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Physics Opportunities at
Heavy-lon Storage Rings



Properties of Heavy-lon Storage Rings

Dipol

Storage of heavy ions on a closed orbit
* Revolving at high frequencies (0.1 to 1 MHz)
e Storage from milli-seconds (~1000 turns)
* up to hours or days (10° turns -> 108 km !!)
* ultra-high vacuum <10-** mbar

Study of exotic ions
* Radioactive beams and exotic decays
* Very high charge states (bare, H-like, ...) L
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Operational Heavy-lon Storage Rings for Nuclear Physics

CRYRING at GSI

-

o - " CSRe at IMF
Photos: M. Lestinsky, A. Zschau, GSI; IMP Lanzhou; RIKEN & 2 A 4
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Direct Mass Measurements using Heavy-lon Storage Rings

Heavy lon Storage rings provide:

» Broad-band measurements
» Single-particle sensitivity

» High revolution frequencies
» High atomic charge states
» High resolving power

P

28 Ni I —
20 Ca =, 50 T
- ) Storage Rings: RIKEN GSI/FAIR IMP Lhanzhou
i - M. Steck and Y. Litvinov, Prog. Part. Nucl. Phys. 115, 103811 (2020)
Be 36 28 Y. H. Zhang, et al., Phys. Scripta 91, 073002 (2016)
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ILIMA Mass and lifetime measurements of exotic nuclei

Il stable nuclei P
Storage ringS: B nuclides with known masses Large dlscovery pOtent'aI i
ESR G.Audi et al., Nucl. Phys. A729 (2003) 3 at the N/Z extremes -

B to be measured with existing|FRS-ESR
C RYRI N G GSl report C. Scheidenberger et al., 2002

observed nuclei
with
r-process
path
Masses:

v" Shell evolution
v Deformation & correlations
v" Nuclear astrophysics 28 =

Lifetimes:
v Isomeric states | : , _ ,,
[ - L -~ . _ - o o SN ' e — ’.‘--7 l 32
v New decay modes AN & SR WA Q... @
8 v oo Y e L e bilB D, o

v" Double gamma decay

v" Nuclear excitation by electron capture \ — -
v' Bound-state beta decay b Schottky |- 3 TOF detectors

v Bound-state pair conversion decay
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Secondary beam and isomer production at GSI/FAIR

Local Ion__,
SIS 18: Low-Energy Source

Transfer Line
0.4 to 1 GeV/u FRS ESR

Primary Bp4
Beam
—_—

/

Production
Target

Electron
Cooler

Production & Separation

of Radioactive Ions Recoil %
Detectors “Internal Target
Select range of
exotic ion bgeams high energy low energy
beam storage beam storage
(~3-400 MeV/u) (0.1- 15 MeV/u)

» Produce secondary beam at FRS (or direct line)
» Accumulation in ESR (with cooling and stacking)
» Deceleration and transfer to Cryring possible

» Scrapers allow to select isomers
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Beam cooling as prerequisite for high-resolution mass spectroscopy

* Newly injected beam is “hot”
i.e. having a large spread in
position and momentum

* QOverlap the ion beam with an
electron beam with the mean
velocity of the ions

e Cooling of the ion beam by a
net heat transfer to lighter
electrons through collisions

* Recovery of energy loss when
using a gas target

Dipole Electron

““ cooler
//\ . /

Quadrupole
triplet _
AR

Laser \ p
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Quadrupole
doublet == ESR
circumference 108m
Optical _-*
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Gas target
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L

high voltage platform

magnetic field
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Beam cooling as prerequisite for high-resolution mass spectroscopy

Electron cooler at ESR

most brilliant beams
Ap/p =10>-10°

* compensates small energy loss when
using an internal gas target

* slow cooling technique, i.e.
takes a few seconds or minutes

* most effective for pre-cooled,
(stochastic cooling) low-energy beams

Velocity distribution of ions Spacial distrig%éjtion of ions
before cooling — 40 I L}
2 100 shercoolog — | uncooled 400 : : cooled
(= r i
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relative ion velocity v/vg
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Schottky resonators for non-destructive Particle Detection

ILima
: , : , a.cs. S[OCNE,
Heavy ions induce a signal at every revolution (~2 MHz) @Q =
Increased resonance frequency leads to 7

» better sensitivity for single ions
» increased resolving power

'\24§MH2 - ‘”u.
“MH“

F. Nolden et al., S.Sanjarietal.,

Nucl. Instr. Meth. A 659, 69-77 (2011) Rev. Sci. Instr. 91, 083303 (2020)
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Working principle of Schottky detectors

Mageetic loop i t ’
Schottk ‘ ( )nd » v . D.at.a.
S EL ] acquisition
cavity
resonator . Beam
‘ I - 35 e §§ L |R
E_ﬁﬁeld y=1.395 =

Diagram demonstrating the principle of resonant Schottky detectors
(D. F. Fernandez, PhD Thesis, 2024)

pipe

\

\ |
8
Time Domain Frequency Domain

Schematic diagram of a Schottky resonant cavity Measurements Measurements
(M. S. Sanjari et al, Phys. Scr., 014088, 2013)
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High-resolution mass spectrometry in a storage ring

SCHOTTKY MASS SPECTROMETRY ISOCHRONOUS MASS SPECTROMETRY
SMS: revolution frequency (~2 MHz) IMS: revolution time (~500 ns)

Vo
(m/q),
ke / Injection

NS

v,

Vi Vo

e () -
oo b -

%, - (m/q), | Il
cho &
Noise-Piokups %—» 0 Yt -y #TO F-Detector Tb

: - = — I —

1 A(m/Q) AV 1__12 ‘\
o) +_( 2)
% m/q v b

W. Korten - RESANET plenary - IPHC Strasbourg - 7/11/2025



Schottky Mass Spectrometry

with cooled beam

“normal mode”
» orbit length depends on
ion momentum

» beam cooling

4 particles with
different m/q

Septum

Electron
Cooler




Schottky Mass Spectrometry with
cooled beam

Sin(w,)

Fast Fourier Transform

(OF]

frequency
W\ ined




Isochronous Mass Spectrometry

No beam cooling

v’ very fast technique

v" milli-seconds half-life

v’ broad velocity distribution

Special optical setting
v’ fixed orbital length for ions with y=y,
independent of ion velocity

Measurement scheme

v’ ring acceptance is set to
certain m/qg range

v" new injection every second

v’ rare isotopes can come with
extremely low rates
(e.g., 1 per day or week)




High-resolution mass spectrometry in a storage ring

SCHOTTKY MASS SPECTROMETRY

SMS: revolution frequency (~2 MHz)

(m/q),

Schottlg
Noise-Pickups

» Highest precision
(Electron cooling)

» Non destructive
(Schottky cavities)

» Slow (many seconds)

ISOCHRONOUS MASS SPECTROMETRY

IMS: revolution time (~500 ns)

Vo
(m/q),
s Injection

v,

Vi Vo

) - ‘\l « == | (m/q)G | . Z

(m/g),

IL

I #TOF-Detector Tﬁ

Combined Schottky + Isochronous

Mass Spectrometry (S+IMS)
Very fast and non-destructive

W. Korten - RESANET plenary - IPHC Strasbourg - 7/11/2025

Very fast (few ms)

Good precision (for Ypeam™~7t)
Destructive method

» ToF detectors



|dentification of all isotopes through Schottky spectra

Example from 78Kr fragmentation to produce ">Ge (A/Z=9/4)
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All stored nuclei can be identified by their
characteristic Schottky frequency

Colour code indicates different harmonics of
the original revolution frequency
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1.67

1.4

0.24

Mass resolution in Isochronous Mass Spectrometry (IMS)

Yt is not constant with Bp,
but depends on the orbit in the ESR
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Selected physics examples

* Nuclear two-photon or double-gamma decay
* Bound state beta decay of 2°°Tl

* Nuclear reactions of astrophysical interest

* Fission studies (NECTAR)



Nuclear two-photon or double-gamma decay

Rare decay mode whereby two gamma rays are simultaneously emitted

Second order quantum mechanical process proceeds through

virtual excitation of (higher-lying) intermediate states

Observable only when first order decays are (strongly) hindered

ex. 0" — 0" EO decay : single y-ray emission is forbidden

Access to transitional nuclear polarisability (ag,) and susceptibility (%\p)
Small branching ratio (<104) and very strong energy dependance (~E,(0)")

»
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Previously known cases of double-gamma decay

Heidelberg-Darmstadt Crystal Ball

162 Nal detectors — moderate resolutio
Solid angle > 98% — very high efficiency
J. Schirmer et al., PRL 53 (1984) 1897

J. Kramp et al., Nucl. Phys. A474 (1987) 412

counts / 10keV
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1E-6 ®  “ca/*zr:J. Schirmer etal. (1984) -

v “ca: E. Beardsworth etal. (1973) .O
1E-7 *Zr: E. R. Mucciolo & O. Helene (1989)

—  *Mo: J. Henderson et al. (2014) - lower limit
1E-8 T T v T T T T T T T T T
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o, - transition energy [MeV]

Low-energy 0* states not accessible in direct

spectroscopy : I',/T", ~ 1076107

But expected partial lifetimes of several 100 ms
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How to isolate the double-gamma decay ?
First order electromagnetic transitions in atomic nuclei:

> gamma-ray emission (according to spin/parity conservation)
> electron emission from atomic shells (“internal conversion™)

> electron-positron pair creation (for AE > 1.022 MeV)
Two-photon decay is the only allowed 0" — 0" decay in stable bare nuclei

(a) (b) (c)
Yi\ /. e

‘ (Bare nucleus)
(Atom) . ¢ Y (Bare nucleus)
- 4 b

Y

. PN

Y

E] ¥ \ A
E +

1 J‘l 0
y-decay Internal Internal Pair y-decay IPRgpal Int air Two-Photon e
Conversion Creation Copgexgion Cpeation Emission spipBNity

J 0

Eo . _ 0
AE =, -Ey=w > 2my(e) W < 2mq(e)



The SIS18 + ESR experiment on 7?Ge FAIR

8Kr beam acerated to ~460 A.MeV (v/c~0.6) from SIS18 SIS
» ~10%1ions/spill (every 10s)
» Fragmentation in a 10mm Be plate (~2 g/cm?) !
= high cross section for 7>Ge (~10 mb)
= Bp selection in the direct TE beam line from SIS18 to ESR
L/ ITI~TE-Line
lon sources - |
I-_-n @ ,»‘4 . / ’ J
| = :‘]—l"""-“.t =
- _j e iy ESR
UNILAC [~
\
:
A ”
& a
0 50 m =
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Time-resolved Schottky + Isochronous Mass Spectrometry (S+IMS) F IR

First time-resolved Schottky plus Schottky spectrum for a single event
Isochronous Mass Spectroscopy (S+IMS)

Observation of a 0* isomer in 72Ge

Observation of a 101 keV isomer in 72Br

Injection
(Am/m < 107°)
/ — 6 - 2oL 3 ';-::7 G :
7)) 1
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C 4N 0 L
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- e
w [EEEFTEh
£
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Time-resolved Schottky + Isochronous Mass Spectrometry (S+IMS) FAIR

Time-resolved Schottky + Isochronous
Mass Spectroscopy (S+IMS)

Schottky
cavit
400 ¥\/|Hz

Schottk (@
e cavm{v| Y -b
245 MHz

EX I t - | CI " =

TR

Hot Fragments

Time after injection [s]

Observation of a 101 keV isomer in 72Br

- lsomer

2e+04
Delta f [Hz] @ 4.07e+08 [HZz] (resolution = 4.77e+01 [Hz])

-2e+04 -le+04 0e+00 les-04

Revolution frequency [Hz]
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Double gamma decay of ?™Ge
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Time after injection [ms]

D. Freire Fernandez et al., PRL 133, 022502 (2024)



Double gamma decay experiments on %Mo and %7r (May 2024)  FAIR
100Mo at ~460 A.MeV, ~107ions per spill (every 2-5s), online results

100~

Time-resolved Schottky + Isochronous
Mass Spectroscopy (S+IMS)
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Summary of results on double-gamma decay half lifes

101
—— Fit: W,/w” = 23.0 [1/s/MeV]
—— Fit: Wy /w’ = 30.7 [1/s/MeV]
%Mo .
1071 A — Fit: W, /w’ = 38.9 [1/s/MeV]
e Data
1073 1
v
e
b
20~
Half-lives deduced from: 160y
1077 1 m '°0: ). Kramp et al. (1987)
@ “‘°Ca / ?°Zr: ). Schirmer et al. (1984)
v “OCa: E. Beardsworth et al. (1973)
L0 %0Zr: E. R. Mucciolo & O. Helene (1989)
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Bound state electron-positron pair decay in 1°*Pb

Search for bound-state electron+positron pair decay

F. Bosch', S. Hagmann', P-M. Hillenbrand', G. J. Lane?, Yu. A. Litvinov'®2, M. W. Reed??, M. S. Sanjari',

Th. Stéhlker'*5, S. Yu. Torilov®, X. L. Tu"-®7, and P. M. Walker®

'GSI Helmholtzzentrum fiir Schwerionenforschung, PlanckstraBe 1, 64291 Darmstadt, Germany
2Department of Nuclear Physics, Research School of Physics and Engineering,

The Australian National University, Canberra, ACT 2601, Australia

3 Max-Planck-Institut fiir Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany
4Helmholtz-Institut Jena, 07743 Jena, Germany

SInstitut fiir Optik und Quantenelektronik, Friedrich-Schiller-Universitét Jena, 07743 Jena, Germany
8St. Petersburg State University, Ulyanovskaya str. 1, Petrodvorets, 198504 St. Petersburg, Russia
7 Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China
8Department of Physics, University of Surrey, Guildford, Surrey GU2 7XH, United Kingdom

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.

0t 930.67 No e*- e pair conversion

in neutral ¥*Pb possible

194p b82+

Energy gain for e  capture in K shell
B,=101.3 keV — Q,(e*e)=1032.0 keV

Long standing idea by F. Bosch et al.

One of the prominent candidates for this study is the
magic g3 Pb$13. The decay scheme of the first excited state
in '%*Pb is illustrated in Fig. 1. The energy of the 0* state
is E(0*) = 930.67 keV which is known from precision
spectroscopy investigations [30]. This energy is below
1022-keV threshold for e~ + ¢* decay. However, the bind-
ing energy of the last K-electron is B(K) = 101.336 keV
[31, 32], which makes the new decay mode, bound-state
e~ + e* decay, energetically allowed. In this case the
electron shall occupy the vacant K-shell thus saving ~
100 keV energy. The excess energy of about 10 keV is
taken away by a monochromatic positron, which may ap-
pear as a forward-emitted particle in the laboratory frame.

Rate estimates:
Me'e’) pZ(EO) ) Qipc' Rcapture
= 103-0.7 -0.2s'=1.410%s
Fort,=100ms: A(e*e’)/A, ~1.4107
For 7.2 10%isomers produced in 5 days:
~100 e*e events
For 1 event: Me*e)/h,, < ~1.4-107

No event sets limit on Q- R pture
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Measurement of the bound-state beta decay of bare 2°°Tl ions F_\lR

. The flux of solar pp neutrinos (LOREX project)
25T + v (> 52 keV) —2%° Pb* + e~

= LOREX LENS "'Ga Borexino 'Cl SNO Super-K
ol A S el R AN

‘210! PP — ) TR b 5/2" 0
2100F . .

E — Lo 2050, 0+

2 : Pb

©]

£ e Tp=173-10"y
o 1

E | 1/2% neutral atom
L4 1 10

Neutrino energy (MeV) 205 T 0+
. 205Pb/29°T| pair as s-process cosmochronometer stable

r-process

S-process
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Measurement of the bound-state beta decay of bare 2°°T| ions F_\lR

1/2% 0

1. The flux of solar pp neutrinos (LOREX project)

205 81+
20571 4 yo(> 52 keV) —205 Ph* + e~ Tl

2. 205pp/205T| pair as s-process cosmochronometer

| ‘z
| 205 — :

Tp=173-10"y

1/2* 0 neutral atom

205 1 0+ G. Leckenby et al.,
stable Nature 635, 321-326 (2024)

Hg: \\ \

r-process

S-process
0.0025

E121: Yu. A. Litvinov et al. (ILIMA, SPARC, LOREX collaborations) Ty, =291(33) d

v" Accumulation of secondary beam from FRS (highest purity) 0002
v Long storage time (up to ~10 h)

v Gas jet target (to strip captured electron)
v' Resonant Schottky detectors

v" In-ring particle detectors

0.0015

Theory 50-120d

(NN
Illllllllllllllll

et PR (N YT SN SR N SN ST S N ST ST T N SR S T_— L

4 6 8 10
storage time (in hrs)

(=]
N
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Nuclear reaction studies in a storage ring

Courtesy/contact
J. Glorius (GSI)

- _

=i | = ——i ]
— 1

particle
detectors




refill ring periodically

Proton-Capture experiments at the ESR

, A recycling recoil separator
-> Experimental Procedure:

1. injection of ions @ >100 MeV/u 5
v’ fully stripped ions/fragments ,\Q&
v" beam accumulation if needed S

Injection

particle
detectors

2. deceleration & electron cooling of the beam
v  E=4-10 MeV/u

<
3. activate internal hydrogen target (10** cm™) E gas jet e\@ooo\e’
v' proton & electron capture reactions

v’ separated by dipole
v’ particle detectors on...
... inner tracks for (p,y) products
... outer tracks for e  capture products

e 4. beam lifetime (residual gas + target interaction)
» intensity goes down exponentially ESR
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Proton capture experiments at the ESR

/—[ Nuclear recoil separation & detection | ~

proton-capture
signature

Injection

UHV compatible
detector setup

Septu
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Proton-Capture experiments at the ESR

**Ru(p,y)*’Rh

* successful pilot experiment

* Large Rutherford background

e Gamow window not reached
(detector behind window)

[T
107k
E10°F
@© E
S
c 107
0 E
=
[SE
Q107 /7 .
o E /—— TALYS_HFB & —— 5
@ o f= =< TALYS_Brink-Axel Lorentzian
210 E/ -~ -TALYS_generalized Lorentzian 3
O R NON-SMOKER ]
107F ¢ This work K-REC i
, = Thiswork_EC, , ,
2 4 10 12

6 8
Energy (MeV)
Mei et al. PRC 92, 035803 (2015)

124XE(p,’Y) 125cS

e UHV compatible Si-setup
e 1%t meas. inside Gamow window
* also (p,n) cross section

118Te(p,y)

counts

Glorius et al. —e—
124%e(p,g) —v—
124Xe(p,n) S e

TALYS - set A P~
TALYS - set B —— 7

=
o
o

cross section [millibarn]

o [mb]

— TALYS -set A

;
i
-
/
s
/

=
o
u

c.m. energy [MeV]

J. Glorius et al. PRL 122, 092701 (2019)

Pioneering experiments with Stable Beams
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15t measurement with radioactive beam

» 40 hours of data taking at 6 & 7 MeV/u
» clear proton-capture signature

» > 300 counts [=7.5 counts/hour]



NECTAR: Nuclear rEaCTions At storage Rings
Surrogate reactions in inverse kinematics at the ESR

H, gas-jet Target,

* First demonstration: ~6-10'3 atoms/cm?
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208ph(p, p’) with NECTAR at the ESR FAIR

Detected protons

E_loss (keV)

Efficiency ~33-100%!
~ Max 20 % in direct kinematics Efficiency 100%!
0% in direct kinematics...
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Summary

Heavy ion storage rings provide unique opportunities for

» Mass measurements
= Broad range surveys with AM/M<10°

» Lifetime measurements with single ion capability
" From milliseconds to years

» Exotic decays of highly charged ions
 Bound-state decays, double-gamma decay, ...

> Nuclear reactions

* Astrophysical regime (<5 MeV to ~0.1 MeV/u @ Cryring)
* Fission studies (30 MeV/u)

 Low momentum transfer at relativistic energies (EXL)



