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Fig. 1. The chart of the nuclides. The stable nuclides are shown as black squares. Different colors indicate nuclides whose masses were experimentally
determined in different time periods. Bound nuclei which are expected to exist based on KTUY calculations are shown with gray color. Three expected
r-process paths are illustrated: green for FRDM, blue for KUTY, red for TUYY mass models. The models are described in Section 2.

1. Introduction

Present work aims at a review of modern mass spectrometry and related nuclear structure and nuclear astrophysics
applications profiting from precision masses of exotic nuclei. Mass spectrometry is essential for a broad range of research
fields not only in physics but also in chemistry, biology, and other basic as well as applied science, where dedicated
instruments and methods are being successfully developed. To review the entire content of mass spectrometry is naturally
beyond the scope of this work. Instead, we focus on the mass spectrometry applied to radioactive isotopes (RI) which is
being pursued at numerous accelerator facilities worldwide.

Nuclidic chart is illustrated in Fig. 1. Stable nuclei shown as black squares constitute the so-called valley of �-stability.
The advent of low- and high-energy radioactive nuclear beam technologies since 1980 has led to a dramatic growth
of physics research employing RI beams. With new results on more and more exotic nuclei, the conventional view of
nuclear structure established on stable nuclei has greatly evolved. Mass spectrometry has made a decisive contribution to
our present understanding of nuclear structure and dynamics [1]. Indeed, the evolution of nuclear shell closures, onsets
of static deformation, nucleon–nucleon correlations, identification of metastable, isomeric states and many other nuclear
properties are studied through precision masses of the corresponding nuclei. Progress on mass measurements of exotic
nuclei is indicated in Fig. 1 in different colors.

In nuclear astrophysics, the synthesis of the elements heavier than iron is one of unresolved mysteries [2]. Neutron-
capture processes, the slow-neutron capture (s-process) and the rapid-neutron capture (r-process) processes [3] are
believed to produce the majority of heavy elements in the universe. Whereas the s-process proceeds along the valley of
�-stability [4] and the properties of the involved nuclei are mostly known, the r-process is associated with exotic nuclei
lying close to the neutron drip line [5,6], where the data on nuclear properties are extremely scarce or just not existing, see
Fig. 1. The s-process terminates in the Pb (Z = 82) -Bi (Z = 83) region while nuclei up to Th (Z = 90) and U (Z = 92) are
synthesized in the r-process. Because such astrophysical scenarios are governed by the reactions on radioactive isotopes,
the masses as well as �-decay half-lives of the involved nuclei are the essential input to nucleosynthesis modeling.

There are numerous reviews on nuclear mass spectrometry [7–9]. The latest trends in the field are discussed in a special
issue of the International Journal of Mass Spectrometry [10] celebrating 100 years anniversary of mass spectrometry since
the pioneering works by Thomson and Aston. For a historical review the reader is referred to [11,12] and references cited
therein. The present article focuses on the highlights of the last several years and specifically aims at providing the basis
for young generation of researchers to understand the cutting-edge technologies and based on them physics experiments.

About 3000 nuclides were created in laboratory [13] and about 7000 bound nuclei are expected to exist [14]. Nuclear
structure may dramatically change at large proton-to-neutron asymmetries [15], which motivates tremendous efforts
that are undertaken worldwide to measure yet unknown nuclear masses of more and more exotic systems. However, the
production of these nuclides is difficult and many bound nuclei will not be in reach even at the next-generation RI beam
facilities. Especially the heavy neutron-rich nuclides which are as well essential for understanding the third peak of the r-
process elemental abundances will be complicated to measure [16]. This all makes the development of a reliable nuclear
theory indispensable. Three r-process paths predicted by different mass models are indicated in Fig. 1. The employed
models will be introduced in Section 2, which gives a brief review of the present status of frequently used mass models.
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this configuration is estimated to be about 75% by a GEANT4 simula-
tion.

Standard electronics was used for the readout. The bias voltage of
MPPCs was set to−66.5 V. For simplicity, the signals from five MPPCs
were summed up to constitue two channels, left and right, as shown in
Fig. 1. They were digitized using a leading-edge type discriminator
(Kaizu Works KN246) after being amplified using a fast amplifier with a
gain factor of 5 (Kaizu Works KN2104). A multi-hit time-to-digital
converter (TDC) with a 50-ps time resolution (Acqiris TC890) then re-
gistered the periodic pulses of stored ions.

The advantages of the present beam monitor are easy handling, low
cost, and high electronic noise tolerance provided by the scintillation
photon detection technique.

3. Beam test and results

After basic studies [4], we conducted a beam test in a commis-
sioning run of the Rare-RI Ring facility in November 2016. Uranium
fission products were injected and stored in the storage ring. The pre-
sent beam monitor was installed in a straight section downstream of the
kicker magnet. The system was set up on a movable platform to be

removed after the beam tuning. As shown in Fig. 2, periodic pulse trains
were successfully observed. The waveforms shown in yellow (top) and
purple (middle) are the signals from the left and right MPPC-summed
channels, respectively. The blue one (bottom) indicates kicker injection
timing. The oscilloscope snapshot shown here was taken after data
accumulation from several injections. A few isotopes with a slightly
different revolution period were overlapped. Thus, we confirmed the
revolution of the stored ions.

Fig. 3(a) shows a typical zoomed TDC spectrum of the stored 78Ge
with 175MeV/nucleon. Periodic peaks are clearly observed. Fig. 3(b)
shows the correlation of the turn number with the time stamp of each
revolution peak obtained from the TDC spectrum. At each revolution,
the ion lost a small amount of kinetic energy by passing the foil, and
eventually went beyond the acceptance range. Considering the energy
loss and the momentum acceptance of the storage ring, we estimated
the maximum turn number to a few tens of turns. Because the ion-
optical condition of the Rare-RI Ring was precisely isochronous, the
revolution time remained unchanged, leading to a nearly perfect
straight line in Fig. 3(b). A least-squares fitting analysis with a linear
function provided the revolution time of 78Ge to be ±373.5 0.3 ns. Thus,
the revolution time was obtained at a precision of ◊8 10 4.

Fig. 1. Schematic drawing of a prototype of in-ring beam monitor system. Secondary electrons generated by heavy-ion irradiation to a foil are detected by a set of
plastic scintillation counters.

Fig. 2. Snapshot of typical periodic pulses observed
using a digital oscilloscope. The waveforms shown in
yellow (top) and purple (middle) denote signals from
the left and right MPPC-summed channels, respec-
tively. The signals are accumulated for several in-
jections such that several species with a different
period are observed. The blue signal (bottom) shows
kicker injection timing.
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Mass Measurement Principle
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Mass Measurement Principle
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Mass Commissioning
With known masses

238U 345 MeV/u → 78Ge 168 MeV/u fission fragments

FIG. 3. Correlation between revolution times and their momenta relative to the central momentum

obtained by the PPAC of BigRIPS. The upper- and bottom- panels show the data before and after

correction, respectively. The solid red line indicates the expected revolution time from the mass

value listed in the AME2016 [18].

realize the mass measurement for extremely short-lived nuclei, quick operation to extract the

circulating particle from the R3 is necessary. The process of extracting the particle from the

R3 uses the same kicker magnets as injection process. Fast-recharging mechanism installed

in the kicker allows us to extract the circulating particle after minimum storage time of

0.7 ms [16]. Although the maximum repetition rate for one set of injection and extraction

is 100 Hz, it is enough for extremely rare nuclei. Particle identification for confirmation is

possible using detectors installed after extraction. Typically, IC and NaI(Tl) detectors are

employed for the ∆E and the total kinetic energy measurements, respectively.

In the proof-of-principle experiment, we succeeded in injecting several nuclides into the R3

using the ISSI technique. The flight time of 78Ge, which has an energy of 175 MeV/nucleon,

was 1 µs from the plastic counter of BigRIPS to the kicker magnets. On the other hand, it

takes about 950 ns from trigger generation at the plastic counter of BigRIPS to completion

of the kicker excitation. Therefore, the external delay for the trigger signal was set to 50 ns

to synchronize the kicker excitation completion with the arrival of 78Ge particles. Figure 2

shows the arrival time difference at the kicker for injected nuclides relative to that of 78Ge

with the data acquisition time as horizontal axis. It can be understood that particles are

randomly injected event-by-event, because one black dot corresponds to one particle. Their

relative arrival time differences with respect to 78Ge were -15, 15, 30, and 45 ns for 79As,
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Masses around N=82
M. Mumpower et al., 2015



New mass measurement with R3

Unknown masses



New mass measurement with R3

Unknown masses

126mIn: 90(7)keV

125mCd: 186(4)keV



Mass measurement principle

m0 is known mass  
m1 is unknown mass

F5 position-sensitive detector (PPAC) 
(dispersive plane)



New R3 mass measurement result

H.F. Li et al. PRL,128 (2022) 



New R3 mass measurement result

No evidence of large deformation below Z=50!!
H.F. Li et al. PRL,128 (2022) 



Impact in r-process abundances

Portable Routines for Integrated nucleoSynthesis Modeling (PRISM) 
reaction network, neutron star merger condition; entropy 40kB/baryon, 
timescale 20ms, electron fraction Ye=0.15~0.35. 
Mumpower et al. PRC92(2015), Zhu et al., Astro. J. 863 (2018) 

Mass model FRDM (baseline),  
Our new mass measurement of 123Pd (redline) with its uncertainty



Impact of 123Pd mass 
Neutron capture cross section: 
122Pd ↓ 2.6 
123Pd ↑ 2.2 
Probability !-delayed neutron emission 
123Rh ↑  

Mass difference FRDM ~500keV



Hongfu Li  
IPA Riken/IMP



• Ongoing developments 
• Kicker upgrade 
• Long flat-top 
• New capacitances 

• Steering magnets 
• Vertical beam control
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P. Kienle, Two-Body-Weak-Decays Collaboration, 
 Phys. Lett. B 726 (2013) 638.

142Pm60+ !142 Nd60+ + ⌫e

The most intriguing measurement remains the observa-
tion of the modulated EC decays in H-like 122I52+, 140Pr58+

and 142Pm60+ ions [165, 222–224]. These measurements were
conducted with the so-called ‘single-ion decay spectroscopy’,
which aims at a continuous observation of each stored ion.
Precise decay times, which are seen as well-defined small
jumps of the revolution frequency, for several thousands of
EC decays were unambiguously determined. For 140Pr58+ and
142Pm60+ ions, differential spectra of the EC decay rate per
time unit showed periodic 7 s modulations superimposed on
the exponential decay, while the corresponding data for the
three-body β+

c -decay channel remained purely exponential
[165]. The observed phenomenon can not be simply
explained within the present understanding of the electro-
weak interaction and could not be reproduced in implanted
atoms [225–227]. It therefore caused intensive discussions in
the literature, see, e.g., [228–243] and references cited therein.

The importance of the observed results created a
requirement to improve the quality and reliability of measured
data. This was the main reason for the construction of the
new, resonant Schottky detector [112, 113], which allowed
for a dramatic increase of the signal-to-noise characteristics of
the recorded spectra. Furthermore, the detector performance
enabled one to gain additional information about the decays.
Figure 11 shows spectra taken with the new detector illus-
trating two EC decays of 142Pm60+ ions [244]. Both decays

have specific features associated with the kinematics of the
decay. Velocity mismatch of the recoiling daughter ion after
the decay is quickly removed by the continuously applied
electron cooling. This is seen by the cooling tails in figure 11,
where the daughter nuclei require a few hundreds of milli-
seconds before they are cooled to the correct velocity, that is,
revolution frequency. Due to the two-body kinematics of the
decay, the emitted neutrino and the recoiling nucleus are
entangled by the momentum and energy conservation. In the
first decay in figure 11, the electron neutrino is emitted in the
backward direction which is manifested by the right-hand side
cooling tail, associated with the slowing down of the daughter
ion. Vice versa, in the second decay the neutrino is emitted in
the forward direction and the recoiling ion has to be accel-
erated by the electron cooling.

The electron capture decay of 142Pm60+ ions was
remeasured in 2010 by employing the new as well as the older
detectors. The entire data set showed no indications of the 7 s
modulation [244]. However, it might be that some accelerator
hardware was not functioning correctly during the experi-
ment, leading to the fact that the creation time of the parent
ions in the ESR was not certain. The latter would effectively
wash out the periodic modulations in the experiment. All
presently available data and their interpretation was discussed
in a special EMMI Rapid Reaction Task Force meeting [245],
where a recommendation to re-measure the decay of H-like

Figure 11. Schottky frequency spectra of two H-like 142Pm60+ ions stored and electron-cooled in the ESR. The spectra are recorded by a new
resonator at 124th harmonic of the revolution frequency. The time- and frequency-binning is 32 ms and 31.25 Hz, respectively. Both parent
H-like 142Pm60+ ions decay by EC to fully ionised 142Nd60+ daughter nuclei accompanied by the emission of a ‘mono-energetic’ electron
neutrino νe. Yellow arrows indicate the true decay times, as unambiguously identified by a decrease of the intensity of the trace corresponding
to the parent ions and the simultaneous onset of the trace of the recoiling daughter ion. The latter starts at a revolution frequency shifted by δf
with respect to the frequency after completion of electron cooling, which reflects the projection of the recoil velocity onto the beam direction
axis immediately after the decay. The figure is adapted from [244] Copyright Elsevier, 2013.
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Schottky at R3
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Position-sensitive Schottky
GSI-R3 collaboration Elliptical cavity

Circular cavity 
(reference)

Under construction just now

Eigenmodes in a resonant cavity



Position-sensitive Schottky
Elliptical cavity

Sanjari, Dmytriiev

✓Sensitivity changes linearly. 
✓Signal amplitude proportional to x-position.

GSI-R3 collaboration

x axis
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GSI position- 
sensitive Schottky 
(vacuum)

New Schottky 
(vacuum)

Resonant freq. ~503 MHz 
QL ~ 3200 

Rsh ~ 1020 kΩ 
~10x more sensitive

New developments

Original 
Schottky (air)

Saitama Schottky

Under construction 
Delivery in 2023



In summary
• New storage ring “Rare-RI Ring (R3)” has been built at RIBF. 

• Single-ion isochronous mass spectrometry with individual injection 
technique 

• Commissioning of the uranium fission fragments was successful. 

• Mass precision <10-5 

• First application for neutron-rich Pd isotopes: update of 123Pd 

• Upgrades of the facility 

• New Schottky detectors will be ready soon.
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