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Why storage rings?

- 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
- Laser-ion interaction
- Various gaseous internal targets, electrons, (neutrons)
- High detection efficiencies for recoils



Physics book: 
CRYRING@ESR

(2016)



• Capture reactions for astrophysical p-process 

• Nuclear structure through transfer reactions
• Long-lived isomeric states
• Atomic effects on nuclear half-lives 

Half-life measurements of 7Be in different atomic charge states 

• 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 
• ….

Physics Case For a Low-Energy Storage Ring

1. Nuclear Physics



• Precision x-ray spectroscopy 

• Super-Critical fields
• Electron-Ion collisions 
• Atomic lifetimes
• Nuclear effects on atomic decay rates 

• Photoionization
• Di-electronic recombination on exotic nuclei
• Electron spectroscopy / electron scattering
• Atom/Molecule fragmentation

• Ion-molecule interactions
• Laser induced recombination
• .....

Physics Case For a Low-Energy Storage Ring

2. Atomic Physics



Just a few examples of physics cases



Astrophysics motivation: the p-process

35 stable neutron-deficient isotopes between 74Se and 196Hg

Dominating reactions: (p,γ) for light nuclei;
(γ,n), (γ,p), (γ,α) and β+ decays for heavier nuclei

Temperatures of 2-3×109 K during time scales of a few seconds are required 
(type II supernovae explosions)

Courtesy Rene Reifarth

p-nuclide

r- or s- seed nuclei

unstable nucleiNetwork calculations
more than 2000 nuclei
(mostly unstable)
more than 20000 reactions



Reaction studies in a storage ring

ESR

Gas jet

Particle detectors
High revolution frequency 

à high luminosity even with thin targets

Detection of ions via in-ring particle detectors

à low background, high efficiency

Well-known charge-exchange rates 

à in-situ luminosity monitor

Ultra-thin windowless gas targets

à excellent resolution

Applicable to radioactive nuclei



Astrophysical Gamow Window



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

• test experiment for new setup: 
Ø 124Xe: technically simple, stable beam, high intensity
Ø 10-100 mbarn cross section expected for proton capture @ 7 MeV/u

• science case 124Xe:
ü p nucleus 
ü reaction is important 

in production/destruction 

www.talys.eu  
theory cross section

(p,g)
(p,n)

(p,a)

Courtesy Jan Glorius



Normalization of Nuclear Cross Sections
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The new setup @ ESR

(p,g)
stored beam

e- capture

2m long detector drive

target

inside dipole chamber

Courtesy Jan Glorius



New in-vacuum particle detectors

• 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

Courtesy Jan Glorius

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



124Xe(p,g)125Cs Experiment at the ESR
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124Xe(p,g)125Cs Experiment at the ESR
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124Xe(p,g) - Results

6 MeV/u
8 MeV/u7 MeV/u

Courtesy Jan Glorius
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Approaching the Gamow Window with Stored Ions:
Direct Measurement of 124Xeðp;γÞ in the ESR Storage Ring
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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.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.
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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 

Future measurements



The CRYRING facility

• CRYRING is a dedicated low-energy storage ring
Ø all GSI beams available between ~100 keV/u and ~15 MeV/u
Ø longer beam lifetimes for highly charged ions at low energies

• first commissioning phase is finished

• CRYRING is the ideal machine for astrophysical reaction studies

Courtesy Jan Glorius



CRYRING@ESR 

Cryring+ESR: beam energies 0.1-1.0 MeV/u
reaction rates measurements in the
Gamow window of the rp-process

ESR: beam energies > 4.0 MeV/u
reaction rates measurements in the
Gamow window of the p-process

Example: 33Cl(p,g)34Ar by-pass of 34mCl g-ray emitting isomer
Novae physics
Production of 34m,gCl

resonance strengths

assuming 106

stored 33Cl
we can expect:
1200 count/hr
1 count/s
2 counts/s
10 counts/day
1 count/s

D
R
A
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4.3. Direct measurements of Nova (p, �) resonant reaction rates 43
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Figure 2.1: �-decay scheme for 34Cl (Firestone, 1996). The 34mCl isomeric state at 146 keV
decays into excited states of 34S producing three �-rays of astronomical interest. Beta-decay
branchings are given as percentages.

detection of any one of these lines in nova ejecta would provide a direct isotopic abundance
determination of the corresponding radioactive parent. This, in turn, would impose demanding
constraints on the predictive abilities of theoretical novae models because the fate of any isotope
in the TNR depends not only on its production and destruction reaction paths, but also on
when the isotope is produced during the TNR; this is the because the TNR generates a highly
dynamical environment, with convective turnover, followed by eventual expansion and reaction
freeze-out, so that the temperature and matter density are time-dependent, and the reaction
rates themselves are coupled to the dynamics through a power-law dependence on temperature
and a quadratic dependence on the matter density (r / ⇢(t)2T (t)n, with n & 15).

A description of this can be made utilizing the diagrams of the neon-sodium and sulfur-
chlorine burning cycles, shown in Fig. 2.2, where proton capture is denoted by vertical red
arrows and �

+ decays are denoted by blue arrows. Isotopes shown in yellow boxes are unstable,
while those in white boxes are stable. We focus first on the neon-sodium cycle and production
of �-ray emitter 22Na and will later apply its principles to understanding the importance of the
S-Cl cycle and production of �-ray emitter 34mCl. Proton capture on the seed 20Ne, mixed into
the lower burning zone of the envelope, commences the reaction path, leading to 21Na. From
this point, production of 22Na occurs by two possible reaction paths: proton capture on 21Na
leading to 21Na(p, �)22Mg(�+)22Mg, or 21Na(�+

⌫)21Ne(p, �)22Na. Its subsequent destruction is
determined by 22Na(p, �)23Mg. Because (p, �) reaction rates are themselves density dependent
and highly temperature dependent (r(p,�) / ⇢

2(t) · T
n(t), with n & 15 at T = 200 MK),

while �
+-decay is not, the resulting abundance of 22Na will be sensitive to the coupling of the

(p, �) rates responsible for its production/destruction to the hydro- and thermodynamical time-
evolution of the burning zone. In this respect, convection within the hydrogen envelope also
plays a role: if an isotope, freshly produced by a (p, �) reaction, is convectively transported to
the cooler surface of the hydrogen envelope, on time scales shorter than its subsequent (p, �)
destruction reaction, more of it can be expected to survive the TNR and find its way into
the ejecta. The interplay between the (p, �) reaction time scales, the temperature and density
evolution, and the convective turn-over time scales, thus, all come into play in determining
how much abundance of any given isotope survives into the nebula phase of a nova. Thus, to
model the abundance of 22Na that survives into the ejecta phase, it is essential to determine
the rates of those reactions directly responsible for its production/destruction. Until the last
˜10 years, direct measurement of the (p, �) rates in this cycle involving the radioactive nuclei
21Na and 22Na were not possible, owing to a lack of radioactive beam facilties with su�cient
beam intensities. The first of these to be measured was the 21Na(p, �)22Mg reaction rate, in an
experiment performed by this author (Bishop et al., 2003; D’Auria et al., 2004) and was the first

Figure 4.2. �-decay scheme for 34Cl (Firestone, 1996).
The 34mCl isomeric state at 146 keV decays into excited
states of 34S producing three �-rays of astronomical inter-
est. �-decay branchings are given as percentages.

2.8. DIRECT MEASUREMENTS OF NOVA (P, �) RESONANT REACTION RATES 13

Figure 2.5: The Ne-Na burning cycle (lower left) and the S-Cl burning cycle (upper right). Beta
decays are depicted with blue arrows and (p, �) reactions are depicted with vertical red arrows.
The cyclic nature of both is depicted by the thick outer red arrow for the (p, ↵) reaction on 23Na
and 35Cl, respectively. 22Na and 34Cl are the two relevant �-ray emitters.

feeding from the �-ray decay of resonant states in 34Cl that lie in the Gamow Window of the
33Cl(�⌫)33S(p, �)34mClreaction. In contrast, the path 32S(p, �)33Cl(p, �)34Ar(�⌫)34Cl entirely
by-passes the 34mCl isomeric state because the 34Ar �-decay feeds almost entirely into the 34Cl
ground state (94%), with the remaining ⇠ 6% of the decay feeds into excited states which,
themselves, �-decay with branches that by-pass the isomer (??). Thus, the production of the
three astronomical �-ray lines [1.18 MeV (14%), 2.13 MeV (42%) and 3.30 MeV (12%)] arising
from the �-decay of 34mCl comes purely from (p, �) capture on 33S. Within these reaction
paths the �-decay rates of 33Cl and 34Ar are both known (?); however, it must be stressed
that both the 33Cl(p, �)34Ar isomeric-bypass reaction is entirely unknown a the present, as is
the 34g,mCl(p, �) (g = ground state) destruction rate. Both are presently modelled employing
the Hauser-Feschbach statistical model for their reaction cross-sections. The level densities of
both 34Ar and 35Ar, within the ONe-nova Gamow Window, do not justify this treatment, as
can be seen in Fig. 2.6, where the vertical red bars indicate the Gamow Window for the labelled
temperature (in units of GK). Those states lying within the excitation energy range spanned by
the 0.1 and 0.3 GK lines can contribute to resonant (p, �) capture at ONe nova temperatures.
Additionally, the 33S(p, �)34g,mCl reaction rate and the subsequent model yields of 34mCl and
34gCl will require revision owing to work we have done at the Maier Leibnitz Tandem Laboratory;
seven new states within the Gamow Window have been found in 34Cl (?); their (p, �) resonance
strengths have yet to be determined. Presently, their decay branchings into the 34mCl isomeric
state only have estimated upper limits, in terms of partial strengths (resonance strength times
decay branching), of ⇠ 1 meV (?). These estimates are based on the non-observation of decay �-
rays feeding from these states into the isomer under the assumption that these states were in fact
populated in a resonance reaction in which the resonance was not scanned over a thick target.
The authors themselves admit that their setup was not optimal for this type of measurement (?),
and so further work needs to be done to determine the 34mCl versus 34gCl nova yield from these
these newly discovered states.

With its relatively short half-life of 32 mins, 34mCl will undergo �-decay predominantly
during the opaque phase of the expanding ejecta. Furthermore, it has been calculated (?)
that the isomeric level can be destroyed via photo-excitation to higher levels which subsquently
branch, via �-decay, to the 34Cl ground state with larger branchings than that to return back

Figure 4.3. The S-Cl burning cycle. �-decays are depicted
with blue arrows and (p, �) reactions are depicted with ver-
tical red arrows. The cyclic nature is depicted by the thick
outer red arrow for the (p, ↵) reaction on 35Cl. 34Cl is the
relevant �-ray emitters.

burning zone of the ONe-type, the composition mass-flow reaches as high as calcium (José
and Hernanz, 1998). Within this mass range exist three �-ray emitting isotopes which are,
themselves, potential targets of �-ray astronomy. They are: 22Na with t1/2 = 2.6 yr, 26Al
with t1/2 = 7.2 ⇥ 105 yr, and 34mCl with t1/2 = 32 min. The latter case, 34mCl �-decays
into various excited states of 34S (see Figure 4.2), giving rise to the following �-rays (and
population fractions): 1.18 MeV (14%), 2.13 MeV (42%) and 3.30 MeV (12%). Since
the �-rays originate from the decay of radioactive parent nuclei (22Na, 26Al and 34mCl)
produced within the TNR, the detection of any one of these lines in nova ejecta would
provide a direct isotopic abundance determination of the corresponding radioactive parent.
This, in turn, would impose demanding constraints on the predictive abilities of theoretical
novae models.

The S-Cl cycle is schematically illustrated in Figure 4.3. The production of 34mCl proceeds
via only one (p, �) path: 32S(p, �)33Cl(�⌫)33S(p, �)34mCl. The 34mCl isomeric state is pro-
duced via feeding from the �-ray decay of resonant states in 34Cl that lie in the Gamow
Window of the 33Cl(�⌫)33S(p, �)34mCl reaction. The path 32S(p, �)33Cl(p, �)34Ar(�⌫)34Cl
entirely by-passes the 34mCl isomeric state because the 34Ar �-decay feeds almost entirely
into the 34Cl ground state (94%), with the remaining ⇠ 6% of the decay feeds into excited
states which, themselves, �-decay with branches that by-pass the isomer (Endt and Fire-
stone, 1998; Firestone, 1996). Thus, the production of the three astronomical �-ray lines
[1.18 MeV (14%), 2.13 MeV (42%) and 3.30 MeV (12%)] arising from the �-decay of 34mCl
comes purely from (p, �) capture on 33S. Within these reaction paths the �-decay rates of
33Cl and 34Ar are both known (Endt and Firestone, 1998); however, it must be stressed
that both the 33Cl(p, �)34Ar isomeric-bypass reaction is entirely unknown a the present, as
is the 34g,mCl(p, �) (g = ground state) destruction rate. Both are presently modelled em-
ploying the Hauser-Feshbach statistical model for their reaction cross-sections. The level

S. Bishop et al.



CARME@CRYRING
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Neutron-induced reactions via surrogate method

A. Henriques, B, Jurado, M. Grieser, et al.
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229(m)Th: A Unique Candidate for a 
Nuclear Optical Frequency Standard 

Concept: E. Peik and C. Tamm, Europhys. Lett.  61, 181 (2003)

© Th.Schumm/C.Brandau

Ip = 3/2+ [631]

Ip = 5/2+ [633]

DE = 8.28(17) eV
M1 - transition

“Metrology at the19th Decimal Place”
C.J. Campbell, et al.,PRL 108,120802 (2012)



Courtesy to Carsten Brandau  21/09/2017

Effect of Atomic Electrons: 
229mTh („Nuclear Level Quenching“)

Wycech & Zylicz, Ac.Phys.Pol. 24(1993)637
F.F.  Karpeshin, et al.,  PRC 57(1998)3085
K. Pachucki, et al., PRC 64(2001)064301

Slow: 0, 2e-, 4e-
(e-spin paired, no HFS)

Fast: 1e-, 3e-,… (HFS)
(„nuclear level quenching“)

Nuclear spin mixing due  to HF 
interaction of bound electrons:

Bare: H-like (1 electron):

E123



Courtesy to Carsten Brandau  21/09/2017

DR of 0-- Isomers in 234Pa88+ 

µn (4+ gs) = 0.7
(P. Walker, priv. comm.)
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C. Brandau et al., in preparation



GSI Helmholtzzentrum für Schwerionenforschung GmbH

Some prototypes

▪ Different topologies are known 
in the literature

▪ Even used in accelerator 
physics (e.g. Faltin-Pickup)

▪ Currently studying and 
optimizing
▪ Planar
▪ Spiral

Shahab Sanjari, CRYRING@ESR Experiments Meeting, 16-NOV-2018, GSI Darmstadt



GSI Helmholtzzentrum für Schwerionenforschung GmbH

Bench top models

Shahab Sanjari, CRYRING@ESR Experiments Meeting, 16-NOV-2018, GSI Darmstadt
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GSI Helmholtzzentrum für Schwerionenforschung GmbH

Development of Cryogenic Current Comparators (CCC) 
for nA Beams: Absolute Measurements

Spill Analysis with 
nA Resolution at SIS18

Investigation of new Shielding 
Geometries à Test at CRYRING

M. Schwickert, Th. Sieber et al., GSI
V. Tympel et al., HI Jena and FSU Jena

Advanced CCC Design 
for FAIR

CCC Principle



GSI Helmholtzzentrum für Schwerionenforschung GmbH

Superconducting shield/pickup -> detection
of beam azimuthal field with SQUID sensor

CCC Principle

Space (temporary) 
available for CCC

250 mm

CCC in CRYRING (2019/2020):  

→ tool for commissioning

→ support for exp. program

→ test bench for further development  

CCC-XD Nb detector and shield
for 150 mm beam tubes. Tested
and ready for operation

Superconducting

Coreless CCC with axial
meander Pb shield (IPHT
Jena). Significant cost
reduc-tion --> tests in
CRYRING

Beam
Tube

Steel
Frame

Design of new UHV cryostat.
Production is starting now.
Installation in CRYRING
early in 2020

12
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Liquefier
Head

Vacuum
Chamber

Helium
Container

CCC Shield +
Detector

Aluminum
Window

Thermal
Shielding

Cryogenic Current Comparator (CCC) for nA Beam Measurements

GSI Darmstadt, HI Jena, TU Darmstadt, FSU and IPHT Jena
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CRYRING@ESR 

Circumference: 54 m
Rigidity at injection 0.88 Tm (1.44 Tm)
Lowest rigidity 0.054 Tm
Lowest energy Charge exchange limited
Magnet ramping 7 T/s; 1 T/s
Slow extraction

Electron cooling
Coolinear laser spectroscopy

Internal target

ESR
HITRAP

Cryring
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(2016)
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NuSTAR Annual Meeting
March 02-04 2011, GSI, Darmstadt

Physics Case For a Low-Energy Storage Ring

TSR@ISOLDE Workshop at the 
Max-Planck-Institute for Nuclear Physics

28.-29.10.2010

about 50 participants
from 15 institutions

from 7 countries

Letter of Intent to the ISOLDE and Neutron Time-of-Flight Committee

Storage ring facility at HIE-ISOLDE
evaluated at INTC meeting on 2nd February 2011



High Intensity Heavy-ion Accelerator Facility



DERICA Project @ JINR, Dubna



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

Neutron captures in inverse kinematics

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)
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