
Chapter 7
High-Precision Mass Measurements
of Radionuclides with Penning Traps

Michael Block

Abstract The mass of an atom is directly related to the binding energy of all its
constituents. Thus, it provides information about all the interactions inside the atom.
High-precision mass measurements hence allow studies of fundamental interactions
and are of great importance inmanydifferent fields in physics. Themasses of radionu-
clides provide information on their stability and their structure and are therefore of
particular interest for nuclear structure investigations and as input for nucleosynthesis
models in nuclear astrophysics. Penning trap mass spectrometry provides masses of
radionuclides with unprecedented accuracies on the order of 10−8 and can nowadays
be applied even to nuclides with short half-lives and low production rates. Utilizing
advanced ion manipulation techniques radionuclides from essentially all elements
produced in a broad range of nuclear reactions can be accessed. In this chapter the
standard procedures of on-line Penning trap mass spectrometry are introduced and
some representative examples of recent mass measurements are given.

7.1 Importance of Masses of Radionuclides

The mass of an atom is one of its fundamental properties and contains information
about all the interactions inside the atom. The atomic mass m of the atom is smaller
than the sum of the masses of all its constituents. This difference is due to the binding
energy B(N, Z) of all its constituents that can be obtained from the relation

B(N, Z) = [Nmn + Zmp + Zme − m(Z, N)]c2; (7.1)

where N is the neutron number, Z is the atomic number, mn is the mass of a neutron,
mp is the proton mass, and me is the electron mass. Since the binding energy of the
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electrons is much lower than the nuclear binding energy it does not play a significant
role for nuclidic masses at the present uncertainty level that can be reached for
radionuclides so that Bnucl ≈ B(N, Z).

Masses play an important role in several fields of physics ranging from astro-
physics to tests of the Standard Model [1, 2]. Mass measurements on stable nuclides
can nowadays be performed with relative uncertainties on the order of about 10−11

[3–5], an accuracy that is required for the determination of fundamental constants and
for very sensitive tests of fundamental symmetries. For example, a high-precision
comparison of the proton-to-antiproton-mass ratio [6] provides a sensitive test of
the charge, parity, and time reversal (CPT) symmetry. High-precision mass mea-
surements also support precise tests of the Standard Model via the unitarity of the
Cabbibo-Kobayashi-Maskawa quark mixing matrix by studies of superallowed β

decays [7].
Mass measurements of radionuclides are a powerful tool for nuclear physics since

they provide information on the stability and the nuclear structure of the investigated
nuclides. Structural effects are revealed by several indicators such as the nucleon
separation energies [1, 2]. In this context masses are often expressed by the mass
excess ME defined as

ME = [m(in u) − A]; (7.2)

where A = N + Z is the mass number and the atomic mass unit u is defined as
1/12th of the mass of 12C. A moderate precision on the order of 100 keV already
allows identifying global structure phenomena such as major shell closures. For the
investigation of nucleon pairing or deformation a higher precision on the order of
10 keV is often required. For tests of relations such as the isobaric multiplet mass
equation (IMME) [8] even a higher precision on the level of about 1 keV is desirable.
The IMME relation describes the masses of nuclides within an isobaric multiplet.
It is based on the fact the strong interaction is approximately charge independent, a
symmetry of this interaction that was already realized by Heisenberg [9] andWigner
[10] leading to the introduction of the isospin concept.

For nuclear structure studies it is important to reach radionuclides far away from
stability whose proton-to-neutron ratio is very different from nuclides close to stabil-
ity. Such extreme ratios often lead to changes in the structure and to new discoveries.
It has been observed for example that the shell closure at N = 28 established in
nuclides close to stability erodes in more neutron-rich nuclides [11]. The shell struc-
ture evolution can be tracked by masses.

A prominent nuclear structure phenomenon observed in light nuclides are halo
structures. In such cases one or two nucleons are very loosely bound giving rise
to exceptional large radii. For example, the two-neutron halo nucleus 11Li [12] has
a similar size as the much heavier nucleus 208Pb illustrated also by mean square
charge radii of 11Li obtained by laser spectroscopy [13]. Halo candidate nuclides
can be identified by mass measurements that reveal the neutron binding energy.

Another peculiar example are ‘superheavy’ elements (Z ≥ 104) that are predicted
to inhabit an ‘island of stability’ [14]. Their nuclei owe their very existence to nuclear
shell effects that stabilize them against the disintegration by spontaneous fission
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due to the strong Coulomb repulsion. The strength of these shell effects can be
experimentally determined by direct mass measurements with Penning traps [15].

In general the proton and neutron separation (binding) energies determine the
limits of stability given by the drip lines (Sp(N, Z), Sn(N, Z) = 0) [16]. Since mass
differences also determine the energy available for radioactive decays mass mea-
surements allow identifying nuclides that exhibit exotic decay modes as for instance
two-proton decay [17] or cluster radioactivity [18].

Masses and mass differences (Q values) also play an important role in nuclear
astrophysics for the modelling of the formation of elements in stellar and explosive
burning scenarios [19]. They determine the pathway of the different nucleosynthesis
processes such as the rapid proton capture, the slow neutron capture and the rapid
neutron capture process [20–22].

Accurate Q values are moreover relevant for neutrino physics. The search for rare
processes such as neutrino-less double β decay and neutrino-less double electron
capture needs very accurate Q values [23, 24]. The observation of one of these rare
neutrino-less decay modes would unambiguously establish the neutrino as a Majo-
rana particle and allow us to to determine the (anti)neutrino mass. The determination
of the neutrino mass from the endpoint of the β decay spectrum of tritium as planned
in the KATRIN experiment [25] for example, requires the very accurate knowledge
of the 3H-3He mass difference.

The present knowledge on the masses of all about 3,500 nuclides known to date is
summarized in the latest Atomic-Mass Evaluation (AME 2012) [26]. It contains all
experimental data related to nuclidic masses obtained by different mass spectrometry
techniques.

7.2 Mass Measurements at On-line Facilities

The development of mass spectrometry goes along with some important discoveries
in physics. The ‘birth’ of mass spectrometry dates back to the time around 1900, a
very productive period in physics with several ground breaking discoveries. A brief
history on mass measurements and their evaluation can be found in an article by
Audi [27].

An important milestone was the discovery of the electron by J. J. Thompson in
1897 that was based on a measurement of its mass-to-charge ratio [28], the same
principle still applied in Penning trap mass spectrometry (PTMS) to date. Another
important discovery was made 100 years ago by the observation of different neon
isotopes using amass spectrographwith electric andmagnetic fields by the very same
J. J. Thompson [29–32] who was awarded the Nobel prize in physics in 1906. F. W.
Aston, J. J. Thompson’s student, improved themass spectrograph,where the different
ions were registered on a photo plate, and discovered several new nuclides [33]. He
was awarded the Nobel prize in chemistry in 1922. Further people involved in the
development and improvement of mass spectrometers with higher resolution include
for example Dempster [34], Mattauch and Herzog [35], Bainbridge, and Jordan [33].



226 M. Block

Such devices reached a relative mass uncertainty of up to 10−5 and were used for a
number of mass measurements of stable nuclides. Besides the discovery of multiple
nuclides it led to the experimental observation of the mass defect, i.e. the difference
between the atomic mass and the sum of the masses of its constituents as discussed
in the introduction.

Mass measurements of radionuclides had to be carried out on-line at radioactive
beam facilities. This endeavour started in the 1970s [36] at ISOLDE [37], the isotope
separator on-line at CERN Geneva, and were initially performed by conventional
mass spectrometers. However, such spectrometers reach their limits in applications
to radionuclides due to the limited yield of such particles since in conventional mass
spectrometers, for example ofMattauch-Herzog type, a high resolution often requires
the use of narrow slits that reduces the transmission.

The advantage of a mass determination based on a cyclotron frequency mea-
surement was realized by L. Smith who constructed an radiofrequency (rf) mass
spectrometer in the 1960s [38] that could reach a higher precision. The ‘Mistral’
spectrometer installed at ISOLDE was a mass spectrometer of Smith type that was
used in particular formeasurements of light halo nuclides [39, 40]. However, its oper-
ation was rather complicated and the efficiency was limited so that this spectrometer
was later decommissioned.

High-precision mass measurements of radionuclides in a Penning trap were
pioneered almost thirty years ago, again at ISOLDE. The first mass measurement in
a Penning trap was performed a couple of years earlier [41]. The installation of the
Penning trap mass spectrometer ISOLTRAP [42, 43] marked the beginning of a new
era in mass spectrometry.

Penning traps provide masses of radionuclides with unprecedented accuracies
based on a direct cyclotron frequency measurement. Relative uncertainties on the
order of 10−8 are nowadays feasible [1] and even radionuclides with short half-life
[44] and low production rates [15] are accessible. For certain radionuclides even an
accuracy of a few parts in 109 was already reported [45]. Since the installation of
ISOLTRAP the landscape at radioactive beam facilities has changed dramatically.
Today many Penning trap mass spectrometers are operated or planned at facilities
around the world [43, 46–53]. The different devices show a large complementarity
utilizing different production andmeasurement schemes in order to access practically
the full nuclear chart.

A different technique for mass measurements that is also well suited for the appli-
cation to radionuclides is time-of-flight mass spectrometry (ToFMS). First devices
were used by A.E. Cameron and and D.F. Eggers around 1950 [54]. ToFMS can
reach radionuclides far away from stability. However, the precision using conven-
tional devices was typically only on the order of 10−6 for a reasonable flight path.
This is often not sufficient to resolve nuclear isomers, and even nuclear isobars
is some cases, and renders an accurate mass determination difficult. Recently new
devices have been developed for ToFMS that allow a longer flight path of the ions
of interest to achieve a higher resolving power maintaining a compact design. In
so-called multi-reflection time-of-flight mass spectrometers [55–57] ion bunches are
reflected multiple times between electrostatic mirrors. Such devices can reach amass
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resolving power of up to about 200,000 for a several turns within a few milliseconds
cycle time. They are thus attractive as isobar separators [58] and may be used for
mass measurements of very short-lived radionuclides with reasonable precision.

Another workaround in ToFMs is the use of a high-energy storage ring such
as the experiment storage ring (ESR) at GSI Darmstadt [59]. An ion circulates in
the ring with about 100 m circumference with a typical frequency on the order
of MHz. In the so-called isochronous mode the mass of short-lived nuclides with
microsecond half-lives can be determined by ToFMS with a precision of about 10−6

[60, 61]. Alternatively the Schottky mode, where even single ions can be detected
electronically by the signal they induce into pick up electrodes while they orbit, mass
measurements with a precision of about 10−7 can be obtained. However, the latter
technique requires (electron) cooling of the radioactive ions so that only nuclides
with half-lives of more than about one second can be tackled [60].

7.3 Penning-Trap Mass Spectrometry

Penning-trap mass spectrometry (PTMS) has in recent years developed into an elite
method for high-precision mass measurements not only of stable nuclides but also
for radionuclides [1]. This has opened up many new possibilities for studies related
to various fields in physics as discussed in Sect. 7.1. With respect to nuclear structure
investigations and to nuclear astrophysics it is necessary to extend the reach to exotic
nuclides far away from stability. To this end, the introduction of buffer-gas stopping
of ion beams along with advanced ion-manipulation techniques has been crucial.
Nowadays PTMS can be applied to radioisotopes of essentially all elements, even of
the elements above fermium, are meanwhile accessible to PTMS (c.f. Sect. 7.5.4).
In the following the basic principles and some of the standard methods in PTMS are
briefly introduced.Many of the general aspects discussed here also apply to PTMS of
stable nuclides, however the focus here is on techniques relevant for experimentswith
radionuclides, where one has to deal with the challenges related to short half-lives
and low production rates.

7.4 Production of Radionuclides at On-line Facilities

For the production and separation of radioactive ion beams a variety of techniques has
been developed. The most important methods at accelerator facilities are presently
the so-called ISOL method [62] and the in-flight technique. In ISOL facilities
radionuclides are produced by fission and spallation reactions, typically induced
by high-energy protons or light ions impinging on a thick target of a fewmg/cm2, for
example made of uranium carbide. Alternatively neutron-induced fission or photo-
fission are utilized. The radioactive ions are stopped in the target, diffuse out of the
hot target cavity to the ion source where the radioactive atoms or molecules are
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ionized by different methods and extracted as an ion beam at energies of typically
30–60 keV.

In addition to surface ionization nowadaysmore selective ionizationmethods such
as laser resonant ionization are more and more often used to provide radioactive
ion beams of higher purity [63]. The ion beam is mass separated in a magnetic
separator, typically with a mass resoling power of about m/δm ≈ 3,000 sufficient
to separate isotopes, and delivered to the experiments. Since the diffusion out of the
hot cavity takes time the access to very short-lived nuclides with half-lives below a
few milliseconds is not feasible. Moreover, certain elements are not available due
to their chemical properties. For example refractory elements cannot be produced at
ISOL facilities.

The first ISOL facility, the the LISOL facility in Louvain-la-neuve [64], came
into operation in 1989. The major ISOL facilities operated today are ISOLDE at
CERN, Geneva [37], the ISAC facility at TRIUMF, Vancouver [65], and SPIRAL at
GANIL, Caen [66]. The ion guide isotope separator on line (IGISOL) method [67] is
a variant of the ISOL technique that overcomes some of its limitations. In the IGISOL
technique the reaction target is installed in a buffer gas-filled chamber. Ions that recoil
out of the target are slowed down in the gas and swept out by the gas flow through
an extraction hole. The ion source system is kept at high voltage, typically about 30
keV, and the extracted ion beam is also mass separated by a magnetic separator prior
to the distribution to the experiments. The IGISOL facility at Jyvaeskylae [68] is a
user facility where this approach is applied.

In order to get access to all elements and to increase the reach to more exotic,
short-lived radionuclides other production schemes have to be employed. The frag-
mentation of relativistic projectiles in combination with the in-flight separation by
electromagnetic fragment separators gives access to all elements lighter than the pro-
jectile, i.e. in the case of uranium fragmentation isotopes of all elements up to uranium
can be produced. This method requires projectile energies of about 100 AMeV to
about 1 AGeV and can use thick targets of a few mg/cm2. The beam quality (emit-
tance) is worse than at ISOL facilities but rather pure beams can be obtained by
two-stage separators. In addition to fragmentation also in-flight fission of fragments
is utilized, an approach that is favourable for the production of neutron-rich nuclides.
Facilities based on projectile fragmentation in operation comprise the radioactive iso-
tope beam factory (RIBF) [69] at RIKEN, Wako-shi, Japan, the fragment separator
(FRS) [70] at GSI in Darmstadt, Germany, and the A1900 [71] at the NSCL at
Michigan State University, East Lansing, USA.

Another approach for the production of radionuclides is via fusion-evaporation
reactions. Light to heavy-ion beams with energies around the Coulomb barrier, i.e.
about 5 AMeV, are reacted with thin targets of about 0.5 mg/cm2 to form a compound
nucleus. The compound nucleus de-excites by the evaporation of protons, neutrons,
or α particles depending on its excitation energy. The evaporation residue recoils
out of the target and is separated from the primary beam by kinematic separators
in flight. Either vacuum separators such as the velocity filter SHIP at GSI Darm-
stadt [72], Vassilissa at Dubna [73], or gas-filled separators such as the DGFRS
in Dubna, Russia [74], the BGS at LBNL Berkeley, USA [75], GARIS at RIKEN
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[76], RITU at Jyvaeskylae [77], or TASCA [78] at GSI Darmstadt are employed.
These separators are optimized for high transmission and a high primary beam rejec-
tion but do generally not contain a separation based on the mass-to-charge ratio of
the reaction products. This production scheme is presently the only way to access
the heaviest elements. Using beams of stable nuclides and various targets including
radioactive actinides targets this approach has been used for production of elements
up to Z = 118 [74]. However, in general neutron-deficient nuclides are produced by
this method.

7.4.1 Typical Layout of a Penning Trap Mass Spectrometer

The typical layout of an on-line Penning trap mass spectrometer setup for high-
precision mass measurements of radionuclides is schematically depicted in Fig.7.1.
The initial stage has to be adapted to the properties of the radioactive ion beams
delivered from a radioactive beam facility. The ion beams delivered by isotope sep-
arator online (ISOL) facilities have a moderate beam energy of 30–60 keV and a
relatively good beam quality. Radioactive beams from in-flight separators have a
much higher energy of tens of MeV up to hundreds of MeV per nucleon and a rather
high emittance. Then buffer gas cells have to be employed for the conversion into a
low-energy ion beam.

Independent of the production scheme one has to deal with low production rates
that require highly efficient setups and sensitive diagnostics. The first beam prepa-
ration stage that is nowadays included in practically all state-of-the-art Penning trap
mass spectrometers is a buffer-gas filled radiofrequency quadrupole (RFQ) cooler
and buncher. In such buffer gas-filled linear Paul traps ions can be cooled by an
inert buffer gas in a fewmilliseconds, accumulated over several cycles, and bunched.
Thereby low emittance bunched ions beams can be prepared for an efficient injec-
tion into Penning trap systems. In this way also the properties of the ion beam are
decoupled from the production stage.
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Fig. 7.1 Typical Layout of a Penning Trap Mass Spectrometer at an accelerator facility
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In nuclear reactions often several nuclides are produced at the same time. In
addition, contaminant ions may be created in the different beam preparation stages,
for example by charge exchange reactions in the buffer gas, due the formation of
molecular ions, or by background ions arising from nuclear decay products and
unwanted ionization. The presence of unwanted ions that may even be much more
abundant than the ion of interest has to be handled. The preparation of pure samples is
crucial for high-precision mass measurements. To this end, in many setups a second
Penning trap is utilized as a purification trap. In this trap a mass-selective buffer
gas cooling and centering technique [79] is employed. This universal technique is
suitable for radionuclides and provides a highmass resolving power of about 100,000
so that the separation of nuclear isobars can be accomplished. Alternatively other
isobar separators such as magnetic separators [80] or multi-reflection time-of-flight
mass spectrometer can be utilized [58]. The actual cyclotron frequencymeasurement
is performed in the measurement trap, a precision Penning trap where the ions of
interest are stored and manipulated in ultrahigh vacuum conditions. In the following
the production of radionuclides is briefly addressed and the individual stages of an
on-line Penning trap mass spectrometer are discussed in more detail.

7.5 Beam Preparation

Thekinetic energyof the radionuclides producedby either of the techniques discussed
above is too high for ion trapping. Thus, the ions have to be slowed down and prepared
for the injection into a Penning trap first. In the case of an ISOL facility this can be
accomplished utilizing an RFQ cooler buncher operated at high voltage [81]. The
development of RFQ cooler-buncher devices was crucial to boost the performance of
on-line Penning trap mass spectrometers and has made them a standard component
for the preparation for low-energy radioactive beams. They are addressed in more
detail in the next section.

Due to their much higher kinetic energy, about 50 MeV for fusion products up
to several 100 AMeV for projectile fragments, the reaction products from in-flight
separation cannot be slowed down electrostatically. An additional beam preparation
stage in this case is provided by so-called buffer gas cells or ion-catcher devices
[82–86] that are based on the IGISOL approach. In such gas cells the ions are slowed
down in an inert buffer gas, typically helium, after passing a solid degrader that takes
away most of the initial kinetic energy. The gas cells are operated at pressures on
the order of 100 mbar for fusion products to about 1 bar for fragment beams. The
ions remain singly or doubly charged in this process depending on their ionization
potential and the cleanliness of the system. The ions are extracted by a combination of
electric fields and buffer gas flow through an extraction hole, often a de Laval nozzle,
within a few milliseconds at low pressure up to some hundred milliseconds at high
pressure. In addition, cone-shaped electrode stacks [82, 85], so-called funnels, or ‘rf
carpets’ [83, 87, 88] are utilized to facilitate an efficient extraction. In these devices
a repelling force is created by an appropriate rf field to minimize ion losses during
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the focussing on the extraction hole. The typical efficiency of gas stopping cells is
presently about 10 % [82–85]. Since for every incoming ion up to 106 helium ion
electron pairs are created a very high cleanliness and high gas purity are essential to
avoid losses by charge exchange and molecule formation. Thus, cryogenic gas cells
have recently been developed [88, 89] that will be operated at temperatures of 40–
80 K so that most impurities freeze out. They are expected to boost the efficiency of
gas stopping systems and provide purer beams. A so-called ‘cyclotron gas stopper’
[90, 91] has been suggested to handle radioactive beams with high rates. In this
device the ions are also slowed down in a buffer gas in a weak focussing field of
a cyclotron-type magnet that results in a spiraling motion that extends the ions’
pathway. Such a device can be operated at a lower pressure and may be beneficial
for the stopping of light particles. A prototype of a cyclotron gas stopper is being
constructed at the NSCL [92].

7.5.1 Beam Preparation with an RFQ Cooler and Buncher

RFQ ion-beam cooler and buncher devices allow the preparation of low-energy rare
isotope beams with high beam quality [46, 93–95]. Their main benefits are

• a reduction of the transversal emittance and the energy spread of the injected beam
• the beam properties of the extracted beam are decoupled from the beam properties
of the injected beam

• ion accumulation over several accelerator cycles becomes possible
• bunched beams with variable repetition rate can be provided.

This is a prerequisite for many precision experiments on radionuclides. It allows an
efficient injection of rare isotope beams into ion traps and improves the sensitivity
of laser spectroscopy experiments. In this section the basic principle of an RFQ
cooler-buncher is briefly summarized. More detailed information about RFQs and
Paul traps can be found in various textbooks and monographs [96–99].

An RFQ cooler-buncher is a buffer-gas filled linear Paul trap [100] where the ions
are confined in a quadrupolar time varying potential of the form

φ(x, y, t) = V0 cosΩt

r20
(x2 − y2) (7.3)

that is created by an rf voltage

U(t) = V0 cosΩt (7.4)

applied to pairs of opposite electrodes of a four-rod structure as shown in Fig. 7.2. In
contrast to the original mass filter design by Paul [100] nowadays mostly cylindrical
electrodes are used instead of hyperbolic-shaped ones as they are easier to machine
and the potential sensed by the ions close to the symmetry axis of the RFQ is similar.
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Fig. 7.2 Schematic view of an RFQ ion beam cooler and buncher. (Top, left) Cut in the transversal
plane showing the connection of the rf voltage to the electrode rods. (Top, right) Cut of along the
beam axis. The axially segmented buffer gas-filled electrode structure is shown. (Bottom) Axial DC
potential in bunch mode

The ion motion can be described by Mathieu-type equations of motion of the form

δ2u

δ2ξ
= (a − 2q cos(2Ωt))u = 0. (7.5)

with generalized coordinates u and a parameterized time ξ . The Mathieu parameters
a and q represent the DC and rf amplitudes of the trapping potential, respectively.

a = 4eU0

mr20Ω
2

(7.6)

q = 2eU0

mr20Ω
2
, (7.7)

Stable solutions of the Mathieu equation are obtained for certain values of a and q.
The stability criterion can be depicted in a diagram as shown in Fig. 7.3where a stable
confinement is achieved choosing operating parameters within the shaded region. For
an RFQ ion-beam cooler-buncher typically a = 0 is chosen leading to the stability
condition q < 0.908 [98]. From this condition the required rf amplitude for a selected
operation frequency Ω and a given charge-to-mass ratio can be derived. The motion
in the rf potential can also be described in terms of a time-averaged pseudo-potential
as introduced by Dehmelt [101]. The ion motion

x(t) = {x0 cos(ωt)} cosΩt (7.8)

is a composition of a forced oscillation following the driving rf field resulting in
a so-called micro-motion at frequency Ω and a harmonic oscillation, the macro-
motion, at a frequency

ω = q√
8
Ω. (7.9)
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Fig. 7.3 Stability diagram of an rf trap. A stable confinement is achieved for operating points
(ao, qo) within the shaded region

For typical parameters of an RFQ ion-beam cooler of a = 0, q ≈ 0.4, and Ω =
1 MHz an oscillation frequency of ω = 2π · 76 kHz is obtained for an ion with mass
A = 100.

While the radial confinement in the RFQ is provided by an rf field as discussed
above a static electric field gradient is superimposed for the axial confinement and
to drag the ions through the buffer gas into a potential well at the end of the RFQ.
To this end the electrode rods are segmented so that the desired axial field gradient
can be created as indicated in Fig. 7.2. The RFQ is filled with a light inert buffer gas,
typically high-purity helium, at a pressure of about 10−3 mbar so that the ions are
thermalized in collisions with the buffer gas atoms within a few milliseconds. If the
RFQ is operated as ion guide in transmission mode a higher pressure is typically
used since the ions have to be cooled in a single pass, whereas a lower pressure
is favourable for bunching. This buffer gas cooling technique is universal and thus
suitable for radioactive ions. It can be applied as long as the mass of the buffer gas
atoms is small compared to the mass of the ion to be cooled. The application of
buffer gas cooling results in an emittance reduction of an injected ion beam to about
10 πmm×mrad or less and results in a longitudinal energy spread of less than 1 eV.
The cooled ions can be accumulated in a potential well at the end of the rod structure
where they form an ion bunch. An ion bunch is extracted by switching the voltages
applied to the end electrodes of the RFQ. A typical bunch width of about 100 ns–1µs
is achieved. The bunch properties can be influenced by the trapping potential and
the extraction voltages. There are several designs in use for RFQ cooler bunchers, in
some of which the electrodes for the DC potential are separated from the rf electrodes
[95].
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7.5.2 Penning Traps

Penning traps are well described in the literature in several review articles, mono-
graphs, and textbooks [96, 97, 99, 102, 103]. The application of Penning traps for
high-precision mass spectrometry has also been addressed in various works [1, 104,
105]. In this section the basics are briefly summarized and the relevant methods with
respect to PTMS of radionuclides are introduced.

The concept of a Penning trap goes back to the works of F. Penning, who actually
worked onmore accurate pressure gauges butwas creditedwith the name nonetheless
[106], and Pierce [107]. However, the real breakthrough using Penning traps for high-
precision experimentswas related toDehmelt’s famous experiment on the anomalous
magnetic moment of a free electron [101]. This ingenious experiment earned him
the the Nobel prize in physics in 1989 together with Wolfgang Paul, another ion
trap pioneer introducing the RF trap nowadays referred to as Paul trap, and Norman
Ramsey, whose method of separate oscillatory fields has meanwhile also found its
way into PTMS [108].

In a Penning trap a charged particle is confined by a strong homogeneousmagnetic
field B = B0z and a superimposed electrostatic quadrupolar field E created by a set
of electrodes as shown in Fig. 7.4. A quadrupolar potential of the form

U(ρ, z) = U0

ρ2
0 + 2z20

(ρ2 − 2z2), (7.10)

Fig. 7.4 Ideal Penning trap with hyperbolical electrodes (left) and the motion of a single ion in the
trap (right)
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where ρ0 and z0 are the trap dimensions as shown in Fig. 7.4, is created applying a
voltage U between a ring electrode and two endcap electrodes of the trap. In practice
traps with hyperbolic electrodes as well as with cylindrical electrodes are in use.
With the characteristic dimension d

ρ2
0 + 2z20 = 4d2 (7.11)

the potential can be rewritten as

U(ρ, z) = U0

4d2 (ρ2 − 2z2). (7.12)

Solving the equations of motion for a single trapped ion leads to three independent
eigenmotions: A harmonic oscillation in axial direction at frequency

ωz =
√

qU

md2 (7.13)

and two radial motions, the cyclotron motion at the modified cyclotron frequency

ω+ = ωc

2
+

√
ω2

c

4
− ω2

z

2
(7.14)

and the magnetron motion at a frequency

ω− = ωc

2
−

√
ω2

c

4
− ω2

z

2
. (7.15)

The magnetron frequency is to first order independent of the mass of the stored
ion. For typical parameters the hierarchy of the eigenfrequencies is ω− < ωz <

ω+. In a Penning trap even single ions can be confined under well-defined, almost
perturbation-free conditions in ultrahigh vacuum. This results in long observation
times, in the case of radionuclides ultimately limited by the half-life, that lay the
ground for experiments of unprecedented precision.

The mass m of an ions with charge q can be obtained from its free cyclotron
frequency ωc at which it orbits in a magnetic field of strength B.

ωc = 2πνc = qB

m
. (7.16)

For PTMS in particular the following relations between the free cyclotron frequency
and the eigenfrequencies in the trap are important:
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ωc = ω+ + ω−; (7.17)

ω2
z = 2ω+ω−; (7.18)

ωc = ω+ω− =
√

ω2+ + ω2− + ω2
z ; (7.19)

where the latter relation is also known as the Brown-Gabrielse invariance theorem
[102]. It is often used for the cyclotron frequency determination of stable nuclides.
Equation7.17 is typically employed for PTMS of radionuclides since νc can be mea-
sured directly using the so-called time-of-flight ion-cyclotron resonance (ToF-ICR)
technique [109, 110]. This method is universal and fast and has become the method
of choice for the cyclotron frequency measurement in on-line PTMS applications.
A discussion on its applicability and limitations for high-precision PTMS in real
Penning traps was recently presented by Gabrielse [111].

The basic principle of the ToF-ICRmethod is explained in the following. The ion’s
magnetronmotion is excited by a dipolar rf field in the azimuthal plane of the Penning
trap at the frequency ν−. Thereby the ion, initially injected into the trap on axis, is
prepared in a pure magnetron motion on a radius Rm. Subsequently a quadrupolar
rf field at the frequency νrf is applied in the azimuthal plane. The frequency of this
rf field is varied around the expected cyclotron frequency. If νrf = νc the two radial
motions are coupled and energy is transferred converting the magnetron motion into
cyclotron motion. If the length and the amplitude of the rf pulse are chosen properly
then the ion is prepared in a pure cyclotron motion with radius Rc = Rm after the
second excitation. This conversion is accompanied by an increase of the radial kinetic
energy of the ion, i.e. the energy in the plane perpendicular to the magnetic field axis,
giving rise to a resonance. This can be detected via the orbital magnetic moment µB
of the ion that increases on resonance. This change can be detected via the time of
flight of the ion through the magnetic field gradient of the superconducting solenoid
of the Penning trap to an ion detector outside the magnet field [109, 110]. In the
magnetic field gradient the ion experiences an accelerating axial force

F = ∇µB · B; , (7.20)

so that resonantly excited ions reach the detector earlier than those off resonance. If
the time of flight is recorded as a function of the excitation frequency νrf a resonance
as shown in Fig. 7.5 is obtained. From a fit of the theoretically expected line shape
[103, 110] to the resonance curve the cyclotron frequency is derived. In an ideal case
the linewidth of such a time-of-flight cyclotron resonance is Fourier limited and thus
approximately given as [104] δν = 0.8 · T−1

RF .
The resolving power � of the ToF-ICR method scales according to

� = ν

Δν
= m

Δm
∝ νcTrf. (7.21)

It is proportional to the product of the excitation time TRF and the cyclotron fre-
quency. For radionuclides the excitation time is ultimately limited by the half-life
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Fig. 7.5 Cyclotron resonance of 252No adapted from [112]. The line represents a fit of the theoret-
ically expected lineshape to the data points

of the investigated particle. An optimum is then reached for Trf ≈ 3T1/2 [113]. The
statistical uncertainty of the frequency determination is given by the relation [114]

δm

m
∝ 1

�√
Ndet

∝ m

qBTrf
√

Ndet
(7.22)

where Ndet is the number of detected ions after excitation and extraction from the
trap. Typically at least about 30 ions have to be accumulated to obtain a resonance
curve [15, 112]. In on-line PTMS the accuracy of cyclotron frequencymeasurements
is often limited by statistics due to the low production rates of the radionuclides of
interest. For an excitation time of 1 s a resolving power of about R ≈ 1,000,000
can be reached for an ion of mass A = 100 in a magnetic field of B = 7 T . The
corresponding statistical uncertainty that can be reached for a nuclide with a half-life
of about one second for a number of 1,000 detected ions is then ( δm

m )stat = 3×10−8.
A higher accuracy can be obtained applying different excitation schemes to the

ToF-ICRmethod such as an octupolar excitation [115–117] or a Ramsey-type excita-
tion [108]. Alternatively highly charged ions can be utilized as recently demonstrated
with the TITAN spectrometer at the TRIUMF facility in Vancouver [118]. Another
approach that has recently been developed is the so-called phase sensitive PI-ICR
method [119]where the ionmotion is imaged onto a spatially resolvingmicrochannel
plate detector. Then the (radial) eigenfrequencies can be measured via a phase mea-
surement. In this way one can overcome the Fourier limit of the ToF-ICR method.
With SHIPTRAP a gain in resolving power by a factor of forty and a gain in precision
by a factor of about five has already been demonstrated with this novel method [119].
This allows measurements with a high accuracy in rather short time and thus extends
the reach of PTMS to shorter-lived nuclides.
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7.5.3 Contributions to the Systematic Uncertainty in PTMS

For high-precision mass measurements in addition to the statistical uncertainty
several systematic uncertainties have to be considered. The most relevant system-
atic effects for PTMS of radionuclides have been discussed for example by Bollen
et al. [104] following an analysis for electrons by Brown and Gabrielse [102]. For
a high-precision cyclotron frequency measurement the following effects can lead to
cyclotron frequency shifts

• a deviation of the electric trapping field from a pure quadrupolar field
• spatial magnetic field inhomogeneities
• temporal fluctuations of the confining fields
• a tilt of the electrical field axis relative to the magnetic field axis
• ion-ion interaction if more than one ion is trapped at a time.

7.5.3.1 Temporal Magnetic Field Changes

The magnetic field strength B has to be known precisely in order to derive the mass
with high precision from the measured cyclotron frequency according to Eq. 7.16.
However, the magnetic field also changes in time. An intrinsic decay due to flux
creep that is approximately linear over time on the order of 10−8/h is accompanied
by short-term fluctuations. These can arise for example from changes of parameters
like the ambient temperature that lead to changes in the magnetic susceptibility of
the materials inside the magnet bore and from changes of the pressure in the liquid
helium cryostat of the solenoid, and thus the boiling point of the liquid helium.
Moreover, external magnetic stray fields that are often unavoidable at accelerator
facilities can play a role.

An example of the magnetic field stability is presented in Fig. 7.6 where the
magnetic field evolution of the solenoid of the SHIPTRAP mass spectrometer is
shown. The general trend shows a linear decay of the magnetic field over time with

Fig. 7.6 Relative magnetic
field changes in the SHIP-
TRAP solenoid over a period
of 2.5 days. Themagnetic field
was monitored by cyclotron
frequency measurements of
85Rb+ ions. The red line rep-
resents the temperature in the
bore of the superconducting
solenoid
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Fig. 7.7 Principle of the
magnetic field calibration
using a linear interpolation.
The actual magnetic field is
represented by the dashed
line. The black dots marked
the time where a calibration
measurements is performed.
The interpolation is indicated
by the full line

B

t
t2t1 t3

t

superimposed fluctuations on shorter time scales. These are mainly correlated to
changes of the temperature measured inside the bore of the solenoid.

The temporal fluctuations of the magnetic field are accounted for in PTMS by
calibrating the magnetic field via a cyclotron frequency measurement of a reference
ion with well-known mass that is chosen such that its mass-to-charge ratio is similar
to that of the ion of interest. Then both ions are trapped at the samepositions in the trap
and sense the same field. Calibration measurements are then performed before (t1)
and after (t3) the frequency measurement of the ion of interest at time t2. The scheme
is qualitatively illustrated in Fig. 7.7. From the measured cyclotron frequencies a
linear extrapolation to the time of the actual measurement t2 is performed providing
the frequency ν

ref
c (t2) according to the relation

νref
c (t2) = νref

c (t1) + ν
ref
c (t3) − ν

ref
c (t1)

t3 − t1
(t2 − t1), (7.23)

Thereby the linear decay of the magnetic field is corrected. The effect of nonlinear
magnetic field fluctuations is considered by a systematic uncertainty that depends on
the measurement time needed to acquire a single cyclotron resonance. This uncer-
tainty due the difference between the actual magnetic field value and the interpolated
values can be estimated experimentally by an analysis as described in [120]. In the
example of SHIPTRAP mentioned above a time dependent uncertainty due to non-
linear magnetic field fluctuations was determined [121] to be on the order of

σB ≈ 2 × 10−9/min × Δt, (7.24)

where Δt is the time interval between consecutive calibration measurements in
minutes. This uncertainty is quadratically added to the statistical uncertainty of the
frequency measurements. Since part of the temporal magnetic field fluctuations are
due to changes of the temperature in the bore of the solenoid and the pressure in the
liquid helium dewar of the solenoid an active stabilization system for both parameters
can improve the long time stability of the magnetic field. At SHIPTRAP such a sys-
tem has recently been implemented and reduced the uncertainty related to temporal
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fluctuation of magnetic field to [122].

σωB ≈ 2 × 10−11/min × Δt. (7.25)

The primary result of a PTMS experiment following this calibration procedure is
thus the frequency ratio r between the cyclotron frequencies of the ion of interest
and the reference ion

r = νc(t2)

νc,ref (t2)
. (7.26)

The uncertainty δr of a measured frequency ratio r is comprised by the statistical
uncertainty σstat and a systematic uncertainty σsyst that includes for example the
uncertainty due to nonlinear fluctuations of the magnetic field σB as discussed above

δr =
√

σ 2
stat + σ 2

syst =
√

σ 2
B + σ 2

stat + σ 2
res, (7.27)

and σres contains all other systematic uncertainties.
The atomic mass is obtained from the measured frequency ratio according to the

following relation using the most recent and hence most accurate mass value of the
reference ion mref

m = q

qref
r(mref − qrefme) + qme, (7.28)

where me is the electron mass and q and qref are the charge states of the ion of interest
and the reference ion. For the typical uncertainties achieved for radionuclides the
binding energy of the electrons can be neglected. If carbon cluster ions are used as
mass reference [120] absolutemassmeasurements can be performed since the atomic
mass is defined via the mass of 12C.

7.5.3.2 Spatial Homogeneity of the Confining Fields

The electric trapping potential of a real trap deviates from a pure quadrupole poten-
tial even for a hyperbolic electrode geometry due to several reasons, for example,
machining imperfections, misalignments, the truncation of electrodes, and additional
holes required for the injection and extraction of particles. The impact of such per-
turbations can be compensated to some extent by additional correction electrodes. In
a similar way a harmonic trapping potential can be realized using a cylindrical trap
geometry with open endcaps [123]. Cylindrical traps are simpler to machine and can
be pumped more efficiently than traps with hyperbolic electrodes. In such a cylindri-
cal trap a careful tuning of the trapping voltages (applied to the correction electrodes)
is particularly important. In addition, patch potentials on the electrode surfaces can
play a role. Those are generally avoided by gold plating of the electrodes.
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In general a perfect harmonic potential is only realized in a small region around the
trap center whereas for larger distances from the trap center higher order multipoles
of the trapping field become significant. The deviation from the ideal quadrupole
field thus also depends on the amplitude of the ion motion. Therefore the application
of ion cooling to constrain the amplitudes of the ion motion to a region close to trap
center is crucial for high precision measurements.

The deviation of the real trapping potential from a pure quadrupole is expressed
by the coefficients Ci of a multipole expansion of the real potential φreal:

φreal = U0

2

∑
i

Ci(
r

d
)iPi(cosθ) (7.29)

For an ideal quadrupole potential C2 = −2, while all other coefficients vanish. In
real traps typically the next two higher order terms, the octupole (C4) and dodecapole
(C6) term, play a role. As long as the radial symmetry is not broken all odd expansion
coefficients vanish. The cyclotron frequency shift in case of non-vanishing C4 and
C6 terms is given [102] by

Δωelectr
c = C4

3

4
(ρ2+ − ρ2−)

ω2
z

ω2
c

+ 15

4

C6

d2 [ρ2
z (ρ2− − ρ2+) − (ρ4− − ρ4+)]. (7.30)

It depends on the amplitudes of the ion motion but is approximately mass indepen-
dent. The size of the different multipole coefficients can be estimated for a given
electrode geometry by fitting Eq.7.29 to the numerically calculated potential in a
certain region around the trap center.

Besides electric field anharmonicities also spatial magnetic field inhomogeneities
lead to frequency shifts. The intrinsic homogeneity of a commercially available
state-of-the-art superconducting solenoid magnet is on the order of ΔB/B = 0.1−1
ppm/cm3 if no special measures are taken. The actual magnetic field B sensed by the
trapped ions can be additionally modified by materials introduced into the magnetic
field such as the trap electrodes or the trap vacuum tube due to a non-zero magnetic
susceptibility. The modification of the magnetic field around the trap center can be
described by

δB

B0
= β2[(z2 − ρ2/2)z − zρ], (7.31)

where B0 is the magnetic field at the trap center, and z and ρ are the motional
amplitudes, since a linear term vanishes. The resulting cyclotron frequency shift is
then given by [102]

Δωmagn
c = ωcβ2[z2 − ρ2+

4
(1 + ωc

ω+ − ω−
) − ρ2−

4
(1 + ωc

ω+ − ω−
)] (7.32)

This shift is proportional to the cyclotron frequency and hence, depends on the mass
of the ion. This effect can be minimized by using materials with low magnetic sus-
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ceptibility for the trap construction and reducing the amount of material introduced.
Moreover, the design should be such that the radial symmetry is maintained.

7.5.3.3 Trap Misalignments

Misalignments of the individual trap electrodes can be minimized by a careful
mechanical trap design and thus do not play a significant role in particular for cylin-
drical traps. However, a misalignment of the electrical field axis with respect to the
magnetic field axis is much harder to avoid in practice. A tilt of the axis by an angle
θ results in a shift of the eigenfrequencies [104] by

Δωc
tilt ≈ 9

4
ω− sin2 θ, (7.33)

where ω− is the magnetron frequency. However, all eigenfrequencies shift in the
same way. This shift is to first order mass independent. By a careful alignment of
the trap in the magnet bore this tilt angle is minimized. Typical values that can be
achieved are on the order of 1 mrad.

7.5.3.4 Ion-Ion Interactions

In experimentswith radioactive particles contaminant ions can be created either in the
production stage by unwanted nuclear reactions, in the ion preparation process, or by
the radioactive decay of the investigated particle itself. The presence of of unwanted
ions in the trap can result in a shift the cyclotron frequency due to the Coulomb
interaction between different ions. In general this effect is avoided if a measurement
is performed with only a single trapped ion at a time, however this is not always
possible in on-line experiments. If the different ions in the trap have the same mass-
to-charge ratio then the field acts on the center of mass and no frequency shift occurs.
In the case of contaminant ions with different mass-to-charge ratio one resonance
shifted in frequency is observed if the two different cyclotron frequencies cannot
be resolved. If the mass difference of the ions is large enough that the individual
resonances are resolved both resonances shift to lower frequencies and the frequency
shift is proportional to the number of trapped ions [124]. Therefore, in a precision
measurement possible frequency shifts are revealed by an analysis as described in
[120]. In this method the cyclotron frequency is determined as a function of the
number of ions in the trap at a time by dividing the data into subsets with similar
statistics. Then the cyclotron frequency is linearly extrapolated to one ion in the
trap taking into account the ion detection efficiency. Frequency shifts due to image
charge effects do not play a role for radionuclides yet as they are typically two or
three orders of magnitude smaller than the statistical uncertainty.
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7.5.4 Applications of High-Precision Mass Measurements

In this section some recent examples of mass measurements of radionuclides
performed by PTMS are given. They illustrate the versatility and the present perfor-
mance of PTMS for radionuclides. The first example is related tomassmeasurements
in the context of nuclear astrophysics. The second example addresses experiments
in the region of the heaviest elements.

In the stellar nucleosynthesis of heavy elements in the universe various scenarios
and processes are discussed. The slow and rapid neutron capture process (s and r
process) are expected to be responsible for the creation of most of the heavy elements
beyond iron [21, 22]. The rapid proton-capture process (rp process) is believed to be
responsible for so-calledX-raybursts [20] andmayalso takeplace in a neutrinodriven
wind in core collapse supernovae [125]. Type I x-ray bursts can occur when a neutron
star accretes matter from an expanded companion star and last for a few seconds. For
a detailed astrophysical modelling of the various processes under different conditions
several nuclear properties such as half-lives andmasses are required input parameters.
In order to eliminate or at least minimize the impact of nuclear physics-related
uncertainties on the astrophysical conclusions accurate data of the relevant properties
are needed for many, often very exotic, radionuclides.

The predicted pathway of the r process [21] proceeds in a region of very neutron-
rich nuclides some of which will only be accessible at next generation radioactive
beam facilities such as FAIR in Darmstadt [126], FRIB at Michigan State university
[127], or SPIRAL 2 at GANIL [128].

The rp process consists of a sequence of proton capture reactions and subsequent
beta decays in competition with photodisintegration. The predicted rp process path-
way [20] reaches out to exotic nuclides at the proton drip line that can already be
accessed for practically all nuclides relevant to the rp process at present radioactive
beam facilities. However, some of them are short-lived and can only be produced in
minute quantities. The impact of masses on the r and rp process was discussed in
several articles [19, 129, 130]. In these investigations it was found that masses are
required with an uncertainty on the order of 10 keV or below. For so-called ‘waiting
points’ a higher precision is often needed.

Waiting points in the rp process are rather long-lived nuclides encountered when
the proton capture reaches the drip line so that the process only proceeds towards
heavier nuclei after the β decay of the waiting point nuclide (or if it can be bypassed
via two-proton capture). Thus waiting point nuclides have a large impact on the char-
acteristics of an x-ray burst, for example the corresponding light curve. Depending
on the density and temperature conditions in the stellar environment the effective
half-life of a waiting point, i.e. the time until the rp process proceeds, can be altered
significantly. An example is shown in Fig. 7.8 for the waiting point 68Se to illus-
trate the impact of precise mass values. The effective lifetime of 68Se as a func-
tion of temperature was determined by a local network calculation based on mass
measurements with LEBIT [131]. The effective lifetime previous to this experi-
ment was 10.7(6.8) s so that 68Se would not be a strong waiting point within the
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Fig. 7.8 Impact on the mass
on the effective half-life of
the rp process waiting point
68Se (adapted from [131]) for
different temperatures

experimental uncertainty. Based on the new accurate mass values a lifetime of
17.4(4.5) s was obtained indicating that 68Se is indeed a strong waiting point for
all relevant conditions.

In recent years the masses of many radionuclides relevant for nuclear astrophysics
have have been measured with high accuracy by direct mass measurements using
PTMS at various radioactive beam facilities [132–139]. In certain areas, for example
around 84Mo, the estimated masses have been found to deviate from the new data
by as much as 1 MeV [135]. Based on the new data improved calculations were
performed that contribute to a better understanding of nucleosynthesis.

An example for mass measurements in the context of nuclear structure studies is
related to direct mass measurements of the heaviest elements. Superheavy nuclides
owe their very existence to nuclear shell effects that stabilize them against the dis-
integration by spontaneous fission due to the strong Coulomb repulsion in nuclides
with high-Z. The fission barrier calculated according to macroscopic nuclear models
[14] vanishes for nuclides with Z ≈ 104. However, a finite fission barrier is obtained
for superheavy elements when including nuclear shell effects. Superheavy elements
are predicted to inhabit an ‘island of stability’ by different theoretical models that,
however, still disagree on the exact location an extension of this island. The predicted
center is located at Z = 114, 120, or 126 and N = 172 or 184 depending on the
parametrization [14, 140–142]. Experimentally this concept is supported by sev-
eral new elements that have been discovered in recent years in different laboratories
worldwide with the latest claims reaching up to element Z = 118 [72, 74, 143–147].

However, binding energies that are at the heart of superheavy nuclides have exper-
imentally been out of reach for a long time. The transuranium nuclides have not been
accessible by PTMS either due to their low production rates of due to to their pro-
duction scheme that requires additional preparation steps. Isotopes of the elements
above fermium (Z = 100) can only be produced by fusion-evaporation reactions
with heavy-ion beams typically from 40Ar to 70Zn and either lead and bismuth tar-
gets or actinide targets from uranium to californium. However, the production rates
are very low even for primary beam intensities of almost 1013 particles per second.
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About four ions per second can be delivered to a PTMS setup for 254No (Z = 102),
but the rate drops steeply to about one atom per three days for element flerovium
(Z = 114) [144]. The actual number of ions available for PTMS is even lower due
to the losses during the slowing down and beam preparation procedures resulting in
overall efficiencies on the order of a few percent. Such low rates are amajor challenge
for PTMS since they result in very long measurement times of a few days over which
all relevant parameters such as the trapping fields have to be stable.

Nonetheless, recently direct mass measurements of several nobelium and lawren-
cium isotopes have been performed with the Penning trap mass spectrometer SHIP-
TRAP at GSI in Darmstadt, Germany [15, 112]. In case of the nuclide 256Lr the
yield was on the order of two particles per minute. For a cyclotron resonance about
50 ions were detected statistically distributed over a period of about four days. The
masses have been determined with an accuracy of down to about 10 keV and now
provide reliable anchor points in the region of the heaviest elements.

New elements in this region have so far been identified by the observation of α

decay chains that connect new nuclides to well known nuclides. Prior to the SHIP-
TRAP experiments also the masses of nuclides in this region were determined in
this way, i.e. indirectly from the measured α decay energy and the known mass of
the daughter nuclide. However, this method works only well if the α decay occurs
between nuclear ground states as for even-even nuclides, else it requires a detailed
knowledge about the nuclear level scheme. In addition, the mass uncertainties accu-
mulate going along the chain.

In addition to providing anchor points direct mass measurements allow map-
ping the strength of nuclear shell effects as demonstrated by SHIPTRAP [15].
From accurate experimental mass values the strength of the shell effects can be
derived according to Eq.7.34. The difference of several nuclidic masses provides the
so-called shell gap parameter δ2n(N, Z) that amplifies the visibility of a shell closure.

δ2n(N, Z) = S2n(N, Z) − S2n(N + 2, Z) (7.34)

= 2ME(N, Z) + ME(N − 2, Z) + ME(N + 2, Z), (7.35)

where S2n(N, Z) is the two-neutron separation energy. The binding energy of neigh-
boring nuclides changes most significantly when a closed shell is reached since the
nuclides are most strongly bound for closed shells. Such differences can also be
visualized by the other mass differences such as the two-nucleon separation energy
S2n/2p(N, Z). Since the pairing between nucleon results in a change of the binding
energy thatwould result in an odd even staggering of one-nucleon separation energies
two nucleon separation energies are used to visualize trends in the nuclear structure
evolution.

Figure 7.9 shows the shell gap parameter for nobelium isotopes around neutron
number N = 152. The effect of a closed neutron shell is clearly visible by the peak in
δ2n(N, Z). The strength of this shell closure in a region of deformed nuclei is much
weaker though than for example in the spherical doubly magic nucleus 208Pb where
the shell gap is about 8MeV large. The accurate experimental data provide a sensitive
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Fig. 7.9 Neutron shell gap
for neutron numbers around
N = 152 (adapted from
[15]). Experimental data are
given by the red points. Filled
symbols are exclusively based
on SHIPTRAP data [15, 112]

benchmark for nuclear models that are used to describe superheavy elements and can
thus be used to improve predictions of the island of stability.

7.6 Conclusions

PTMS has proven to be a versatile method that provides mass values of unprece-
dented accuracy even for radionuclides with short half-lives and with production
rates as low as a few particles per second. Since the installation of the first Penning
trap at a radioactive beam facility almost 30 years ago a new era in precision mass
spectrometry has begun and resulted in many exciting scientific results contributing
to great discoveries in various disciplines. Penning traps dominate the landscape
in mass spectrometry to date and with ongoing and future devolvements they will
advance further towards higher precision, higher selectivity, and higher sensitivity.
This will pave the way to extend the reach to more exotic nuclides and lead to new
breakthroughs in physics.
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