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Merit of storage rings
! High charged ions stored : 

! unique decay modes (bound-beta, ... @ ESR)

! Cooling :

! very sma# emittance

! High resolving power : 

! isobar(isomer) separation (SMS @ ESR)

! Thin internal target / revolution : 

! low momentum transfer (e.g. EXL)



I. Masses
! Schottky mass spectrometry for long-lived nuclei (ESR)

! Isochronous mass spectrometry for short-lived nuclei (ESR/CSRe)



II. Lifetimes
! Lifetime measurements in the rings (SMS)

! Decay of highly-charged radioactive ions : astrophysical importance

! Electron screening effect

! EC and IC decays

! Bound-state beta decay mode

! M. Jung et al., Phys. Rev. Lett. 69 (92) 2164.

! F. Bosch et al., Phy. Rev. Lett. 77 (96) 5190.

! T. Ohtsubo et al., Phys. Rev. Lett. 95 (05) 052501.

! Hyperfine effect / electron spin (total angular momentum)

! Y. Litvinov et al., Phys. Rev. Lett. 99 (07) 262501.

! N. Winckler et al. Phys. Lett. B 679 (09) 36.



Decays in the ring

FRS-ESR collaboration
observed by old Schottky pickup



Simultaneous observation of Continuum and 
Bound state beta decay

simultaneous observation 
in the broadband spectra

observation at FRS-ESR

T. Ohtsubo et al., PRL 95 (2005) 052501.



New Schottky Resonator
! S/N greatly improved

! Recoil effect detected

F. Nolden et al., NIM A659 (2011) 69.
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A possible experiment 
at CSRe (Lanzhou)

~ Lifetimes of HCI

! Fragment separator 
RIBLL2

! Resonant Schottky

‣ recently insta#ed !

! Electron Cooler

Parameter of CSRe
Max. energy: 400 MeV/u (U90+)
Brho: 8.4 Tm



K. Takahashi and K. Yokoi, ADNDT 36 (87) 375.
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Astrophysical effect                          ~ r-process & s-process ~ 

! Lifetimes of neutron-rich nuclei close to 
the r-process were measured.

S. Nishimura et al., PRL 106 (2011) 052502.

! Bound-state beta decays may affect the 
decay rate calculations in the s-process.

r-process

s-process



III. Reactions in the rings

Storage rings provide unique conditions 
for nuclear reaction experiments.

high charge state, cooling, thin internal target, revolution 
frequency, high resolution, ...
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1. Introduction 

 Measurements of total reaction cross sections (!R) or interaction cross sections (!I : !I is 

nearly equal to !R at relativistic energies) allow us to determine nuclear matter radii for unstable 

nuclei via Glauber-type calculation [1]. Nuclear matter radii are good tool to search for unusual 

nuclear structures. The pioneering experiment by  Tanihata et al. [2] demonstrated an abnormally 

large !I for 11Li from the systematic measurement for Li isotopes (See Fig. 1). This work suggested 

that loosely-bound valence two nucleons in 11Li significantly extent to the outside of the nuclei like 

“Halo”. Following this discovery, the narrow momentum width of valence two nucleons in 11Li was 

observed through the measurement of momentum distribution [3] (See Fig. 2). With these two 

experimental results, it was confirmed that wave functions of valence nucleons in 11Li are spatially 

extend and constitute the “Halo structure”. 

 About 10 years ago, there was a remarkable discovery from the experiments on !I and 

momentum distributions for light isotopes including the neutron drip-line nuclei, a new magic 

number at N = 16 of nuclei in that region [4]. From the measurements of radii and momentum 

distributions, it was indicated that there was a level inversion between 1s1/2-orbital and 0d5/2 orbital 

and such lowering of s-orbital results in the new closed shell which can be supposed from the single 

particle model calculation with the spheroid Woods-Saxon potential (See Fig. 3). 
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Fig. 1 : !I for Li isotopes are plotted as a function 
of mass number A [2]. Large !I for the two-
neutron halo nucleus 11Li beyond the systematics 
of other Li isotopes can be seen. 

Fig. 2 : Narrow transverse momentum distribution of 
9Li in 11Li measured through the projectile 
fragmentation of 11Li (solid symbols and solid line) 
[3]. Typical momentum distributions for stable 
nuclei (90 MeV/c, !) is shown with dashed line for 
comparison, 
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Tanihata, PRL55, 2676 (1985) Kobayashi, PRL60, 2599 (1989)

Physics 3, 13 (2010)

FIG. 1: 22C is now the heaviest observed Borromean nucleus.
Borromean nuclei are named after the rings from the 15th cen-
tury crest of the Borromeo family from northern Italy. The
rings are connected in such a way that the cutting of one ring
results in the separation of all three. (Left) Marble represen-
tation of the Borromean rings, used as an emblem of Lorenzo
de Medici in San Pancrazio, Florence [13]. (Right) Schematic
view of 22C showing the two halo neutrons around a core. Re-
moving any one element makes the entire structure unstable.
(Illustration:Alan Stonebraker)

divided approximately equally between the 0p2
1/2 and

1s2
1/2 shell model configurations [6].

In the case of 11Li, the large role played by the 1s1/2
neutron orbit signals the disappearance of the N = 8
major shell closure that exists in stable nuclei. The shift-
ing of shell closures near the neutron dripline is a major
theme of studies of exotic nuclei, with such shifts oc-
curring systematically in neutron-rich isotopes (for ex-
ample, see Refs. [7, 8]). Such shifts also play an im-
portant role in the formation of the neutron halo in 22C:
The presence of an N = 16 shell closure in neutron-rich
isotopes, recently highlighted by the determination of
the doubly-closed-shell nature of the neighboring iso-
tone 24O [9, 10], drives the purity of the ground-state
wave function of the neutron halo in 22C.

In fact, a comparison of the three N = 16 dripline
nuclei—22C,23 N, and 24O—provides a beautiful illustra-
tion of the core dynamic of nuclear structure physics:
the sensitive dependence of nuclear behavior on pro-
ton and neutron numbers. Despite the presence of the
N = 16 shell closure in all three of these isotones, their
geometries are quite different. 22C is weakly bound and,
as Tanaka et al. have shown, possesses a clear neutron
halo (rms radius of 5.4± 0.9 fm). 23N and 24O are much
more tightly bound—the single neutron separation en-
ergies in both 23N and 24O are several MeV—and Ozawa
et al.[11] showed that their matter radii are much closer
to the “normal” nuclear values of (1.2 fm)A1/3 (the radii
reported in Ref. [11] are 3.41± 0.23 fm and 3.19± 0.13 fm
for 23N and 24O, respectively, while the corresponding

values of (1.2 fm)A1/3 are 3.41 fm and 3.46 fm). In fact,
while 22C has now been shown to be one of the most ex-
otic of the 3000 known isotopes, the neighboring isotone
24O has proven to display, in many respects, the behav-
ior of a conventional doubly-magic nucleus [9, 10] (even
if the N = 16 shell closure is exotic).

In this context, it is worth noting that at only one pro-
ton above 24O, the neutron dripline jumps from N =
16 to N = 22 (the heaviest bound fluorine isotope is
31F [12]). This phenomenon continues to challenge our
understanding of nuclear behavior in extreme condi-
tions. In short, the discovery of a neutron halo in 22C
by Tanaka et al.[5] is not just a tour de force of the applica-
tion of frontier experimental techniques to the search for
exotic nuclear behavior. When taken together with the
recent advances in the understanding of the neighbor-
ing isotone 24O, the 22C measurement provides a critical
step forward. Detailed studies of heavier isotopes along
the neutron dripline will become possible during the
next decade as new exotic beam facilities and more sen-
sitive detectors come online. These studies will reveal
new halo nuclei, novel shell effects, and perhaps even
phenomena that are completely unexpected in our un-
derstanding of the basic physics of the neutron dripline.
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In  addit ion to  l i th ium-11 and 
berr y l ium-14,  the  neutron-r ich 
isotope carbon-22 (22C) could also be 
a Borromean ‘halo’ nucleus, a team of 
researchers from Japan has reported in 
Physical Review Letters1. The finding 
will allow physicists to test fundamental 
nuclear models in nuclei containing a 
high ratio of neutrons to protons.

To a good approximation, the atomic 
nucleus is a uniformly dense distribution 
of protons and neutrons packed into a 
spherical drop a few femtometers (10-15 m) 
in radius. However, isotopes that contain 
more than two to three neutrons for every 
proton start to ‘leak’ neutrons. For a very 
few of these neutron rich nuclei, one or 
two excess neutrons form a loosely bound 
orbit—or halo—about the nuclear core. 

The two-neutron halo nucleus is a 
special quantum three-body system: 
if one of the neutrons in the halo is 
removed, the remaining part falls 
apart. This interdependent system of 
two neutrons and a core is called a 
‘Borromean’ nucleus, because of its 
similarity to the three, interlocked 
Borromean rings (Fig. 1).

“Previously, only the instability of 21C 
suggested that 22C might be a Borromean 
nucleus, and hence have a two-neutron 
halo,” explains Kanenobu Tanaka 
from the RIKEN Nishina Center for 
Accelerator-Based Science in Wako. “To 
study whether 22C has the halo structure, 
we assembled a large-scale collaboration 
among institutions with expertise on 
many techniques. For example, special 
detector settings had to be prepared and 
creating the beams of carbon isotopes 
required careful tuning.” 

Nuclei with a high neutron-to-
proton ratio are unstable and can only 
be made artificially. Using the RIKEN 
projectile fragment separator (RIPS) 
the researchers produced three isotopes 
of carbon—19C, 20C and 22C—from the 
fragments of a high-energy beam of 
argon that impinged on a tantalum target. 
They then bombarded the carbon nuclei 
against a target cell for liquid hydrogen. 
Since larger nuclei are more likely to 
strike the hydrogen protons in the liquid, 
the researchers could determine the size 
of each carbon isotope by measuring its 
frequency of collision.

Tanaka and colleagues found that the 
radius of the 22C was about 5.4 fm, which 

is more than 50% larger than theoretical 
predictions, providing strong evidence 
that 22C is a halo nucleus and making it 
the heaviest Borromean nucleus ever 
observed.

“This finding opens the possibility 
to find halo nuclei in a more extended 
region of the nuclear chart and will give 
us greater insight into the mechanism of 
halo formation,” says Tanaka.   

1.  Tanaka, K., Yamaguchi, T., Suzuki, T., Ohtsubo, 

T., Fukuda, M., Nishimura, D., Takechi, M., 

Ogata, K., Ozawa, A. Izumikawa, T. et al. 

Observation of a large reaction cross section 

in the drip-line nucleus 22C. Physical Review 

Letters 104, 062701 (2010).

Carbon wears a halo
Discovery of the heaviest known Borromean nucleus provides a new 
testing ground for fundamental nuclear models

Figure 1: An example of ‘Borromean’ rings. If just one ring is cut, the whole structure will fall apart.

© 2010 RIKEN 

Borromean

as large as 208Pb

σR p||
Neutron halo in 11Li



New results @ RIBF, 2011
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Interaction cross sections : Ne isotopes @250MeV/u

T. Nakamura et al.,
PRL 103 (2009) 262501.

Coulomb breakup of 31Ne
the largest halo !

Very difficult for heavy nuclei



Reactions in the rings
! Total x-sections ! matter radius (density)

e.g.  56Ni + p : interaction cross sections

! Momentum distributions of breakup fragments

! Nucleon removal x-sections

! position distribution at dispersive focus

e.g.  56Ni + p ! 55Ni : one neutron removal reaction 
to study shell structure change

diffi
cult ?ea

sy
 ?



Setup at ESR
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The decrease of beam intensity gives a reaction probability.
Problem : atomic effect much larger !
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Momentum distributions
excellent separation
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Update of the 
Technical Proposal for the Design, Construction, Commissioning and Operation 

of the EXL Project (Exotic nuclei studied in light-ion induced reactions at the 
NESR storage ring) 

 
The EXL Collaboration 
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of the (p,γ) cross section. So far only first results at 11 MeV per nucleon are available. The
derived upper limit of the 96Ru(p,γ)97Rh cross section is 4.0 mb, which is comparable to the
predictions from the NON-SMOKER code [10].
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Figure 3. The left part shows the LISE++ [9] shape predictions of the different nuclear
components. The right part shows a fit of the experimental data neglecting the (p,n) component.
The position of the primary beam is at -40 mm.

4. Summary and outlook
A pioneering experiment was performed at the Experimental Storage Ring (ESR) at GSI. Fully
stripped ions of 96Ru were injected into the storage ring and slowed down to 9-11 MeV per
nucleon. The 97Rh ions following the 96Ru(p,γ) reaction at a cryogenically cooled liquid microjet
hydrogen target were detected with Double Sided Silicon Strip Detectors (DSSSD) mounted
inside a pocket. We could prove the feasibility of this approach and clearly detected events
originating from proton captures on 96Ru. The analysis is still in progress and we could therefore
only report an upper limit on the cross section at 11 MeV, which is slightly above the prediction
from the NON-SMOKER code. The detailed analysis will eventually include a simulation of all
beam line components and reaction channels. It will also be extended down to 10 and 9 MeV. In
the future, such experiments have to be performed with particle detectors inside the ultra-high
vacuum of the ESR in order to measure in the Gamov window. Additionally a demonstration
experiment for (α, γ) reactions is planned.
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The sector magnet after the jet target works as a spectrometer.

96Ru(p, g)97Rh



Resonator for decay study
two-body decay   - detection of neutrino emission angle

forward
backward

Neutrinos emitted 
isotropically.

alomost
center

QEC value

N. Winckler

142Pm (He-like) EC decay



Requirements for detectors in 
the pocket

! excellent resolution (position, energy-loss, timing) 

! compact (limited by magnet gap)

! easy to handle, (easy to analyze)

! low background

! strong magnetic field

! (high vacuum compatible, but) use pocket system
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Conclusion
! Several possible/new experiments can be proposed :

! mass and lifetimes wi# be an extension of the ESR activities.

! reaction experiments are possible ...

‣ nucleon removal study with the Schottky resonator

! Detector developments are ongoing for future in-ring decay and 
reaction experiments.

✓ Si strip detectors for position and energy-loss

✓ Fiber scinti#ation counter for position and timing


