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Where and how was gold cooked?
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Nucleosynthesis and energy generation depend on 

Masses 
Half-lives
Neutron emission probabilities Fission
Neutron capture rates 

From Fernando‘s Talk



Masses and lifetimes at future facilities



beamcollection, energymatching, and experiments are separated
for more efficient and optimized operation. This makes the
new ring complex an ideal tool for reaction studies at an internal
gas target or in combination with a small electron collider
ER (NUSTAR, 2007). Thus the exotic nuclei can be investigated
with new methods which are presently not available. The new
region of masses which can be accessed with such a next
generation facility is illustrated in Figure 48 on the example of
NUSTAR at FAIR.

The next generation mass and decay measurements will be
carried out in the framework of the ILIMA Isomeric beams,
(ILIMA, 2006) at the FAIR storage rings. IMS will be performed
at the CR where the experimental conditions are improved by
several orders of magnitude due to higher intensity of primary
beams and also the substantial increase of the phase space
acceptance compared to the present FRS–ESR complex. Similar
improvements are envisaged also for SMS in the NESR. A new
ion trap system will be installed in the framework of the
MATS (MATS, 2006) proposal at the low-energy branch of the
Super-FRS.

A clear goal of the NUSTAR program is to cover the
astrophysical r-and rp-processes paths, to collect first informa-
tion about changes of nuclear structure at the limits of nuclear
stability, and to provide pure isomeric beams for investigation
and reaction studies.

In conclusion, we have shown that mass spectrometry
and unique lifetime measurements with bare and few-electron
exotic nuclei havemade large progress in the recent years. A new
generation of accelerators in combination with rare-isotope
facilities which involve trapping and storage led to a fast
extension of the present knowledge of basic nuclear properties.
The new facilities going into operation or planned will lead us
to new, still more interesting regions far off the nuclear
stability line and thus will contribute to a better understanding
of nature and structure of nuclear matter. Mass and lifetime
measurements in storage rings with the capability to map large
areas of the nuclear chart will certainly play a key role in the
future too.
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FIGURE 48. Chart of nuclides with presently known masses (light gray or light blue). New regions to be
explored with NUSTAR at FAIR are marked in dark grey or red. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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What is the uniqueness of GSI/FAIR?

Higher energy
Storage rings
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Single-particle sensitivity
Broad-band measurements

Long storage times
Very short lifetimes

Physics at Storage Rings

Radioactive decay of highly-charged ions
Direct mass measurements of exotic nuclei

High resolving power

In-ring nuclear reactions

Reactions in Gamow window [(p,g), (a,g) ...]

Nuclear magnetic moments [DR]
Experiments with isomeric beams [DR, reactions]

Atomic levels in HCI (x-rays, DR…)

Charge radii measurements [DR, scattering]

High atomic charge states



Fragment 
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FRS

Secondary Beams of Short-Lived Nuclei

Production
target

Storage
Ring
ESR
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Linear
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Storage ring facilities at
Experimental Storage 

Ring (ESR)

In operation since 1990
Circumference = 108.3 m
Vacuum = 10-10—10-12  mbar
Electron, stochastic cooling
Energy range = 4 – 400 MeV/u
Slow and fast extraction

CRYRING 
(transported from Stockholm University)

Planned start of operation (stable ions) – 2016
Planned start of operation (exotic nuclei) – 2017
Circumference = 54.15 m
Vacuum = 10-11—10-12  mbar
Electron cooling
Energy range = ~0.1 – 15 MeV/u
Slow and fast extraction

Courtesy Michael Lestinsky



Heavy Ion Research Facility in Lanzhou (HIRFL)

CSRe

SFC (K=69)
SSC(K=450) 

CSRm 

RIBLL1 RIBLL2

Courtesy Guo Qing Xiao



Experimental Cooler Storage Ring CSRe



Production
Target

BigRIPS
Fragment Separator

R3
Storage

Ring

SHARAQ
Spectrometer

R3

injection

extraction

injection
kicker

BigRIPS + R3 Setup in RIKEN

Courtesy Tomohiro Uesaka



FAIR - Facility for Antiproton and Ion Research

100 m

UNILAC
SIS 18

SIS 100/300

HESR

NESR

CRRESR

GSI today Future facility

ESR

FLAIR

Super
FRS



BRing 

SRing 

MRing 

iLinac 
SECR 

iLinac: Superconducting linac
Length:100 m
Energy: 17MeV/u(U34+)

BRing: Booster ring
Circumference: 530 m
Rigidity: 34 Tm
Beam accumulation
Beam cooling
Beam acceleration

MRing: Figure “8” ring
Circumference: 268 m
Rigidity: 13 Tm
Ion-ion merging 

SRing: Spectrometer ring
Circumference:290m
Rigidity: 13Tm
Electron/Stochastic cooling 
Two TOF detectors
Four operation modes

HIAF: General description – Main components

Courtesy J. J. Chen



DERICA Project

Courtesy Leonid Grigorenko



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

Ion Beam Facilities / Trapping & Storage

Courtesy Thomas Stöhlker



Direct Mass Measurements on the Chart of the Nuclides

Penning Traps

Storage Rings

Individual Project
High-Precision Measurements of Nuclear Ground State Properties

Courtesy Klaus Blaum



SMS: Broad Band Frequency Spectra



SMS: Broad Band Frequency Spectra



SMS: Broad Band Frequency Spectra



Nuclear Decays of Stored Single Ions

Time-resolved SMS is a perfect tool to study decays in the ESR

EC, β+,β-, bound-state β, and IT decays were observed



Discovery of 184nHf Isomer

184gHf72+
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Physics cases

ð "Stellar lifetimes of SN isotopes"

Mixed decay isotopes Pure EC decay isotopes

SN isotopes

Primary SN isotopes

CR clocks

Secondary CR
spallation products

Courtesy Iris Dillmann



Mixed EC/b-decay isotopes: s process
• s-process "branchings"
• Determines how much material is 

transferred to next isotope
• Interior of stars: high recombination rates 

but also high temperatures
• T≈30-1000 MK

43.9% EC/17.6% b+

6.9% EC

6.1% EC/ 2.2% b+

28 (4)% EC
72.1% EC

86 (3)% EC

7.47% EC

2.92% EC

60 (5)% EC

Courtesy Iris Dillmann



b-delayed neutron emission probability

Sn

Sn< Qb

Important nuclear structure information
Pn : b-strength above Sn

t1/2(AZ+1): sensitive to low-lying b-strength

A. Evdokimov et al., Proc. NIC XI, PoS (NIC XII) 115

PoS(NIC XII)115

An alternative approach to measure β -delayed neutron emission Alexey Evdokimov
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Figure 4: Tracking of 211Hg and its decay products in the ESR (left) and CR (right) at the respective pocket
positions. In accordance to Table 2, the β−-decay of 211Hg to 211Tl implies “small” change in A/q of 1.24%,
which is still inside the acceptance of the ESR and CR. The βn-decay to 210Tl changes A/q by 1.7%, which
would be outside the acceptance. The acceptance region for decay measurements by the particle detector and
Schottky spectrometry are marked by green and violet backgrounds, correspondingly. With a Pn of 7.35%
and after 5 ms / 8.55 ms (104 revolutions in the ESR / CR) all three components could be separated as shown.

The decays occur somewhere in the ring during the 104 revolutions (corresponding to a dura-
tion of 5 ms and 8.55 ms for the ESR and CR, respectively). In the present stage of the simulations
the influence of the different decay half-lives are not yet included. In Fig. 4 we show two examples
for the simulation of the tracking of the mother ions (211Hg) and the decay products (211Tl and
210Tl) in the ESR and CR. The separation between the orbits of the daughter and the mother ions
are satisfactory for the chosen pocket positions. The detection efficiency is relatively high since al-
most 100% of the deflected ions (which are not lost otherwise) are detected by the particle detector.
The relative numbers of surviving daughter and granddaughter ions after 104 turns are ∼ 52% and
∼ 43% for the ESR and CR, respectively.

4. Outlook

We have presented a new method to measure βn-branching ratios with storage rings. Proof-
of-principle tests at the existing ESR with 211Hg, 212Hg, and 213Tl are planned since they can be
directly compared with recently measured values from the FRS [5]. Later on, this method will be
extended to investigate well-known βn-standards (e.g. 87,88Br, 94Rb, and 137I). The planned particle
detectors will be designed as multi-purpose detectors with a larger active area (up to 120x44 mm2)
which can be used not only for βn-measurements, but also for other decay channels like α-, n- and
p-decays.

5. Acknowledgements

Special thanks to Dr. Otto Klepper for sharing his incredible experience with us. This project
is supported by Helmholtz Association via the Helmholtz Young Investigators Group LISA (VH-
NG 627) and by the German BMBF (NuSTAR-BMBF-FSP 302).
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Search for Nuclear Excitation in Electron Capture process
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Insert scraper

ESR:
Ability to prepare 
pure isomeric beams

Slowing down to 4 MeV/u

CRYRING:
Slowing down to a few 10 keV/u

Fast extraction towards an external
Detection system
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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

Courtesy Rene Reifarth



96Ru(p,g)97Rh Experiment at the ESR

B. Mei et al, PRC 92 (2015) 35803

Slowing down to ~10 MeV/u

96Ru(p,g)97Rh

Above (p,n) treshold
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( Non-smoker: 3.5 mb )

Courtesy Rene Reifarth



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

inside dipole

DSSSDs

primary beam

product

Double-sided silicon strip 
detector installed directly 
into the UHV of the ESR

Courtesy Jan Glorius



The 124Xe(p, γ) 125Cs experiment - Data analysis

•succesfull measurement of the proton-capture products
•by decreasing the beam energy:
⇒ cross section of (p, γ) decreases
⇒ background increases

Courtesy Jan Glorius



E062 M. Heil et al.
E108 R. Reifarth et al.

E127 R. Reifarth et al.
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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



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

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)

044701-2 Courtesy Rene Reifarth



Where and how was gold cooked?
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Nucleosynthesis and energy generation depend on 

Masses (yields down to 1 ion in a few weeks) 
Half-lives (especially of highly charged ions)
Neutron emission probabilities Fission
Neutron capture rates (long term future)



ISOLDE Seminar
April 20 2011, CERN, Geneva

Many-many thanks to all colleagues from all over the world !!!


