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Mass measurements with SMS and IMS 
• Highlights at the FRS-ESR 

New masses, bound-state beta decay, … 
• R&D status 
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Figure 1. Chart of the nuclides displaying the accuracy ’u’ of masses (created by NUCLEUS-AMDC).

030001-3
Mass Precision 
(NUBASE 2016)

Atomic Mass Evaluation 2016 published 
Chin. Phys. C 41 (2017) 03002, 03003.

1. Introduction
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treatment of hydrodynamic instabilities in three-dimen-
sional simulations, and the equation of state of ultradense
matter—required to create realistic supernova models
that actually yield explosions. Furthermore, imprecise nu-
clear data are lacking on the very unstable nuclei involved
in the r-process.

The situation has, however, been improving rapidly.
There are new high-resolution abundance observations of
n-capture elements in halo stars that surround the galac-
tic disk. Models of core-collapse supernovae are becoming
more sophisticated, and increasingly reliable data are be-
coming available on the physics of neutron-rich nuclei far
from the valley of stability. 

Nuclear properties and the r-process
High neutron densities lead to rapid n capture. But in su-
pernovae, these neutron fluxes are accompanied by high
temperatures that produce large quantities of high-energy
gammas that instigate nuclear photodisintegration. That
process, the reverse of n capture, ejects neutrons from the
nucleus. In such an extreme environment, the timescales
for both of these competing reactions is much shorter than
tb. Therefore, the two inverse reactions

n + (Z, A) E (Z, A + 1) + g

can come to an equilibrium balance.
This balance between n capture and photodisintegra-

tion governs the equilibrium distribution of isotope abun-
dances for a given Z. The maximum abundance along an
isotope chain is determined by the temperature and the

neutron density. The maxi-
mum occurs at a specific neu-
tron separation energy Sn,
the energy released in a neu-
tron capture. At a given 
temperature and neutron
density, the abundance- 
maximum value of Sn is the
same for all isotope chains,
irrespective of Z. The 
r-process path in the NZ-
plane is then determined; it
connects the maximum-abun-
dance isotopes of all the iso-
topic chains. Beta decay

(Z, A) O (Z+1, A) + e– + ne

transfers nuclei from one iso-
topic chain to the next and de-
termines the speed with
which heavy nuclei are
formed.

The thin magenta line
traversing the nuclide chart of
figure 1 illustrates an r-
process path with Sn between
2 and 3 MeV. Such a path re-
quires a synthesis time on the
order of seconds to form the
heaviest elements, such as
thorium, uranium, and pluto-
nium. During an r-process
event, temperature and neu-
tron density—and therefore
the path’s Sn—change with
time. Thus, very unstable nu-
clei with neutron separation
energies ranging from about 4
MeV all the way down to zero

can be involved in the r-process. The condition Sn = 0 defines
the so-called neutron drip line, at which nuclei become un-
stable to neutron emission.

When the intense neutron flux ends, a nucleus on the
r-process path will beta decay back up to the valley of sta-
bility and produce one of the stable nuclei indicated by the
magenta boxes in the figure. For example, the stable r-
process nucleus platinum-198 is originally formed as an
unstable lower-Z nucleus of the same A but with more neu-
trons. A sequence of beta decays then converts it to 198

78Pt.
The peaks in the abundance distribution of r-process

elements, shown in figure 2, are due to particularly long
beta-decay half-lives at “magic numbers” N = 2, 8, 20, 28,
50, 82, and 126, corresponding to closed neutron shells. In
figure 1, closed neutron and proton shells are indicated by
double lines. At the magic neutron numbers, the r-process
path, which connects nuclei with the same Sn for different
Z, moves closest to the valley of stability. Along the 
r-process path, nuclei that have the longest tb (of order
0.3–0.4 s) determine the abundance peaks. Between peaks,
the beta-decay lifetimes are typically one or two orders of
magnitude shorter.

The flow of the s-process, for which the interval be-
tween successive n captures is much longer than tb, is de-
termined by tn. The s-process peaks, also shown in figure
2, are due to minima in the n-capture cross-section at the
magic neutron numbers N. But because the s-process
paths stick much closer to the valley of stability, they en-
counter the magic neutron numbers at higher values of Z.
Therefore the s-process peaks in figure 2 are systemati-
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Figure 1. The stable and neutron-rich unstable nuclides.3 Isotopes stable against beta
decay, indicated by black and magenta boxes, form the valley of stability that runs along
the top edge of the band. (Proton-rich isotopes on the valley’s other side are not shown.)
Colored bands indicate decreasing measured or predicted lifetimes tb with increasing dis-
tance from the valley. The jagged black line is the limit of laboratory information. The
jagged magenta line shows a typical path of rapid (r-process) neutron captures. Such paths
tend to turn vertical at the double vertical lines that mark neutron numbers corresponding
to closed neutron shells. (The horizontal double lines indicate closed proton shells.) A nu-
cleus on an r-process path eventually beta decays up to the valley to become one of the r-
process stable nuclei indicated by the magenta squares. (Courtesy of Peter Möller.)

cally offset to higher atomic masses than the correspon-
ding r-process peaks.

The distance of the r-process paths from the valley of
stability underscores why information on the properties of
nuclei far from stability is so critical to understanding the
process. To first order, the values of Sn determine the 
r-process path,2 and the values of tb determine the shape of
the abundance curve.6 Individual n-capture cross sections
can also play a role, especially during the supernova’s
“freeze-out” transition, when the neutron flux disappears,
temperatures drop, and equilibrium conditions no longer
prevail. 

Fission will occur during an r-process when neutron-
rich nuclei are produced at excitation energies above their
fission barriers.2 Fission determines the heaviest nuclei
produced in an r-process, and the fission products con-
tribute to the distribution of lighter nuclei.2,6 The high neu-
trino flux released in a supernova explosion also gives rise
to nuclear interactions, for example

ne + (Z, A) O (Z+1, A) + e–,

which has essentially the same effect as beta decay.7

Site-independent model calculations6,8 have success-
fully replicated the abundances of r-process elements in the
solar system with superpositions of r-process paths with
neutron separation energies in the range of 1–4 MeV. Such
paths are far from the valley of stability, traversing regions
of the nuclide chart where nuclear properties are poorly
known. Some paths extend all the way out to the neutron
drip line. Most of the relevant nuclear species are not cur-
rently accessible in the laboratory. But rare-isotope acceler-
ator facilities in planning stages in the US and Germany,
and already under construction at the RIKEN facility near
Tokyo, should make them available to experimenters in the
foreseeable future. Expanded theoretical efforts will also be
needed to provide reliable predictions of  masses, lifetimes,
fission properties, and neutrino interactions.6,7

Abundance observations in stars
Much of the new knowledge regarding the formation of the
heaviest elements has been gained from high-resolution
spectroscopic observations of stars in our galaxy, especially
of the so-called halo stars. A star’s surface abundance of the
various elements reflects the interstellar matter from which
the star formed. The halo stars circling the galaxy in highly
eccentric orbits are among its very oldest stars. By compar-
ison with the Sun, they have very low Fe abundances. But
they do have clear signatures of elements made in the 

r-process. This indicates that the halo stars were formed be-
fore there was much s-processing in the galaxy.

The s-process elements come from low-mass stars that
often live for billions of years before they end their lives as
white dwarfs. Significant s-process material had not yet
been ejected into the interstellar medium when the old
halo stars were born. The first generation of high-mass
stars that ended their short lives as supernovae produced
only r-process material. Their ejecta were incorporated
into the matter from which the halo stars formed.

One of the best studied of the halo stars is called CS
22892-052. Its ratio of iron to hydrogen is less than a thou-
sandth that of the Sun. The most recent abundance data9

for CS 22892-052 are shown in figure 3. Fifty-seven ele-
ments have been observed in this star 15 000 light years
from us. No other star, except the Sun, has had so many
of its elements identified. The detections even include the
radioactive element Th, which can be used to measure the
ages of halo stars.9,10

For comparison, a curve of r-process elemental abun-
dances in the solar system is superposed on the CS 22892-
052 data in figure 3. Because the s-process can be reliably
calculated from nuclear parameters measured in the lab-
oratory, one deduces r-process contributions by subtract-
ing the calculated s-process component from the raw abun-
dance isotope observations. The solar system curve is
scaled to compensate for the Sun’s enormously greater
metallicity—by which astronomers mean the abundance
of all elements heavier than boron, but especially iron.

For barium (Z = 56) and all heavier elements, there is
a striking agreement between the abundances in the halo
star and the scaled solar system r-process distribution.
The total unscaled abundances are very different, but the
relative proportions of the heavy n-capture elements are
quite similar in the 4.6-billion-year-old Sun and this much
older halo star.

That similarity says much about the r-process. First
of all, the presence of these elements in the halo stars
demonstrates the operation of the r-process during the ear-
liest epochs of galactic history, presumably in massive
stars that ended their lives as supernovae. It also shows
that elements normally thought of as s-process products
in solar system material, for example Ba, were also formed
by the r-process in the earliest galactic times—when the
low-mass, long-lived stars that would come to serve as 
s-process sites had not yet synthesized those elements and
injected them into interstellar space.5

The agreement between the abundance curves for the
heaviest n-capture elements in the halo star and the Sun also
demonstrates the robustness of the r-process. The process
has clearly been operating in much the same manner over
many billions of years. Wherever and however the r-process
operates, it appears to be very uniform and well confined in
astrophysical parameter space. It seems, for example, that
temperature, density, and neutron flux at r-process sites vary

http://www.physicstoday.org October 2004    Physics Today 49

Figure 2. Solar system abundances of heavy elements pro-
duced by r-process and slow (s-process) neutron capture.
Plotted values are 12 + log10 of abundance relative to hydro-
gen. Abundance peaks are caused by maximum tb or mini-
mal n-capture rates at magic numbers corresponding to full
neutron shells. Because the r-process carries nuclei farther
from the valley of stability than does the s-process, it en-
counters each closed shell at slightly lower mass number.
Hence the r-process peaks are offset to lower A. The curves
are not renormalized; the two processes really have con-
tributed about equally to the solar system’s inventory of
heavy elements. (Adapted from ref. 3.) 
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have the same mean velocity v whereas for isochronous mass spectrometry (right) the ions are “hot” and have different velocities.

highly charged ions of the rare earth region is shown in Fig. 31. As demonstrated in the inset of Fig. 31, SMS allows
single-ion sensitivity with a high resolving power and a high efficiency. More than 100 new masses can be measured
in one experiment.

The gray marked masses in Fig. 31 were previously unknown. The simultaneous storage of both unknown and known
(black marked) masses allows an in-situ calibration. For two frequencies of two different ions k and l one can write in
first-order approximation [48]:
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where !p is the momentum compaction factor, which is defined as
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and which characterizes the relative variation of the orbital length (C) per relative variation of the magnetic rigid-
ity (B"). Typically !p has a value of about 0.15. The width of the frequency distribution of each ion species k is
given by [48]
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where #pk/pk and #vi/vi are the relative widths of the momentum and the velocity distributions for the kth ion species,
respectively. Eqs. (62) and (64) are the basis for the Schottky mass spectrometry. They show that in order to measure
masses of stored and identified ions it is sufficient to measure their orbit frequencies. The accuracy of the method can
be improved by storing and studying different charge states of the same ion of interest at the same time within the
accepted m/q band.
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power one obtains [53]:

R= m

!m
= !c

!!c
≈ !cTrf . (65)

For a singly charged ion with mass number 100 confined in a Penning trap with a magnetic field of 6 T the cyclotron
frequency is about !c = 1 MHz (see Table 3). An excitation or observation time of Trf = 1 s results in a resolving power
of typically R = 106. In many cases this is sufficient to separate excited long-lived nuclear states, so-called isomers,
from the ground state for unambiguous state assignments [115,207] and to provide isomerically pure beams [116].
According to the energy-mass equivalence, E = mc2, isomeric states are distinguished from their ground state by their
additional mass. As an example, the resolution of the 1+ ground and 6− isomeric states in 68Cu with the ISOLTRAP
mass spectrometer is shown in Fig 33. In order to obtain a higher resolving power, higher cyclotron frequencies by
stronger magnetic fields or higher charge states, and longer excitation or observation times are desirable. Extending for
example the time of observation of the ion motion to ten seconds would increase the resolving power by an order of
magnitude. This of course requires the nuclide to live and to be stored long enough. At ISOLTRAP a resolving power
of about 107 on short-lived radionuclides was demonstrated even in the heavy mass region [114]. For light ions as in
the case of the proton or antiproton the above conditions with Trf = 10 s yields R= 109.

In principle the Fourier limit for frequency measurements based on Fourier analysis of detection signals can be
overcome. This is the case when the integrated phase difference of the particles’ motions relative to an excitation
with a well-defined phase is measured [168,208]. This phase sensitive measurement technique was invented at the

290 R. Knöbel et al. / Physics Letters B 754 (2016) 288–293

Fig. 1. The systematic error of our mass measurements was determined by reanal-
ysis of each reference mass, i.e., each reference mass is treated sequentially as an 
unknown species. The distribution of this analysis is depicted as a function of mass-
over-charge values and shown in the insert as a projected histogram. Here only the 
range of the accurately-known reference nuclides is shown. The actual calibration 
grid is more extended and covers also the cadmium isotopes. Most of the reference 
masses had good statistics, much larger than 14 recorded ions.

statistics and with a large distance from the accurate reference 
masses. Most of the stored ions were fully ionized, but a few were 
recorded in H-like charge states and thus extended the calibration 
in the neutron-rich region. Note that in the maximum-likelihood 
method as used in the matrix method [37] all masses were auto-
matically included in the interlinked calibration grid. Furthermore, 
we used in this work for the first time a variable “s” factor depen-
dent on the measured m/q value, whereas, in reference [37] it was 
fixed. This variable factor accounts for additional uncertainties of 
non-isochronous m/q values. The main advantage of the new anal-
ysis is that we could include ions with very low rates down to a 
few events for a single isotope. In this way, we can now present 
more than 20 new mass values which were not included in previ-
ous IMS evaluations of the same experiment [34].

A first check of the reliability of the new data analysis is the de-
termination of the systematic error of the combined experiments. 
An average of 1600 events per reference mass could be applied in 
the analysis with the combined data sets. We determined the sys-
tematic error by using all accurately-known reference masses and 
sequentially treating each of these masses as being unknown. The 
procedure is illustrated by equation 2 and Fig. 1.

n∑

i

(mi − mref
i )2

(σ ref
i )2 + (σ stat

i )2 + (σ syst)2
= Nn, (2)

where mref
i are the mass values and σ ref

i the uncertainties of the 
reference nuclides. σ stat

i are the statistical errors of the measured 
masses mi . Nn is the number of reference masses and σ syst the 
systematic error. In this analysis 47 reference masses have been 
used [40]. The investigation covers only the m/q range of the 
accurately-known reference masses. The uncertainty of the refer-
ence masses σ ref

i is less than 25 keV, and most of them have 
an uncertainty well below 10 keV. For m/q > 2.68 no reference 
masses with the same accuracy were available. The mean value 
of the projected distribution is 1.29 keV. The deduced systematic 
error is 172 keV (standard deviation). For most of the new mass 
values this systematic error is the dominant contribution to the 
total error which results from the sum of the variances. Different 
from Penning trap mass measurements, the reference masses are 

Fig. 2. Difference between the measured mass values and the smooth Weizsäcker 
formula given by Eq. (3) for the elements tellurium, tin and cadmium. The parame-
ters used in the formula are presented in the text. The data clearly show the extra 
binding energy due to the contribution of the shell structure for all three elements 
in this mass region of N = 82.

simultaneously measured in the same spectrum together with un-
known masses.

In the matrix method the statistical error for each nuclide was 
calculated by the square root of the diagonal elements of the in-
verse matrix [37]. In the maximum-likelihood calculation a Gaus-
sian statistical distribution is assumed. However, for very rare nu-
clides with few recorded events in the whole experiment, a Gaus-
sian description is likely to underestimate the uncertainty. There-
fore, we have taken into account an additional systematic error 
deduced from an observed correlation between the measured un-
certainty of the revolution time and the number of turns recorded 
in the ring. This additional error is quadratically added. It is signifi-
cant for ions which have made only a few turns in the storage ring. 
The reason for the observed correlation is probably the influence 
of the initial phase–space coordinates, e.g., the position and angu-
lar coordinates of the injected ions before they reached a closed 
orbit in the ring. For more than about 14 recorded ions, typically 
more than three hundred turns have been measured and the con-
tribution of this additional systematic error is no longer significant 
for the total error.

3. Results and discussion

Fig. 2 shows the difference of the experimental mass values 
for tellurium, tin and cadmium isotopes and the prediction of the 
liquid drop model [1,41]. The liquid-drop parameters have been 
deduced from a fit to the tabulated values of the Atomic Mass 
Evaluation 2012 (AME12) [42].

The liquid-drop binding energy BLD has the form

BLD = bvol A − bsurf A2/3 − 1
2

bsym
(N − Z)2

A

− 3
5

Z 2e2

Rc
−

⎧
⎨

⎩

0 e–e nuclei
bpair A−1/2 e–o or o–e nuclei
2 · bpair A−1/2 o–o nuclei

, (3)

with Rc = 1.24 fm · A1/3.
The parameters for the Weizsäcker formula from the fit to all 

measured mass values of reference [42] are: bvol = 15.747 MeV, 
bsurf = 17.603 MeV, bsym = 47.494 MeV, bpair = 12.822 MeV.

The strong extra binding energy for the neutron-rich cadmium 
isotopes is clearly observed. Most of the experimental error bars 
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Fig. 1. Nuclides covered in the present IMS experiments with
the FRS-ESR facilities. The masses measured for the first time
are indicated by stars. The reference masses used in the analy-
sis and the neutron dripline [7] are shown as well. The new IMS
mass measurements of neutron-rich Cd isotopes are indicated
but have been separately published [8].

theoretically predicted [9, 10] and observed in experi-
ments [11–13]. Mass measurements of exotic nuclei are
a great experimental challenge because the isotopes of
interest are short-lived and are produced in nuclear re-
actions with very low cross sections. Furthermore, they
can only be investigated if they are efficiently separated
from the non-reacted primary beam and all abundant con-
taminants. Exotic nuclei are excited due to their creation
process in reactions, therefore, they may often enter the
mass spectrometers in long-lived excited states. It means,
the ions have different masses depending on their excita-
tion level. It is the goal of accurate mass measurements
to extract the ground-state mass and resolve the different
states. The latter task is a great experimental challenge
and depends mainly on the excitation energy and the pop-
ulation of the different states. Experimentalists cope with
this challenge by new developments and techniques yield-
ing higher mass resolving power. However, the devices
with the highest resolution are critically prone to small
drifts and changes of the experimental conditions. The sit-
uation is even more severe if only a few ions are recorded
over a week or longer. This challenge characterises the
present experiments which represent a pilot investigation
for the limitation of future experiments.

The highest mass accuracy and resolving power has
been reached with frequency and revolution time mea-
surements in ion traps or storage rings [4,14–16]. Many of
the described challenges with exotic nuclei can be solved
by frequently recorded calibration masses or, even better,
when the reference masses are simultaneously measured in
the same spectrum together with the ions with unknown
experimental masses.

In this contribution, we present new results from
isochronous mass measurements with the FRS-ESR facil-
ity at GSI. The Isochronous Mass Spectrometry (IMS) [17]
was performed under two different experimental condi-

tions, with and without Bρ-tagging [18] at the dispersive
central focal plane of the FRS [19]. A goal was to cover in
both experiments the same mass-over-charge (m/q) range
to investigate the influence of the additional Bρ deter-
mination. It was known that in addition to the revolu-
tion time also the magnetic rigidity or equivalently the
velocity measurement is mandatory for unambiguous par-
ticle identification and that corrections of the deviations
from isochronicity in IMS measurements of a broader m/q
range are required [18]. The data of the two different
experiments were combined and analysed together with
a new correlation matrix method based on the analysis
which was first applied in Schottky Mass Measurements
with stored electron-cooled ions [20]. The experiments and
the analysis are described in detail in this paper and
the prospects and limitations of IMS are discussed. The
masses covered in the present experiments are shown in
the chart of nuclides in fig. 1.

2 Experiments

Neutron-rich exotic nuclei were produced by abrasion-
fission reactions of (410–415)MeV/u 238U ions in a
1 g/cm2 Be target placed at the entrance of the FRS [19].
The experimental setup with the FRS and ESR is
schematically shown in fig. 2. The ion-optical system with
the dipole and multipole magnets is illustrated with the
main components of the IMS experiments presented in this
contribution. The kinetic energy of the incident projectile
beam has been adjusted to match the magnetic rigidity
(Bρ) of the selected pilot fission fragment, e.g., fully ion-
ized 133Sn and 135Sn ions were chosen to determine the
magnetic fields of the FRS and the isochronous ESR [21].
The synchrotron SIS-18 [22] provided an average inten-
sity of the primary beam of about 109 ions per spill. The
spill lengths of the fast extracted ions from SIS-18 had a
width of (0.2–0.5)µs. This condition excludes the applica-
tion of particle detectors recording single ions via event-
by-event coincidence measurements, especially also due to
low transmission of the injection channel of the ESR which
is a few percent relative to the phase-space provided by
FRS. The kinetic energy of the primary beam was cho-
sen such that the mean velocity of 133Sn50+ and 135Sn50+

fragments corresponded to the relativistic Lorentz factor
of γ = 1.41, which matches the transition energy (γt) of
the ESR. The separation mode of the FRS without en-
ergy degraders was enabled by the large mean velocity
difference of the projectile fragments and fission products
and the restricted angular acceptance of the FRS. Prac-
tically this means that a suitable Bρ-selection with the
FRS can provide fission-fragment beams without signif-
icant contributions of projectile fragments. Since no en-
ergy degrader was used in the present experiments, all fis-
sion products with the same magnetic rigidity were trans-
ported through the FRS and were injected into the storage
ring. The transmission of the ion-optical systems of FRS
and ESR was optimized with the primary beam centred
at the identical mean magnetic rigidity as for the chosen
pilot fragments. Unfortunately, the injection acceptance of
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Fig. 2. The in-flight fragment separator FRS combined with
the storage-cooler ring ESR for IMS experiments. The posi-
tion of the production target, the central focal plane F2 of
the FRS and the magnetic elements of the two facilities are
depicted. Magnets which are not used are indicated in white
color. The magnetic rigidity (Bρ) of the injected fragments was
defined with mechanical slits placed at the central dispersive
focal plane F2 of the FRS. The first experiment was performed
with no slits, the second one had applied slits with an opening
of ±0.5 mm. The position of the time-of-flight (ToF) detector
is indicated in the ESR lattice.

the ESR was about one order of magnitude smaller than
the one of FRS. Previously, we have demonstrated that
for IMS experiments in addition to the revolution time of
the stored ions the magnetic rigidity or velocity measure-
ment is required [18]. The reason is that the isochronicity
condition is strictly realized only for one single mass-over-
charge (m/q) value for a fixed ion-optical isochronous field
setting of the ESR.

The illustration of the relevance of this additional mea-
surement for IMS experiments can be easily demonstrated
with the first-order formula, relating the revolution time
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Fig. 3. Calculated correction factor (1/γ2
t − 1/γ2)-dependent

on the mean velocity deviation between isochronous (γt) and
non-isochronous particles (γ). γ and γt are the relativistic
Lorentz factor and the isochronous ring parameter correspond-
ing to the so-called transition energy. In the present calculation
γt is 1.41. Note that in the experiment γt is not constant over
the full acceptance of the ESR [17]. The windows for a m/q
range of 1% and 5% are illustrated in the figure.

(T ) directly to the mass-to-charge ratio (m/q) of the
stored and measured particle:

dT

T
=

1
γ2

d(m/q)
m/q

+
(

1
γ2

t

− 1
γ2

)
d(Bρ)

Bρ
, (1)

with γt being an ion-optical parameter of the storage ring
(transition energy), γ = (1 − (v/c)2)−1/2 the Lorentz fac-
tor of the revolving particle, v and c the velocity of the
particle and the speed of light in vacuum, respectively. In
the isochronous mode of the storage ring γt is equal to the
Lorentz factor γ for one single m/q value. Only for these
ions the measurement of the revolution time T unambigu-
ously determines the m/q ratio. For other nuclides, the
shift of the mean velocity and distribution width do not
cancel and have to be taken into account. Equation (1)
clearly demonstrates that it is necessary to measure the
velocity and magnetic rigidity of each nuclide in addition
to its revolution time, in order to achieve accurate mass
values and high mass resolution. The additional quantity
which has to be measured is ( 1

γ2
t
− 1

γ2 ). Its magnitude is
in the few percent range and strongly depends on how
much the velocity of a stored ion differs from the transi-
tion energy of the storage ring. The impact of the relation
is presented in fig. 3. Two windows for an m/q range of
1% and 5% are illustrated in the figure.

Experimentally it is clear that these additional mea-
surements have to be performed to achieve accurate mass
values in IMS experiments with the ESR. Particle detec-
tors operated in coincidence at the FRS cannot be used
for this task, because of the spill structure of fast ex-
tracted beams from the heavy-ion synchrotron (SIS-18),
see above. On the other hand, the operation with fast ex-
tracted beams is necessary for the injection scenario into
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Fig. 2. Illustration of new results from the present experiment. 5 new isotopes have
been discovered in the element range from thallium to actinium. Their masses have
been accurately determined and information on their lifetime has been obtained as
well. The limit of previously known neutron-rich isotopes is indicated by the solid
line. The well-known masses indicated in the figure (filled squares) have an average
experimental error of about 8 keV [13].

Fig. 3. Characteristic Schottky frequency spectrum with isotopes of well-known
masses and those with unknown masses (outlined element name). The new iso-
tope 213Tl is included in the spectrum. Note, the frequency range in the plot results
from the subtraction of a fixed oscillator frequency.

the limits of presently known nuclei the full particle identifica-
tion and often the production cross section have been published
[16,17]. More information is gained, if first decay properties are
deduced as well. With the described experimental setup and meth-
ods we have identified new nuclides and measured their masses
with an accuracy of !m/m ≈ 3 × 10−7. The information on their
lifetime can be deduced by the same experimental method if their
decay time matches the access window of SMS [18,19].

The m/q identification in the frequency spectrum was based
on a pattern recognition algorithm including the well-known mea-
sured masses [13] as calibration grids and for the unknown iso-
topes the microscopic theoretical prediction [20]. An unambiguous
assignment was achieved together with the combination of the ap-
plied different separation criteria described above. In addition, we
had to exclude the possibility that an ion of a well-known nuclide
in a rare atomic charge-state could be misidentified as a new iso-
tope. At the FRS-ESR this probability is rather small due to the
high velocity of the fragments (v/c = 0.7) and the resulting nar-
row charge-state distribution. Nevertheless, in the interpretation of
the frequency spectra, ions of possible charge states correspond-
ing to up to five bound electrons were considered. In this way
we checked if a very rare charge state could cause a wrong iden-

Fig. 4. The time evolution of the Schottky revolution frequency spectrum and the
corresponding projection. Here, the frequency information of the discovered 224At
isotope is illustrated.

Table 1
The mass and half-life results of new identified isotopes in this work.

Isotope ME (keV) T1/2 (s)
236Ac 51 267 ± 68 72+345

−33
224At 27 706 ± 59 76+138

−23
222Po 22 476 ± 67 145+694

−66
221Po 19 783 ± 58 112+58

−28
213Tl 1763 ± 61 101+484

−46

tification. In conclusion, we can state that our assigned particle
identification down to the appearance of single ions is clear with-
out ambiguity.

In Fig. 3 a typical frequency spectrum is shown including the
new 213Tl isotope, known isotopes for which the mass values have
been measured for the first time in this experiment and those suit-
able for providing reference masses. In Fig. 4 time traces and their
projection into a frequency spectrum are shown for the new iso-
tope 224At and close-lying ions. The single stored ions are easily
recognized in the two-dimensional presentation.

Using known masses as reference the masses of the new iso-
topes have been determined. The results are listed in Table 1. The
mass determination has been mainly performed as described in
Ref. [21]. However, the subdivision of the full frequency range has
led in general to higher accuracies, see also Ref. [19]. The atomic
electron binding energies are taken into account from Refs. [22,
23]. Their uncertainties are a negligible contribution to the errors
of our mass values. More details of the mass determination will be
given in a forthcoming paper.

Time-resolved SMS measurement can provide also half-life in-
formation along with the accurate mass measurements. Following
the trace of single or few ions the decay can be observed by the
change of the intensity in the trace. Especially interesting is the
observation of the correlated decay events, i.e., when the mother
trace disappears and the corresponding daughter trace appears.
This so-called single-particle spectroscopy is independent on the
assumption that the area of a frequency peak is strictly propor-
tional to the number of stored ions. The different methods of half-
life measurements of stored ions are discussed in Ref. [19]. The
errors for the half-lives were determined by using the approach pi-
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Bound-State Beta Decay of Highly Charged Ions

one obtains at each time interval the number N of the
corresponding ion species, as these intensities are propor-
tional to q2N. As can be seen from Fig. 3, a bunch con-
taining about 1900 207Tl81! ions was injected, containing a
few (about 20) 207Pb81! ions. The time-resolved Schottky
spectroscopy was applied solely to the small frequency
range comprising 207Tl81! mother ions and the near-lying
207Pb81! bound-state !"-decay daughter ions.

The time evolution of the number NTl#t$ of the bare
207Tl81! mother ions and of the number NPb#t$ of the
H-like 207Pb81! !b daughter ions is given by

NTl#t$ % NTl#0$ exp#""t$; (1)

NPb#t$ % NTl#0$
"!b

"!c
! "!b

&exp#""losst$ " exp#""t$'

! NPb#0$ exp#""losst$ (2)

where NTl#0$, NPb#0$ are the corresponding ion numbers
present at the time of injection #t % 0$. The total decay
constant " % "!c

! "!b
! "loss is the sum of the decay

probabilities to continuum #"!c
$ and bound states #"!b

$
and the loss rate "loss, which denotes an additional reduc-
tion for both, bare Tl and H-like Pb ions, due to unavoid-
able beam losses in the machine and (atomic) charge
changing processes in the electron cooler or the residual
gas. In previous experiments [10,11] it has been shown that
for neighboring bare and H-like heavy ions the correspond-
ing "loss constants are nearly equal (compared with bare
ions, the slightly smaller electron capture rate in the cooler
for H-like ions is, accidentally, nearly compensated by an
additional ionization rate in the residual gas for a pressure
of about 10"11 mbar and for a gas containing mainly
hydrogen).

Figure 3 shows as a function of time the number of
207Tl81! mother ions and their !b daughters, H-like
207Pb81! ions, taken over 1280 s. In long-time runs the
number of Tl ions could be finally reduced to one single
ion. Therewith the Schottky-noise intensity corresponding
to 1, 2, 3, . . ., n Tl ion(s) was determined. Since the charge
state q % 81 is identical for both ion species, the same
calibration could be applied for the Pb ions.

The data analysis proceeded via the following steps:
First, long-time runs exceeding more than 40 min. were
exploited to determine "loss by a separate fit to the Pb data
from the time regime after the complete decay of the Tl
ions. Then, from a fit of all available Tl data according to
Eq. (1), the initial number of Tl ions, NTl#0$, the total decay
constant " in the laboratory system and, hence, "!c

!
"!b

% "" "loss were determined. Finally, the remaining
parameters "!b

and NPb#0$ were obtained from a fit to the
Pb data according to Eq. (2). The first three points at 16 s,
48 s, and 80 s show significant deviations from the expo-
nential decay curve, caused by the long time needed to cool
the hot Tl fragments employing electron cooling.
Therefore these points were excluded from the fits.

The results for the decay constants in the laboratory
system are: " % 22:8#4$ ( 10"4 s"1, "loss % 3:8#7$ (
10"4 s"1, "!b

% 3:0#2$ ( 10"4 s"1, and, therewith,
"!c

% "" "loss " "!b
% 16:0#8$ ( 10"4 s"1. Our detec-

tion technique does not allow us to resolve transitions to
individual atomic shells of the bound-electron states.
Therefore, the above quoted "!b

value comprises the
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FIG. 3. Number of stored bare 207Tl81! ions and their !b
daughters 207Pb81! as a function of the storage time in the
ESR. The statistical errors for most data points are smaller
than the size of the symbols.

FIG. 2. Schottky frequency spectra of 207Tl81! ions and their
H-like !b daughters 207Pb81!, at various times after injection of
207Tl81! ions into the ESR. From the first spectrum after injec-
tion #t % 16 s$ it is clearly seen that the cooling process is not
yet completed (see text). After complete cooling, the revolution
frequencies of both ion species appear well separated by
82(1) Hz at the 30th harmonic. The particular feature here is
the simultaneous and thus direct, time-resolved observation of
the number of both mother and daughter ions.
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The Collector Ring CR   
circumference                     221.5 m 
magnetic bending power   13 Tm 
large acceptance Hx,y = 240 (200) mm mrad 
   'p/p = r 3.0 (1.5) % 
fast stochastic cooling  (1-2 GHz) of 
antiprotons (10 s) and  
rare isotope beams (1.5 s) 
  fast bunch rotation at h=1  (Urf =200 kV) 
   adiabatic debunching  
   optimized ring lattice (slip factor)  
  for proper mixing 
  large acceptance magnet system 
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isochronous mass measurements 
of rare isotope beams 
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and stochastic cooling to 1 - 4 GHz 
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additional feature: 
isochronous mass measurements 
of rare isotope beams 

option: upgrade of rf system to 400 kV  
and stochastic cooling to 1 - 4 GHz 

M. Steck, COOL 13, Mürren, Switzerland, 10-14 June 2013 
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   'p/p = r 3.0 (1.5) % 
fast stochastic cooling  (1-2 GHz) of 
antiprotons (10 s) and  
rare isotope beams (1.5 s) 
  fast bunch rotation at h=1  (Urf =200 kV) 
   adiabatic debunching  
   optimized ring lattice (slip factor)  
  for proper mixing 
  large acceptance magnet system 

additional feature: 
isochronous mass measurements 
of rare isotope beams 

option: upgrade of rf system to 400 kV  
and stochastic cooling to 1 - 4 GHz 

Collector Ring Layout

H. Weick



Working Group Status 

TOF detector 
Schottky detector 
Particle detector

Storage Ring 
Main Detector Setup

Decay products

Short-lived

Long-lived

Revolution times



TOF-2 
16.8m 

TOF-1 

Schottky pickups  
also horizontal and vertical 
Detector pockets 

ILIMA@CR 

ToF detecors 

Schottky 
pickup

TOF detectors

Particle detectors

Working Group Status
• TOF detector 

• N. Kuzminchuk-Feuerstein et al. NIM A 821 
(2016) 160 

• TDR 1st draft soon 

• Schottky detector 

• New Schottky prototype will arrive soon, 
Beam test with electron beam at TUD, 
Installation to ESR next year. 

• TDR ongoing 

• Particle detector 

• M.A. Najafi et al., NIM A 836 (2016) 1, 
CsISiPHOS (Si stack + CsI) 

• TDR 1st draft completed, under check in 
the Board



Time-of-Flight detector

E ~ 1 kV/cm

B ~ 10 mT

Isochronous Mass Spectrometry (IMS) at FRS-ESR

ESR CR
L = 108 m 
Bρ = 6,4 Tm 
γt = 1,4 
Δp/p = 0,2 % 
εx = 7 mm mrad 
 

L = 221,45 m 
Bρ = 13 Tm 
γt = 1,67 
Δp/p = 0,5 % 
εx = 100 mm mrad 

TOF detector (1x) TOF detector (2x)

Foil diameter 40 mm 
Efficiency ≈ 78% 
Timing accuracy ≈ 45 ps 

B-field 
homogeneity radius 
100 mm

B-field 
homogeneity radius 
200 mm

TOF Detectors for the ESR and for the CR

M. Diwisch

Foil diameter 80 mm 
Efficiency ≈ 98% 
Timing accuracy ≈ 35 ps



Schottky Mass Spectrometry: Resonant Pickup

Nolden et al., NIM A 659 (2011) 69. 
Bosch et al., PPNP 73 (2013) 84.

Frequency Shift by Longitudinal Neutrino Recoil

EC decay of 142Pm, cooling switched off

cooler on

cooler off

frequency

142Pm60+ !142 Nd60+ + ⌫e

2017 Update: Electromagnetic non destructive detectors for ILIMA

ESR/HESR/CR variable Q resonator

Prototype of the CR longitudinal resonator. Production still not finished…

Newly dedicated lab renovated / prepared for the measurement of 
non-destructive detectors. Just finished!

Fritz Bosch Lab.

Test bench



combination of storage and trapping facilities, a unique feature that
distinguishes FAIR from all planned or operating particle accelerators
worldwide. FAIR is unique to deliver highly intense, brilliant beams
of highly charged heavy ions and radionuclei with excellent
momentum definition. As depicted in Fig. 2, the FAIR facilities cover
a beam-energy range of more than 10 orders of magnitude [2].

SPARC focuses on the study of atomic matter subject to extreme
electromagnetic fields as well as atomic processes mediated by
ultrafast electromagnetic interactions. A prominent example for
SPARC related research concerns the binding energies of electrons
in high-Z one-electron ions where the K-shell electrons are
exposed to electric fields (e.g. 1016 V/cm in U91+) close to the
Schwinger limit. In a concerted effort and in close collaboration
with the leading expert groups in theory, SPARC has initiated a
comprehensive research program to accomplish a significant
validity check of non-perturbative bound-state QED. We will apply
different experimental approaches (1 s Lamb shift, 1s hyperfine-
structure, bound-state g-factor, mass measurements) (see e.g.
[3]) thus probing QED at different mean-distances of the electron
with respect to the nucleus. At the same time SPARC will apply
these accurate atomic-physics techniques as powerful tools for
the determination of nuclear parameters such as nuclear radii
and moments. Even high-precision determination of fundamental
constants will be enabled [4,5].

Examples for highlights of the SPARC program are:

– Using direct beams from SIS100 at the APPA cave for resonant
coherent excitation of the ions passing through crystals for
precise atomic structure studies (1 s Lamb shift) for all H-like
ions up to uranium (possible day-1 experiment) [6].

– At the HESR, the frequencies of novel laser and laser-driven
sources in the visible- and the XUV-regime can be boosted by
the large c-values to photo-excite heavy ions, allowing to drive
inner-shell transitions via lasers (e.g. bound-state QED, nuclear
radii, test of time dilatation [7]).

– At the HESR, the exploration of correlated electron-dynamics
via ultrashort, sub-attosecond fields mediated by ions at large
c-values by applying a reaction microscope (e.g. multiple ion-
ization of atoms in kinematically complete fashion, possible
day-1 experiment) [8].

– At the HESR, discovery and exploration of a novel
pair-production process mediated by electron–electron interac-
tion. A target electron (treated as quasifree) is transferred into a
bound state of the projectile via excitation of one electron from
the negative Dirac continuum to a bound projectile state (test of
relativistic electron-correlation beyond Breit interaction). As a
result, the projectile changes its charge-state by two units and
a positron is produced (possible day-1 experiment) [9].

– Experiments at relativistic beam energies are complemented by
experiments at CRYRING and HITRAP which focus on atomic
and nuclear physics of exotic systems at low beam energies
(< 10 MeV/u) or even at rest. Both CRYRING and HITRAP are
coupled to the ESR which allows to decelerate ions from high
energies (400 MeV/u) to the injection energy of both facilities
whereby maintaining the high charge-state. This scenario is
worldwide unique and will deliver high-accuracy data for
bound state QED (avoiding Doppler shifts) as well as the
determination of fundamental constants. In addition, atomic
collisions can be studied in the non-perturbative, adiabatic
regime, and even super-critical fields will get accessible.

The FLAIR collaboration (>100 members) proposes the Facility
for Low-energy Antiproton and Ion Research. The antimatter phy-
sics program at FLAIR is centered around the study of antihydrogen
using charged particle traps and spectroscopy of antiprotonic
atoms, a research field presently accessible only at CERN. Investi-
gations with antihydrogen atoms focus on precision laser and
microwave spectroscopy for stringent tests of CPT invariance,
and measurements of the gravitational interaction of antimatter
as a test of the weak equivalence principle. Further examples of
research addressed by FLAIR are atomic collisions with antiprotons
as a clean probe for atomic interactions and the biological effec-
tiveness of antiproton beams at energies of a few 100 MeV. The
aforementioned experiments typically require bunched beams of
antiprotons. In addition, slowly extracted beams of antiprotons
can be provided at FLAIR for setups where coincidence techniques
are to be employed, e.g., for nuclear and particle physics type
experiments searching for nucleon-meson bound states or using
antiprotons as hadronic probes to study nuclear surfaces or halos
of stable or short-lived isotopes.

Although FLAIR is not part of the Modularized Start Version of
FAIR, making use of CRYRING (a Swedish in-kind contribution for
FAIR) and HITRAP such antiproton experiments would be feasible
if a beamline were available to transfer antiprotons from the
production target at FAIR to the ESR.

2.1. Status of experiments

SPARC has formed various working groups which develop and
construct the equipment and perform precursor experiments atFig. 2. Portfolio of storage and trapping facilities at FAIR.

Fig. 1. Experimental facilities at the Modularized Start Version (MSV) of FAIR. The
APPA cave houses different experimental stations for APPA experiments.

Th. Stöhlker et al. / Nuclear Instruments and Methods in Physics Research B 365 (2015) 680–685 681

Highly charged exotic nuclei in storage rings
accuracy ~30 keV 
half-life limit ~20 μs 
single-ion sensitivity/week

Stored Ions in Wide Energy Range

CR&HESR

Th. Stöhlker et al., NIM B 365 (2015) 680

FAIR Phase-0 Beam Time in 2018/2019
Long-lived isomers in the Experimental Storage Ring: study of 
186-188Hf (search for new K-isomer) 

M.W. Reed et al., PRL105 (2010) 172501 
M.W. Reed et al., PRC86 (2012) 054321�

Successful results of previous E048: new isomers�

Spokesperson: P. Walker



FAIR Phase-0 Beam Time in 2018/2019

Spokesperson: Y. Litvinov

Measurement of the bound-state beta decay of bare 205Tl ions

1. 205Pb/205Tl pair as s-process cosmochronometer 
2. The flux of solar pp neutrinos (LOREX project)

205Tl + ⌫e(> 52 keV) !205 Pb⇤ + e�

ILIMA, SPARC, LOREX collaborations

Potential for new masses with ILIMA
In summary,

Any idea is welcome! 
Theoreticians also welcome! 

FAIR Phase-0 Beam Time starts in 2018/2019

FRS-ESR
Super-FRS-CR


