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Mass measurements of exotic nuclei is a fast developing field which is
essential for basic nuclear physics and a wide range of applications. The
method of storage ring mass spectrometry has many advantages: (1) a large
amount of nuclides can be simultaneously measured; (2) very short-lived
(T1/2 & 50 µs) and very rare species (yields down to single ions) can be
accessed; (3) nuclides in several atomic charge states can be investigated;
(4) half-life measurements can be performed with time-resolved mass spec-
trometry. In this contribution we concentrate on some recent achievements
and future perspectives of the storage ring mass spectrometry.

PACS numbers: 21.10.Dr. 29.10.Dh

1. Introduction

Atomic nuclei are many-body systems in which the strong, weak, and
electromagnetic fundamental interactions take place by acting between the
nucleons. The nuclei are composed of two types of fermions, protons and
neutrons, and, therefore, they are natural laboratories to study quantum
correlation effects. The net result of all interactions is reflected in the mass
of the nucleus (i.e. in its binding energy). Nuclear mass surface is a sensitive
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probe for exploring nuclear structure properties. Indeed, the shell structure,
nucleon–nucleon pairing, changes in deformation are directly seen as irregu-
larities on the smooth mass surface [1]. Moreover, it has been shown recently
that ground state masses can also contribute to our understanding of excited
collective states [2]. Open questions such as the changes of nuclear shell
structure, limits of nuclear existence, and new regions of static deformation
etc. motivate new experimental and theoretical studies. These investigations
involve nuclei with yet unknown masses which lie far away from the valley of
β-stability. Such nuclides are characterized by a strong asymmetry of their
proton-to-neutron ratio and thus can reveal new nuclear structure proper-
ties. It turns out that the masses of these extremely exotic nuclei determine
the pathways of nucleosynthesis processes in stars [3]. However, they are
difficult to investigate due to their small production cross-sections and short
lifetimes and require very efficient and fast experimental techniques. Two
such experimental techniques routinely used for direct mass measurements
are the Penning trap and storage ring mass spectrometry [4, 5]. These two
approaches are highly complementary.

There are several contributions to these proceedings which are devoted
to Penning trap mass measurements. Therefore we concentrate here on the
storage ring mass spectrometry.

2. Storage ring mass spectrometry

There are presently two facilities worldwide which employ high-energy
storage rings for accurate mass measurements. The radioactive beam facil-
ity at GSI/Darmstadt is a combination of the high-energy heavy-ion syn-
chrotron SIS [6], the in-flight fragment separator FRS [7], and the cooler-
storage ring ESR [8]. The facility is schematically illustrated in Fig. 1.
Intense beams of any stable isotope from protons up to uranium can be ac-
celerated by the SIS to a maximum magnetic rigidity of 18 Tm. Relativistic
fragments of several hundred MeV/u are produced mainly through fragmen-
tation of primary beam projectiles in thick production targets. In the case of
uranium primary beams also the projectile fission is often used for the pro-
duction of neutron-rich nuclei. Typically beryllium targets with thicknesses
of 1–8 g/cm2 are employed. Secondary beams are separated in flight in the
FRS within about 150 ns and are then injected into the ESR [9]. Dependent
on the specific experimental requirements, cocktail or clean mono-isotopic
beams can be prepared with the FRS by employing magnetic rigidity (Bρ)
analysis and atomic energy loss (∆E) in a specially shaped matter [10]. The
cocktail beams are ideally used for the mass measurements. Separation of
mono-isotopic beams is often essential for accurate lifetime determination
[11–15] or reaction studies with the internal target [16].
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Fig. 1. SIS-FRS-ESR facility at GSI. Primary beams are accelerated in the syn-
chrotron SIS to several hundred MeV/u and impinged on the production target in
front of the fragment separator FRS. The reaction products are separated in flight
in the FRS and injected into the storage ring ESR for mass measurements [9].

The second storage ring facility has been constructed at IMP/Lanzhou.
The high energy part of it is based on the same principle as the one at GSI.
It consists of the synchrotron CSRm which is coupled to the storage ring
CSRe via the in-flight fragment separator RIBLL2 [17] (see Fig. 2). Some
characteristics of the ESR and CSRe rings are summarized in Table I.

TABLE I

Some major parameters of the ESR and CSRe storage rings [8, 17].

ESR CSRe

Circumference [m] 108.36 128.80
Maximal magnetic rigidity Bρmax [Tm] 10.0 8.40
Electron cooling (ion energy) [MeV/u] 4–430 25–400
Stochastic cooling (ion energy) [MeV/u] 400 —
Transition point γt (isochronous mode) 1.39–1.41 1.395
Transition point γt (standard mode) 2.29 2.629
Acceptance for cooled ions ∆(m/q)/(m/q) ±1.5% ±1.3%

In first-order approximation the revolution frequencies f of the ions
stored in the ring can be related to their mass-to-charge ratios (m/q) by
the following expression:

∆f
f

= − 1
γ2

t

∆(m/q)
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Fig. 2. Schematic view of the radioactive beam facility at IMP/Lanzhou [17]. The
synchrotron CSRm accelerates primary beams which are then fragmented in a pro-
duction target located in front of the in-flight fragment separator RIBLL2. Sepa-
rated radioactive ions are injected and stored in the storage ring CSRe. Revolution
frequencies of the electron-cooled ions can be measured with use of the Schottky
pick-up. If the CSRe is tuned into the isochronous ion-optical mode then the rev-
olution frequencies can be obtained also for uncooled particles by using dedicated
time-of-flight detectors.

where γ is the relativistic Lorentz factor and γt is the transition point of
a storage ring [18]. The latter quantity is constant for a given ion-optical
setting of the ring. According to the above equation a measurement of the
frequencies of the stored ions allows the determination of their m/q values
only if the second term on the right-hand side can be neglected. However,
secondary beams have a velocity spread ∆v/v of the order of a few percent
which is an inevitable consequence of the nuclear reaction process [10].

Two complementary experimental methods, namely Schottky (SMS) and
Isochronous (IMS) Mass Spectrometry, have been developed for accurate
mass measurements [5].
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In the SMS, the velocity spread can be reduced by stochastic [19] and
electron cooling [20], which force all stored ions towards the same mean
velocity. A velocity spread of the cooled ions of roughly 5 × 10−7 can be
achieved for beam intensities below about a thousand ions [20]. Thus the
second term in Eq. (1) can be neglected [21]. The revolution frequencies
are measured by the Schottky-noise spectroscopy. The stored ions circulate
in the storage ring more than a million times per second. Typical revolu-
tion frequencies are about 2 MHz in the ESR and about 1.5 MHz in the
CSRe. Each ion induces at each revolution a mirror charge on a couple
of electrostatic pick-up electrodes. Fast Fourier transform of these signals
yields a spectrum of revolution frequencies. The charges induced on the
pick-ups are tiny compared to the thermal noise of the pick-ups and elec-
tronics. Therefore, several hundred thousands of revolutions of the ions in
the ring are required for producing a frequency spectrum. Locations of the
Schottky pick-ups in the ESR and in the CSRe rings are indicated in Figs. 1
and 2, respectively. The disadvantage of the SMS is that the cooling process
and spectrum creation last a few seconds. Thus, only nuclides with half-lives
longer than about 1 s can be investigated.

Exotic nuclei with half-lives shorter than the cooling time can be stud-
ied with a time-of-flight technique by operating the storage ring in the
isochronous ion-optical mode. In this case the ions of interest are injected
into the ESR or CSRe with γ = γt ≈ 1.41 or 1.395, respectively. Thus,
the term containing the velocity spread in Eq. (1) equals to zero. In this
ion-optical mode, a faster ion of a given ion species moves on a longer orbit
and a slower ion of the same ion species moves on a shorter orbit, so that
the velocity spread is compensated by the lengths of the closed orbits. This
means that the revolution frequency of the circulating fragments does not
depend on their velocity spread [22,23]. A dedicated time-of-flight detector
is used to measure the revolution frequencies [24]. The detector is equipped
with a thin (about 10 µg/cm2) carbon foil. Secondary electrons are released
from the foil when it is penetrated by the fast ions. These electrons are
guided by the electric and magnetic fields to a set of micro-channel plates.
Thus, time stamps of each ion passing at each revolution through the detec-
tor are recorded. The fragments do not require cooling and the nuclei with
half-lives as short as 10 µs— about 20 revolutions in the ring — can be mea-
sured with this method. Present and planned positions of the time-of-flight
detectors can be seen in Figs. 1 and 2.

3. Results from Schottky mass spectrometry
SMS is ideally suited for simultaneous mass measurements of a large

number of nuclides [21,25,26]. The commissioning of Schottky pick-ups and
the corresponding electronics is currently under way at the CSRe. Therefore
we restrict ourselves to the experiments performed at the ESR.
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The electron cooled ion beams occupy the entire acceptance of the ESR
(see Table I). Several ten different nuclides in up to three ionic charge states
can be present in one frequency spectrum [26]. An example of a Schottky
frequency spectrum is illustrated in Fig. 3. In this experiment 238U projectile

Revolution frequency - 60000 [kHz]

Fig. 3. Schottky frequency spectrum of 238U projectile fragments [29]. Only the
prominent peaks are labelled with the corresponding isotope identification. Most of
these peaks correspond to isobaric multiplets of the same ionic charge state. This is
shown in the inset on the example of the isobaric duplet of 228Ra87+ and 228Fr87+

ions. There are five nuclides whose masses were not measured before, namely
221,222At, 223Rn, 228Fr and 231Ra. Please note that the 223Rn nuclide is present in
two charge states, bare and H-like, at about 230 and 100 kHz, respectively.

fragments have been measured [27–29]. One can see that the nuclides with
known and unknown masses are present in this spectrum. The nuclides
with known masses are used to calibrate the spectrum by using Eq. (1).
The mass values of 221,222At, 223Rn, 228Fr and 231Ra nuclides from this
spectrum could be measured for the first time. The 223Rn nucleus is present
in two charge states which yields redundant mass determination since in
each case it is surrounded by different reference masses. The important
achievement of SMS is that the revolution frequency of a single stored ion
can be measured [30, 31]. On one side, detecting single ions is of a great
advantage for resolving low-lying isomeric states since the ion can only be
present in one or the other state [32]. Thus, ground or isomeric states can
be assigned even for very small excitation energies which is not possible
under the condition when both states are simultaneously populated. One
example is illustrated in Fig. 4. In this figure, single 125Ce58+ ions have
two distinguished revolution frequencies in the upper and lower Schottky
spectra. In this way, a long-lived isomeric state in 125Ce with an excitation
energy of only E∗ = 103(12) keV has been discovered [33]. On the other side,
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the nuclides with very small production rates can be measured. Several new
isotopes from 238U projectile fragmentation were identified and their masses
and half-lives have been measured [29], e.g. the 235Ac nuclide [34].
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Fig. 4. Schottky frequency spectra of single stored 125Ce58+ ions in the isomeric
(upper spectrum) and in the ground (lower spectrum) state. The measured fre-
quency difference corresponds to the excitation energy of E∗ = 103(12) keV. Peaks
of 69Ge32+ are used as a frequency reference.

One important result is for the first time measured mass value of 208Hg
(ME = −13265(31) keV) [28]. This mass value has been used to determine
the interaction strength of the last two protons with the last two neutrons,
commonly denoted as δVpn

1, in 210Pb which amounts to δVpn(210Pb) =
165.2(10) keV. This value is about 2.5 times smaller than the δVpn(208Pb) =
426.8(5) keV. This sudden decrease just after the magic neutron number
N = 126 (see Fig. 5) confirms the expectations based on the spatial over-
lap of the valence orbits in this region and their relation to very general
properties of the shell structure near stability [28].

The mass surface derived form SMS experiments is illustrated in Fig. 8.
The relative mass accuracy of the SMS amounts presently to ∆(m)/m ≈
1.5× 10−7. Somewhat better mass accuracy of about ∆(m)/m ≈ 4× 10−8

can be reached in special cases by using narrow frequency ranges and well
known masses for calibration. For example, the mass excess value ME =
−84376(4) keV [35] has been obtained for the isomeric state 93mMo which is

1 δVpn(Z,N) = 1/4 [m(Z,N) +m(Z − 2, N − 2)−m(Z,N − 2)−m(Z − 2, N)], where
Z and N are the proton and neutron numbers, respectively.
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Fig. 5. Experimentally known δVpn values of even–even nuclei on the chart of
nuclides. The diagonal symmetry in the δVpn values for lower-left and upper-right
quadrants is clearly seen and can be explained by the “symmetry” in the quantum
numbers of the single-particle orbitals occupied by the valence nucleons. The newly
determined δVpn value for 210Pb is indicated with the black square. Please note
that this is the first experimental result for the region Z ≤ 82 and N > 126.

in excellent agreement with the literature value ME = −84378(4) keV [36].
It is important to note that masses of hundreds of nuclei are measured with
the same method, that is with the same systematic errors. The obtained
mass surface has been successfully used for numerous nuclear structure in-
vestigations. Some examples can be found in Refs. [37–41].

4. Results from isochronous mass spectrometry

As discussed above, the SMS can address nuclei with lifetimes longer than
about a second. In order to investigate the nuclei with shorter half-lives the
IMS is applied. Similarly to SMS, IMS is a broad-band technique. In the
case of the ESR, a revolution frequency spectrum covers ∆(m/q)/(m/q) ≈
13% [42,43]. The achieved mass resolving powers of IMS are aboutm/∆m ≈
105 (ESR) and m/∆m ≈ 5 × 104 (CSRe), which has to be compared to
m/∆m ≈ 106 obtained in SMS experiments. Moreover, for a given Bρ,
the broad m/q range means that the ions have also a broad range of mean
velocities. It turns out that the isochronous conditions, i.e. high resolving
power, are fulfilled only in a small m/q-range [44].

Left part of Fig. 6 illustrates the variation of the resolving power ∆T/T
as a function of the relative change in magnetic rigidity ∆Bρ/Bρ for three
m/q ratios. It is clear from this figure that the isochronous conditions are
fulfilled only for nuclides with m/q close to 2.615. The resolving power can
be significantly improved, if an additional measurement of the velocity or
magnetic rigidity of each ion is performed [32]. This has been tested at
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GSI where in the last experiment addressing 238U fission fragments a new
method of Bρ-tagging has been employed [44]. The magnetic rigidity has
been restricted to about ∆(Bρ)/Bρ ≈ 1.5×10−4. This was done by selecting
the particles with a system of asymmetrical slits at the central focal plane
of the FRS. In this experiment a mass resolving power of 2 × 105(FWHM)
and a typical mass accuracy of 120 keV have been achieved almost over the
entire spectrum. The masses of 35 neutron-rich nuclides have been directly
measured in the element range from aluminium to barium. The masses of
8 nuclides (85,86As, 89Se, 123Ag, 138Te, 140,141I, 143Xe) have been measured
for the first time [45,46]. Right part of Fig. 6 shows examples of revolution
time spectra obtained in the ESR for nuclei far off the optimal isochronous
region with (upper panel) and without (lower panel) applying theBρ-tagging
method. The new Bρ-tagging method is a powerful tool since only a few
particles are now sufficient to determine their mass value with a relative
accuracy of about ∆m/m ≈ 2× 10−6. Though the transmission is strongly
reduced in this method, the nuclides with production cross-sections in the
picobarn range could be accessed [45].
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Fig. 6. Left: Resolving power ∆T/T as a function of the relative change in magnetic
rigidity ∆Bρ/Bρ for threem/q ratios. Right: Measured in the ESR revolution-time
spectra. Upper panel: The magnetic rigidity of injected ions has been restricted
to ∆Bρ/Bρ = 1.5 × 10−4 (indicated with grey in the left part). Lower panel:
Spectrum measured under nearly identical experimental conditions as in the upper
panel except that no restriction in the magnetic rigidities of the ions has been
applied.

First IMS experiments have been performed at the CSRe [47, 48]. The
masses of 63Ge, 65As and 67Se produced in the fragmentation of 76Kr primary
beams have been measured for the first time. The corresponding part of
the revolution time spectrum is illustrated in the left part of Fig. 7. The
right part shows the comparison of the new masses with the extrapolated
values from Ref. [36]. In order to increase the resolving power, the in-
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ring velocity measurement of each stored ion is planned. For this purpose,
two time-of-flight detectors will be installed in one of the straight sections
(see Fig. 2). This velocity measurement will be used to correct for non-
isochronous conditions discussed above without restricting the transmission.
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Fig. 7. Left: A revolution frequency spectrum of 76Kr projectile fragments mea-
sured in CSRe. Right: Masses of 63Ge, 65As and 67Se have been measured for the
first time [48] and are compared to the extrapolated values from Ref. [36]

5. Conclusion and outlook

The mass surface measured with storage ring mass spectrometry covers
more that 1000 nuclides and is illustrated in Fig. 8. The sensitivity of both
techniques, SMS and IMS, to single stored ions gives access to nuclides with
very small production rates. The range of nuclides that can be accessed
with the existing GSI and IMP storage ring facilities is indicated with a
dotted line in Fig. 8. The new Facility for Antiprotons and Ion Research
FAIR will give access to extremely exotic nuclei indicated in this figure with
dashed line. Masses and lifetimes of these nuclides will be measured within
the NuSTAR/ILIMA-project (Isomeric beams, LIfetimes, and MAsses). The
details on the ILIMA project can be found in Refs. [49–52].

The storage ring data contain correlations between masses of all nuclides
measured in a given experiment (see Fig. 9). One of the future projects is
to combine together the correlations from different data sets of IMS and
SMS experiments [35]. Thus a global network of correlations between all
nuclides ever measured with rings can be established. A single new mass
value measured, e.g., with a Penning trap will constrain the entire mass
surface via these correlations.
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Fig. 9. Schematic view of the AME principle [36] (left) and the correlated data
measured with storage ring mass spectrometry (right). In the AME, Q-values from
α- and β-decays, reactions (e.g., (n, γ), (p, d) etc.) are collected. Every mass
value obtained directly (e.g. with Penning traps or storage rings) is related to
a reference isotope (e.g. 12C) and is added as a single relation. The storage ring
data provide correlations between all masses measured in a given experiment, and
the correlations from different experiments can be combined together [35]. One of
the future tasks is to incorporate the measured correlations into the AME.
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