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Nuclear Physics at Storage Rings

ESR at GSI 

R3 at RIKEN

ESR at GSI
Photos: M. Lestinsky, A. Zschau, GSI; IMP Lanzhou; RIKEN

CSRe at IMP

Single-particle sensitivity
High revolution frequencies
Broad-band measurements
High atomic charge states
High resolving power

Storage Rings stand for:
CRYRING at GSI



Storage - efficient use of rare species
Cooling - high quality beams

Recirculation - high luminocities though thin targets
Removing of contaminants

Ultra-high vacuum – preserving atomic charge state
Various targets

High detection efficiencies for recoils

Numerous dedicated detectors

Why storage rings? - Versatile Capabilities

Beam Accumula*onLarge Acceptance

Beam Bunching

Beam Cooling:
- Stochastic
- Electron
- (Laser)

Acceleration/
Deceleration

UHV

Detection:
- Electrons
- Photons
- Recoils

Various targets:
- Electrons
- Photons
- Atoms
- (Ions)
- (Neutrons)

Internal Gas-Jet Target

Non-destructive
particle detection
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Experimental Storage 
Ring (ESR)

In operation since 1990

Circumference = 108.3 m

UH Vacuum = 10-10—10-12  mbar

Electron, stochastic cooling

Energy range = 3 – 400 MeV/u

Slow and fast extraction



Cooling:
Takes time

Destructive 
Detectors
(foil-based
Secondary
electron
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No cooling

Non-
Destructive
Detection
(Schottky
detectors)

Schottky and Isochronous Storage RIng Mass Spectrometry
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F. Nolden et al., 
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M. S. Sanjari et al., 
RSI 91 (2020) 083303

- Masses and lifetimes (T1/2>5 s)
- Longitudinal changes of momenta
- E-cooling process Intra-beam scattering

Non-Destructive Particle Detection

30 s/spectrum

30 ms/spectrum
~10 ms/spectrum



Non-Destructive Particle Detection

Courtesy F. Nolden and M. S. Sanjari

GSI Helmholtzzentrum für Schwerionenforschung GmbH M Shahab Sanjari - 2019-10-02 - RIKEN, Wako

Resonant Cavity Pickups

▪ Resonant cavities 
▪ Wake fields 
▪ Surface current 
▪ Shape modes using proper 

design
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Resonant Cavity Pickups

▪ Resonant cavities 
▪ Wake fields 
▪ Surface current 
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Three Parent He-Like 142Pm Ions
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Combined Isochronous+Schottky Mass Spectrometry
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Isochronous+Schottky Mass Spectrometry

Highly-charged ions

Mass Measurements

Exotic decay modes

Half-life measurements

E143 Experiment
Spokesperson Wolfram Korten

Nuclear two-photon decay and 
bound-state e+- e- pair conversion



Single photon de-excitation is forbidden

(E*> 1.022 MeV)
conversion electron electron-positron pair two-photon emission

First observation in 1985 with the 
HD-DA Crystal Ball (NaI array)

Nuclear two-photon or double-gamma decay 



Comparison of Two-Photon Decay Half Lives

72Ge Ggg µ w7 [a2(E1) + c2(M1) + 
w4 a2(E2)/4752] 

Non-competitive two-photon emission
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the Solar System’s 205Pb/204Pb ratio [15] given current s-process calculations that find 
P205/P204 ≈ 1. However, the same production ratio seems to lead to the conclusion that 
continuous Galactic chemical evolution can explain the early Solar System’s 205Pb. A 
reduction of P205/P204 by a factor of several due to 205Pb electron capture may rule out 
injection from AGB stars as the source of the early Solar System’s 205Pb and might bring 
the value from continuous Galactic chemical evolution into better agreement with the 
meteoritic value. A reduction of P205/P204 by a larger factor (>10) may present a 
significant challenge to theory. 

3. Proposed experiment at FRS/ESR 
3.1. Rate estimate for the 205Tl bound state beta decay 

The aim of this proposal is to determine the lifetime of bare 205Tl81+ ions, stored and 
cooled in the ESR. Neutral 205Tl atoms are stable. If they are highly ionized (at least one 
vacancy in the K shell, i.e. hydrogen-like or bare 205Tl) the bound-state beta decay (βb 
decay) process from the 205Tl g.s. (Iπ =1/2+) with an almost 100% branching ratio to the 
first excited state of 205Pb (E* = 2.3 keV, Iπ = 1/2-) and with the created electron bound in 
the K shell of 205Pb becomes possible (see figure 1). The Q-value of this transition for 
bare 205Tl81+ parent ions amounts to [1]:  

Qβb(bare→K, E*) = - QEC - ∣ΔBe∣ - ∣E*∣ + ∣ВK∣, 
where QEC is the Q-value for electron capture (EC) from the g.s. of neutral 205Pb to the 
g.s. of neutral 205Tl, ΔBe the difference of the 
sum of the binding energies of all electrons in 
neutral 205Tl and 205Pb, respectively, E* the 
excitation energy of 2.3 keV of the 205Pb 
nucleus, and BK the K binding energy of the 
created electron in the hydrogen-like 205Pb 
daughter ion. With QEC = 50.5(5) keV [6], 
ΔВe = 17.35 keV [18], BK = 101.32 keV [19] 
and E* = 2.329 keV [6] one obtains: 
Qβb(bare → K, E*) = + 31.14 keV 

The log ft value for the basically unknown 
nuclear matrix element of this transition was 
estimated to [2]: 

log ft (g.s. of 205Tl → 205Pb* (2.3 keV)) = 5.4, 

where a large error margin has to be taken into 
account. Hence, one derives for bare 205Tl81+ 
ions a half-life of about T1/2 (βb) = 120 days, 
or a decay probability in the 205Tl rest frame of 
λCM (βb) = ln2/T1/2 = 6.7 · 10-8 s-1.   

3.1. Experiment 

The experimental procedure to detect the βb decay of bare 205Tl81+ ions follows the same 
steps as applied in the half-life determination of bare 163Dy- [1] or bare 187Re-ions [20], 

Figure 1. Decay scheme of neutral 205Pb atoms 
(black) and of bare 205Tl 81+ ions (red). Neutral 
205Pb atoms decay by unique first-forbidden 
orbital electron capture (EC) from the L- and 
higher electron shells to stable neutral 205Tl 
atoms with a half-life of 17.3 Ma and a Q value 
QEC = 50.5 keV. Bare 205Tl81+ (or H-like 205Tl80+) 
ions can decay to almost 100 % by βb decay to 
the first excited state of 205Pb81+ at E* = 2.3 keV 
with the created electron captured into the K 
shell. 
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= 229 ± 36 days
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• t1/2exp
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within 3s

Ragandeep S. Sidhu, Rui-Jiu Chen, Yu. A. Litvinov Bound-state beta decay of 205
Tl ions E121 analysis update meeting 82 / 88

Search for the nuclear two-photon decay 
in fully-stripped ions

Measurement of the bound-state 
beta decay of bare 205Tl ions

Isochronous Schottky Mass Spectroscopy
• Accumulation and cooling of 

secondary beam from FRS
• Long storage times
• Gas jet stripper
• In-ring Particle detector

205Tl: Stable in neutral atoms
Radioactive in bare ions

▪ LOREX project: new solar neutrino detector
▪ Cosmochronometer of the s-process

• High precision isochronous condition
• Mass resolution ~10-6
• Single-ion sensitivity of new Schottky det.

New tool to search for 0+ isomers in exotic nuclei
0+ ® 0+ decays as laboratory for BSM physics

Lifetime of Highly-Charged Ions

ILIMA Early Science (still at the ESR): 
Rare decays (limited to nuclei near stability)

W. Korten – FAIR review – June 24, 2022

72Gem: 0+→0+ (single g emission forbidden)

39
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72Ge 63Ni 54Cr

100 ms

 7 

the Solar System’s 205Pb/204Pb ratio [15] given current s-process calculations that find 
P205/P204 ≈ 1. However, the same production ratio seems to lead to the conclusion that 
continuous Galactic chemical evolution can explain the early Solar System’s 205Pb. A 
reduction of P205/P204 by a factor of several due to 205Pb electron capture may rule out 
injection from AGB stars as the source of the early Solar System’s 205Pb and might bring 
the value from continuous Galactic chemical evolution into better agreement with the 
meteoritic value. A reduction of P205/P204 by a larger factor (>10) may present a 
significant challenge to theory. 

3. Proposed experiment at FRS/ESR 
3.1. Rate estimate for the 205Tl bound state beta decay 

The aim of this proposal is to determine the lifetime of bare 205Tl81+ ions, stored and 
cooled in the ESR. Neutral 205Tl atoms are stable. If they are highly ionized (at least one 
vacancy in the K shell, i.e. hydrogen-like or bare 205Tl) the bound-state beta decay (βb 
decay) process from the 205Tl g.s. (Iπ =1/2+) with an almost 100% branching ratio to the 
first excited state of 205Pb (E* = 2.3 keV, Iπ = 1/2-) and with the created electron bound in 
the K shell of 205Pb becomes possible (see figure 1). The Q-value of this transition for 
bare 205Tl81+ parent ions amounts to [1]:  

Qβb(bare→K, E*) = - QEC - ∣ΔBe∣ - ∣E*∣ + ∣ВK∣, 
where QEC is the Q-value for electron capture (EC) from the g.s. of neutral 205Pb to the 
g.s. of neutral 205Tl, ΔBe the difference of the 
sum of the binding energies of all electrons in 
neutral 205Tl and 205Pb, respectively, E* the 
excitation energy of 2.3 keV of the 205Pb 
nucleus, and BK the K binding energy of the 
created electron in the hydrogen-like 205Pb 
daughter ion. With QEC = 50.5(5) keV [6], 
ΔВe = 17.35 keV [18], BK = 101.32 keV [19] 
and E* = 2.329 keV [6] one obtains: 
Qβb(bare → K, E*) = + 31.14 keV 

The log ft value for the basically unknown 
nuclear matrix element of this transition was 
estimated to [2]: 

log ft (g.s. of 205Tl → 205Pb* (2.3 keV)) = 5.4, 

where a large error margin has to be taken into 
account. Hence, one derives for bare 205Tl81+ 
ions a half-life of about T1/2 (βb) = 120 days, 
or a decay probability in the 205Tl rest frame of 
λCM (βb) = ln2/T1/2 = 6.7 · 10-8 s-1.   

3.1. Experiment 

The experimental procedure to detect the βb decay of bare 205Tl81+ ions follows the same 
steps as applied in the half-life determination of bare 163Dy- [1] or bare 187Re-ions [20], 

Figure 1. Decay scheme of neutral 205Pb atoms 
(black) and of bare 205Tl 81+ ions (red). Neutral 
205Pb atoms decay by unique first-forbidden 
orbital electron capture (EC) from the L- and 
higher electron shells to stable neutral 205Tl 
atoms with a half-life of 17.3 Ma and a Q value 
QEC = 50.5 keV. Bare 205Tl81+ (or H-like 205Tl80+) 
ions can decay to almost 100 % by βb decay to 
the first excited state of 205Pb81+ at E* = 2.3 keV 
with the created electron captured into the K 
shell. 

Half-life of bound-state beta decay

0 2 4 6 8 10

storage time (in hrs)

0.001

0.0015

0.002

0.0025

 
2)

T
l

/N
P

b
(N

• t1/2exp
= 229 ± 36 days

• t1/2theory
= 122 days

• t1/2exp
agrees with t1/2theory

within 3s

Ragandeep S. Sidhu, Rui-Jiu Chen, Yu. A. Litvinov Bound-state beta decay of 205
Tl ions E121 analysis update meeting 82 / 88

Search for the nuclear two-photon decay 
in fully-stripped ions

Measurement of the bound-state 
beta decay of bare 205Tl ions

Isochronous Schottky Mass Spectroscopy
• Accumulation and cooling of 

secondary beam from FRS
• Long storage times
• Gas jet stripper
• In-ring Particle detector

205Tl: Stable in neutral atoms
Radioactive in bare ions

▪ LOREX project: new solar neutrino detector
▪ Cosmochronometer of the s-process

• High precision isochronous condition
• Mass resolution ~10-6
• Single-ion sensitivity of new Schottky det.

New tool to search for 0+ isomers in exotic nuclei
0+ ® 0+ decays as laboratory for BSM physics

Lifetime of Highly-Charged Ions

ILIMA Early Science (still at the ESR): 
Rare decays (limited to nuclei near stability)

W. Korten – FAIR review – June 24, 2022

72Gem: 0+→0+ (single g emission forbidden)

39

72Gem

72Ge 63Ni 54Cr

100 ms

Courtesy: D. Fernandes and W. Korten

Superposition 
of 84 events

Combined Isochronous+Schottky Mass Spectrometry
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Comparison of Two-Photon Decay Half Lives

72Ge Ggg µ w7 [a2(E1) + c2(M1) + 
w4 a2(E2)/4752] 

Two-photon decay in 72Ge substantially faster
than extrapolated from “magic” nuclei 16O, 40Ca, 90Zr
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Bound state electron-positron pair decay in 194Pb

tim
e 

>>

72mBr

72gBr

Ex=100.8(2) keV
T1/2=10.6(3) s

td~12.7 s

196Pb82+

0+

0+ 930.67

0

?

B(K)=101.336 keV

E(0+
2)=930.67 keV

1032 keV2g

Fritz Bosch
1940-2016
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Abstract. the heavy ion storage rings coupled to in-flight radioactive-ion beam facilities, namely the ability to
produce and store for extended periods of time radioactive nuclides in high atomic charge states, for the search
of yet unobserved decay mode – bound-state electron-positron pair decay.

1 Introduction

The question on whether nuclear halflives are fundamen-
tal constants or can be modified by external manipulations
was asked already at the beginning of nuclear physics [1].
Only tiny e!ects of below about one percent were found,
see review [2]. Recently, a 1.5% change in the electron
capture decay rate of 7Be implanted in C60 clusters was ob-
served [3]. Unconfirmed and disputed claims exist on the
dramatic acceleration of !-decay in nuclei implanted into
metals at cryogenic temperatures [4]. In all these cases,
the results were explained using the modifications of elec-
tron densities, which is one of the main quantities needed
to describe decay processes involving bound electrons [5].

Even with this scarce experimental evidence, it has
been observed that high atomic charge states can dramat-
ically modify nuclear decay properties [6–8]. A strik-
ing example is 163Dy. As a neutral atom it is stable.
However, when fully-ionised its halflife becomes merely
T1/2(163Dy64+) ! 33 years [9]. In the case of 187Re, re-
moving all orbital electrons reduces the half-life by nine
orders of magnitude [10]. Both nuclides decay via bound-
state " decay in which the decay electron occupies one of
the bound orbitals instead of being emitted to the contin-
uum. This decay mode is a time-mirror of the electron
capture decay. The process is marginal in neutral atoms,
but it can be significant if atoms are highly-ionised.

It is immediately obvious that orbital electron cap-
ture and internal conversion decays are disabled in fully-
ionised atoms. In such cases weak decay branches

ae-mail: Y.Litvinov@gsi.de
be-mail: Matthew.Reed@anu.edu.au

like positron emission (if energetically allowed) or # de-
excitation can be investigated. For instance, conversion
coe"cients of nuclear isomers [11–13], were measured in
fully ionised 144Tb, 149Dy and 151Er isomeric states. In-
vestigations of decay probabilities as a function of atomic
charge states reveal interesting results. Counterintuitive
results were obtained in electron capture of one- and two-
electron systems in 122I, 140Pr and 142Pm ions [14–16],
where the rate is by about 50% larger in the ion with one
bound electron as compared to the ion with two electrons.
These results can be explained by taking into consideration
the conservation of the total nucleus plus leptons angular
momentum [17, 18]. Due to the energetic blocking of the
K-shell internal conversion, the decay rate of the 35.5-keV
first excited state in 125

52 Te is increased by 300% and 640%
for 47+ and 48+ charge states as compared to the value
known for neutral atoms [19]. A new decay mode bound-
state internal conversion was observed for few-electron Fe
isomers [20, 21]. Here the isomer de-excitation energy
is transferred to a bound electron which is then excited
to a higher, unoccupied atomic level. Increased half-life
of the isomeric state in 192Os with a single bound elec-
tron allowed for benchmarking conversion coe"cient esti-
mations [22]. Studying the decays of isomers in highly-
charged ions is important not only for investigations of
weak decay branches or for testing of theoretical calcu-
lations, it is essential also for nuclear astrophysics [23],
where the pathways of nucleosynthesis may dramatically
be altered if low-spin long-lived excited states are present
[24]. In particular this relates to 0+ " 0+ (E0) transitions
which are strongly suppressed in fully-ionised atoms.
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Ion Beam Facilities / Trapping & Storage

Stored and Cooled
Highly-Charged Ions (e.g. U92+) and Exotic Nuclei 

From Rest to Relativistic Energies (up to 4.9 GeV/u)

Cooling: The Key for Precision
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