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Abstract. The mass and half-life of a nucleus are its basic properties which reflect its structure and decay
properties. These data are among the most important nuclear physics inputs to astrophysical nucleosynthesis
modelling. Tremendous experimental efforts are carried out to obtain yet unknown quantities, which are as a
rule belong to short-lived nuclei far away from stability. Storage ring mass spectrometry is a technique ideally
suited for addressing many different nuclear species at the same time. In the last few years it went through major
developments regarding nuclear mass determinations, thereby boosting its efficiency, sensitivity and precision.
A non-destructive detection capability is being presently implemented aiming at simultaneous mass, lifetime
and decay branching measurements. Recent developments and future perspectives are briefly discussed.

1 Introduction

Atomic nuclei are composed of two kinds of quantum par-
ticles, protons and neutrons, which are kept together by a
highly complicated nuclear force. This force defines the
structure of nuclei, their shapes and moments, decay prop-
erties and correlations among nucleons [1]. Total energies,
E(Z,N), of various nuclei with different numbers of pro-
tons, Z, and neutrons, N, spanning over the entire chart of
the nuclides, contain answers on the result of this nuclear
interaction at work. E(Z, N), or the rest mass, m(Z, N), is
directly connected to the binding energy, B(Z, N), via:

m(Z,N) = E(Z,N)/c¢* =Z-m, + N -m, — B(Z,N), (1)

where m,,, m, are the rest masses of proton and neutron,
respectively. The mass of the corresponding atom can be
obtained by adding the masses of electrons and removing
their binding energies [2]. Nuclear masses plotted on a nu-
clear chart form the nuclear mass surface. This surface is
in general very smooth and changes in nuclear structure
appear on it as irregularities [3].

Masses of the nuclei define whether and which ra-
dioactive transformation between them is possible. Of par-
ticular interest are weak decays, which dominate through-
out the nuclear chart. Both quantities, masses and beta-
decay lifetimes, are required in nuclear astrophysics,
where the former ones define the pathways of nucleosyn-
thesis processes on the nuclear chart and the latter ones
affect the accumulated element abundances [4, 5].

In the past 100 years masses of about 2550 nuclei
have been measured [6], whereas about 7000 bound nu-
clei are expected to exist[7]. These extensive data are
employed to benchmark nuclear theories [8, 9]. However,
their predictive powers are still insufficient for many appli-
cations in nuclear structure and astrophysics. Therefore,
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the measurements of still unknown masses is highly de-
sired, which will again be used to further constrain the-
ory. Taken their importance, mass measurements belong
to research programs at basically all present and planned
radioactive-ion beam facilities. Mass spectrometry meth-
ods are exhaustively reviewed in literature [10-17].

The experimental masses are evaluated in the Atomic
Mass Evaluation (AME) [6], which also contains short-
range extrapolations to yet unmeasured nuclides. The
masses and half-lives are conveniently presented in the
NUBASE database [18]. By inspecting NUBASE, one can
notice that half-lives are typically known for more exotic
nuclei than those with measured masses, which can be ex-
plained by the fact that many particles are required in mod-
ern mass spectrometry methods. Measurements of yet un-
known masses are extremely challenging. To significantly
advance further, a technique is required which would be
capable to determine precisely the mass from ideally a sin-
gle particle. At the same time, such a technique needs to
be very fast since the characteristic half-lives of the nu-
clei of interest are well below one second. Furthermore, a
dream would turn into reality, if the lifetime determination
is conducted at the same time. In this context, storage ring
mass spectrometry is a promising approach.

There are presently three heavy-ion storage rings cou-
pled to radioactive ion-beam facilities [16, 17]. The fa-
cility at GSI Helmholtz Center in Germany comprises
heavy-ion synchrotron SIS, projectile fragment separa-
tor FRS and the experimental storage ring ESR[19, 20].
At the Institute of Modern Physics in China, the experi-
mental cooler-storage ring CSRe is connected to the syn-
chrotron CSRm via the fragment separator RIBLL2 [21,
22]. Quasi-DC beams from a high-power cyclotron are
employed at RIKEN Nishina Center in Japan, where
the rare-ion storage ring R3 is placed behind the high-
acceptance separator Big-RIPS [23]. At all these facili-
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ties, the secondary ions of interest are produced at high
energies of a few hundreds of AMeV, utilizing mainly the
projectile fragmentation or fission nuclear reactions [24].
At these energies, fragments are as a rule fully-ionized or
have just a very few bound electrons [25]. At the ESR and
CSRe, all fragments fitting into the acceptance of the ma-
chines are transported, injected and stored. The peculiarity
of the R3 is that the injection of individual pre-identified
particles is implemented [26].

This short contribution does not aim at providing de-
tails of specific facilities and/or experiments. Instead it
focuses on recent developments of the storage ring mass
spectrometry as well as on somewhat speculative future
perspectives.

2 Storage ring mass spectrometry

Motion of a relativistic particle with mass-over-charge ra-
tio m/q and velocity v in a heavy-ion storage ring is anal-
ogous to the one in a synchrotron and is given by [27]:

A 77%, @)

f p
where f and p = mvy are, respectively, the revolution fre-
quency and momentum of the particle. The parameter 7 is
defined as: | | |

TTRTTE T ¥

with y and 7y, being the relativistic Lorentz factor cor-
responding to particle energy in general and at a spe-
cific value known as transition energy, which is defined
by the ion optics of the ring. In accelerator physics,
ap = 1/y? is termed momentum compaction factor. It
describes the variation of the orbit length AC/C corre-
sponding to a change of the magnetic rigidity ABp/Bp,
with Bp = mvy/q. In order to enable acceleration or de-
celeration in a synchrotron, the condition n # QO or y, # y
must hold. However, beam can be stored also for n = 0
or y, = vy. These optical settings are called standard and
isochronous modes, respectively [28].

Assuming a closed trajectory, the revolution frequency
is given as f = v/C. By combining the above equations,
the basic formula for storage ring mass spectrometry can
be derived [20]:

Af AT 1Amlg)  Mof, ¥
T T T Ty g ¢ v(l 7,2)’ @

where T is the revolution time.

According to Eq.(4), the revolution frequencies of
the stored particles reflect their mass-over-charge ratios,
provided the second term on the right hand side van-
ishes. The revolution frequency scale is calibrated uti-
lizing numerous different nuclear species with experimen-
tally known masses that are transmitted and injected in the
same machine setting. The remaining challenge is that
the secondary particles are produced in a nuclear reac-
tion and their velocity spread Av/v in the present context
is huge [25].

In the standard mode, Av/v is reduced by cooling the
beam utilizing stochastic and/or electron cooling [29, 30].
For low-intensity fragment beams, small velocity spreads
of Av/v = 1077 can be achieved. However, the cooling
process requires a few seconds to complete. Therefore,
in spite of very successful usage in the past[31-36], this
approach has a limited applicability for mass measure-
ments of short-lived nuclei. Nevertheless, beam cooling
will remain inevitable for investigations of exotic decay
modes [37, 38].

In the isochronous mode, ion optics of the ring is
changed so that the transition energy can be matched to the
energy of the particle. In this mode, the differences in par-
ticle momenta for a given particle species are compensated
by the lengths of their orbits, leading to the same revolu-
tion frequencies [39, 40]. The time consuming cooling is
not needed and, apart from the negligible flight time from
the production target until the injection into the ring, the
measurement can start without any further delay. There-
fore, isochronous mass spectrometry (IMS) is the tech-
nique of choice for short lived nuclei.

To be stored, Bp of the ion must match the range of
Bp values accepted by the machine. Due to the broad
momentum distributions, particles with very different m/q
can be transmitted. On the one hand, this enables us to
cover a large (A(m/q)/(m/q) of several percent) region of
the nuclidic chart in a single setting [41, 42]. On the other
hand, the required condition y = 7, is not fulfilled for all
ions. According to Eq. (4), the spread Af/f or AT /T in-
creases with y deviating from the fixed y,. Black squares
in Fig. 1 illustrate the growth of revolution time widths,
or, as a function of m/q for ®Ni projectile fragments
measured in the CSRe [43, 44]. The range of m/q values
corresponding to the smallest peak widths of o7 =~ 2ps
is termed isochronous window. The nuclei outside of the
isochronous window are typically disregarded in data anal-
yses [41].

3 Revolution frequency determination

There are two ways to measure revolution frequencies or,
equivalently, revolution times of the stored ions.

The first one employs a very thin foil inserted into the
ring aperture. When a relativistic ion punches through
the foil, secondary electrons are released on both sides
of the foil. These electrons are guided by perpendicu-
larly arranged electrostatic and weak magnetic fields to
fast avalanche detectors, typically micro-channel plates.
The signal from the anode is continuously sampled with
high rate, reaching nowadays 50 giga-samples per sec-
ond. As a result, each particle causes a train of repeat-
ing signals, which are unambiguously identified in the of-
fline analysis. Procedures to extract mean revolution times
take into account variations due to field inhomogeneities,
energy losses in the foil, etc. The number of secondary
electrons depends on the charge of the ion, which can be
utilized as an additional identification criterion [47, 48].

Several implementations of such time-of-flight detec-
tors have been in use at all three facilities in operation [49—
53]. Also new-generation detectors are being prepared and
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Figure 1. Standard deviations of the revolution-time peaks (left
scale) for *Ni projectile fragments measured in the CSRe. The
widths obtained with and without using the information on parti-
cle velocities are shown, respectively, with blue circles and black
squares. The right scale provides the corresponding absolute ac-
curacy of mass-over-charge ratios. Taken from [43, 44].
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Figure 2. Residuals to the fits of timing signals for two *#"Ru***
ions measured by a time-of-flight detector in the CSRe. No
changes in the slope, which would indicate a change of the m/q
value, are seen for the ion in the top panel. A clear kink is ob-
served in the lower panel. This kink manifests the de-excitation
of %"Ru** isomer to the corresponding ground state **Ru**.
Modified from [56].

are optimized for the future storage rings[54]. The ad-
vantage of this approach is that only a few ten turns are
sufficient to determine the revolution time, where one rev-
olution takes merely a fraction of microsecond. An obvi-
ous disadvantage is that the overall method is destructive.
Particles are lost after a few hundred revolutions. There-

tector yields the noise power spectrum or Schottky fre-
quency spectrum. Typically, higher harmonics of the ion
revolution frequencies are analyzed, reaching 4 =~ 200 in
the latest detector in the ESR [58]. The main advantage of
these devices is that the detection of revolution frequencies
is non-destructive. Whereas the frequencies in the Schot-
tky spectrum are used for mass determinations, the ampli-
tudes of the peaks are proportional to the corresponding
numbers of the stored ions [59, 60]. By monitoring the de-
velopment of peak areas in time, decay constants can be
obtained [61, 62]. Furthermore, since the storage ring has
a large acceptance, the decay daughter ions often stay in
the machine. In such cases, combined analysis of the de-
crease of the peak area of the parent ions and the increase
of the area(s) of the daughter-ion species enables one to es-
tablish also the branching ratios [63—-66]. In addition, the
detectors have no dynamic range limitations and are ca-
pable of simultaneously addressing single stored ions and
milliampere beams.

Until very recently, Schottky-noise detectors were em-
ployed in experiments in standard operation mode with
cooled ions. This technique is broadly known as time-
resolved Schottky mass spectrometry (SMS)[67]. The
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Figure 3. Time-resolved Schottky frequency spectra of A = 165
isobars produced in fragmentation of 2’Bi measured in the ESR.
The time resolution is 30s. Displayed is the 30" harmonic of
the revolution frequency. Top panel illustrates individual spectra
which indicate the constancy of the single-particle areas. The
bottom panel shows the development of peak areas in time. See
labels in the figure for more details. Redrawn from [67].
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first generations of Schottky detectors required integra-
tion over several ten seconds to observe revolution fre-
quencies of single ions. One such example is shown in
Fig.3. However, the detectors based on resonant cavi-
ties allowed for a considerable increase of time resolution.
Presently, several milliseconds are sufficient for the fre-
quency measurement [68, 69]. With this development, a
straightforward next step is to employ such detectors in the
isochronous mode. The first application of such combined
time-resolved Schottky plus isochronous mass spectrom-
etry (S+IMS) was done in the CSRe where half-lives of
fully ionized “’Cr?** and >*Fe?* ions were measured [70].

The S+IMS technique has successfully been applied in
the ESR to measure two-photon de-excitation of the first
0" state in ">Ge [71]. The corresponding half-life is just
a few ten milliseconds which confirms the power of the
method. The data analysis is in its final stage and the re-
sults will be reported soon.

4 Velocity determination

The limitation set by the isochronous window severely re-
duces the efficiency of the method, where only a part of
measured data is used. It has been suggested in [72] that
an additional information on Bp or v of each stored ion
is needed to expand the isochronous window ideally over
the entire ring acceptance. In a test experiment in the
ESR, Bp was defined by mechanical slits in the FRS to
ABp/(Bp) ~ 1.5 X 107*[73]. Measurements were con-
ducted employing a time-of-flight detector. A part of the
revolution time spectrum in a region far away from the
isochronous window is illustrated in Fig.4. By applying
this so-called Bp-fagging method, improvement of the re-
solving power by up to a factor of eight was reported,
though it is evident that the transmission efficiency is dra-
matically reduced.
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Figure 4. Parts of the revolution time spectra of 22U fission frag-
ments measured in the ESR by applying a time-of-flight detector.
The shown region is far away from the isochronous window. Up-
per panel: The magnetic rigidities were limited in the FRS to
ABp/(Bp) ~ 1.5x 107*. Lower panel: No cuts have been applied
to the transmitted beam. Taken from [73].

The determination of Bp or v for every ion without lim-
iting the transmission became the major quest of the stor-
age ring mass spectrometry. At the R3, as mentioned ear-
lier, the necessary identification of every ion includes the
measurement of its time-of-flight in the Big-RIPS, which
delivers information on the ion velocity prior to its injec-
tion into the ring [74]. At the CSRe, two identical time-of-
flight detectors were installed in a straight section [75, 76].
Two trains of timing signals are obtained from these detec-
tors, which provides information v and in turn on C and Bp
for every ion [77]. Since the ions with the same Bp must
have the same mean C, a very powerful analysis has been
developed which enabled correction for non-isochronicity
throughout the entire CSRe acceptance [43]. The improve-
ment of the resolving power can be followed through the
reduced peak widths shown with blue circles in Fig. 1. The
dashed line indicated the absolute m/q = SkeV limit. This
means that by detecting just a single ion, its m/g value
can be determined with this mass uncertainty, which is re-
markable. This has been demonstrated through mass mea-
surements of exotic "3Kr projectile fragments in the CSRe.
Only 4 particles were observed for ’Kr and for 7Sr, cor-
responding to the rate of two ions per week [78, 79]. This
technique was named Bp-defined IMS or just Bp-IMS. By
combining this sensitivity, speed of the measurement, effi-
ciency and achieved mass precision, Bp-IMS became one
of the most powerful mass measurement methods.

However, the destructive time-of-flight detectors do
not allow for addressing lifetimes and this remains an un-
solved challenge. The pursued solution is to employ po-
sition sensitive Schottky cavities installed in a dispersive
location of the ring [80-82]. The center of the cavity is
placed at an offset to the beam pipe. Two cavities for two
transverse directions are needed. The amplification gradi-
ent falls from the middle of the cavity towards its edge.
Particles of the same charge passing the cavity at differ-
ent locations will thus produce signals with different am-
plitudes. A high resolution Schottky cavity will be used
for high precision frequency measurement which in turn
will provide information on the charge of every particle.
Combined information will be used to determine Bp of ev-
ery ion. The prototype cavities for the proof-of-principle
experiments are being constructed for the ESR and the
R3[83]. Dependent on the position sensitivity, a similar
resolving power as shown in Fig. 1 could be envisaged.

5 Outlook

The mass measurement programs at the present ESR,
CSRe and R3 storage rings have delivered important re-
sults, see e.g.[84-96]. They will continue in the future
and even further expanded at the next-generation facilities
FAIR, Germany and HIAF, China. The collector ring (CR)
at FAIR [97] and spectroscopy ring (SRing) at HIAF [98]
have been dedicatedly designed for IMS experiments. In
comparison to IMS with a single time-of-flight detector
and Bp-tagging option, the Bp-IMS technique has proven
its superior efficiency. Therefore, both rings will have se-
tups with two high-aperture time-of-flight detectors as re-
quired by the Bp-IMS.
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Implementation of longitudinal-sensitive Schottky
cavities in the IMS enabled the S+IMS, which has been
applied to half-life determinations. Further improvement
of the time resolution of the S+IMS will be possible
with higher quality cavities, though the price to pay is
the lower bandwidth. Hence, several cavities tuned at
different overlapping frequency ranges will be needed to
cover the ring acceptance [99]. The most promising de-
velopment is related to cavities with transverse-sensitivity.
The non-destructive position determination will boost the
mass resolving power. If successful, this will enable non-
destructive mass measurements of short-lived nuclides. Si-
multaneously, the information on their lifetimes will be ac-
quired as well.

Employing multiple Schottky cavities is a challenging
task extending beyond the design on the detectors. Ma-
jor advances in data handling and data analysis methods
have been made in recent years, contributing to an un-
precedented understanding of the devices themselves, but
also allowing larger amounts of data to be processed for
increased accuracy. For offline analysis, software frame-
works have been developed to run on larger computer clus-
ters to process large amounts of raw data [100]. The op-
eration of Schottky detectors requires dedicated data ac-
quisition systems. Data from multiple narrow-band and
broadband Schottky detectors acquired by separate DAQ
systems can be combined for online and offline analysis
in order to combine the advantages of narrow-band data
acquisition with a super-wide spectrum covering multiple
revolution harmonics. To this end, open source and open
hardware DAQ systems based on Software Defined Radio
SDR for continuous and distributed data acquisition are
planned [101].

In conclusion, taken that in the IMS: (i) a big region of
the nuclidic chart is addressed at the same time, (ii) a sin-
gle ion is sufficient for a successful measurement, and (iii)
the time resolution is in the ten millisecond range, stor-
age ring mass and lifetime spectrometry has the potential
to deliver properties of nuclides in ground and isomeric
states, which are simply inaccessible by other techniques.
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