
TimeTime--Resolved Resolved SchottkySchottky Mass Mass 

Spectrometry in the ESRSpectrometry in the ESR
Decay Studies in the ESRDecay Studies in the ESR

- Introduction
- Time-Resolved Schottky Mass Spectrometry
- Present Results on Half-Lives
- Future Perspectives

Yuri A. Litvinov
20 October 2006



Production & Separation of Exotic NucleiProduction & Separation of Exotic Nuclei



SchottkySchottky Mass Spectrometry (SMS)Mass Spectrometry (SMS)

0000
vvvv
Δ vΔ vΔ vΔ v

→

Continuous digitizing and storage of raw data



BroadBroad--Band Band SchottkySchottky Frequency SpectraFrequency Spectra



BroadBroad--Band Band SchottkySchottky Frequency SpectraFrequency Spectra



BroadBroad--Band Band SchottkySchottky Frequency SpectraFrequency Spectra



Nuclear Decays of Nuclear Decays of StoredStored Single AtomsSingle Atoms

Time-resolved SMS is a perfect tool to study dynamical processes in the ESR

Nuclear electron capture, +, - and bound- decays were observed



NuclearNuclear DecaysDecays of of StoredStored Single AtomsSingle Atoms
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F. Bosch, et al., Int. J. Mass Spectr. 251 (2006) 212-219
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HalfHalf--Lives of Nuclear IsomersLives of Nuclear Isomers

Neutral atom is 0.49(2) s

laboratory frame

Fully ionized atom is 11(1) s

T1/2 (fully ionized)

T1/2 (neutral)
= 22(2)

Yu.A. Litvinov, et al., PLB 573 (2003) 80-85



HalfHalf--life of Fullylife of Fully--Ionized Ionized 207m207mTlTl81+81+

T. Ohtsubo et al., Phys. Rev. Lett. 95 (2005) 052501

207m207mTl (ETl (E* * = 1348 = 1348 keVkeV))

TT1/21/2(neutral) = 1.33((neutral) = 1.33(11) s11) s

TT1/21/2(bare) = 1.47(32) s(bare) = 1.47(32) s

TT1/21/2(theory) = 1.52(12) s(theory) = 1.52(12) s

D. Boutin, PhD Thesis, JLU Giessen, 2005



BoundBound--State State ββββββββ--decaydecay

providing larger Q values
enhancing stellar decay rates
altering chronometers
modifying s-process branching points



BoundBound--State State ββββββββ--decay in decay in 206,207206,207TlTl

b

= b+ c+ R

bound/continuum branching ratio

Fermi function f(Z)  of - decay



187Re0

10 keV

TT½ ½ = 42 Gy;  Q = 2.7 = 42 Gy;  Q = 2.7 keVkeV

g.s.

-

T½ = 33 y

10 keV
g.s.

187187ReRe75+75+

bQ = 62 keV

F. Bosch et al.,  Phys. Rev. Lett. 77 (1996) 5190 

BoundBound--State State ββββββββ--decay of decay of 187187ReRe

E
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BoundBound--State State ββββββββ--decay of decay of 187187ReRe

E

The 7 Nuclear Clocks for the Age 

of the Earth, the Solar System, the 
Galaxy, and the Universe

50508787Rb/Rb/8787Sr (Sr (ββββββββ))

1.31.34040K/K/4040Ar (Ar (ββββββββ))

4.54.5238238U…U…ThTh……206206Pb (Pb (α,βα,βα,βα,βα,βα,βα,βα,β))

100100147147Sm/Sm/143143Nd (Nd (αααααααα))

4242187187Re/Re/187187Os (Os (ββββββββ))

3030176176Lu/Lu/176176Hf (Hf (ββββββββ))

1414232232Th…Ra…Th…Ra…208208Pb (Pb (α,βα,βα,βα,βα,βα,βα,βα,β))

TT1/21/2[10[1099 y]y]clockclock

Clayton (1964): a mother-daughter 

couple (187Re/187Os) is the “best” 

radioactive clock



p process
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s process: slow neutron capture and - decay near valley of stability at
kT = 30 keV; high atomic charge state bound-state decay

branchings caused by bound-state decay

M. Jung et al.,  Phys. Rev. Lett. 69 (1992) 2164 

BoundBound--State State ββββββββ--decay of decay of 163163DyDy

T1/2 = 48 days



Next Step: BoundNext Step: Bound--State State ββββββββ--decay of decay of 205205TlTl

F. Bosch et al.,  GSI Proposal



Electron Capture in HydrogenElectron Capture in Hydrogen--like Ionslike Ions

Gamow-Teller transition 1111+ + + + →→→→ 0000++++

Simple theoretical estimation:

λλλλβ+β+β+β+////λλλλEC (neutral atom) 1

ββββ+ to EC branching ratio:

R.B. Firestone, Table of Isotopes, 1996

W.Bambynek et al., Rev. Mod. Phys 49, 1977

S-electron density at the nucleus:

|fS(0)|2 ∝∝∝∝ 1/ 1/ 1/ 1/ n3

PEC (neutral atom) ∝∝∝∝ 2 2 2 2 ∑∑∑∑ 1/ n3 = 2.4

PK (H-like) ∝∝∝∝ 1 ∗ 1 ∗ 1 ∗ 1 ∗ 1/ 13 = 1

λλλλβ+β+β+β+////λλλλK (H-like)  2.4

Conclusion:

H-Like ion should have 41% 
longer half-life 



Electron Capture in HydrogenElectron Capture in Hydrogen--like Ionslike Ions

G.Audi et al., NPA729 (2003) 3

Decay of fully-ionized 140Pr:

λλλλβ+β+β+β+////λλλλK (H-like)  2.4

Expectation:

λλλλ(neutral) = 0.00341(1) s-1

λλλλβ+β+β+β+ = 0.00172(7) s-1

Decay of H-like 140Pr:

λλλλΚΚΚΚ = 0.00213(19) s-1

λλλλβ+β+β+β+////λλλλK (H-like) = 0.81(8)

Experiment:

J. Kurcewicz, N. Winckler et al., in preparation

H-Like ion decays ~20% faster 
than neutral atom !!!



S. Typel and L. Grigorenko

Probability of EC Decay

µ = +2.7812µN

Neutral 140Pr: P = 2.381

Gamow-Teller transition 1111+ + + + →→→→ 0000++++

Electron Capture in HydrogenElectron Capture in Hydrogen--like Ionslike Ions

Z. Patyk

H-like 140Pr: P = 3

He-like 140Pr: P = 2

Theory:

The H-Like ion should really decay 
20% faster than neutral atom!



Electron Capture in HydrogenElectron Capture in Hydrogen--like Ionslike Ions

B.M. Dodsworth et al., Phys. Rev. 142 (1966) 638.

µ (64Cu) = −0.217(2) nm

A.V. Gruzinov, J.N. Bahcall, Astroph. J. 490 (1997) 437

Ionization of 7Be in the Sun can be ~ 20-30 %



SingleSingle--Particle Decay SpectroscopyParticle Decay Spectroscopy

Pr140     58+

Ce140      58+

5 particles

4 particles

3 particles

2 particles

1 particle

6 particles

Q   = 3388 keVEC

13

117
65

169

Time [s]

Frequency [kHz] - 61000.0

187.4 187.6187.2 187.8

F. Bosch et al., Int. J. Mass Spectr. 251 (2006) 212

Sensitivity to single stored ions

Recording the correlated changes 
of peak intensities corresponding to 
mother and daughter ions

Reliable determination of the 
number of a few stored particles

Investigation of a selected decay 
branch, e.g. pure electron capture 
decay

Systematical effects such as late 
cooling or feeding via atomic or 
nuclear decays can be 
disentangled



Summary and Future PlansSummary and Future Plans
-- ββ++ decay of bare nucleidecay of bare nuclei

H.IrnichH.Irnich et al., et al., PhysicalPhysical ReviewReview LettersLetters 75 (1995) 418275 (1995) 4182--41854185

-- HalfHalf--lives of highlylives of highly--converted isomeric states in bare nucleiconverted isomeric states in bare nuclei

Yu.AYu.A. Litvinov et al., . Litvinov et al., Physics Physics LettersLetters B573 (2003) 80B573 (2003) 80--8585

-- First Direct Observation of BoundFirst Direct Observation of Bound--State State ββ decaydecay

T. T. OhtsuboOhtsubo et al., et al., PhysicalPhysical ReviewReview LettersLetters 95 (2005) 05250195 (2005) 052501

-- EC and EC and ββ++ decay of hydrogendecay of hydrogen--like like 140140Pr ionsPr ions
J. J. KurcewiczKurcewicz, N. , N. WincklerWinckler et al., in preparationet al., in preparation

-- HalfHalf--life measurements of exotic nuclideslife measurements of exotic nuclides

C. Scheidenberger et al., GSI Proposal E055C. Scheidenberger et al., GSI Proposal E055

-- αα decay of bare nucleidecay of bare nuclei

A. Musumarra et al., GSI Proposal 2006A. Musumarra et al., GSI Proposal 2006

-- BoundBound--state state ββ decay in decay in 205205TlTl

F. Bosch et al., GSI Proposal E069F. Bosch et al., GSI Proposal E069

-- EC and EC and ββ++ decay in decay in 6464CuCu
Yu.AYu.A. Litvinov et al., GSI Proposal, in preparation. Litvinov et al., GSI Proposal, in preparation

-- Single Particle Decay Spectroscopy of Single Particle Decay Spectroscopy of 140140Pr and Pr and 142142PmPm
Yu.AYu.A. Litvinov, F. Bosch et al., GSI Proposal, submitted. Litvinov, F. Bosch et al., GSI Proposal, submitted



ILIMA: ILIMA: IIsomeric beams, someric beams, LiLifetimes, and fetimes, and MaMassessses
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