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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

High detection efficiencies for recoils

Numerous dedicated detectors

Why storage rings? - Versatile Capabilities

Beam Accumulation

Large 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



Physics at Storage Rings

ESR at GSI 

CSRe at IMP

CRYRING at GSI 

R3 at RIKEN

Storage rings stay for:
Single-particle sensitivity
Broad-band measurements
High atomic charge states
High resolving power

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



Physics with Storage Rings

Mass measurements
Nuclear structure through transfer reactions
Long-lived isomeric states
Atomic effects on nuclear half-lives 
Nuclear effects on atomic decay rates 
Exotic decay modes (NEEC/NEET, unbound states, …)
Di-electronic recombination on exotic nuclei
Purification of secondary beams from contaminants
Nuclear magnetic moments
Neutron–induced reactions 
Astrophysical reactions
….
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Storage ring facilities at
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

Photo: A. Zschau, GSI



Where and how was gold cooked?
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Where and how was gold cooked?
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masses determine the 
pathways of nucleosynthesis
processes

β half-lives reflect the 
accumulated abundances

Rates of relevant reactions



Production Cross-Sections for Tin-Isotopes

nuclides of interest today are

--as a rule--

short-lived

and

have tiny

production cross-sections

Courtesy: H. Geissel
FAIR Conceptual Design Report (2002)

r-process
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Non-Destructive Particle Detection

Courtesy F. Nolden and M. S. Sanjari



SMS: Broad Band Frequency Spectra



Mass Measurement of 208Hg in the ESR (SMS)

one ion in two weeks

p-n interactions are sensitive to the spatial overlaps of the 
proton and neutron wave functions

L. Chen, et al., PRL 102 (2009) 122503

The revolution frequencies of the cooled stored ions f
are related to their mass-over-charge ratios m=q by the
following expression:

!f

f
¼ "!p

!ðm=qÞ
ðm=qÞ ; (2)

where !p ¼ ð!C=CÞ=ð!B"=B"Þ is the momentum com-
paction factor of the ring which characterizes the rela-
tive variation of the orbit length C per relative variation
of the magnetic rigidity B". The !p is nearly constant
over the entire ring acceptance and in this experiment it
was approximately 0.19. The intensities of the frequency
peaks are proportional to the corresponding number of
stored ions, which is often used for half-life measurements
[25–27].

The unambiguous isotope identification of frequency
peaks is based on a pattern recognition algorithm and is
discussed in detail in Ref. [28]. Several tens of nuclides are
simultaneously present in the measured spectra. The pro-
duction cross section of 208Hg in this reaction has been
estimated with the EPAX2 formula [29] and amounts to only
1:5 #barn. The 208Hg nuclide has been observed only in
one injection into the ESR where it was present in a
hydrogenlike charge state. A part of the revolution fre-
quency spectrum with 208Hg79þ ions is illustrated in Fig. 1.
The peaks of ions with experimentally known masses [30]
are used to calibrate the frequency spectrum. In this case
the frequency peaks of 137I52þ, 137Xe52þ and 221Rn84þ ions
can be used for this purpose.

Several tens of injections of the ions into the ESR have
been analyzed for each setting of the electron cooler, i.e.,
cooler voltage Uc and current Ic. The time-resolved SMS
enables the possibility to correct for overall frequency
drifts in time due to instabilities of, for example, magnet
power supplies. Therefore, the frequencies from all mea-
sured spectra of the same cooler setting can be combined

together [31]. The advantage of this procedure is that
already within the 10 kHz spectrum illustrated in Fig. 1
the additional frequency peaks of 129Sn49þ, 200mAu76þ,
208Tl79þ, 208Pb79þ, 221At84þ, 229Fr87þ, 229Ra87þ, and
229Ac87þ ions which lie close to the peak of 208Hg79þ

ions can be used for the calibration. The mass excess value
of 208Hg has been determined and amounts to ME ¼
"13 265ð31Þ keV. The details of the data fitting and error
propagation can be found in Ref. [23]. The obtained ME
value agrees within the error bars with the value from the
systematics "13 100ð300Þ keV [30], where the new mass
value is 165 keV more bound.
The new precisely measured mass value of 208Hg has

been used to determine the $Vpn value for 210Pb using

Eq. (1). This value and those for other nuclei in the 208Pb
region are shown in Figs. 2 and 3. Figure 2 shows $Vpn

values for several isotopic sequences as a function of
neutron number. Figure 3 shows the same results in a
complementary way in the form of a color-coded plot for
this portion of the nuclear chart. Here the vertical and
horizontal lines at N ¼ 126 and Z ¼ 82 mark the double
shell closure at 208Pb and divide this region into four
quadrants that can be labeled hole-hole (lower left where
both types of nucleons are below their respective closed
shells), particle-hole (upper left), particle-particle (upper
right), and hole-particle (lower right).
Using the present mass measurement of 208Hg, the $Vpn

(210Pb) point is the first $Vpn value for the region Z & 82,
N > 126, that is, the lower-right quadrant in Fig. 3. The
$Vpn value of 210Pb is 165.2(10) keV which is about 2.5

times smaller than the $Vpn (
208Pb) value of 426.8(5) keV.

This sudden decrease is signified by the blue box (labeled
also with ‘‘2’’) just after the junction of the shell closure
lines.
The 208

82 Pb126 nucleus is in the symmetric hole-hole
region, where both protons and neutrons fill low j high

FIG. 1. A 10 kHz part of the measured revolution frequency
spectrum. For this spectrum the electron cooler voltage and cur-
rent were set to Uc ¼ 198 kV and Ic ¼ 400 mA, respectively. A
peak of hydrogenlike 208Hg79þ ions is at about 125 kHz. The
masses of 137I52þ, 137Xe52þ and 221Rn84þ ions are experimen-
tally known [30] and can be used for the calibration.

FIG. 2 (color online). Experimentally known $Vpn values for
isotopic chains below and above the Z ¼ 82 proton closed shell.
Only even-even nuclei are considered. If not shown the error bars
are within the symbol size. The newly obtained $Vpn value for
210Pb is emphasized by a filled symbol and the sharp drop from
208Pb to 210Pb is highlighted.

PRL 102, 122503 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

27 MARCH 2009

122503-3



Direct Mass Measurements

Penning Traps

Storage Rings

128 R.N. Wolf et al. / International Journal of Mass Spectrometry 349– 350 (2013) 123– 133

Fig. 5. Sectional view (adapted from [54]) of the MR-ToF device. The mass-separated ions are either detected by a microchannel-plate detector to record a time-of-flight
spectrum (right top) or selected by the BNG (right bottom).

with respect to a set of operation parameter of the mass analyzer.
In general, for a rough identification of nuclear species, an “exter-
nal”, i.e. non-simultaneous, calibration with two or more different
ion species, e.g., with stable isotopes from the alkali ion source,
is sufficient. This allows assigning a mass-over-charge value, and
therefore a likely species, to every flight time. As a start, if one
species in the spectrum is clearly identified, the relative distances
to the neighboring time-of-flight signals can be used to further
analyze the ensemble. This procedure is advantageous in case of
voltage drifts, e.g., due to a change in the environmental conditions,
which might cause time-of-flight deviations. While these may  shift
the absolute positions of the peaks, the changes in the distances
between close-neighboring signals remain negligible.

In cases where ISOLDE’s resonance-ionization laser ion source
(RILIS) [79] is employed, the unambiguous identification of one
of the unknown ions in the time-of-flight spectrum can easily be
accomplished: The RILIS system can be tuned to selectively ion-
ize only the species under investigation. Blocking the laser beam
leads to an immediate drop of the signal of the corresponding ion
in the time-of-flight spectrum, i.e. a straightforward identification,
as shown for 185Au+ in Fig. 6: The surface-ionized isobar 185Tl+

is well separated after a flight time of about 33 ms.  By monitor-
ing the count rate the ionization efficiency can be optimized even
for very low yields, independent of branching ratio and half-life,
as described below. Furthermore, the hyperfine structure of the
isotope under investigation can be studied by scanning of the reso-
nances, as show in Fig. 7 as a proof of principle with a relatively
large laser line width [80]. A high count-rate range of four orders of
magnitude could be recorded background free. A detailed discus-
sion about the application of the MR-ToF MS  in the field of in-source
laser spectroscopy is out of the scope of the present treatment and
will be given elsewhere [81].

The abundance ratios of the different species composing the
MR-ToF time-of-flight spectrum are in many cases a direct rep-
resentation of the ion-beam composition delivered from ISOLDE.
Depending on the isotope, corrections may  have to be applied with
respect to, e.g., the half-lives and charge-exchange rates from col-
lisions with buffer-gas atoms in the RFQ. By varying the delay
between the ISOLTRAP RFQ collection-time window and the pro-
ton irradiation pulse on the ISOLDE target, the time structure of the
release of the nuclides from the target can be sampled. To derive
absolute yield numbers, the efficiency of the ISOLTRAP setup up
to the MR-ToF MS  can be calibrated by the signal intensity of a
reference beam.

Currently, the intensity of an ion beam from ISOLDE is moni-
tored with Faraday-cups, which give only an integral number and
no information on the composition. In addition, the sensitivity on
the order of picoamperes is not sufficient to measure the yield
of very exotic species far away from the valley of stability. The
beam composition is determined by nuclear decay spectroscopy.
This method, however, comes to its limits if the half-life exceeds

a few tens of seconds, if the branching ratio is unfavorable (as,
e.g., in Fig. 7, with an ˛-decay branching fraction of 185Au of only
0.26%), or if the production in the target is low. In contrast, the
MR-ToF MS  offers an efficient alternative to both Faraday-cup
beam-current measurement as well as decay spectroscopy as it
has no intrinsic upper half-life limit, provides single-ion counting
and can distinguish the species delivered by its ultra-high mass
resolving power. Thus, the MR-ToF MS  is a universal analytical tool
that provides yield information for stable to short-lived species
down to the 10-ms half-life range.

The ion-identification capability can be used to optimize the
ISOLDE performance for particular experimental requirements, e.g.,
to find the best parameters to enhance or suppress the yield of
specific isotopes. For example, the temperature of an ISOLDE tar-
get determines the diffusion time of the ions out of the target. In
Fig. 8, the target temperature was  varied from about 1740 ◦C to
1810 ◦C and the effect on the ion ensemble was  observed with the
MR-ToF MS:  At mass A = 72 the spectrum shows, amongst others,
the short-lived ions 72Ga+ and 72Cu+, with half-lives of 14.10(2) h
and 6.63(3) s, respectively [82]. The proposed species are the ones
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Fig. 6. A = 185 time-of-flight spectra after 1000 revolutions in the MR-ToF MS.  (a)
The  RILIS lasers were tuned to ionize 185Au+ atoms. The clear separation from 185Tl+

isotopes enables a background-free gold-yield analysis. (b) Furthermore, blocking
the laser beam unambiguously identifies the gold isotope.

Multi-Reflection ToFs

K. Blaum et al., 100 Years Mass Spectrometry [Int. J. Mass Spectr. 349-350 (2013)]
Y. H. Zhang, et al., Phys. Scripta 91, 073002 (2016)
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Radioactive decays of highly-charged ions

Few-electron ions
well-defined quantum-mechanical systems

New decay modes 
(bound-pair-creation, bound-state beta decay, etc.)

Influence of electrons on radioactive decay

Astrophysical scenarios
high temperature = high degree of ionization



Exotic (radioactive) nuclides in high 
atomic charge states stored for an 

extended period of time

Radioactive ion beam facilities

High kinetic energies or electron beam ion source

Ultra-high vacuum conditions



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



Two-Body Beta Decay

Y. Litvinov & F. Bosch, Rep. Prog. Phys. 74, 016301 (2011) 



EC Decay of Few-Electron Ions

Y. Litvinov et al., Phys. Rev. Lett. 99 (2007) 26501



EC Decay of Few-Electron Ions

Y. Litvinov et al., Phys. Rev. Lett. 99 (2007) 26501

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

λEC(H-like)/λEC(He-like) = 1.49(8)

Yu.A. Litvinov et al., Phys. Rev. Lett. 99 (2007) 262501

λEC(H-like)/λEC(He-like) = 1.44(6)

N. Winckler et al., Phys. Lett. B579 (2009) 36



EC Decay of He-like Ions

Z. Patyk et al., Phys. Rev. C 77 (2008) 014306

I = 1

S = 0

Gamow-Teller transition 1+ → 0+

EC

I = 0

s = 1/2

F = 1 F = 1

s = 1/2



EC Decay of Few-Electron Ions

F = I + s 4
3

F = I + s
5
4



Two-Body Beta Decay

Y. Litvinov & F. Bosch, Rep. Prog. Phys. 74, 016301 (2011) 



Bound-State β-decay

Y. Litvinov & F. Bosch, Rep. Prog. Phys. 74, 016301 (2011) 



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 
T1/2 = 48 days

Bound-State β-decay of 163Dy

M. Jung et al.,  PRL 69, 2164 (1992)



Paul Kienle
(1931-2013)



Bound-State Beta Decay of 205Tl Nuclei
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E121: “Measurement of the bound-state beta decay of bare 
205

Tl 

ions” 

Yuri Litvinov et al. 

Dear Colleague, 

The management of GSI/FAIR would like to thank you for submitting a proposal to 
our latest ‘Call for Proposals for Beam Time in 2018/2019’. The General Program 
Advisory Committee met on September 19-21, 2017 (G-PAC43 meeting), to 
evaluate a total of 64 proposals requesting 2035 shifts of beam time. The 
considerations of the G-PAC were based on their assessment of the scientific 
importance of the proposed research, its feasibility and its reliance on aspects of 
the GSI/FAIR facility that are unique. Proposals were ranked into 4 categories with 
experiments of category A recommended to be done. Category A- experiments are 
of great scientific interest but due to the large overdraft of beam time can be 
recommended to run only if beam time becomes available (reserve list). 
Experiments of category B are those that are encouraged to submit an amended 
proposal to a future call, and for category C experiments no beam time is 
recommended. In total, the G-PAC recommended 816 shifts of category A, of which 
311 shifts are at UNILAC, 317 shifts at SIS18, 122 shifts at ESR and 66 shifts at 
CRYRING. Shifts granted as experiments category A in this ‘Call’ will be scheduled 
between 2018 and 2019 and will expire after that period. 
 
For your proposal E1211 the G-PAC formulated the following evaluation with which I 
concur: 
 
Regarding the proposal “Measurement of the bound-state beta decay of bare 

205
Tl 

ions” (Proposal E121), the G-PAC recommends this proposal with highest priority 
(A) and that 21 shifts of main beam time be allocated for this measurement. 

 

Further Steps 

� For scheduling your experiment, please contact your GSI contact person.  

� The department “Safety and Radiation Protection” is to be informed on the 
planned set-up of the experiment and their consent is required before running an 
experiment. Your GSI contact person might help you with this 
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Proposal for an experiment to be conducted at FRS/ESR 
Measurement of the bound-state beta decay of bare 205Tl ions 

Updated from previously accepted proposal E100 

Fritz Bosch†, H. Geissel, J. Glorius, R. Grisenti, A. Gumberidze, S. Hagmann, 
Ch. Kozhuharov, M. Lestinsky, S. A. Litvinov, Yu. A. Litvinov, I. Mukha, C. Nociforo, 
F. Nolden, N. Petridis, R. Sánchez, M. S. Sanjari, C. Scheidenberger, U. Spillmann, 
M. Steck, T. Stöhlker, K. Takahashi, S. Trotsenko, H. Weick, N. Winckler, D. Winters 
GSI Helmholtzzentrum für Schwerionenforschung, 64291 Darmstadt, Germany 
C. Brandau 
I. Physik. Institut, Justus-Liebig Universität Giessen, 35392 Gießen, Germany 
R. Reifarth, Ch. Langer 
J.W. Goethe Universität, 60438 Frankfurt, Germany 
D. Atanasov, K. Blaum 
MPI für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany 
T. Faestermann, R. Gernhäuser, Paul Kienle‡, M. A. Najafi 
TU Munich, Phys. Depatment E12, D 85748 Garching, Germany 
M.K. Pavicevic  
Division of Material Sciences and Physics, Salzburg University, 5020 Salzburg, Austria 
W.F. Henning 
Physics Division, Argonne National Laboratory, Argonne, Illinois, USA 
Bradley S. Meyer,  
Department of Physics and Astronomy, Clemson University, SC-29634-0978, USA 
D. Schneider 
Lawrence Livermore National Laboratory, Livermore, CA 94551, USA 
K. G. Leach 
Department of Physics, Colorado School of Mines, CO-80401, Golden, USA 
V. Pejovic,  
Institute of Physics, Zemun, Pregrevica 118, 11000 Belgrade, Serbia 
B. Boev 
Faculty of Mining and Geology, University of Štip, 92000 Štip, FYR Macedonia 
T. Suzuki, T. Yamaguchi 
Saitama University, Saitama 338-8570, Japan 
S. Naimi, F. Suzaki, T. Uesaka, Y. Yamaguchi 
RIKEN Nishina Center, Wako, Tokyo, Japan 
T. Ohtsubo 
Department of Physics, Niigata University, Niigata 950-2181, Japan 

                                                
† Deceased 16.12.2016 
‡ Deceased 29.01.2013 
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B. H. Sun 
School of Physics and Nuclear Energy Eng., Beihang University, Beijing 100191, China 

X. C. Chen, B. S. Gao, X. W. Ma, X. L. Tu, M. Wang, H. S. Xu, X. L. Yan, Y. H. Zhang 
Institute of Modern Physics, Chinese Academy of Sciences, 730000 Lanzhou, China 

C. Bruno, T. Davinson, C. Lederer-Woods, P. J. Woods 
School of Physics and Astronomy, University of Edinburgh, EH9 3JZ, UK 

P. M. Walker 
Department of Physics, University of Surrey, Guildford, GU2 7XH, UK 

G. Lane 
Department of Nuclear Physics, Research School of Physics and Engineering, The 
Australian National University, Canberra, ACT 2601, Australia 
I. Dillmann 
Nuclear Astrophysics Group, TRIUMF, Vancouver, British Columbia V6T2A3, Canada 

M. Trassinelli 
Inst. des NanoSciences de Paris, CNRS UMR7588 and UMPC-Paris 6, 75015 Paris, 
France 

S. Yu. Torilov 
St. Petersburg State University, St. Petersburg, Staryj Peterhof, Russian Federation 

R. B. Cakirli, F. C. Ozturk 
Department of Physics, University of Istanbul, 34134 Istanbul, Turkey  

B. Jurado 
CNRS, IN2P3, CENBG, UMR 5797, 33175 Gradignan, France 

W. Korten 
IRFU, CEA, Université Paris-Saclay, 91191 Gif-sur-Yvette, France 

 
For the LOREX, NucCAR, SPARC and ILIMA Collaborations 
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Bound-State Beta Decay of 205Tl Nuclei



Bound-State Beta Decay of 205Tl Nuclei

NASA/SDO Termination of s-process

Fate of 205Pb in early Solar system

Detection of Solar pp-neutrinos



Solar Neutrino Flux

Courtesy R. J. Chen and R. Singh Sidhu



Lorandite TlAsS2 Mineral

LOREX 
Project

Age = 4.31(2) Ma

M. Pavicevic et al.,  NIM A895, 62 (2018)

December 2019

EMMI Rapid Reaction Task Force on
The LOREX Project



Bound-State Beta Decay of 205Tl Nuclei



Bound-State Beta Decay of 205Tl Nuclei



Experiment during the COVID19
23.03 – 01.04 – 06.04

Enriched 206Pb beam

Separation from 205Pb81+

I(205Tl81+)/I(205Pb81+)= 1/15

Accumulation

Long breeding time

Separation of decay
daughter ions from

parent ions

Courtesy R. J. Chen and R. Singh Sidhu



Accumulation of 205Tl81+ beam in the ESR

Courtesy R. J. Chen and R. Singh Sidhu



Typical Measurement (5 Hours)

Courtesy R. J. Chen and R. Singh Sidhu

Icool = 20 mA

Icool = 200 mA
Ar-jet (10 min)

Electron cooler 
power failure



Preliminary Results

Courtesy R. J. Chen and R. Singh Sidhu



Further Physics Cases

M.W. Reed, et al., Phys. Rev. Lett. 105 (2010) 172501

tim
e
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60 s

m2m1

Hf Ta W

Search for very rare high-K isomers

Studies of 0+ 0+ transitions

Search for exotic decay modes
(NEEC, bound-state e+e-...)

196Pb82+

0+

0+ 930.67

0

? 2g
B(K)=101.336 keV
E(0+

2)=930.67 keV

1032 keV

EC-decay of Li-like ions

Alpha-decay of few-electron ions



Nuclear reaction studies in a storage ring

beam energy:     3 - 550 MeV/u 
ΔE/E:                    10-4

rev. freq.:             250 kHz - 1 MHz 
H2 gas target:       1014 atoms/cm2

vacuum:  10-11mbar

ESR
Experimental Storage Ring

Courtesy J. Glorius

High revolution frequency 
à high luminosity even with    

thin targets

Detection of ions via in-ring particle detectors, clean beam and target
àlow background, high efficiency

Well-known atomic charge-exchange rates 
àin-situ luminosity monitor

in-flight fragmentation at FRS
àapplicable to radioactive nuclei

Ultra-thin windowless gas targets and electron cooling
à excellent energy resolution

deceleration of beams
àGamow window

very efficient use of exotic beams for high resolution experiments



Internal target



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

dip
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ele
ctr

on

co
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r

re
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l r
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g 
pe

rio
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Courtesy J. Glorius

Jan Glorius: “A recycling recoil separator”



In-Situ Luminosity Monitoring

gas jet

K-
R

EC

L-
R

ECM
-R

EC Ka

Kb

X-ray spectrum @ 90°

total e- capture rate [NRC + REC]

radiative e- capture rate [REC]

measured by particle detection

X-ray 
spectroscopy

Courtesy J. Glorius



• Double Sided Si Strip Detector (DSSSD) 
ü x & y segmentation
ü 500 µm thickness (ions are stopped)
ü ultra thin dead layer of 0.3 µm

• compatible to UHV conditions
ü low outgassing rate 
ü bakeable at T > 125oC

In-Vacuum Particle Detectors

Courtesy J. Glorius



ESR

gas jet

124Xe(p,g)
2nd generation detectors

50
 m

m 16 x 16 
strips

ceramic pcb
UH

V 
co

m
pa

tib
le

Courtesy J. Glorius

ESR Test Beam Time 2016 124Xe(p,g)125Cs



124Xe(p,g) - Results
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Approaching the Gamow Window with Stored Ions:
Direct Measurement of 124Xeðp;γÞ in the ESR Storage Ring

J. Glorius,1,* C. Langer,2 Z. Slavkovská,2 L. Bott,2 C. Brandau,1,3 B. Brückner,2 K. Blaum,4 X. Chen,5 S. Dababneh,6

T. Davinson,7 P. Erbacher,2 S. Fiebiger,2 T. Gaßner,1 K. Göbel,2 M. Groothuis,2 A. Gumberidze,1 G. Gyürky,8 M. Heil,1

R. Hess,1 R. Hensch,2 P. Hillmann,2 P.-M. Hillenbrand,1 O. Hinrichs,2 B. Jurado,9 T. Kausch,2 A. Khodaparast,1,2

T. Kisselbach,2 N. Klapper,2 C. Kozhuharov,1 D. Kurtulgil,2 G. Lane,10 C. Lederer-Woods,7 M. Lestinsky,1 S. Litvinov,1

Yu. A. Litvinov,1 B. Löher,11,1 F. Nolden,1 N. Petridis,1 U. Popp,1 T. Rauscher,12,13 M. Reed,10 R. Reifarth,2 M. S. Sanjari,1

D. Savran,1 H. Simon,1 U. Spillmann,1 M. Steck,1 T. Stöhlker,1,14 J. Stumm,2 A. Surzhykov,15,16 T. Szücs,8 T. T. Nguyen,2

A. Taremi Zadeh,2 B. Thomas,2 S. Yu. Torilov,17 H. Törnqvist,1,11 M. Träger,1 C. Trageser,1,3 S. Trotsenko,1 L. Varga,1

M. Volknandt,2 H. Weick,1 M. Weigand,2 C. Wolf,2 P. J. Woods,7 and Y. M. Xing5,1
1GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany

2Goethe Universität, Frankfurt am Main, Germany
3Justus-Liebig Universität, Gießen, Germany

4Max-Planck-Institut für Kernphysik (MPIK), Heidelberg, Germany
5Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou, China

6Al-Balqa Applied University, Salt, Jordan
7University of Edinburgh, Edinburgh, United Kingdom

8Institute for Nuclear Research (MTA Atomki), Debrecen, Hungary
9CENBG, CNRS-IN2P3, Gradignan, France

10Australian National University, Canberra, Australia
11Technische Universität Darmstadt, Darmstadt, Germany
12Department of Physics, University of Basel, Switzerland

13Centre for Astrophysics Research, University of Hertfordshire, Hatfield, United Kingdom
14Helmholtz-Insitut Jena, Jena, Germany

15Physikalisch-Technische Bundesanstalt, Braunschweig, Germany
16Technische Universität Braunschweig, Braunschweig, Germany

17St. Petersburg State University, St. Petersburg, Russia

(Received 6 December 2018; revised manuscript received 31 January 2019; published 7 March 2019)

We report the first measurement of low-energy proton-capture cross sections of 124Xe in a heavy-ion
storage ring. 124Xe54þ ions of five different beam energies between 5.5 and 8 AMeV were stored to collide
with a windowless hydrogen target. The 125Cs reaction products were directly detected. The interaction
energies are located on the high energy tail of the Gamow window for hot, explosive scenarios such as
supernovae and x-ray binaries. The results serve as an important test of predicted astrophysical reaction
rates in this mass range. Good agreement in the prediction of the astrophysically important proton width at
low energy is found, with only a 30% difference between measurement and theory. Larger deviations are
found above the neutron emission threshold, where also neutron and γ widths significantly impact the cross
sections. The newly established experimental method is a very powerful tool to investigate nuclear
reactions on rare ion beams at low center-of-mass energies.

DOI: 10.1103/PhysRevLett.122.092701

Charged-particle induced reactions like (p; γ) and
(α; γ) and their reverse reactions play a central role
in the quantitative description of explosive scenarios
like supernovae [1] or x-ray binaries [2], where

temperatures above 1 GK can be reached. The energy
interval in which the reactions most likely occur under
astrophysical conditions is called the Gamow window
[3,4]. Experimentalists usually face two major chal-
lenges when approaching the Gamow window: first, the
relatively low center-of-mass energies of only a few
MeV or less, and second, the rapid decrease of cross
sections with energy. The high stopping power con-
nected to low-energy beams typically limits the amount
of target material, and thus the achievable luminosity.
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work of Laszlo Varga

Towards background free measurement

Courtesy J. Glorius and L. Varga



Experiment during the COVID19
17.03 – 22.03

study of radioactive 118Te (6 days half-life)

~105 118Te52+ ions available at 10 MeV/u

Rutherford blocking technique
clearly demonstrated

with primary 124Xe beam 

Courtesy J. Glorius and L. Varga
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E127: “Measurements of proton-induced reaction rates on 
radioactive isotopes for the astrophysical p process” 

Rene Reifarth et al. 

Dear Colleague, 

The management of GSI/FAIR would like to thank you for submitting a proposal to 
our latest ‘Call for Proposals for Beam Time in 2018/2019’. The General Program 
Advisory Committee met on September 19-21, 2017 (G-PAC43 meeting), to 
evaluate a total of 64 proposals requesting 2035 shifts of beam time. The 
considerations of the G-PAC were based on their assessment of the scientific 
importance of the proposed research, its feasibility and its reliance on aspects of 
the GSI/FAIR facility that are unique. Proposals were ranked into 4 categories with 
experiments of category A recommended to be done. Category A- experiments are 
of great scientific interest but due to the large overdraft of beam time can be 
recommended to run only if beam time becomes available (reserve list). 
Experiments of category B are those that are encouraged to submit an amended 
proposal to a future call, and for category C experiments no beam time is 
recommended. In total, the G-PAC recommended 816 shifts of category A, of which 
311 shifts are at UNILAC, 317 shifts at SIS18, 122 shifts at ESR and 66 shifts at 
CRYRING. Shifts granted as experiments category A in this ‘Call’ will be scheduled 
between 2018 and 2019 and will expire after that period. 
 
For your proposal E1271 the G-PAC formulated the following evaluation with which I 
concur: 
 
Regarding the proposal "Measurements of proton-induced reaction rates on 
radioactive isotopes for the astrophysical p process” (Proposal E127), the G-PAC 
recommends this proposal with highest priority (A) and that 15 shifts of main 
beam time be allocated for this measurement. 
 
Further Steps 

� For scheduling your experiment, please contact your GSI contact person.  

� The department “Safety and Radiation Protection” is to be informed on the 
planned set-up of the experiment and their consent is required before running an 
experiment. Your GSI contact person might help you with this 

NUCLEAR ASTROPHYSICS &  
ATOMIC PHYSICS TECHNIQUES 

 
Experiments: E127_Reifarth, S461_Bruno 

 PJ  Woods 
University of Edinburgh 

 
on behalf of the NucAR collaboration 

First Proton Capture Reaction on Stored 
Radioactive Beam 

Courtesy R. Reifarth



Storage ring facilities at
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

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

Photos: M. Lestinsky, A. Zschau, GSI



The CRYRING@ESR facility

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



CARME @ CRYRING
(CRYRING Array for Reaction MEasurements)

Measure nuclear reactions 
directly at Big Bang energies

Novae physics

Reactions for p-process

Reactions for rp-process

Courtesy C. Bruno, T. Davinson, P. Woods

.....

Neutron-induced reactions
(surrogate method)

B. Jurado, ERC AG „NECTAR“



FAIR - Facility for Antiproton and Ion Research

100 m

UNILAC
SIS 18

SIS 100/300

HESR

Super
FRS

NESR

CRRESR

GSI today Future facility

ESR

FLAIR



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

Worldwide
Unique !
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From Single Ions to Highest Intensities



Production
Target

BigRIPS
Fragment Separator

R3
Storage

Ring

SHARAQ
Spectrometer

R3

injection

extraction

injection
kicker

BigRIPS + R3 Setup in RIKEN

Courtesy: Y. Yamaguchi



HIAF – High Intensity Heavy Ion Accelerator 
Facility



Outlook 2: Storage ring at ISOLDE

A new compact storage ring for light and heavy ions

10 m

Klaus.blaum@mpi-hd.mpg.de

The history: 04/2012
Eur. Phys. J. Special Topics
207, 1-117 (2012)

Courtesy M. Grieser, E. Siesling



• Neutron flux: 1014 n/cm2/s -> 
• Neutron target: 2 1010 n/cm2

• 107 ions, 1 MHz: 1013 ions/s
• Counts per day: 20 σ / mb

Reifarth  & Litvinov , Phys. Rev ST Accelerator and Beams, 17 (2014) 014701 
Reifarth et al., Phys. Rev ST Accelerator and Beams, 20 (2017) 044701

Outlook 3: Neutron-induced reactions
radioactive waste. Last but not least, there are considerably
less γ-rays per neutron.
Similar neutron densities as in a research reactor can be

reached in a close-by ion beam pipe if the spallation target
is surrounded by a moderator of heavy water (D2O). We
present the concept in Sec. II and the corresponding
simulations in Sec. III. It is feasible to build such a neutron
target at facilities like LANSCE at LANL (USA), n_TOF/
ISOLDE at CERN (Switzerland), GSI/FAIR (Germany),
HIRFL-CSR/HIAF (China), and others. We discuss the
possible realizations in Sec. IV.

II. CONCEPT AND GEOMETRY

The center of the simulated setup is a tungsten spallation
target, see Fig. 2. The cylindrical target is mounted inside an
evacuated proton beam pipe with a radius of 2.5 cm and
aligned in the direction of the proton beam. The protons
impinge on the tungsten and produce neutrons. Thematerial
of the beam pipe has to be chosen such that it has onlyminor
effects on the neutrons. The neutrons are moderated outside

the proton beam pipe by heavy water in a surrounding
sphere.A second (ion) beampipe is orientated perpendicular
to the proton beam pipe. The two pipes do not intersect since
the ion beam pipe is shifted by x ¼ 7.5 cm off the center of
the setup. The neutrons penetrate into the ion beam pipe and
serve as a target for the ions.
Compared to other elements, tungsten provides a high

density of about 19 g cm−3 combined with a very high
melting point of about 3,700 K. We investigated two
different tungsten target sizes, the “small version” with a
radius of 1.5 cm and a length of 10 cm, and the “large
version” with a radius of 2.5 cm and length of 50 cm.
We chose heavy-water moderators of different sizes with

radii 0.5, 1.0, and 2.0 m. If not specified otherwise, the
center of the spherical moderator is also the center of the
spallation target. A technical realization would require a
cooling of the spallation target. The cooling should be
realized with heavy water to avoid changes in the neutron
physics investigated here. Most neutrons eventually escape
the moderator volume after moderation and have to be

FIG. 2. Sketch of the proposed setup. Left: Protons impinge on a tungsten cylinder and produce neutrons. The tungsten spallation
target (brown) inside the proton beam pipe (red) is shown in the center of the sketch. (In the sketch, the pipe is cut open to reveal the
tungsten target.) The proton beam pipe points along the z-axis and is orientated perpendicular to the ion beam pipe (gray). The beam
pipes do not intersect as the ion beam pipe is shifted by several centimeters. The neutrons produced in the spallation process are
moderated in the surrounding heavy water (blue, only half of the sphere is shown). They penetrate the ion beam pipe and act as a neutron
target for the ions. The ends of ion beam pipe can be connected on the outside to form a storage ring. Right: 2D projections of the setup
(a) along the proton beam pipe, (b) along the ion beam pipe, and (c) perpendicular to both pipes. The lines of sight are indicated by gray
arrows in the left sketch. The water moderator is indicated by the light blue background.

RENÉ REIFARTH et al. PHYS. REV. ACCEL. BEAMS 20, 044701 (2017)

044701-2

Courtesy R. Reifarth



The DERICA Project

L. Grigorenko, et al., Phys. Uspechi 189 (2019) 721



 
NŽƌƚh AmeƌicaŶ  
SƚŽƌage RiŶgƐ aŶd NeƵƚƌŽŶ CaƉƚƵƌeƐ 
WŽƌkƐhŽƉ 
 
28-30 June, 2021 
Virtual Meeting hosted through Zoom and Gather.Town 

Rare-isotope storage rings offer unique capabilities to study nuclear properties through their 
relatively long storage times, as has been demonstrated by the work that has been performed 
over the last several decades at ring facilities around the world.  Despite these opportunities, to 
date little investment has been made in North America in rare-isotope storage ring capabilities. 

Neutron-induced reactions play a key role in understanding such diverse scientific fields as 
nuclear astrophysics, stockpile stewardship, reactor performance, and nuclear forensics.  For 
many of these endeavors, reactions on short-lived nuclei offer key insights into the physical 
environment.  Neutron reactions on short-lived nuclei have presented particular challenges, 
however, as both beam and target are unstable. 

Bringing storage rings to bear on the challenges of neutron-induced reactions offers the 
opportunity to directly measure neutron-induced cross sections.  In order to develop the 
technical capabilities to make this opportunity a reality, we invite you to participate in a virtual 
workshop focused on the scientific opportunities as well as the enabling technologies for such a 
new research avenue. 

Embracing the virtual nature of the workshop, the meeting will be broken into three half-day 
sessions.  No parallel sessions are planned.  Zoom will be used for the primary presentation of 
technical content, while substantial breaks are planned where critical informal discussion can 
take place in Gather.Town.  Gather.Town allows us to invite you for a virtual coffee and exciting 
discussions. 

Planned topics of discussion include: 

x Opportunities in Nuclear Astrophysics and Nuclear Reactions Measurements 

x Application Needs for Nuclear Data 

x Thermal Neutron Target Design 

x Interplay of Ion Storage Ring Acceptance and Cooling, with Reaction Product Detection 
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