)

""""" UW-PTMS ] - )
" B, A -
_ e 7, \" N :f %
Ve )
; FE- vl I
W T
- i : In‘ i;‘& L f(::
; -..:-h_-,: \
—
{



The ISOLTRAP mass
spectrometer s

Precision
Penning trap

Precision measurement of o ,=qB/m

g

Stable alkali MCP3t
reference ion % —
source ( )
]
) ==
Cooling 3
\ Penning trap =
\ Precision trap ?
Mg)lg/A |
\ 2.8 keVion
ISOLDE beam S/ bunches
60 keV \ e Y s Y s I s e s ~ .
SIS S S S E— » — -
e — N — ] — Y i— ) S— (N S—

Carbon cluster

Ion source —

RFQ cooler buncher




Structure nucléaire
S,.=B(N,Z)-B(N-2,2)

$2n=B(N,Z)-B(N-2,2)
N =50 shell closure

Deformation

A
\/

Inspection de la surface de masse




Mid-shell effects around N=40

Neutron number N

Cu,Ga, Niisotopic chains measured — Céline Guénault et al, Phys. Rev. C 75, 0443(



Test des modeles de masse

« Exemple: 8-9Kr mass measurements

ISOLTRAP-AME2003 (keV)

3o |
184 ‘
400 §, |
]l = l‘
<4 -
007 ol 1 |
200 1 g Afémicsr?\as: frslumfls:Zer -
100 4
0 —. = e — * *
-100 -
-200 - 3
-300 -
AME 2003 uncertainty envelope
4004 - Difference between ISOLTRAP and AME values

84 86 88 90 92
Atomic mass number

94

96

Model - ISOLTRAP (MeV)

88 89 90 9

A

92 93 94 95

0.5+

0.0

7

-0.51

-1.04

-1.54

\

./

/

HFB2
—e— DZ95
—u—FRDM

52 53 54 55 56 57 58 59

N




Astrophysique nucleaire

* Nucleosynthesis in stars

fission drip-lines?

’’’’’

Bl stable nuclei
B c [*-decay
~-decay
o-decay
p-decay

| fission

r-process?

Fig. 2.1: Map of the nuclear landscape.

From the EURISOL report

s and r processes are responsible
for the formation of Heavy
elements m> 56

Neutron capture / Neutron emission
Beta decay competition

55 Frrrrrrr
50 F
45|
N 40f
. [
- [
] el
o il < = stable nuclides ]
r " s K :
O - ] e T,21.0; logh, =28 [
A . —T,=15; loghN =24 _
jo1;3) PPN I BT EPRPRPIP EPErare EFSrarire AP Srarir S S S
40 45 50 55 60 65 70 75 80 85



CVC et unitarité de la matrice CKM

 CVC L'interaction vectorielle n'est pas
influencee par le milieu nucléaire

e Unitarité de la matrice CKM

d’ Vud Vus Vuwb d G \3
S'| = Ved Ves Vob |- l/u?j = ?
b' Vida Vis Vi b A

— Contribution au test d’unitarité de la premiere
lighe de la matrice CKM au travers de G,,



Masses et l'unitarité de CKM / test de CVC

Superallowed B transitions: 0* -> 0*

1% K  —Product of fund. constants
> Comparative half-life ft= * G, - Vectorcoupling constant

<JI\-- > G\.--' (M) - Nuclear matrix element

K
2G% (1 + AR)

> corrected ft Ft= ft(1+dr)(1 —dc) =

Is constant in the CVC hypothesis

O, radiative correction
d¢ Isospin symmetry-breaking correction
Ag" nucleus independent radiative correction

Ft=FHQ,T,,, R, P, Oz, 6.)
[



Mesures de masses

3100 [I.SI. Towner éli J.C. Hardly, Phys. Relv. c71, 05I5501 (2005I)] I -
74Rb
38Ca
3090 - ! -
. 22 A JYFLTRAP
» Mg ~ 62Ga !
+ 3080 o 2% i
! Vv
[ |y B { |
] T é_ PRl B L Jr_ : T
3070+ I i 6p 1" i i { f .
A 3-!{: I ]BK m - -
c Mg “Mn *Co
3060 1 1 1 1 1 1 1
10 20 30

Z of daughter

ISOLTRAP: Mg-22, Al-26, Ar-34, Ca-38, Rb-74
F. Herfurth et al., Eur. Phys. J. A 15, 17 (2002)

A. Kellerbauer et al., Phys. Rev. Lett.93, 072502 (2004)

M. Mukherjee et al., Phys. Rev. Lett. 93, 150801 (2004)

S. George et al. Phys. Rev. Lett. 98, 162501 (2007)

LEBIT: Ca-38
G. Bollen et al., Phys. Rev. Lett. 96 (2006) 152501

JYFL-TRAP: Al-26m, Sc-42, Ga-62
T. Eronen et al., Phys. Rev. Lett. 97 (2006) 232501
T. Eronen et al., Phys. Lett. B 636 (2006) 191

B. Hyland et al., Phys. Rev. Lett. 97(2006) 102501

CPT: Mg-22, V-46

G. Savard et al., Phys. Rev. Lett. 95, 102501 (2005)

Phys. Rec. C 70, 042501(R) (2004) _
Klaus.blaum@mpi-hd.mpg.de



Probleme de non-unitarité résolu

Unitarity contribution:

Vy,, 0.001%
Statut actuel (Hardy 2008): Ve 5%

3100

1DC 22Mg 34Ar ﬂsc SDMn
I-to 2GAIm S.J.CI 38Km 4GV 5400 mGa ?ARb

Ft-value (s)

1 ﬂ HEEH { Vg 95%

5 10 15 20 25 30 35

Z OF DAUGHTER

V 4 (nuclear -decay) = 0.9742(3)
Vs (kaon-decay) = 0.2256(18)
V,, (B meson decay) = 0.0037(5)

2 2

+V

us

Vud

Klaus.blaum@mpi-hd.mpg.de



Etude de l'interaction faible

* Mesure du parametre de correlation
angulaire —v

« Spectroscopie des transitions Fermi pures

« Atomes polarises



The B—v angular correlation in
nuclear 3 decay

* Test of the V-A theory
* Sensitive to exotic interactions S, T

Pure Fermi transitions e Pure Gamow Teller transitions
ap = ICVE+[CV]* — IO = |C5F _1|CrP + [Cpl = [Cal? - |y
vl +ICy[* + ICsl? + IC51? T T 3Co P + |G+ ICAP + IC4P?
V-A ap=1 V-A ag=-1/3
Adelberger et al. (1999) Johnson et al. (1963!)
SZAr 6He
ar = 0.9989 + 0.0065 agT = —.3343 + .0030

Cx. . (9,4 .
S5 < 006 & || < 008if |Cy| = Cy| |Z] <0138 || <013 [Cal = ICY



The B-v angular correlation in
nuclear 3 decay

B decay spectrum 1
PePy

N(E., Qe )dE.d0%, = F(+Z, E.)No(E.)(1 + bg +a prr)dEd0,
* Fermi transition (AJ=0) «  Gamow-Teller transition (AJ=0+1)

Te (MeV)
T

.........
o 1 2 3 4

46\/




L Sttt K.U.Leuven, Univ. Munster, ISOLDE-CERN,
GSI, NPl Rez-Prague

_ Vector \
‘,ﬁ’ ‘ b @)

/ Scalar
H@ \
P,

o Scalar // \

a=-1__
o5t T /a1

/
0.4] / ™ Vector ] PS-booster
o N O
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0 100 200 300 400 500 \‘

Recoil energy (eV)
- — G

REXTRAP

/SOL DE

M. Beck et al, Nucl. Instr. Meth. A503 (2003) 567

WITCH experiment at ISOLDE/CERN

Detector

Retardation
spectrometer

decay trap

cooler trap

vertical
beamline

- B =)

horizontal

~ beamline o



WITCH retardation spectrometer

cooler decay

retardation

post-acceleration

trap trap electrodes 9< 1 nucleus
/ / ‘Ve
R o
I | —
1 /‘
Magnet (9T) detector
Low field einzellens
Magnet (0.1T)
E™ B 01T
==> Energy conversion L= L= =1.1% (1/)
i w\"&

Efm B 9T 2

v




nucleus

Counts(a.u.)
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/ \
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------------------- beta+
EGC decay

Simulated recoil energy spectrum for the decay of 38mK



cooler

| Trap
| (20 cm)




Efficiencies

Best achieved yet

Description ‘ideal set-up’

2004 - now
Beamline transfer + pulse-down 50% ~ 80%
Injection into B-field, €injection 100% 20%
Cooler trap efficiency 100% ~ 45%
Transfer between traps 100% ~ 80%
Storage in the decay trap 100% 100%
Fraction of ions leaving the decay trap ~ 40% not yet studied
Shake-off to lowest charge state 10% not yet studied
Transmission through spectrometer 100% ~ 100% (prelim.)
MCP efficiency, emce 60% 52.3(3)% &
Total efficiency ~1%° 0.19% -©

% Lienard et al., NIM A 551 (2005) 375.

®) improved by factor of ~150 in comparison with 2004
° for B* decay (1* charge state); for B~ decay (2" charge state) these numbers are

about 10 times larger




First recoil spectrum - 124In

h124In_meas h124In_meas
10° Entries 23
= Mean  61.54
200} 124 RMS _ 61.58
[ b measured “’In spectrum
180 — T calculation
160—
140 —
— . a
- P\
120 ?(6\\«\
100—
Bu:_ .....
60—
40—
2u__|||||||||||||||||||||||||||||II|III|III|III|I
0 20 40 60 80 100 120 140 160 180 200 220

Tmeas

(eff.) =500 cycles x 2.3 s

1150 s

Mixed beam:

1249In: R, 4= 204 eV
124mn: R = 83 eV



Abundance (%)

100

80

60

40

20

Recoil charge state distribution

40
i 87Kr (Snell. A.H. et al. 35 133Xe  snell et al.
Phys.Rev.107 (1957) 740); 30} Phys.Rev.111(1958)1338
i p-decay shake-off & .5l Auger cascade
3 from IC decays
= 20+
- S 15¢ 1
<L
10 | :
GI 1 1 1 1 ! 1 1
) — ' 0 2 4 5 8 10 12 14
0 2 4 6 8 10 Charge (e)
Charge (g)
0.5 : .
f-decay =
IC -
0.4 Total
3
<
S 43 124gmin - WITCH
% S. Coeck et al, to be published
2 o2
©
@
as 0.1 . Status and prospects:
' . - further improvements ongoing
- - physics candidate 3°Ar
0 " L : | n n
2 4 6 8 10




LPCTRAP:
Piege de Paul transparent

E: LPCTRAP collaboration, at GANIL C= AN | L _

GRAND ACCELERATEUR NATIONAL D' IONS LOURDS

- Transparent Paul trap, UHV
- lons confined in the middle of the device, nearly at rest
- In coincidence detection of the electron and the recoil ion

L1

E.t . <> -
B “start B particle 0 Recoil ion

er

A
Beta telescope l l

Silicone stripped detector
+ Scintillator

stop

MCP

Delay lines anode
In coincidence measurement of:

> the time of flight of the recoil ion ty
> the beta particle energy Eg
> the angle between these two particles 0.,



Setup experimental

Paul trap

| cooler chamber

- buncher

SPIRAL
beam

The detection chamber

Paul trap [ telescope
-DSSSD

60 x 60 mm x 300 pm
1 mm spatial resolution
Ty 1’- | . . .

= -Plastic scintillator

g 10 % at 1 MeV
o< 200 ps

4 *MCP

" Active @ 80 mm
A 07<200ps
*Delay lines
G0y < 200 um




Résultats préliminaires

* Juillet 2006 : 1 semaine de temps de faisceau @ GANIL avec ~10 pA 10 keV ®He*
Spectre de temps de vol expérimental

Nombre d’événements

3501]?

s000 ~700 ions piégés

2500 o - 0.3 - 0.8 coincidences/s
2000, ./"““" e ~100 000 coincidences

1500; *

1000, dgt with 1.5% relative
500 uncertainty (statistical)

0 il It e e s e e e e e e et e e e et e
n &0 1n0n 1500 2000 2800 3000 3500

* 2007 : Optimisation du setup:
-> alignement des détecteurs (Ap ~ 1/10 mm )
-> Transmission (x40)
-> Nouvelle MCP orthogonale a I'axe du faisceau et des détecteurs
->Analyse préliminaire des résultats et des effets systématiques



Momentum conservation

Energy conservation
10000 E

Counts

Effets systématiques par la reconstruction de M,

1000

100

10

=> P,
-> Ev

Neutrino mass reconstruction

M?=E!-p;

Accidentals

1 A L L L L L
-4 12 10 8 -6 4 -2 0 2 4

Neutrino square mass (MeV/c?)2

Trapped ions

o o 0.42 MeV et
(experimental resolution)

Kinematic cut
p 2

<3x0o ,
M

v

4

Signal/noise ~100



Counts
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Simulations des effets systématiques
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Autres effets systématiques

 Diffusion des [3 sur les détecteurs & structures
— Influence sur le spectre d’energie et les positions des

B
— Simulation GEANT 4 en cours

« Shake off Li¢*->Li3*+e-

— Effets des potentiels RF et de postacceleration pour
- 34 Pioivarion = 0.02338 + 0.4118 x 104 x E,pi(keV)
les ions L (Z. Patyk, Soltan Institute for Nuclear Studie, Warsaw)

— Estimation:
— Mesure en ligne



Spectroscopie des transitions Fermi pures

Ft = Fi( O.PEC, 5., 5.)

Temps de vie et branching ratio (cf presentation J. Souin)

JYFLTRAP

Trap assisted spectroscop
T1/2 62Ga, 26Si, 42Ti
Purification 62Cu, 26mA|

“{GENBG

Double Penning trap

Trap 1 AM/M <105

Trap 2 AM/M <108

RFQ cooler-buncher trap
0.5eV/15 us




“{GENBG
ISOLDE | ?
CERN

e Elimination du 3¢K: formation de faisceau
moléculaire de 38CaF

Mesure du temps de vie du 38Ca

38CaF* production and separation

RADIOACTIVE ”S@ LDE @ERN

1-1.4 GeV PROTONS

o

N .
<[

Sl
pt ‘// ONTROL TARGET

1.4 GeV rotons on a Ti foils targ
W ionizer and CF4 leak
Fluorination~70%



Refroidissement, bunching et sélection

Injection dans REXTRAP 38CaF*
*Refroidissement et bunching

Référence en temps pour la mesure de T,
*Selection de la masse 57 par temps de vol

Suppression 38K*




Dispositif experimental

-Implantation chamber B IR 1
*Tape e+ o o e
«Gas counter(! e %{/ e
*Nal detectors '

Manual Valve DN10D

*Plastic scintill

Tomback CF100/ DN1 a0

Ultra-pure bui = < —
of 38CaF* inje - = N %

500 ; E
F.Delalee le 14.’04,‘1 A PE

onto the tape

Distance from ejection diaphragm (mm)

REXTRAP S
Sturm




Spectre de temps de vie typique

6000
A
9 K000 |
e \
o r\
N 4000 F ® run 2
N L\ = = 38Cg
\ - 38ym
£3000 \ K :
c === background
S - \ .
(@) - sum
O “\=~

Time (ms)

En cours d’'analyse



Spectroscopie laser colinéaire des ions radioactifs

« COLLAPS: Mesure des rayons de charge, moments

nucléaires et spins par spectroscopie colinéaire et [3-
NMR

=T

Fast |

Primary ion beam
E,. = 60 keV

Electrostatic defleetion B




Avantage des faisceaux refroidis et pulses

Optical detection

s |l

Retardation

Mg* beam from
ISOLDE

K. Flanagan COLLAPS collaboration



Résultats préliminaires ISCOOL+COLLAPS

e Réduction d’un facteur >10% du bruit de
fond

Continuous counting Gated spectrum
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Antihydrogene et tests de CPT au CERN

 La matiere et I'antimatiere sont-elles
symétriques? Tests de CPT

* Production d’antihydrogene dans 2
experiences: ATRAP et ATHENA (ALPHA)

« But ultime: spectroscopie de la transition
1s 2s



ATHENA
Production d’antihydrogene

Antiproton capture trap 22Na source
Deceleration and capture of antiprotons Positron production via 22Na(b+)22Ne at 5.5 K
Penning trap in 3-T field at 15 K Positron accumulator
Cooling and accumulation in e” plasma Penning trap in 0.14-T field at 300 K
Capture/mixing trap _ Positron accumulator 22Na source
Cryostat
I {l /1
— i I 0o " e"’ -7
j gﬂﬂ—f | (===}
—1 A :
captire trap  Detector 00 0o m
Mixing trap |
. . [M. Amoretti et al.
Antihydrogen production NIM A 518 (2004)

By courtesy of M. Doser \jpsted Penning trap in 3-T field at 15 K
Detector



Mixing trap

Mixing trap electrodes
I i i | ]| | H
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 Refroidissement des antiprotons interagissant avec les positrons
 Refroidissement des positrons par rayonnement synchrotrons



Alpha — le futur dATHENA

* Un piege de type « loffe-Pritchard » pour
les atomes d’antihydrogene

— Piégeage des atomes grace a leur moment
magnetique




Tests de QED

* Mesure du facteur gyromagnetique pour
les ions « hydrogen-like »

- qd —
#:gJLﬁJ

2Mm

relation entre le dipole
magnétique et le moment
angulaire

Lepton libre: g, = g-factor du spin



Meas. principle for highly-charged ions

‘ ! Zeeman splitting in the spin
ho, eigenstates - Larmor frequency
— 2u-B
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h 2m,
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: % g 2 L e
precision
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Eigenmotions of the particle 2

kiaus blaum VWe aim for 6g/g < 10-°.
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Installations futures

 HITRAP et MATS a GSI/FAIR
» DESIR a GANIL
« EURISOL



Future Penning trap facilities at FAIR

S1S100/300

%

-
Y, _— Rare Isotope %
\ Production Target )

Super-FRS -
Antiproton
Production Target
Plasma Physics
HITRAP

Atomic Physics :
Penning traps

New Experimental

MATS
Storage Ring

Penning traps

Klaus.blau
hd.mpg.de



The HITRAP Project for Highly Charged lons
GSI| Darmstadt

Courtesy of W. Quint and the HITRAP collaboration

UNILAC

experiments with cooler post-
particles at rest or <—— Penning <—— . |crator
at low energies trap

EXPERIMENTS WITH HIGHLY CHARGED IONS AT
EXTREMELY LOW ENERGIES:

¢ stable and radioactive isotopes
e collisions at very low velocities, surface studies

92+ U73+
stripper =r—
target

e laser and x-ray spectroscopy
e g-factor measurements of the bound electron

e fundamental constants

e mass measurements of extreme accuracy
electron cooling

e polarization of radionuclides, decay spectroscopy of and deceleration
down to 4 MeV/u

highly charged radionuclides




HITRAP at the Experimental Storage Ring ESR
Courtesy of W. Quint and the HITRAP collaboration

Operational Parameters:
e Deceleration from 4 MeV/u to keV/u trap
e HCI with M/q < 3
e Beam intensity: some

10% ions/pulse for U9+

« Repetition time: 10 s dDther experimental setups *
(beam line height: 1.25 m) 5 keV'q

e
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MATS — Setup:
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VIA 1 O — EXperiments witn EXOUC
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DESIR a GANIL

 Faisceaux radioactifs de SPIRAL-2 et de
S3
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EURISOL
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_Beam preparation task
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Dévelopement de techniques de
manipulation de faisceaux d’ions radioactifs

Refroidisseurs haute intensités
Sources multichargées
Méthodes de séparation




Merci de votre attention!

UN GRAND MERCI
a Nathal Severijns pour les transparents de WITCH,
Klaus Blaum pour la documentation sur MATS et les tests de QED

et Xavier Flechard pour LPCTRAP
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