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1. Highlights of the ESR experiments
 Time-resolved Schottky mass spectrometry (SMS)
 Isochronous mass spectrometry (IMS)

2. Future facilities
• ILIMA collaboration (FAIR)

• Upgrade of present activities at ESR
• Rare-RI Ring collaboration (RIBF)

 Concept, principle, R&D
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FRS-ESR Facility at GSI
All elements: H-U
Energy: up to 1GeV/u

Monoisotopic fragment beams
stored in the ESR
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Schottky Mass Spectrometry,
Isochronous Mass Spectrometry

SMS IMS

Stochastic
+

Electron
cooling

Isochronous
optics
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Frequency Spectrum, an example

Y. LitvinovYu.A. Litvinov
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Sensitivity to single ions
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High-accuracy Mass Measurements
Mass Evaluation of Close-lying Frequency Peaks 

δm/m=4.3x10-8
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Mass Surface measured with the SMS

Masses of more than 1000 
Nuclides were measured

Mass accuracy: 1.5 ·10-7

Mass resolving power: 2 ·106 

Results: 320 new masses
In addition more than  
300 improved mass values

Yu.A. Litvinov et al., Nucl. Phys. A756 (2005) 3.
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Recent Highlights with the SMS

•Proton-neutron interaction strength around N=126
•L. Chen et al., PRL102(2009)122503.

•New isomers
•Excitation energies, lifetimes

•B. Sun et al., PLB688(2010)294.
•M.W. Reed et al., PRL accepted.

•New isotopes discovered at ESR
•Mass simultaneously measured

•L. Chen et al. PLB691(2010)234.
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Time-resolved Schottky Mass Spectrometry

Schottky
Pick-ups

Stored ion beam
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Nuclear Decays observed in the Ring

Yu.A. Litvinov
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Lifetime Measurements via SMS
Exotic decay modes of highly-charged ions

Bound-state beta decay of 207Tl81+

T. Ohtsubo at al., PRL95(2005)052501.
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Recent Highlights with the SMS

166 Yu.A. Litvinov et al. / Physics Letters B 664 (2008) 162–168

Fig. 5. A zoom to the first 33 s after injection of the 142Pm data presented in Fig. 4. The solid line represents the exponential decay fit according to Eq. (1). The dashed line
shows the fit according to Eq. (2). Both fits were done until 33 s after injection and are marked with an asterisk in Table 2. The inset shows the FFT spectrum obtained
from these data. A clear FFT peak is observed at about 0.14 Hz (laboratory frame). Its reduced resolution as compared to the corresponding FFT in Fig. 3 is explained by the
smaller number of points used.

Table 2
The fit parameters for the total decay constant λ, the amplitudes a, the (angular)
frequencies ω, and the phases φ are summarized for 140Pr (upper part) and 142Pm
(lower part) EC-decay data illustrated in Figs. 3, 4 and 5. The fits are done according
to Eqs. (1) and (2) which is indicated in the first column. The corresponding χ2/DoF
(DoF = degrees of freedom) are given in the last column. The results of the fits for
the 142Pm data until 33 seconds after injection are marked with an asterisk (last
two rows). All values for λ and ω are referred to the laboratory system (relativistic
Lorentz factor γ = 1.43)

Fit parameters of 140Pr data

Eq. N0λEC [s−1] λ [s−1] a ω [s−1] φ χ2/DoF
(1) 34.9(18) 0.0014(10) – – – 107.2/73
(2) 35.4(18) 0.0015(10) 0.18(3) 0.890(11) 0.4(4) 67.18/70

Fit parameters of 142Pm data

Eq. N0λEC [s−1] λ [s−1] a ω [s−1] φ χ2/DoF
(1) 41.5(17) 0.0170(9) – – – 173/124
(1) 46.8(40)∗ 0.0240(42)∗ – – – 63.77/38∗

(2) 46.0(39)∗ 0.0224(42)∗ 0.23(4)∗ 0.885(31)∗ −1.6(5)∗ 31.82/35∗

for 140Pr and 142Pm ions, respectively. The presence of the modu-
lation frequencies was also confirmed by Fast Fourier Transforms
(see insets in Figs. 3 and 5).

The amplitudes a of the periodic modulation agree within the
error margins. The average value of both systems is 〈a〉 = 0.20(2).
Although the ansatz of damping factor for the amplitudes might
further improve the fit quality, we refrain from presenting such an
analysis because of the still scarce counting statistics.

The fit results for the phases φ of the 140Pr and 142Pm data
reflect the different times needed to cool the recoiling 140Ce
(900 ms) and 142Nd (1400 ms) daughter ions with kinetic ener-
gies of 44 and 90 eV, respectively.

4. Discussion

The observed periodic modulations of the expected exponen-
tial decrease of the number of EC-decays per time unit still suf-
fer from restricted statistics. However, the “zero hypothesis” of a
pure exponential decay can be already rejected according to the

χ2/DoF-values from Table 2 on the 99% confidence level (one-
sided probabilities p = 0.006) for both investigated nuclear sys-
tems.

First of all, the finding of nearly the same oscillation period
of about 7 s might suggest a technical artefact as their common
origin, such as periodic instabilities in the storage ring or of the
recording systems. However, this explanation is very improbable
due to our detection technique where we have—during the whole
observation time—the complete and uninterrupted information upon
the status of each stored ion. Furthermore, the parent and daughter
ions from both systems coast on different orbits in the ESR and
have different circulation times. We can also exclude binning ef-
fects or the variance of the delay between the decay of the mother
and the “re-appearance” of the daughter ion, since these effects
lead to an uncertainty of the decay time that is much smaller than
the observed period.

It is very probable that the H-like 140Pr as well as the 142Pm
ions with nuclear spin I = 1+ are produced in a coherent su-
perposition of the two 1s hyperfine states with total angular
momenta F = 1/2 and F = 3/2. This could lead to well-known
quantum beats with a beat period T = h/&E , where &E is
the hyperfine splitting. However, those beat periods should be
more than twelve orders of magnitude shorter than the observed
ones.

The weak decay conserves the F quantum number, and since
the final state (fully ionized daughter nuclei with I = 0+ and emit-
ted electron neutrino νe) has F = 1/2, the EC-decay from the
F = 3/2 state is not allowed [8,9]. Only a hypothetical, yet un-
known, mechanism which transfers the parent ions periodically
within 7 seconds from the F = 1/2 ground state (for positive mag-
netic moment [9]) to the “sterile” F = 3/2 state and back in both
nuclides could generate the observed modulations [22].

First of all, one could think on steady population changes of
the two hyperfine states caused by the time-dependent electric
fields as the ions move at 71% of light velocity, or on periodic
changes of the vacuum in the ESR or, in particular, on spin-flip pro-
cesses due to the steady interaction of the parent nuclei with the

38 N. Winckler et al. / Physics Letters B 679 (2009) 36–40

Fig. 1. (Color online.) Time evolution of intensities of hydrogen-like 142Pm60+ parent
ions and the fully-ionized 142Nd60+ daughter ions stored in the ESR. The intensity
is plotted on a logarithmic scale. The upper, middle and lower panels correspond
to three Schottky frequency spectra averaged over about 2.6 seconds and which
are taken at the beginning, at the middle and at the end of a measurement cycle,
respectively.

tinuum β+ decay constant λβ+ , and the loss constant λloss due to
collisions with residual gas atoms or pick-up of electrons in the
electron cooler:

λ = λEC + λβ+ + λloss. (2)

It is clear that for fully-ionized 142Pm nuclei λEC = 0 due to the
absence of bound electrons.

Several measurements of the decay of 142Pm59+, 142Pm60+, and
142Pm61+ ions have been performed. Examples of the decay curves
of 142Pm ions in the three charge states and, for the case of H- and
He-like 142Pm ions, also the corresponding growth curves of the
142Nd daughter ions are illustrated in Fig. 2.

Fig. 2. (Color online.) An example of a measured decay curve of fully-ionized
142Pm61+ ions is shown in the upper panel. Decay curves of H-like and He-like
142Pm together with the corresponding growth curves of fully-ionized and H-like
142Nd ions are illustrated in the middle and in the lower panel, respectively. Each
time bin corresponds to about 2.6 s.

Decay curves of the parent ions have been fitted with an expo-
nential function:

NPm(t) = NPm(0) · e−λt, (3)

where NPm(t) and NPm(0) is the number of parent ions at the time
t after injection and at t = 0, the time of injection, respectively. The
growth of the number of daughter 142Nd ions is determined by the
EC decay of the exponentially decreasing number of 142Pm ions.
The daughter ions are stable and their loss is solely determined by
the λloss. Therefore, the growth of the number of fully-ionized and
H-like 142Nd ions as a function of time t , NNd(t) is described by

•Electron capture decays of HCI
Enhancement of EC rates of hydrogen-like ions

•Y. Litvinov et al., PRL99(2007)262501.
•N. Winckler et al., PLB679(2009)36.

•Non-exponential EC decays
•Y. Litvinov et al., PLB664(2008)162.

Fully ionized

H-like

He-like
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Isochronous Mass Spectrometry

TOF detector

C foil

MCP

-> 40GS (TDS6154C)

Secondary
electrons

MCP
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Pulses of Stored Ions

raw data
Look for repeating peaks

J. Stadlmann
142010年9月26日日曜日



Time-of-Flight Spectrum

Identification by m/q ratio

Fragments from fission of 238U

B. Sun, R. Knoebel, S. Nakajima

Δ(m/q)/(m/q) ~ 13%
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Isochronicity  - improvement -
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Bρ-tagging method
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Experiment 2006

Primary beam: 238U
Intensity: ~ 3·109/spill
ESIS : 411MeV/u
Target : 1g/cm2 9Be

Goal: to measure the masses of
n-rich fission products at the 
r-process path

Bρ-tagging was applied

B. Sun et al. Nucl. Phys. A 812 (2008) 1
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FAIR    - Future Facility -

SIS 18

SIS 100/300

Super
-FRS

NESR

CRRESR

ESR

Future facility

GSI today

from FAIR web site
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Mass & Lifetime Measurements at CR/NESR

R&D
•Ion optics
•Resonant Schottky probe
•TOF Detectors
•Multiple pickup
•DAQ, analysis softwares
•Decay particle detectors

Bρ-tagging IMS
SMS

ILIMA collaboration
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ILIMA collaboration at FAIR

nuclides with known masses
G.Audi et al., Nucl. Phys. A729 (2003) 3

stable nuclei

to be measured with SUPER-FRS-CR-RESR-NESR
Conceptual Design Report, GSI 2001
observed nuclei
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Spokesperson: P.M. Walker

Isomeric Beams, Lifetimes and Masses
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Measure the masses in the r-process

A/Z=3 line

Rare-RI Ring project at RIBF

T. Fujinawa, N. Fukunishi, A. Goto, H. Sakurai, M. Wakasugi, Y. Yamaguchi, Y. Yano
RIKEN Nishina Center

I. Arai, T. Moriguchi, D. Nagae, A. Ozawa, H. Suzuki 
Univ. of Tsukuba

T. Suzuki, T. Yamaguchi,
Saitama Univ.

T. Kikuchi
Nagaoka Univ.of Tech
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Isochronous
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Conceptual Design 

Trigger signal

BigRIPS

measurement

€ 

β
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measurement             < 10-6

Isochronous magnetic field               < 10-6

measurement             < 10-4 Δm/m ~ 10-6

€ 
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Individual injection method

TOF ~ 1ms
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Layout of Rare RI Ring

BigRIPS

Rare RI Ring

RI Beam Factory

Mass measurement = 
          BigRIPS + SHARAQ line + Storage Ring
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R&D ongoing

TARNII-D 　24
TARNII-Q 　20
KEK-PS-Q 　23

•Optics calculations
•Injection beam line
•Injection/ejection scheme
•Storage Ring
oHigher-order/realistic calculations

•Kicker, Septum
•Improved controller: response time ~450ns
•Specifications
oTest of model kicker

•TOF counters
•Test of µm-thick plastic scintillator
•Test of hybrid photo detector
•Test of MCP detector

•High-precision NMR probe
•Precision ~ 10-7
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CSR   - Cooler Storage Ring at Lanzhou -

First IMS at CSRe :
 2009 Sep.-Oct.
59Zn, 61Ga, 63Ge, 65As, 67Se, 71Kr

Major parameters of CSRe     
Max. Energy: 400MeV/u (U90+)
Intensity: 109

Bρ(max): 8.40 Tm
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Concluding Remarks

- Storage Ring Mass Spectrometry at ESR is ongoing.
- Large areas of unknown mass surface
- Exotic decay modes of highly-charged ions

- The future international collaboration ILIMA at FAIR is promising 
for the continuation and upgrade of the current ESR activities.

- Rare-RI Ring project will work in a complementary style.

- The storage ring in China is a candidate to extend our activities.
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