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Nuclear Physics at Storage Rings ESR at GSI 

CSRe at IMP

CRYRING at GSI 

R3 at RIKEN

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

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



Cooling techniques applied at ion rings

• Lasers         =   transfer of momentum  

• Electrons    =  mixing of temperatures 

• Stochastic  =  self-correction                        



Self-correction of the trajectory

Nobel prize 1984: S. van der Meer and C. Rubbia 

Simon van der 
Meer 
1925 - 2011

Stochastic Cooling of Secondary Beams

Carlo Rubia

Photos from the Nobel Foundation archive.

Why do you need to send the signal to the opposite 
side of the ring? Why cannot one simply wait until the 

beam comes back after full revolution?
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Stochastic cooling is in particular efficient for hot ion beams
Cooling time τ scales as Nion / bandwith

Stochastic cooling (self-correction of trajectory)

Fritz Nolden 2023✢



Gersh I. Budker
1918 - 1977

Electron Cooling of Secondary Beams

Markus Steck 2025✢

electron collector electron gun

high voltage platform

magnetic field electron beam

ion beamThe cross-section for recombination of electrons with 
highly-charged ions diverges at zero relative velocity. 
Why stored ions do simply not recombine and get lost 

from the ring? 



Hans 
Geissel
2024✢

Gottfried
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Bernhard Franzke

B. Franzke, H. Geissel, G. Мünzenberg, Mass Spectr. Rev. 27 (2008)

1985: Proposal for Schottky Mass Spectrometry at the ESR
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Non-Destructive Particle Detection

Courtesy F. Nolden and M. S. Sanjari

F. Nolden et sl., Nucl. Instr. Meth. A (2011) S. Sanjari et al., Rev. Sci. Instr. (2020)

The goal: to measure non-destructively the revolution frequency 
of a single ion within a few miliseconds



Three Parent He-Like 142Pm Ions

Courtesy: N. Winckler



Weak decays of highly-charged ions

Paul Kienle
(1931-2013)



Two-Body Beta Decay



Three Parent He-Like 142Pm Ions
νe

recoil
Beam 
direction

θ

CM

pR cos(θ)

Δf = ± 3.91 kHz 
(120 ch)

ν emitted forward

ν emitted backward

Courtesy: N. Winckler



Allowed Gamow-Teller Transitions

Orbital electron capture



S-electron density at the nucleus: |fS(0)|2 µ 1/ n3 

PEC (neutral atom) µ 2 å 1/ n3 = 2.4 

PK (H-like) µ 1 * 1/ 13 = 1 

Precise calculations including electron-
electron correlations: λEC(H-like)/λEC(He-like) ≈ 0.41

Conventional EC-theory: W.Bambynek et al., Rev. Mod. Phys 49, 1977

Orbital electron capture

PK (He-like) µ 2 * 1/ 13 = 2 

Simple scaling:

λEC(H-like)/λEC(He-like) ≈ 0.5



Yu.A. Litvinov et al., Phys. Rev. Lett. 99 (2007) 262501 N. Winckler et al., Phys. Lett. B579 (2009) 36

Expectations: λEC(H-like)/λEC(He-like) ≈ 0.5

λEC(H-like)/λEC(He-like) = 1.49(8) λEC(H-like)/λEC(He-like) = 1.44(6)

Orbital electron capture of few-electron ions
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Orbital electron capture of few-electron ions
Allowed Gamow-Teller Transitions

Yuri Litvinov



Electron Capture in Hydrogen-like Ions

F = I + s
4

3
F = I + s

5
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Two-Body Beta Decay

Time reversal



Bound-State β-decay

R. Daudel et al., J. Phys. Le Rad. 8 (1947) 238
J. Bahcall, Phys. Rev. 124 (1961) 495



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

branchings caused by bound-state β decay 

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

T1/2 = 48 days

Bound-State β-decay of 163Dy

Fritz Bosch
(1940-2016)



Bound-State Beta Decay of 205Tl Nuclei

NASA/SDO

Termination of s-process nucleosynthesis
Time needed for the Solar system to build
Long-term averaged Solar neutrino flux



Bound-State Beta Decay of 205Tl Nuclei

Neutral atoms



Bound-State Beta Decay of 205Tl Nuclei

Thermal excitation



Bound-State Beta Decay of 205Tl Nuclei

Fully ionized atoms



Experiment during the COVID19
23.03 – 01.04 – 06.04

Enriched 206Pb beam

Separation from 205Pb81+

I(205Tl81+)/I(205Pb81+)= 1/1000

Accumulation

Breeding time of hours

Separation of decay
daughter ions from

parent ions
(50 keV @ 205 GeV)



Accumulation of 205Tl81+ beam in the ESR

Courtesy R. J. Chen and R. Singh Sidhu



Internal targetInternal gas-jet target Particle detectors



Courtesy R. J. Chen and R. Singh Sidhu

Icool = 20 mA

Icool = 200 mA
Ar-jet (10 min)

Electron cooler 
power failure

Typical Measurement (5 Hours)



Half-life of fully-ionized 205Tl81+

Half-life of the β
b 
decay:

The measured half-life draws a significant deviation from the 
 predicted values of 120 days [1] and 52 days [2].

[1] K. Takahashi et al., Phys. Rev. C 36, 1522 (1987).
[2] S. Liu et al., Phys. Rev. C 104, 024304 (2021).

Theory predictions

T1/2= 120 d

T1/2= 52.4 d



Bound-State Beta Decay of 205Tl Nuclei

NASA/SDO

Termination of s-process nucleosynthesis
Time needed for the Solar system to build
Long-term averaged Solar neutrino flux



Bound-State Beta Decay of 205Tl Nuclei



Solar Neutrino Flux

Courtesy R. J. Chen and R. Singh Sidhu



Solar neutrino capture probabilities

LOREX – 146 SNU (before)
22(7) 205Pb atoms/g

92(10) SNU (now)
14(4) 205Pb atoms/g

Age of lorandite
T = 4.31(2) My

Lorandite - TlAsS2

About 1 kg of pure lorandite is 
stored in Felsenkeller (HZDR)M. Pavicevic et al.,  NIM A895, 62 (2018)

LOREX 
Project



R.S. Sidhu, PhD Thesis, U. Heidelberg, 21.07.2021

Results

LOREX project and solar pp neutrinos

GIERSCH Award
IoP Award Now, permanent faculty position at Uni Surrey



Bound-State Beta Decay of 205Tl Nuclei

NASA/SDO

Termination of s-process nucleosynthesis
Time needed for the Solar system to build
Long-term averaged Solar neutrino flux



Cosmochronometers
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18 measurable short-lived radionuclides (SLR) (0.1 My < T1/2 < 100 My)
4 are produced by the s-process: 107Pd, 135Cs, 182Hf, 205Pb
205Pb is the only purely s-process SLR  alive in the early solar system

M. Lugaro et al., arXiv:1408.2050v1 [astro-ph.SR]



Courtesy M. Lugaro

Production of 205Pb in AGB stars



Courtesy M. Lugaro

Production of 205Pb in AGB stars



Decoupling of the solar system from interstellar medium



G. Leckenby, PhD Thesis, University of British Columbia, 2024

UBC PhD Award
GENCO Young Researcher Prize
SPARC PhD Prize
Gordon Conference Best Poster
DPG SMUK Prize

Now, MSC fellowship postdoctoral researcher at JCLAB in Bordeaux

Results

205Pb/204Pb as an s-process cosmochronometer
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Proton-Capture Reactions in the ESR

ESR

gas jet

particle
detectors

§ injection of ions @ >100 MeV/u
ü fully stripped ions

§ deceleration & cooling of the beam
ü E = 3 - 10 MeV/u

§ activate internal hydrogen target
ü proton & electron capture reactions
ü separated by dipole 
ü particle detectors on…

… inner tracks for (p,g) products
… outer tracks for e- capture products

§ beam life time (residual gas + target interaction)
Ø intensity goes down
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Courtesy J. Glorius

Jan Glorius: “A recycling recoil separator”



Proton-Induced Reactions in the Experimental Storage Ring
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X-ray spectrum @ 90°

radiative e- capture rate [REC]

X-ray 
spectroscopy

(p,g) and (p,n) reaction products
7 MeV/u



work of Laszlo Varga

Towards background free measurement

Courtesy J. Glorius and L. Varga

6 MeV/u 8 MeV/u7 MeV/u

x position
y positio

n

6.7 MeV/u

x position
y positio

n

5.5 MeV/u



Proton-Induced Reactions in the Experimental Storage Ring
ERASE vs no-ERASE: 124Xe(p,x)
124Xe(p,g)

• 107 bare ions stored 
• cooled and decelerated to 7 MeV/u

nearly background-free measurement
maximized experimental sensitivity  

~20 hours

~10 hours

(p,n)
channel

No ERASE ERASE

(p,n) reaction channel measured 
simultaneously

L. Vargo et al., Phys. Rev. Lett. 134, 082701 (2025)



Proton-Induced Reactions in the Experimental Storage Ring
First study on radioactive ion beam

S. Dellmann et al., Phys. Rev. Lett. 134, 142701 (2025)

injection n

injection n+1

118Te52+

123Xe54+120I53+

stochastic
beam

 cooling

Frequency [a.u.]

~40 hours

~65 hours

7 MeV/u

6 MeV/u



time

Io
n 

cu
rre

nt
 in

 th
e 

ES
R

 [a
.u

.]

ac
cu

mula
tio

n

deceleration 
and cooling

measurement

Proton capture on radioactive 118Te

Courtesy J. Glorius and S. Dellmann



The CRYRING@ESR facility

M. Lestinsky et al., EPJ ST 225, 797 (2016)

M. Lestinsky, GSI, Darmstadt

CRYRING 
(transported from Stockholm University)

Start of operation (local source) – 2019
Start of operation (beams from ESR) – 2020
Circumference = 54.15 m
XH Vacuum = 10-11—10-12  mbar
Electron cooling
Energy range = ~0.1 – 15 MeV/u
Slow and fast extraction



The CRYRING@ESR facility

J. Marsh et al., EPJ A 60, 95 (2024)

CARME @ CRYRING
(CRYRING Array for 

Reaction MEasurements)

d+d7Li+p 

Carlo Bruno
Jordan Marsh
Phil Woods
Tom Davinson



Beam

Gas-jet 
target

CARME array



J. Marsh et al., EPJ A 62, 10 (2026)

Commissioning and first results with CARME
Gas-jet 
target

118Te(p,g/n) ESR
124Xe(p,g/n) ESR

14N(d,p) CRYRING

96Ru(p,g) ESR

15N(p,a) CRYRING

CCSN

BBN/
quiescent 
burning

Explosive 
binaries

D(D,n); D(D,p) CRYRING



Free-neutron target at CRYRING

Neutron captures in inverse kinematics

Ariel Tarifeno Saldivia, et al., Phys. Rev. ST Acc. Beams (accepted)



Why storage rings? - Versatile Capabilities

K. Pak et al., Nucl. Eng. Tech. 57 (2025) 103392

Multi-multi
injection

Velocity filter

Detection

Electron cooling

Free-neutron target



Why storage rings? - Versatile Capabilities

Nuclear Excitation by (target) Electron Capture
Nuclear Excitation by (free) Electron Capture
Electron Capture in H- and Li-like Ions
Alpha decay of highly-charged ions
Transfer reactions

Astrophysical reactions for BBN and 
Novae, rp- and nup-processes

Surrogate (n,g) reaction studies
ERC SG Bruno

ERC AG Jurado

Giant resonances

Electron-Ion scattering (future)

Long-lived isomeric states
Di-electronic recombination on exotic nuclei

Neutron-induced reactions (future)
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