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1 Introduction

The origin of mass spectrometry (MS), the technique of measuring an ion’s mass-to-
charge ratio m/q, can be traced back to experiments in the late 19th century concerning
the understanding of electricity [1]. German physicist E. Goldstein discovered positive
rays in gas discharges in 1886, W. Wien improved upon this in 1898 by deflecting them
in strong magnetic fields according to their m/q. Continued work by J.J. Thomson
and F.W. Aston on what turned out to be ionized atoms lead to the first mass spectra
recorded on photographic plates and the discovery of isotopes [2]. With the advancement
of MS techniques yielding higher accuracy, Aston went on to show deviations from
the “whole number rule” in the form of “packing fractions”, that is, he found the
mass-to-charge ratios of ions not to be mere multiples of one another [3]. In fact, atomic
weights were lower than that of the sum of their constituents, consistent with the idea
of a mass defect representing the nuclear binding energy.
The first mass spectrometer in the modern sense of the term was developed by A.J.

Dempster in 1918 [4], leading to the discovery of the fissile 235U isotope and, later on,
the quest for its separation within the Manhattan Project. J. Mattauch and R. Herzog
later combined aspects of both Aston’s and Dempster’s design, resulting in the first
achromatic mass spectrometer (focusing in velocity and direction) [5].

In the 1950s and 1960s, the next advancement in the field of mass spectrometry was
introduced in the form of ion traps. Based on either radio-frequency (RF) fields (“Paul
trap” [6]) or a superposition of static electric and magnetic fields (“Penning trap” [7]),
these tools allowed the prolonged confinement of charged particles for the precise study
of their properties. Modeled after large accelerator rings utilized at, e.g., CERN at the
time, smaller storage rings were eventually designed in the late 1980s and early 1990s to
further combine aspects of mass spectrometry and ion trapping [8–10].

The concept of time-of-flight mass spectrometry (ToF MS [11]) was first presented by
W.E. Stephens in 1946, followed by its implementation by A.E. Cameron and D.F. Eggers
two years later [12]. Offering pulsed operation for the fast monitoring of systems with
rapidly changing compositions, the concept was later enhanced by W.C. Wiley and I.H.
McLaren in 1955 [13] and then B.A. Mamyrin in 1973 [14]. Despite these advancements,
the technique’s principal traits would stay largely constant: While ToF devices were
compact and exceptionally quick compared to setups based on other concepts, their mass
resolving power R = m/∆m, i.e. their ability to separate small relative mass differences,
remained on the lower end of the experimental spectrum. This only changed in the
1990s, when the concept of multi-reflection time-of-flight (MR-ToF) mass spectrometry
was introduced.

An MR-ToF mass spectrometer is a device consisting of two opposing electrostatic
ion mirrors enclosing a field-free drift section. Injected ions are reflected between the
mirrors, allowing them to complete multiple laps and thus increasing their flight-path
lengths far beyond the dimensions of the system. This concept, within the context of
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1 Introduction

ToF MS, was demonstrated by H. Wollnik in 1990 [15], a similar design was also shown
by W. Tretner as early as 1960 [16]. Closely related, the principle of a trap utilizing
electrostatic mirrors to contain ions for extended periods of time was introduced in 1997
by D. Zajfman [17] and W.H. Benner [18], independently. These trapping devices, also
referred to as electrostatic ion beam traps (EIBTs) [19] or electrostatic linear ion traps
(ELITs) [20–22], focus on the storage capabilities of the MR-principle rather than its
use for mass spectrometry.
At the University of Greifswald, an MR-ToF mass spectrometer is in operation

for the research of atomic clusters. It comprises a laser-ablation source for cluster
production [23–26], an ion-optical guiding system including a quadrupole deflector,
and a channeltron detector and fast multiscaler for single-ion counting. All electrodes
and fixtures have been developed and machined in-house; voltages are provided by a
series of commercial, precision high-voltage power supplies and switches. Experimental
control is realized with a LabVIEW-based, self-maintained software. Details relevant for
the present studies are given in Sec. 2, further information can be found in a recent
publication [27].

This thesis highlights recent developments at the Greifswald setup to further the field of
MR-ToF mass spectrometry involving ions with large mass differences. These techniques
are then used to perform photodissociation studies on atomic clusters within the device,
making it the first such application that, while utilizing the trap characteristics of the
MR-ToF principle, still maintains bunched operation and the high resolving powers
associated therewith. Based on this, the first instance of tandem MR-ToF MS is
performed, that is, two steps of MR-ToF mass spectrometry are used for subsequent
precursor selection and product analyses. This novel measurement scheme is applied to
determine the photodissociation behavior of Bi-Pb compound clusters, which have not
been investigated experimentally prior to this work.

2



2 The multi-reflection time-of-flight mass
spectrometer

A multi-reflection time-of-flight mass spectrometer, as shown in Fig. 2.1, aims to
repeatedly use a part of the ions’ flight path by reflecting them through the same field-
free drift section. The resulting elongated flight times make MR-ToF devices excellent
high-resolution mass spectrometers that can reach mass resolving powers R beyond
100 000 in just a few tens of milliseconds [27–30]. For the required axial ion confinement,
the maximum of the electrostatic mirror potentials must exceed the ions’ total energy
(Fig. 2.2). Ion injection and ejection can be performed by switching off the corresponding
mirror potential for a short time and allowing ion bunches to pass. Alternatively, an
“in-trap lift” can be used to lower and raise the ion energy between the mirrors, as was
first introduced at the ISOLTRAP MR-ToF mass spectrometer at ISOLDE/CERN [31].
By switching a voltage applied to the device’s central drift tube while ions are inside
of it, their energy can be adjusted without disturbance (Faraday-cage principle). The
principal gain from this type of operation lies in the fact that the ion energy during
storage is decoupled from the transfer energy outside of the analyzer. This significantly
reduces the experimental complexity of adjusting either one and is especially useful
for tuning the MR-ToF temporal focus (see next section): the gradient of the mirror
potentials that is experienced by stored ions can be changed by adjusting only a single
voltage. Another advantage of the in-trap lift is an increased mirror-voltage stability.
Since all of the reflecting potentials are entirely static, flight-time fluctuations arising
from switching noise and ringing are eliminated.

Following the technique’s implementation at ISOLTRAP, several MR-ToF experiments
have since incorporated such electrodes into their setups [22,32–35], including the present
one at the University of Greifswald [27]. Here, a combination of both in-trap lift and
mirror operation has been introduced recently [36], which retains the lift’s advantages
with respect to the ion capture. Simultaneously, it ensures that a large portion of the

Figure 2.1: Sectional view of the MR-ToF analyzer at the Greifswald setup. Ions are injected
from the left and ejected towards a channeltron detector on the right to record their flight time.
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2 The multi-reflection time-of-flight mass spectrometer
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Figure 2.2: MR-ToF-analyzer potential at the Greifswald setup (blue) and typical ion storage
energy of about 1200 eV (red). The ions’ transfer energy outside of the analyzer is 2000 eV.

stored ions are guided towards the detector upon their release by opening the exit-side
mirror. This operation has become standard practice for wide-band investigations such
as those presented in Sec. 3 and 4.

Apart from the ion energy having to remain below the mirror potentials, there exists
a second storage criterion in an MR-ToF analyzer related to the ions’ radial confinement.
Analogously to an optical resonator, reflection without some means of radial re-focusing
is inherently unstable. In photon optics, the resonator criterion

0 ≤
(

1− L

2f1

)(
1− L

2f2

)
≤ 1 (2.1)

can be found linking the length L of an optical cavity to the focal lengths f of its
encasing mirrors [37]. The expression

L

4 ≤ f ≤ ∞ (2.2)

is equivalent for symmetric cavities: The focal lengths f = f1 = f2 of the (curved)
mirrors must not be shorter than a quarter of their separation.

For MR-ToF devices in the sense of an ion-optical resonator, radial focusing is realized
by ion-lens-like potentials next to the reflecting potential walls (Fig. 2.2), the focal
lengths of which have to satisfy the same criterion [17, 38, 39]. It can also be refined
further using more sophisticated models [39]. For proper potential setups, the storage
life time of an MR-ToF analyzer is largely defined by residual-gas collisions, reaching
several hundreds of milliseconds for room-temperature [38] and a few hundred seconds
for cryogenic setups [40].
Being an entirely electrostatic system, an MR-ToF mass spectrometer offers unique

features in comparison to other MS techniques. Like for all electrostatic devices, its ion
trajectories are identical for identical ratios of kinetic energy and charge Ekin/q regardless
of mass. An ion’s revolution period T , however, is proportional to the square root of
its mass-to-charge ratio m/q. Consequently, MR-ToF devices show no mass-dependent
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2.1 Modes of operation

storage criterion as is the case in RF ion traps or magnetic systems. The absence of
superconducting magnets leads to the additional advantage of an open geometry and
easy access to the beam path between the electrostatic mirrors, which is useful for
merged- or cross-beam configurations. This is further aided by the fact that the center
region of the analyzer is field free, leading to straight ion trajectories that do not exist
for electrostatic storage devices such as the Orbitrap [41] or its historical predecessor,
the Kingdon trap [42].
Due to the energy-based storage criterion, however, the kinetic energy of confined

ions is limited by the applied potentials. Most MR-ToF devices are operated at a
few keV due to the increasing challenge of routing and switching high voltages to the
system’s electrodes, although a prospected 30 kV-setup is currently being designed for
the first time [35, 43]. This is similar to the conditions for electrostatic storage rings,
which can be understood as the MR-ToF mass spectrometer’s larger counterpart: Fully
electrostatic rings are used to store ions at some tens to a few hundreds of keV [44–47]
whereas magnetic ones reach the MeV range at the tradeoff of introducing an upper
mass limit [48].

Lastly, the nature of MR-ToF devices might seem at odds with “Earnshaw’s theorem”
[49], which forbids the stable confinement of charges by purely electrostatic means.
However, this only applies to the storage of ions without kinetic energy. MR-ToF storage
is possible due to the ions moving. In turn, they are strictly required to exhibit a nonzero
total energy during storage, as no particles can be trapped at rest.

2.1 Modes of operation
The working principle of any time-of-flight mass spectrometer is illustrated in Fig. 2.3:
Due to the velocity difference of ions with different m/q ratios at identical kinetic
energies, their separation in time increases with longer total flight times. One of the
limiting factors of this, however, is the fact that an ion bunch consisting of only a single
species will typically exhibit some distribution of kinetic energies [11]. Its temporal
width will thus increase over time, counteracting the growing ToF separation between
the different species. The first remediation of this behavior (before the introduction
of the MR-ToF principle) was performed by B.A. Mamyrin in 1973 by introducing a
“mass-reflectron” capable of folding back ion trajectories [14]. The underlying principle
is the fact that ions with higher kinetic energies will penetrate deeper into a reflecting
potential barrier, leading to longer flight paths that compensate for their increased
velocity in the field-free drift section(s). The time focus, i.e. the point along the
trajectory where faster ions catch up with the slower ones, can be tuned to coincide with
the system’s detector location after the reflection. The resolving power of the respective
ToF mass spectrometer rises from few hundred [13] to several thousand [14] in response.

The MR-ToF mass spectrometer—as the reflectron’s intellectual descendant—has an
even more powerful means of adjusting ion flight paths based on their energy: An ion’s
revolution period T is dependent on its kinetic energy Ekin, the coefficient

∂T

∂Ekin

of which can be tuned via the shape of the analyzer’s reflecting potentials [31,50,51]. As
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2 The multi-reflection time-of-flight mass spectrometer
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Figure 2.3: Time-of-flight spectra of Pb−
10 clusters for increasing revolution numbers (20, 60,

and 100 from top to bottom) and thus total flight times. Different combinations of stable lead
isotopes lead to ion species with different mass numbers A (“isotopologues”), as labeled in the
bottom spectrum. No ions can be detected below ≈ 45 and above ≈ 80µs after the ejection
from the analyzer due to them entering the mirror potentials and not being properly ejected.

is shown in Fig. 2.1, each electrostatic mirror is formed of several stacked ring electrodes
for better control over the potential gradient. In setups incorporating an in-trap lift,
the ions’ storage energy can itself be easily adjusted to move an ensemble with some
energy spread ∆Ekin along different parts of the mirror potential. This allows tuning as
demonstrated in [52] and shown in Fig. 2.4 for the present setup.
Three general regions can be distinguished in Fig. 2.4, correlating to different

operational parameters of the MR-ToF analyzer. The center part, where the ions’
revolution period is barely dependent on the lift voltage (and thus Ekin) can be described
by the ∂T/∂Ekin coefficient being close to zero. This is referred to as an isochronous
region [31,53]. An ion bunch with sufficiently-small ∆Ekin will stay synchronized and
experience no intrinsic ToF broadening with increasing flight time. As can be inferred,
tuning of an MR-ToF device often aims to reach such a state. In reality, a bunch’s
temporal spread will still increase, however, this is the case primarily due to drifts in
the applied mirror voltages (see Sec. 3.2), imperfections of the mirror electrodes, and
aberration effects. The resolving power increases quickly with the revolution number for
some hundreds to thousands of laps before leveling off (see, e.g., [52]).
For a positive coefficient, ∂T/∂Ekin > 0, ions with higher kinetic energy exhibit

larger revolution periods. If a temporal focus exists between the source and analyzer,
high-energy ions will already be at the front of the bunch upon entering the MR-ToF
device. However, they will then be moved back with each revolution, resulting in a
decreasing temporal width ∆t. This can be used to tune a minimum ∆t for a specific
revolution number N , leading to resolving powers (on that N) comparable to those of
isochronous settings [31]. For even higher revolution numbers, however, the resolving
power quickly drops, as the bunch spreads out in the opposite direction. This is an
advantage of isochonous settings, which allow measurements at different revolution
numbers without the need to re-tune the analyzer/ion energy in between. The present
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2.2 Applications

Figure 2.4: 2D color plot of ToF spectra recorded for different in-trap lift voltages and thus
different storage ion energies. The ion species retained in the analyzer is 209Bi−10, the measurement
is performed at 400 revolution periods.

setup is thus operated at ∂T/∂Ekin ≈ 0.
There is a second phenomenon associated with ∂T/∂Ekin > 0 conditions, rising from

Coulomb interactions between the ions of a large cloud: It has been observed that such
bunches will stay coherent for extended periods of time [54]. This well-documented
behavior is referred to as “self-synchronization” or “self-bunching” [50,51,54–57], and
results from the fast ions being shifted towards the back of the bunch on each revolution.
For sufficient particle densities, the space-charge interactions keep them from quickly
moving towards the front again. While of interest for ion trapping, these effects are
undesirable in precision mass spectrometry, as they can lead to the synchronization
of distinct ion clouds with small mass differences [32, 56]. This is known as “peak
coalescence” in Fourier-transform ion-cyclotron-resonance (FT-ICR) MS [58] and is the
reason why MR-ToF MS is typically performed with small ion numbers per cycle.
The third regime, ∂T/∂Ekin < 0, generally leads to a quick increase of the width of

a stored ion bunch over time [50,51]. The fact that fast, high-energy ions are moving
to the front of the bunch outside of the analyzer is aided by them exhibiting shorter
revolution periods within. This “non-bunching” mode of operation is of less interest for
mass spectrometry, although it has been used for molecule-interaction studies to ensure
ions quickly fill the entire trap volume [59–61].

2.2 Applications
Historically, MR-ToF devices have been primarily used as ion traps for the study
of molecular and cluster properties for some time. In this capacity, EIBT-setups
are currently being operated at the Weizmann Institute of Science (Rehovot, Israel)
[17, 62, 63], the Bhabha Atomic Research Centre (Mumbai, India) [64], LKB (Paris,
France) [65], MPIK (Heidelberg, Germany) [40], the University of Lyon (Lyon, France)
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2 The multi-reflection time-of-flight mass spectrometer

[66], Queen’s University Belfast (Belfast, UK) [67], the University of California (San
Diego, USA) [68], Purdue University (West Lafayette, USA) [69], and Indiana University
(Bloomington, USA) [70]. Typical investigations include the study of photodetachment
and -fragmentation [59–61,66,71–73], electron-impact detachment [74], and molecular
decay [75–77]. Many of these devices are operated in non-bunching mode (see previous
section) or rely, for high-resolution applications, on capacitive pickup detection (“Fourier-
transform MR-ToF”) [21,64,66,70,78]. As is the case for most pickup-based measurement
techniques, they thus require either highly-charged ions or large ion numbers.

In nuclear physics, MR-ToF mass spectrometers have become increasingly popular since
their first application for mass separation [79] and determination [80] in 2013. Their abil-
ity to reach high resolving powers—higher than FT-ICR Penning traps for measurements
restricted to a few tens of miliseconds of observaton time [52]—makes them excellent
tools for precision mass measurements of exotic nuclei with very short half-lifes. Today,
MR-ToF MS on radioactive beams is performed or under construction at ISOLTRAP
at ISOLDE/CERN (Geneva, Switzerland) [52], SLOWRI at RIBF/RIKEN (Wakō,
Japan) [28], RISP at RAON (Daejeon, South Korea) [81], TITAN at ISAC/TRIUMF
(Vancouver, Canada) [82], the FRS Ion-Catcher at FRS/GSI (Darmstadt, Germany) [29],
PILGRIM at S3-SPIRAL2/GANIL (Caen, France) [33], CARIBU at ATLAS/ANL (Ar-
gonne, USA) [34], the Notre Dame Cyclotron Facility (Notre Dame, USA) [83], SHANS
at IMP/CAS (Lanzhou, China) [84], and MARA-LEB at the University of Jyväskylä
(Jyväskylä, Finland) [85]. For many of theses setups, the MR-ToF analyzer also doubles
as an isobar separator in front of precision Penning traps, which are prone to systematic
errors in the presence of contaminants [58,86,87].
An entirely new multi-reflection application utilizing short ion bunches is currently

being developed at the MIRACLS project at ISOLDE/CERN [35,43]. It aims to perform
in-trap collinear laser spectroscopy (CLS [88,89]) for the investigation of nuclear ground-
and isomeric-state properties. For exotic nuclei, conventional CLS is performed by
overlapping the ion and laser beams in a single-pass fashion, often limiting the available
observation time much more than the half-life of the radioactive isotopes. By storing an
ion bunch in an MR-ToF device to repeatedly probe it, a significant improvement in
experimental sensitivity is being projected.
It is apparent that MR-ToF applications in molecular and nuclear physics differ

somewhat in terms of their techniques, operational parameters, and investigated mass
ranges. While precision mass spectrometry is performed with small, coherent ion
bunches, studies of molecular properties often rely on large ion numbers or forgo
bunched operation entirely in favor of easier trapping and interaction requisites. This
thesis, in contrast, introduces the use of an MR-ToF device in its function as a mass
spectrometer to investigate molecular properties. To this end, a set of wide-band MS
techniques, i.e. methods to separate and investigate ion species of very different m/q
values simultaneously, is developed (Sec. 3) and a novel measurement scheme for in-trap
photoexcitation is used to probe the fragmentation behavior of bismuth clusters (Sec.
4). All of the following considerations assume the MR-ToF device to be operated as a
mass spectrometer, i.e. with distinct ion bunches small enough to not incur significant
Coulomb interactions within the cloud.
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3 MR-ToF developments for wide-band
applications

The nature of the multi-reflection time-of-flight mass spectrometer, namely its principal
feature of leading to ion species of different m/q ratios lapping one another, can
make applications involving broad mass ranges challenging. Time-of-flight spectra
recorded after specific storage times quickly become ambiguous if multiple species are
involved [90, 91]. On the other hand, the absence of intrinsic mass limitations due
to the analyzer’s electrostatic nature makes it especially attractive for precisely these
wide-band investigations.

MR-ToF devices operated in non-bunching mode (see Sec. 2.1) make full use of their
excellent ion-storage capabilities, however, they forfeit the traits of a high-resolution
mass spectrometer arising from bunched operation in turn. Applications utilizing high
resolving powers, in contrast, are usually restricted to small mass ranges in exchange.
Interest to bring both of these fields closer together has been growing recently, that is,
increasing efforts are being made to apply high-resolution MR-ToF MS to wide-band
studies [36,90,92,93]. In this section, novel developments for investigations involving
ions with very different masses are presented.

Figure 3.1: N -versus-ToF plots after the capture of several Sn−
n cluster sizes, each incorporating

a number of isotopologues. The left plot is recorded without any means of in-trap selection, the
right with transversal ejection synchronized to retain only the A = 593 species. Picture modified
from [94].
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3 MR-ToF developments for wide-band applications

3.1 Selection of ion species with disparate m/q values

A means of selectively retaining specific ion species in an MR-ToF analyzer after a
wide-band capture is crucial, as can be inferred from Fig. 3.1. Both plots show time-of-
flight spectra of anionic tin clusters in an “N -versus-ToF” fashion [90], meaning that
ion flight times are subsequently recorded after increasing storage times similar to Fig.
2.3 and visualized as a two-dimensional map. The left measurement has been performed
without any ion selection, the right one with the technique of transversal ejection [94]
employed to retain only the Sn−

5 clusters with an isotopic composition yielding mass
number A = 593. To this end, a sliced, off-center ring electrode located between the
lift and mirror electrodes (see Fig. 2.1) is utilized to form a radially-deflecting electric
field. Opposing halves of the ring are switched between ground potential and ±10 V,
the phase and frequency of which is synchronized to the ion species to be retained.
Even without the selection, some ion species with masses close to that of the A =

593 target can be identified in the left plot by matching signals from one horizontal
spectrum to the next. However, species with larger mass differences—those that move
through the spectra at apparently random intervals—are harder to connect. In addition,
signals of different ions can coincide at identical post-ejection flight times, complicating
the task of finding a revolution number where a species of interest can be observed
unobstructed. Unless extensive knowledge of all ions revolving between the mirrors has
been obtained beforehand, matching individual signals to their species and predicting
signal distributions in a standalone ToF spectrum becomes virtually impossible.

In-trap ion selection is thus a typical prerequisite for MR-ToF investigations. Next to
techniques involving the synchronized switching of in-trap deflector electrodes [94,95],

Figure 3.2: Axial ion positions as a function of time in an MR-ToF analyzer for species with
different m/q values. A deflecting potential is only applied to the ring electrode (red bars) when
both input signals (gray bars) permit it simultaneously. Two ion species with disparate m/q
are retained (black lines) while lighter, heavier, and intermediate species (blue lines) eventually
sample a deflecting field, as indicated by red circles. Picture modified from [94].
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3.1 Selection of ion species with disparate m/q values

similar effects have been achieved by switching some of the trap’s mirror potentials [96,97].
Note that all methods of an in-trap nature fundamentally differ from those aiming to
perform post-trap selection by means of, e.g., a fast Bradbury-Nielsen gate [98]. These
latter schemes [29, 99] are subject to the actual ToF difference between ion species
oscillating due to their lapping behavior. Even if the resolving power would be high
enough to separate species in time by a large margin, the actual resolution in the
spectrum may not be sufficient to select them. These issues do not arise for in-trap
applications, as the selection mechanism is typically applied over a large portion of
the storage duration. Additionally, purification from contaminant species is critical
for interaction-based studies performed within the trap itself (see Sec. 4). This is, by
definition, not possible with post-trap equipment.

It is readily apparent that in-trap ion selection reduces an MR-ToF device’s capabilities
for wide-band applications by design. For all techniques mentioned above, the operating
principle restricts the retained mass range around a single target m/q value. In this
thesis, a scheme allowing the selective retention of multiple, disparate mass ranges is
demonstrated for the first time ([100], cumulative thesis article, Sec. 7.2). Together
with the implementation of multiple subsequent capture pulses to load more species
into the analyzer than would be possible with a single one, the technique of transversal
ejection is adapted to select several ion species from the stored ensemble simultaneously
(Fig. 3.2).

Since every ion bunch’s position in the analyzer over time is governed by its revolution
period, a deflector function of the same period is needed for each species of interest
in the multiple-selection scheme (gray bars in Fig. 3.2). These functions are logical
representations of whether a deflecting field will disturb the corresponding ions at specific
points in time. Thus, the output of an AND gate taking all individual functions as

Figure 3.3: N -versus-ToF plot showing BiPb+ compound-cluster isotopologues with ion selection
of both the A = 416 and 418 species.
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3 MR-ToF developments for wide-band applications

inputs will only allow the deflector to be engaged as long as all species of interest are
sufficiently far away from it simultaneously.

Multiple ion selection is demonstrated in Fig. 3.3 for isotopologues produced by laser
irradiation of a Bi-Pb alloy target. All species shown consist of two atoms; ions with
mass number A = 416 (207Pb209Bi+ or 208Pb+

2 , not resolved in the present spectra) and
418 (209Bi+2 ) are retained. The improvement over single-range selection is apparent, as
such a configuration of mass numbers could not be reached without the logical addition.
The selection resolving power, i.e. the level of control over the trapped species that can
be exerted in a specific mass range, is no longer coupled to the overall width of said
range. This allows more freedom for, e.g., multiplexed MS/MS studies or correction
setups such as those introduced in the next section. Note that since the publication
of these developments [100], a second group has also demonstrated simultaneous ion
selection with disparate m/q ranges [93].

3.2 Time-of-flight correction with non-isobaric reference
species

For precision MR-ToF measurements aiming for state-of-the-art resolving powers beyond
100 000 [27–30], the devices’ long-term stability is of significant importance. Since the
principal observable, an ion’s revolution period T , is dependent on its kinetic energy as
well as the trap’s reflecting mirror potentials, changes in either of them directly lead to
different periods and thus overall flight times. Proportionality factors describing relative
ToF changes for relative changes in the mirror voltages can be measured, typical values
of which are on the order of 5 · 10−1 for the most significant mirror electrode [27, 99].
Due to drifts in the high voltages forming the mirrors, additional sources of fluctuation
are introduced to the measurement, which can significantly worsen the resulting mass
resolving power.

This is illustrated in Fig. 3.4, where the flight time of Cr+
2 cluster ions is monitored for

25 minutes. Even though the experimental cycle is not changed between the individual
measurements forming the horizontal slices of the plots, the ions’ ToF is clearly subject to
long-term drifts. For slow changes in the analyzer’s potential configuration with respect
to the measurement time, the resulting flight-time changes increase with increasing
revolution numbers: The right plot in Fig. 3.4 shows larger ToF fluctuations than the
left. The full width at half maximum (FWHM) of the summed signal (top of Fig. 3.4)
is a convolution of the intrinsic bunch width ∆t in an individual measurement and the
magnitude of the drifts. While the former does not significantly increase from 400 to
1600 revolutions in the present case due to the isochronous mirror tune (see Sec. 2.1),
the latter does, leading to the FWHM of the summed signal roughly doubling from
200(2) to 382(4) ns. This becomes the primary limiting factor for the device’s mass
resolving power in longer measurements.
It is possible, however, to correct this type of drift using an additional ion species

measured simultaneously to the species of interest [52]. Since both of them experience
identical conditions for each measurement, the flight time of the correction ion can
be retroactively used to rectify that of the ion of interest. Doing so has become
standard practice for precision MR-ToF mass measurements in nuclear physics (see,
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3.2 Time-of-flight correction with non-isobaric reference species

Figure 3.4: ToF spectra from 150 individual 10 s measurements of Cr+
2 at 400 (left) and 1600

revolutions (right) with the same experimental cycle each.

e.g., [101, 102]) and is typically performed with isobaric correction species that are
present as contaminants in radioactive beams. Thus, both species complete the same
number of revolutions—and follow identical flight paths—for a given storage time

This thesis demonstrates the use of a correction ion with a significant mass difference
to the ion of interest ([103], cumulative thesis article, Sec. 7.3). Consequently, identical
storage times lead to different revolution numbers and thus different flight-path lengths.
Nevertheless, the ToF drifts of the two species are identical, meaning they are solely
dependent on the total flight time. This results from the fact that, for any species with
a given revolution period T , changes in the analyzer’s potential configuration incur a
corresponding period change ∆T . The total ToF shift against some reference after N
revolutions consequently amounts to N ∆T . Since ∆T scales with the square root of
an ion’s m/q ratio and the number of completed revolutions for a fixed storage time
inversely scales with the same value, the overall ToF shift is itself independent of m/q.

As is shown in [103], this allows virtually any ion that is stored simultaneously to the
species of interest to be employed for correction. In cases where no high-abundance
isobaric species are present, this can lead to significantly simpler measurements. For
the present case of Cr+

2 isotopologues, only two isobars are observed at the A = 106
mass number, namely 52Cr54Cr+ and 53Cr+

2 , which exhibit a relative mass difference of
1.8 · 10−5. A requirement for retroactive ToF correction is the accumulation of sufficient
statistics of the reference in each individual measurement to accurately determine its
flight time. Since all A = 106 isobars are present in very low abundance, the correction
can only be performed using a non-isobaric species. To this end, 52Cr+

2 (A = 104)
and 52Cr16O+ (A = 68) are employed in two individual runs, both of which yield
comparable results. This obviates the need to measure an additional cycle with an
“external reference” in an interweaved fashion, which would not be simultaneously and,
thus, directly correlate to a loss of statistics per unit of measurement time.
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3 MR-ToF developments for wide-band applications

Note that a new development concerning the long-term stability of MR-ToF mirror
potentials has been reported recently [104], employing a software-implemented PID
controller to actively measure and correct the applied voltages. An extended version of
this stabilization has since been incorporated at the Greifswald setup (as briefly reported
in [105], cumulative thesis article, Sec. 7.4), the full characterization of which is ongoing.

3.3 Multiple-ejection scheme for single-reference mass
determinations

As described above, ion species with large differences in their m/q values will quickly
lap one another for increasing MR-ToF storage times. This is especially restrictive for
the principal purpose of MR-ToF mass spectrometry: precision mass measurements. For
any time-of-flight application, the relation between an ion’s mass-to-charge ratio and its
flight time t is governed by

t = a

√
m

q
+ t0 , (3.1)

where a and t0 are device-specific parameters. The common offset time t0 is, for a
given mass spectrometer, independent of the ions’ flight path. It incorporates any delay
between their actual start time and the start of the data acquisition due to, e.g., cable
lengths. The a parameter, however, is flight-path dependent and thus, in an MR-ToF
device, a function of the revolution number.

To determine both parameters, two independent reference measurements are required,
using either two known reference species or the same species at two different revolution
numbers [52]. If two species with well-known masses mref,1, mref,2 and flight times tref,1,
tref,2 are measured, an unknown mass can be determined as

√
m = CTOF∆ref + Σref

2 , (3.2)

where

∆ref = √mref,1 −
√
mref,2 and (3.3)

Σref = √mref,1 +√mref,2 (3.4)

are the difference and sum of the square roots of the reference masses and

CTOF = 2t− tref,1 − tref,2
2(tref,1 − tref,2) (3.5)

is the experimental observable [80].
However, changes in the offset parameter t0 are generally expected to be insignificant

unless modifications are performed on the setup’s signal or trigger lines. Flight-time
drifts such as those observed in Fig. 3.4 result from changes in a rather than t0 (due to
changing analyzer potentials). It is thus possible to determine the offset individually—
either by manually measuring cable and trigger delays or by employing a single reference
measurement with known ions such as performed in, e.g., [101, 102]—and move to a
single-reference scheme for mass determinations. As implied by its name, this has the
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3.3 Multiple-ejection scheme for single-reference mass determinations

Figure 3.5: Ion flight times for different (MR-)ToF measurement schemes. The colored vertical
lines indicate the revolution periods T1 and T2 of two ion species with m1 < m2. The gray boxes
indicate the flight-time window that species of different masses can be observed in when ejected
after the same storage time [36]. For more information, see text.

benefit of reducing the number of required reference species to one. The mass of an ion
of interest is given by

m = mref

(
t− t0
tref − t0

)2
. (3.6)

This is useful in cases where a second species of well-known mass is not available and two
experimental cycles at different revolution periods are suboptimal due to the decrease
in statistics per unit of measurement time. Ideally, a single-reference setup incorporates
only a single experimental cycle, however, it strictly requires both the reference and ion
of interest to have completed the same number of laps.

This thesis demonstrates such single-reference mass determinations at identical flight-
path lengths in an MR-ToF device. For the first time, the measurements are performed
with an ion pair exhibiting a significant mass difference, namely 208Pb+

3 and 208Pb+
4

([105], cumulative thesis article, Sec. 7.4). In a single-path ToF application, i.e. one
without the use of multi-reflection, a mass determination using (3.6) poses no additional
challenge if t0 is known (bottom part of Fig. 3.5). The resolving power and accuracy
reached in simple time-of-flight mass spectrometers is, however, insufficient for precision
measurements [13, 14]. For typical MR-ToF operation with a fixed storage time (middle
part of Fig. 3.5), both species cannot be measured at identical revolution numbers at
the same time due to their lapping behavior.
Thus, two separate ejections are performed in [105] to subsequently release the ion

species from the MR-ToF analyzer after different storage times (top part of Fig. 3.5).
Their flight times after traversing identical flight paths are recorded in a single ToF
spectrum with a single experimental cycle, even though the 208Pb+

3 ion bunch initially
laps the 208Pb+

4 one over a hundred times. For the present case, the ions’ total flight
times for the chosen flight-path length of 959 laps roughly amount to 80.32 and 92.75 ms
at revolution periods of 83.68 and 96.62µs, respectively. Since both clusters are formed
solely from 208Pb atoms, their mass ratio is very close to 4/3. In fact, the expected
ratio, excluding molecular binding energies on the order of 10−12, is (1− δ)4/3, where
δ = 2.2 · 10−7 is the mass divergence due to the electron mass. For the present study,
the single-reference determination yields δ = 0.6(3.0) · 10−7 for a measurement of about
ten minutes and δ = 2.3(6) · 10−7 for a two-hour measurement, matching the expected
value.
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4 Bismuth-cluster investigations via in-trap
photodissociation

Atomic clusters—systems comprised of some number n of atoms of the same or different
elements [106,107]—have been a focus of molecular physics and chemistry ever since the
1980s. Most prominently, R.E. Smalley et al. discovered the very stable C60 fullerene
associated with a special geometry [108], W.D. Knight et al. found “magic numbers” in
sodium clusters associated with electronic shell closures [109], and O. Echt et al. found
them in xenon clusters arising from closed geometric shells [110]. All three findings
highlight the two main ingredients to a cluster’s overall stability: its geometric and
electronic configuration.

Present-day cluster research has since advanced to more and more complex systems,
especially in the field of doped and compound clusters, i.e. clusters containing more
than one element [111–113]. This results from the fact that the number of a cluster’s
valence electrons is—apart from different charge states—tightly linked to its size n
for monoatomic species. A second element can act as a tuning parameter and help
disentangle the overall molecule’s geometry from its electronic structure.

To measure molecular properties such as fragmentation thresholds or decay constants,
two subsequent steps of mass spectrometry are typically applied in what is known
as tandem MS, MS/MS or MS2 [114]. The general principle of such a measurement
is outlined in Fig. 4.1: Since the species of interest is often produced together with
other, unwanted ions (“contaminants”), a first selective mass-spectrometry stage is
needed as a means of preparation. The property of the molecule is probed by some
interaction afterwards, e.g. with photons, electrons or other molecules, the reaction
products of which are resolved and analyzed using the second MS stage. It follows
that the requirements for the specific MS technique in terms of mass resolving power,
sensitivity, and permissible mass range are governed by the investigated system.
MR-ToF devices make excellent tools for the study of cluster properties, specifically

for the determination of their dissociation pathways as response to photoexcitation (see
Sec. 2.2). Product clusters resulting from fragmentation can span large mass ranges,

Figure 4.1: Schematic principle of interaction-based MS/MS studies. The first MS stage selects
an ion species of interest prior to the interaction, the second one analyzes the reaction products
afterwards to yield a spectrum.
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4 Bismuth-cluster investigations via in-trap photodissociation

making an electrostatic trap a convenient choice. However, the resolving power needed
to distinguish between individual products quickly rises beyond several thousands with
growing n, especially for doped and compound clusters. So far, electrostatic ion beam
traps in cluster research have been mostly operated as such, i.e. without the use of
their features as precision mass spectrometers, leaving the increasingly challenging
product analysis to be performed externally. High-resolution Fourier transform MR-ToF
MS is only suitable for large ion numbers, whereas in practice, cluster production and
interaction rates can be very low. In terms of sensitivity and long-term stability, however,
conventional MR-ToF MS has already proven itself well adapted for the study of low-
abundance, exotic nuclei in radioactive beams. The following sections thus demonstrate
the use of an MR-ToF mass spectrometer for high-resolution MS/MS studies in cluster
research for the first time.

4.1 Photodissociation of pure bismuth clusters

Photoexcitation has proved itself to be an invaluable tool for the study of cluster prop-
erties since the early days of the field. Time-resolved investigations of photodetachment
and -dissociation after excitation with defined amounts of energy have been successfully
applied to monitor the delayed emission of electrons and atoms from clusters. With
that, their internal energy and cooling behavior can be probed [59,61,73,115–117].

Where single atoms can be resonantly excited at discrete energies, clusters are capable
of absorbing photons by collective responses of the electronic system referred to as (Mie)
plasmons [118, 119]. For large nanoparticles, these allow quasi-continuous excitation,
but even small clusters are known to exhibit broad collective resonances [120–122].
Due to the coupling of electronic and ro-vibrational degrees of freedom, the absorbed
photon energy thermalizes to the atomic system, where it is available for dissociation
processes [59].

Simple metal clusters—those with a strongly metallic character like the ones formed
from noble and alkali metals—are known to favor the sequential loss of neutral atoms
or dimers as a dissociative cooling channel [123–125], whereas nonmetals and metalloids
show further pathways. Carbon clusters, for example, mostly decay by loss of neutral
C3 [126], cationic silicon clusters prefer the formation of Si+6 or Si+12 [127]. The post-
transition metals, such as tin, lead, and bismuth (Fig. 4.2), are especially interesting
within these considerations: The evolution of their metallic features with their cluster
size can be inferred from their dissociation behavior. Due to their closeness to the
metal-nonmetal border, these elements tend to change their behavior as they grow:
lead clusters show the loss of neutral Pb7 [128] and tin clusters that of neutral Sn7
and Sn10 [129] above certain threshold sizes. For large clusters, however, monomer
evaporation takes over in both cases, exemplifying the materials’ evolution towards their
metallic bulk character.

As the heaviest naturally-occurring post-transition metal save for the trace radioisotope
210Po, bismuth shows the same metal-to-nonmetal alteration as its lighter neighbors,
found, e.g., as a phase transition in thin films [131]. Prior to this thesis, however,
experimental data on Bi-cluster dissociation has been sparse, amounting to the size
range n = 2 through 14 for the cationic species [132–135] and none for the anionic one.
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4.1 Photodissociation of pure bismuth clusters

Figure 4.2: Post-transition metals as classified by J.E. Huheey [130] and their surrounding
elements in the periodic table.

The n = 8 cluster size has been found as a crucial threshold at which a dominant cooling
channel via the loss of neutral tetramers Bi4 opens up. In this thesis, the probed range
is extended substantially, as the sizes n = 2–19 are investigated for both ion polarities
([136], cumulative thesis article, Sec. 7.5).

To this end, a novel type of photoexcitation scheme has been developed, making use
of the MR-ToF analyzer for both the selection and product-analysis step of the tandem
MS investigation and slotting an in-trap excitation in between. The selected precursor
is stored for some hundreds of revolutions, which allows its separation from all species
with ∆m ≥ 1 u. This amounts to a selection resolving power of 4000 for the case of
the heaviest ion of interest, Pb19, and is necessary to prevent contamination from low-
abundant Bi-Pb compound species. Photoexcitation is subsequently performed without
ejecting the precursor, using the second harmonic of a Nd:YAG laser (λ = 532 nm,
6 ns pulse duration) guided through the analyzer coaxially. Care is taken to time the
laser pulse with respect to the precursor’s revolution period, according to the following
considerations:
The kinetic energies of a pair of fragment and precursor ions with identical charge

states are given by

Ekin,f = mf
2 v2

f and (4.1)

Ekin,p = mp
2 v2

p , (4.2)

respectively, where vf and vp are their particular velocities. In-flight dissociation will
lead to all fragments retaining the precursor’s velocity. It follows that their kinetic
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4 Bismuth-cluster investigations via in-trap photodissociation

energy reduces according to the mass ratio of both species, i.e.

Ekin,f = mf
mp

Ekin,p . (4.3)

Since electrostatic systems are energy-selective by nature, different fragment species
will thus exhibit different trajectories and might not be properly focused towards the
detector. For any post-excitation MR-ToF storage (see next section), a change in kinetic
energy almost guarantees the loss of coherent bunches, as can be inferred from Fig. 2.4.

The nature of the MR-principle, however, can also be used to circumvent this problem:
The photoexcitation is timed to the precursor’s turn-around point in one of the mirror
potentials, where its kinetic energy is sufficiently close to zero for a short time. All
(prompt) fragment ions are produced with a kinetic energy of (close to) zero, leading to
total energies identical to that of the precursor regardless of mass. For the measurements
performed in [136], the exit-side mirror potential is opened simultaneously to the
ions’ photoexciation in the entrance-side mirror, allowing all fragment species to be
recorded within a single spectrum. The overall experimental cycle can be described as
MR-ToF/ToF MS.
The results obtained in the present study show the prominent Bi4 loss channel for

both ion polarities. This matches up with the narrative that the pathway results in large
parts from the exceptional stability of the neutral tetramer itself [137–139]. However,
discrepancies between the fragment spectra of same-size cat- and anion precursors suggest
the configuration of the charged fragment as a second defining factor. For larger clusters,
strong evidence for the breakoff of even bigger neutral fragments—namely the neutral
bismuth octamer Bi8—is found. Although this cannot be conclusively disentangled from
a possible sequential tetramer loss within the present data set, multiple large neutrals
acting as competing dissociation channels is not atypical for post-transition-metal clusters
such as tin, as stated above.

4.2 Change in dissociation pathways from lead doping

The complexity of bimetallic systems increases the challenge for gaining experimental
access, both to their production and their separation. Sophisticated dual-target sources
for gas-phase compound clusters have been employed in the past, allowing control
over individual production rates and mixing ratios [140–143]. However, metal-alloy
targets provide a simple alternative [144–146], which is made use of in this thesis to
produce lead-doped bismuth clusters ([147], cumulative thesis article, Sec. 7.6). The
dissociation behavior of these systems has not yet been studied experimentally, as the
mass difference of only one atomic mass unit between the elements’ stable isotopes
demands high resolving powers for both precursor separation and fragment analysis.
Yet, Bi-Pb compound species offer auspicious insights into the behavior of doped

systems, as lead and bismuth are direct neighbors in the periodic table. Both elements
are classified as post-transition metals with similar bulk properties. However, while
bismuth possesses five valence electrons (s2p3 configuration), lead only has four (s2p2

configuration). This makes their compounds prime candidates for the study of changing
molecular properties resulting from slight differences in overall composition.
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4.2 Change in dissociation pathways from lead doping

As a first case of interest, the cationic bismuth octamer 209Bi+8 is compared to its doped
equivalent, 209Bi7208Pb+. For the pure species, n = 8 marks the first cluster size at which
neutral tetramer breakoff constitutes the most abundant dissociation pathway [136]. This
changes for the doped system. Here, the n = 6 fragment, which is least abundant in the
Bi+8 spectrum, becomes most abundant. To fully investigate the effects of the lead atom,
however, the resolving power of the fragment spectrum has to be increased to separate
the pure and doped species for each fragment size. Consequently, the MR-ToF analyzer
is employed for the second MS stage as well, resulting in a seamless ion confinement
from the capture of the precursor over the photoexcitation up to the fragment ejection
after some additional post-excitation storage time. This MR-ToF/MR-ToF MS cycle
allows the determination of the Bi7Pb+ ion’s full dissociation behavior.
The n = 6 fragment size is revealed to consist of 95% Bi5Pb+ and only 5% Bi+6 . In

fact, the overall abundance of Bi+6 (respective to all detected fragment ions) is only 2%
and thus roughly comparable to the 6% it represents in the pure precursor’s fragment
spectrum. However, the additional degree of freedom provided by the lead atom opens
strongly preferential dissociation pathways: due to the valence-electron difference of
lead and bismuth, both the neutral and charged fragment can simultaneously exhibit
even electron numbers, something that is not possible for dissociation from Bi+8 . This
effect is so pervasive that it outstrips the neutral tetramer breakoff dominating the pure
species.
Since only the case of Bi7Pb+ is investigated in [147], it is not yet possible to assess

the effect of lead doping for the overall dissociation behavior of bismuth clusters. More
precursor sizes together with other doping ratios and species will have to be probed for
a comprehensive picture, something for which high-resolution MR-ToF/MR-ToF MS
and the Greifswald setup in particular is especially suited for.
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5 Conclusion and outlook

This thesis presents advancements in multi-reflection time-of-flight mass spectrometry
for the study of ions with large masses and mass differences. Several novel techniques for
wide-band applications are introduced and the molecular properties of atomic clusters
are probed with a new photoexcitation measurement scheme. This marks the first use
of MR-ToF MS for cluster research and the first photodissociation study of anionic
bismuth clusters. Additionally, the lead-doped Bi7Pb+ cluster is probed, representing
a challenging compound-cluster species due to the small mass difference between the
involved elements. High-resolution tandem MR-ToF mass spectrometry is demonstrated
to be a powerful new addition to the ever-growing toolbox of multi-reflection devices.

In the future, the experimental portfolio at the Greifswald MR-ToF setup is planned
to be further expanded to new cluster species. The regime of doped clusters is of
particular interest, especially for compounds that may be difficult to access with other
techniques. Photodissociation studies are also expected to incorporate photon-energy
variation with a tuneable laser to better disentangle competing pathways. This is crucial
for the determination of fragmentation and detachment threshold energies.
Closely related, the investigation of delayed cooling channels is known to be an

exceptional gateway to monitor a cluster’s internal distribution of energies. Such
channels have in fact been observed during the present measurements, as briefly noted
in [136]. The periodic nature of the MR-ToF analyzer offers unique possibilities for
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Figure 5.1: Delayed Bi−12 → Bi−8 after prompt Bi−16 → Bi−12 fragmentation as response to
photoexcitation at 532 nm. A single ToF spectrum after several post-excitation Bi−12 revolutions
shows multiple delayed Bi−8 signals (left), the abundances of which can be approximated by a
power law (right). Investigation of this behavior is ongoing.
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5 Conclusion and outlook

the study of these pathways, which is illustrated by preliminary results in Fig. 5.1:
A revolving ion bunch with a dissociation time constant far larger than its revolution
period will lead to multiple fragment signals. These can be matched to the precursor’s
transitions through the in-trap lift, as fragment ions produced within will retain their
velocity rather than energy. The respective signals of the delayed fragments will thus
accumulate flight-time shifts with each subsequent revolution, leading to a comb-like
structure after some number of laps. The intensity ratio between the individual signals
allows conclusions about the clusters’ internal energy. For example, the presence of
multiple rate constants results in a power-law behavior [61,115], as is observed in the
present case. Future studies of these effects also require adjustable photon energies for a
better control over the probed energy ranges.
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a  b  s  t  r  a  c  t

The  present  study  introduces  new  approaches  for the capture/injection  and  selection  of  ions  with  large
mass-to-charge  (m/q)  differences  in  an  electrostatic  ion  beam  trap  (EIBT)  or  multi-reflection  time-of-
flight  (MR-ToF)  device.  While  no m/q-dependent  storage  criterion  exists  for  devices  of  this  nature,  the
process  of  injecting  ions  into  the trap  relies  on a timed  potential  switching  and  is  therefore  mass-selective
to  some  extent.  To  partially  circumvent  this  restriction,  the  approach  of sequential  capture  is presented,
where  additional  ion  species  are  captured  while  already-stored  ones  are  unaffected  by  the  switching
pulses.  Specifically,  it is  possible  to  perform  a full in-trap  lift capture  pulse  while  a given,  already-stored
ion  species  is  reflected  in  a mirror potential  or passes  through  the  lift electrode  itself.  Additionally,  the
technique  of  ion selection  by  means  of transversal  ejection  from  the  trap is  extended  to allow  ion species
with large  m/q differences  to be  retained.  To this  end,  deflector  functions  with  different  frequencies
are  added  with  an AND  logic  and  supplied  to an  in-trap  deflector  electrode.  The combination  of  both
techniques  allows  the simultaneous  storage  of  size-selected  ion  species  with  an  m/q  ratio  surpassing  4  :  1
at the present  setup,  where  the  single-pulse  lift  capture  is  restricted  to a  ratio  of  only  1.9.

©  2018  Elsevier  B.V.  All  rights  reserved.

1. Introduction and motivation

Electrostatic ion beam traps (EIBTs) [1–3] have two main
applications in modern physics: precision mass spectrometry via
multi-reflection time-of-flight (MR-ToF) studies [4–11] and utiliza-
tion as ion traps for the study of cluster and molecule properties
[12–16]. Due to the possibility to reach high resolving powers
(R ≥ 105) in just tens of milliseconds, they are commonly used
for ion separation in preparation of other precision experiments
[6,8–10,17–20].

For precision mass-spectrometry applications, the mass ranges
of investigated ions are typically small, often restricted to the reten-
tion of only isobaric ion species or species with a mass difference
of a few atomic mass units. However, “wide-band” investiga-
tions [21–23] for cluster or molecular applications have also been
reported. In ion-trap applications, mass differences tend to be
larger, e.g. involving several cluster sizes [14,24–26] or different
molecules [27,28]. Next to the conventional time-of-flight inves-
tigation, non-destructive detection methods via capacitive pickup
electrodes (“Fourier transform MR-ToF”) have also been employed
in these studies [13,16,27–33]. Lastly, marking the complete sev-
erance from the ToF application, operation where ions do not

∗ Corresponding author.
E-mail address: paul.fischer@uni-greifswald.de (P. Fischer).

revolve as individual bunches but fill the entirety of the trap’s vol-
ume  (sometimes referred to as “non-bunching mode”) has been
reported [15,26].

Regardless of the specific application, experiments on trapped
charged particles are defined by the ion species investigated, and,
more generally, by the range of mass-to-charge ratios m/q that
can be retained within the trap. Because of the EIBT’s electrostatic
nature, no direct m/q-dependent storage criterion exists. However,
restrictions can emerge with respect to the capture/injection of
ions, where the switching of one or several trap potential has to
be employed. Typical solutions rely on the switching of the mir-
ror potentials [24,28,34,35] or an in-trap lift electrode for adjusting
the ions’ energy between the mirrors [22,36–40]. Either technique
relies on ion capture from an (already preselected) ion bunch of
known energy traversing the trap.

It follows that such an injection is inherently limited in the
mass-to-charge ratio that can be simultaneously captured, as sig-
nificantly faster ions will leave the trap before the slower ones have
entered. This device-specific limit depends on parameters such as
the dimensions of the trap itself, its potential configuration, and
the distance between the ion source (or buncher trap after a con-
tinuous source) and the EIBT, i.e. the separation of the ion bunch
into its m/q components at the time of capture. Thus, it is not eas-
ily changed between individual measurements. For a given setup,
optimizing the conditions of the ion injection [28,34] is a typical
step to maximize an experiment’s overall efficiency and feasibility.

https://doi.org/10.1016/j.ijms.2018.11.010
1387-3806/© 2018 Elsevier B.V. All rights reserved.
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In the present study, an in-trap lift electrode is utilized to cap-
ture ions created in a UHV laser ablation source (similar to the one
reported in [41]). Next to the typical capture operation, measure-
ments with an additional capture pulse are presented, where ions
of interest from the initial capture are retained. Specifically, the
potential switches are timed such that ions from the first capture
are not affected by the second one due to staying either in a mir-
ror potential or the in-trap lift electrode. This allows the sequential
capture of ion species with mass-to-charge ratios beyond the limit
of a single capture pulse.

In addition, the previously-reported technique of transversal ion
ejection by synchronized deflection pulses after the ions’ capture
[23,35,42] is expanded upon. With the simultaneous storage of ions
of largely different m/q values, the need of a means for simulta-
neous, in-trap selection becomes more pronounced. The retention
of a single range of m/q-ratios is insufficient for complete con-
trol over the selection of, e.g., individual molecules, leading to the
approach of adding multiple deflection functions with individually-
tuned parameters. As such, it becomes possible to select several ion
species from a range of m/q values while selectively ejecting species
with larger, smaller or intermediate values.

2. Experimental setup

The present setup (Fig. 1) combines a UHV laser ablation source
[41] (Continuum: MiniLite laser, ≤15 mJ  pulse energy at � = 532 nm,
6 ns pulse length, 10 Hz repetition rate) with an MR-ToF analyzer.
Metal targets are irradiated, resulting in ions of both polarities as
well as neutral particles being produced. The charged atoms and
clusters are guided towards the analyzer and detector via several
ion-optical elements and a quadrupole deflector for a 90◦ turn.

The potential configuration of the acceleration section and MR-
ToF analyzer is identical to that given in [23] and [43], the in-trap
lift electrode [36,39,40] is switched between −745 V and ground
potential (for the trapping of anions). Ions are accelerated to a total
energy of 2.010 keV from the target plate and are able to traverse
the analyzer for “single-path” operation. However, if the in-trap lift
potential is lowered while ions are within the lift tube, their total
energy is reduced to 1.265 keV, resulting in their storage between
the electrostatic mirrors. Ion ejection is analogously performed by
reapplying the lift potential after a predetermined storage time.
Both the shape of the mirror potentials and the value of the in-trap
lift voltage are tuned to yield mass resolving powers exceeding 105

[43].
The lift potential is provided by a high-current power sup-

ply (FuG Elektronik GmbH, MCP  140-1250) and switched using a
fast transistor switch (CGC Instruments, AMX1500-3F). The input
voltage is additionally buffered using a 40 �F, 10 k� low-pass to

dampen overshoot and ringing. The potentials forming the MR-ToF
mirrors are provided by several precision power supplies (Stahl
Electronics, HV 400) which are floated to reach the relevant volt-
age ranges (iseg Spezialelektronik GmbH, EHS 8240). The floating
voltages themselves are again buffered by individual 40 �F, 1 M�
low-pass filters connected to ground potential. This setup provides
low-noise voltages that can still be tuned to optimize the storage
conditions.

Segmented deflector ring electrodes located between the lift
electrode and the stacks of mirror electrodes allows the appli-
cation of pulsed, transversally-deflecting electric fields for the
selective ejection of ion species from the trap [23,35,42]. To this
end, the frequency and phase of the deflector function is matched
to the revolution period of an ion species (more precisely, a mass-
over-charge range) of interest such that the deflecting field is off
whenever said species passes the ring. An in-depth characteriza-
tion of this technique for the present setup has been performed in
[23].

For both single-path and MR-ToF operation, ion detection is per-
formed with a channeltron detector including a 5 kV conversion
dynode. The detector signals are amplified (ORTEC, VT120a, 46 dB)
and digitalized with a computer-mounted multiscaler card (Becker
& Hickl GmbH, MSA-300). The control of the experimental tim-
ing pattern is performed with a LabVIEW-based control software
[44] and a Field-Programmable-Gate-Array (FPGA) card (National
Instruments, PCI-7811R).

The experiment cycle is synchronized to the laser pulse and,
thus, the ions’ production in the source region. From this starting
point, the typical cycle utilizing a single-pulse in-trap lift capture
consists of:

1 The capture time tcap, during which ions travel from the source
to the MR-ToF analyzer.

2 The storage time ts, during which the stored ions revolve between
the MR-ToF mirrors. More accurately, ts describes the time
between the (first) switching down of the in-trap lift potential
for ion capture and its re-application for ejection.

3 The measured time of flight � after the ion ejection.

The start of the multiscaler card for the time-of-flight mea-
surement is synchronized to the source laser pulse for single-path
operation and to the ion ejection for MR-ToF operation. The total
flight time for a given ion consequently amounts to tcap + ts + �.
Individual ion species exhibit different revolution periods T in the
MR-ToF analyzer, according to their mass-to-charge ratios. For
observation of an ion species after N revolution periods, the storage

Fig. 1. Schematic of the experimental setup. From top left to bottom right: target plate and dual-stage acceleration section, ion-optical lenses and steerers, quadrupole
deflector, entry-side lens/steerer, MR-ToF analyzer with in-trap lift electrode, transversal deflector electrodes, and stacks of six mirror electrodes each, exit-side lens/steerer,
channeltron ion detector with conversion dynode. Ion path and ablation laser beam are indicated as red and green arrows, respectively.
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Fig. 2. Single-path spectrum of Bi−n . Selected signals are marked by their cluster size n.

Fig. 3. 2D color-intensity plot of Bi−n single path spectra. The vertical axis describes
the capture time, i.e. the time of the downward switch of the in-trap lift after the
laser ablation/ionization. The signals in the upper left and lower right are due to ions
that passed the MR-ToF analyzer during high and low lift potential, respectively.
Ions “missing” from the spectra were captured. The signals on the center diagonal
at  capture times from 50 to 100 �s are artifacts due to the high-intensity Bi−2 to Bi−5
ions affected by the switching pulse.

time has to match—to some degree—the product N · T. A detailed
discussion of the range of viable ejection times is given in [22].

3. Single-pulse in-trap lift capture

The operation scheme of the present setup is primarily defined
by the switching of the in-trap lift electrode. If no switching is
employed at all (single-path operation), all ions are guided towards
the detector and reach it at increasing times according to their m/q
value. Fig. 2 shows signals of singly-charged bismuth clusters Bi−n
with sizes resolved up to n = 25.

If the lift potential is switched to capture some of these ions,
the single-path spectrum is split into three parts (also see Fig. 4 in
[22]):

• Ions that have already fully passed the in-trap lift at the time of
switching are not affected (upper left quadrant in Fig. 3).

• Ions that are in or sufficiently near the lift electrode are not vis-
ible in the single-path spectrum since they are either captured
between the electrostatic mirrors or disturbed by sampling some
changing electric field of the switching pulse (center diagonal in
Fig. 3).

• Ions that traverse the in-trap lift after the switching are visible in
the spectrum, although at reduced intensity (due to the change in
ion-optical focusing) and at earlier flight times (due to the higher
kinetic energy in the lift tube) (lower right quadrant in Fig. 3).

If tcap is scanned (Fig. 3), its viable values for the capture of
individual ion species can be roughly discerned. It also becomes
apparent that the mass range of simultaneously-captured ion
species from a single bunch is limited. If the difference in m/q  values
between two  species becomes too large, they will not be in the drift
tube simultaneously at any given time. For the present setup, the
maximum mass ratio that can be simultaneously captured amounts
to roughly 1.9 (see section 4.3). Note that, as stated in the introduc-
tion, no m/q-dependent storage criterion exists for the electrostatic
trap itself, considering ions of identical energy per charge unit.
Consequently, the limiting factor for wide-band investigations pri-
marily results from the system’s ability to capture/inject ions of
different m/q.

4. Repeated in-trap lift capture

4.1. Principle of operation

The limitations of the in-trap lift for simultaneous capture of ion
species with large m/q differences can be somewhat circumvented
if a second switching pulse is utilized. To this end, a second capture
is performed while an already-captured species is retained either
in an ion mirror or the in-trap lift itself (left and right column of
Fig. 4, respectively): An initial ion species A (blue in Fig. 4) traverses
the entry-side mirror (a) and is captured in the MR-ToF analyzer at
the capture time tcap1 (b). During a delay �tdown, A moves through
the lowered lift electrode and into the exit-side mirror potential.
The lift potential is raised again if A is either sufficiently far away
from the lift electrode (c, left column) or back in the lift tube after its
reflection (c, right column). In either case, another ion species B (red
in Fig. 4) is allowed to enter the raised lift electrode (d). The in-trap
lift is now switched down a second time after a “lift-high” duration
�tup, either before A comes close enough again to be disturbed by
the switching pulse (e, left column) or before A leaves the in-trap lift
(e, right column). After the completion of the sequence of switching
pulses, both ion bunches A and B will have experienced a shift in
their total energy, i.e. both species will be captured (f). The second
capture is de facto performed at tcap2 = tcap1 + �tdown + �tup.

It is readily apparent that this technique of “repeated capture”
largely depends on the timing of the switching pulses. While Fig.
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Fig. 4. Schematic illustration of the repeated-capture technique: Two  ion species of different m/q-ratios (blue and red) are sequentially captured. For more information, see
text.

4 demonstrates the initial ion’s retention in the exit-side mirror
potential, the technique can also be performed with it being located
in the entry-side mirror (or the lift electrode while passing through
in the opposite direction). As long as the switching is fully con-
cluded before the ions reach the gap between a mirror and the
in-trap lift, where the electric field is affected by the switching
process, the method is applicable. The A and B ion species do not
have to originate from a single starting pulse and can even come
from different ion sources. Generally speaking, ions that could not
be investigated simultaneously due to not “fitting” within a sin-
gle capture pulse can be captured sequentially if multiple capture
pulses are employed. However, limitations still exist due to the A
ion species’ finite turn-around/passing time in the mirrors/lift (see
below).

The technique is possible because ions spend a large portion
of their revolution period either fully within the mirror potentials
during their reflection or in the in-trap lift tube. For the present
setup, the remaining times, i.e. when the ions pass the fringe fields
between mirrors and in-trap lift in which they are affected by
changing electric fields from switching processes, are compara-
tively small (see Fig. 5). For setups where these times are larger
or smaller (due to the way the voltages are applied or the geomet-
ric layout), the timing requirements are expected to be more or
less demanding. Consequently, the range of ion species that can be
sequentially captured is more or less restricted, respectively.

Fig. 5. Detected signal intensity of Bi−4 ions (T = 95.6 �s) after 10 revolution periods.
For  a fixed value of �tup = 4 �s), the �tdown delay of the second capture is varied.
The  ranges where signal is detected mark the ions’ position in the individual parts
of  the MR-ToF analyzer as labeled in the figure.

4.2. Timing requirement for retention of the initial ions

For the present setup (ions originate from a single source-laser
pulse), a scan has been performed on stored Bi−4 clusters to deter-
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mine the portion of the captured ions’ revolution period affected by
the second switching (Fig. 5). For a fixed value of �tup = 4 �s, �tdown
is varied and the intensity of the Bi−4 signal is evaluated. The total
storage time is fixed at 956 �s, which amounts to 10 Bi−4 revolution
periods. Thus, the signal is always evaluated after 10 revolutions
while the second-capture parameter is varied.

The signal intensity shows ranges of delay times �tdown where
the count rate is unaffected by the switching pulses. The scan covers
one full revolution period (T = 95.6 �s) and, thus, shows the por-
tions of it where the ions are located in the in-trap lift itself, with
a direction of motion towards either side, or in either of the mir-
ror potentials. At the edges of these ranges, the ions sample some
changing electric fields during switching, which leads to reduced
intensities and deviations in the signal shapes.

The near 50/50 distribution of the revolution period between
the lift and mirror potentials for the present setup is visible, with
the times where the ions are unaffected due to being in the mir-
ror potentials being slightly larger than the ones marking passage
through the lift tube. The time during which ions are affected by the
fringe field between two regimes amounts to ca. 5% of the revolu-
tion period. Since these regions are passed four times per period,
the total portion of T viable for a subsequent capture pulse is about
80%.

It can be readily understood that the ranges of viable �tdown
delay times decrease for increasing �tup values, that is, if the overall
duration of the second capture becomes longer, the timing condi-
tions for successful retention of the initial ion species become more
demanding. The results of the scan are qualitatively the same if the
signal intensity is evaluated for a different ion species. The values
of the beginning and end of the individual ranges are constant if
normalized to the ion’s revolution period T: 22% of an ion’s revolu-
tion period are spent in either mirror and 18% in the in-trap lift for
one pass.

4.3. Determination of m/q-range restrictions for single-pulse
capture

With the knowledge of the individual cluster sizes’ capture time
ranges (i.e. Fig. 3) and the relative portions of their revolution peri-
ods viable for second capture (i.e. Fig. 5), a quantitative evaluation
can be performed to assess the possibility of simultaneous storage
for a given mass ratio for the present system (Fig. 6).

The minimum and maximum possible capture times have been
identified for the cluster sizes n = 1, 2, 4, 8, and 16 by determining
for which tcap values a given size is no longer present in the trap
(red and blue circles in Fig. 6). The data points have been fitted with
square root functions

ti (n) =
√
n

z
· �i , (1)

where z describes the clusters’ charge number, yielding the red and
blue lines. The parameters of the curves (for the present system,
given by its potential and geometric configuration) can be spec-
ified as �cap,min = 24.77(7) �s and �cap,max = 34.51(6) �s. Note that
the cluster size n is in this case representative for Bin clusters, how-
ever, the expressions can also be phrased to directly reflect m/q
values.

Evaluating Fig. 6, one can now easily discern whether the simul-
taneous capture (using a single in-trap lift switching pulse) of a given
pair of ion species is possible: If a capture time tcap exists where the
corresponding horizontal line intersects with the blue line below
the lighter ion’s tcap,max value and with the red line above the heav-
ier ion’s tcap,min value, both ions can be captured with that capture
pulse. Similarly, the maximum mass ratio for a pair of ion species
that can be simultaneously captured is given by the ratio of the
cluster sizes at the intersections of a horizontal line with the red

Fig. 6. (color online) Graphical representation of viable capture times for ion species
and possible repeated in-trap lift captures for the case of first capturing Bi−4 . The red
and blue lines represent the minimum and maximum possible capture times for
a  given cluster size respectively, and the green line shows the time at which ions
are first affected by the switching of the in-trap lift electrode. The magenta-shaded
areas show the ranges of times where Bi−4 is unaffected by in-trap lift switching as
shown in Fig. 5. For more details, see text.

and blue lines. This ratio is independent of the actual capture time
tcap, as the two  lines have the same form (1). Thus, the cluster-size
(or m/q) ratio is

nmax

nmin
=

(
m/q

)
max(

m/q
)

min

= 1.94 (1) . (2)

4.4. Determination of m/q-range restrictions for repeated capture

For the application of a second capture pulse, an additional cri-
terion has to be introduced: After the switching down of the lift
potential for the initial capture, it has to be raised again before the
ions to be captured in the second pulse have moved into the lift
tube. Specifically, the potential has to be fully raised by the time
the ions have moved too close to the lift so that they would be
disturbed by the switching.

The green line in Fig. 6 shows this time, taff, at which an incoming
ion species is first affected by the in-trap lift switching. It has again
been determined for the cluster sizes n = 1, 2, 4, 8, and 16 (green
circles in Fig. 6), this time by varying the time at which the lift
potential is raised (via varying �tdown) and evaluating whether the
cluster size in question can still be successfully captured. Fitting (1)
yields �aff = 23.48(5) �s.

The graphical criterion for the sequential capture amounts to
the following: Both the tcap,min (red) and taff (green) values of the
heavier ion species have to lie within the same timeframe where the
lighter ion species is unaffected by the switching pulses (magenta-
shaded area). This means that the lift potential can be raised soon
enough not to disturb the heavier ion species and be lowered for
a successful sequential capture while the initial ion species is still
undisturbed by the potential switches.

As an example, for Bi−4 as the lighter ion, it is possible to capture
Bi−10 or Bi−11 (lift potential can be fully raised and switched back
down again while Bi−4 is in the exit-side mirror). It is, however, not
possible to sequentially capture Bi−9 , as the lift cannot be raised early
enough (taff value for Bi−9 lies outside the magenta area). Note that
these statements are correct for cluster sizes of any cluster species.
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An additional restriction can be found for the repeated capture
from a single ion pulse (meaning that lighter ions will reach the trap
first), namely, an upper limit for the possible mass difference of the
ion species from the first and second capture pulse. Increasingly
heavy ions will need longer and longer to move into the in-trap lift.
It follows that the time between them first sampling the switching
pulses (taff) and them having moved far enough into the lift tube
so it can be switched down again (tcap,min) continues to increase. In
terms of Fig. 6: The red and green lines will at some point diverge
farther than the width of a magenta strip. It will consequently not
be possible to both raise the lift potential soon enough and keep
it raised long enough to capture the heavy ions without disturbing
the lighter, previously-captured ones.

To calculate this limit for the present system, the relation

tcap,min (nmax) − taff (nmax) < 0.22 · T (nmin) (3)

is utilized, i.e. the difference between the blue and green line for
the larger cluster size has to remain less than 22% of the smaller
size’s revolution period (the width of a magenta strip). The ions’
revolution periods

T (n) =
√

n

nref
· T (nref) (4)

follow a square root function, allowing their calculation with a sin-
gle reference period, in this case that of Bi−4 . For the present system,
T (4) = 95.6 �s has been determined. Note that the uncertainty of
T (4) is negligible for these considerations. Using (1) and (4), (3)
yields

nmax

nmin
=

(
m/q

)
max(

m/q
)

min

� 66 (5)

for the present system.
To increase the mass range of the technique beyond this limit,

multiple ion pulses have to be produced for injection into the trap.
If the heavier ion species is captured first, a significantly-lighter
species can always be captured later on from a different ion pulse.

Since all considered timeframes stay constant for all revolution
periods, the second capture could also be performed at a much later
time to—for example—introduce specific reference ions at a fixed
revolution number.

We note that it would also be possible to perform multiple
sequential captures, where each additional ion species is captured
while all previously-stored ones are retained in the drift tube or
mirror potentials. However, the timing conditions become increas-
ingly demanding for such a scheme, making it somewhat difficult
to find suitable time windows to perform the injections.

4.5. Sequential capture of Bi−4 and Bi−11

To visualize the number of stored ion species for a specific
secondary-capture scheme with tcap1 = 58 �s, �tdown = 19 �s, and
�tup = 7 �s, Fig. 7 shows two N-versus-ToF plots [21]. ToF spec-
tra recorded after incremental storage times are arranged as rows
of a color-intensity plot to show the movement of individual ion
species over the course of several tens of revolution periods. The ini-
tial capture pulse—as can be inferred from Fig. 6—is viable to store
the cluster sizes n = 3 to 5. Consequently, the bottom part of Fig. 7,
which shows the operation without the secondary capture pulse
enabled, exhibits three distinct ion species revolving in the MR-ToF
analyzer. Since the incremental time between the spectra closely
matches the Bi−11 revolution period of 158.6 �s, all three cluster
sizes change their position in the analyzer between the individual
measurements, leading to the detected signals’ �-value changing.
The signals can be identified in a given spectrum by their intensities

Fig. 7. (color online) N-versus-ToF plots [21] after repeated capture with
tcap1 = 58 �s, �tdown = 19 �s, and �tup = 7 �s. Bottom: second capture disabled. Top:
second capture enabled. For more information, see text.

(i.e. color) and their characteristic “slopes” between the measure-
ments, as indicated by the arrows. At storage times where a signal
is not visible in the spectrum, the ions are located in the MR-ToF
mirror potentials or in the in-trap lift with a direction of motion
away from the detector at the time of ejection. For more informa-
tion about these effects and the behavior of ions of different m/q in
an N-versus-ToF plot, the reader is referred to [22].

The top of Fig. 7 shows the same measurements, however with
the second capture pulse enabled. The �tdown and �tup times are
optimized to retain Bi−4 in the exit-side mirror (see Fig. 6), the Bi−3
and Bi−5 ion species are lost. However, Bi−11 is captured during the
second capture pulse, as indicated by the ion signal at identical �-
values throughout the measurements. According to (2), it is clearly
not possible to capture Bi−4 and Bi−11 in the present setup with
single-capture-pulse operation. However, utilizing the technique
of multiple capture pulses, this can be achieved.

Although it is possible to also capture Bi−10 and Bi−12 to the
already-stored Bi−4 ions (see above), the timing of the second
capture was  chosen to only inject Bi−11. The lift potential is
raised at tcap1 + �tdown = 77 �s, which is too late to not dis-
turb the Bi−10 ions. The actual second capture time amounts to
tcap2 = tcap1 + �tdown + �tup = 84 �s, which is viable for Bi−11 but not
for Bi−12 (tcap,min = 85.7 �s). Such a preselection cannot always be
performed however, as the relative mass difference between clus-
ter sizes decreases with increasing n. Additionally, contaminant ion
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Fig. 8. (color online) Schematic of transversal ion ejection [23a] with two individual deflector functions and a single output determined by a logical AND gate. The red and
blue  vertical lines indicate two ion species passing the deflector electrode before (solid) and after (dashed) their reflection in the exit-side mirror potential. Ellipses mark
where  ions would first sample a “high” state of the other deflector function.

species with masses close to the ions of interest cannot be selec-
tively excluded from the capture.

For a precise control over the retained ion species, however, an
in-trap selection can be performed after the repeated capture to
specifically retain ions of interest from both capture pulses (see
following section). Thus, it is not necessary to precisely tune the
timings of the repeated capture itself for ion selection.

5. Transversal ejection at multiple frequencies

The technique of transversal ion ejection from MR-ToF devices
by means of synchronized deflector pulses has been previously
reported for several setups. To this end, either a set of deflector elec-
trodes located within the MR-ToF device [35,42] or one of its mirror
electrodes [33] is switched between deflecting and non-deflecting
states. For the present setup, an in-depth study has been performed
to characterize the technique’s efficiency and selection resolving
power, as well as typical operational parameters [23]: The retained
mass range was demonstrated to be adjustable by changing the
frequency, phase, and duty cycle of the rectangular deflector func-
tion. Ion species matching a given set of conditions pass a deflector
electrode located between the in-trap lift and stack of mirror elec-
trodes (see Fig. 1) at ground potential, while all other ions sample
a transversally-deflecting electric field from some voltages ±UD
applied to opposing parts of the electrode. A voltage of ±UD = 10 V
is sufficient to eject ions over the course of a few revolution periods
[23].

In the following, the technique is extended to allow for the
simultaneous isolation of ion species with large m/q differences.
Rather than widening the “window” for undisturbed passage to a
larger mass range, i.e. without deflecting any ion species with an
m/q value between two species to be retained, an advanced function
for the time windows is constructed by use of an AND gate, which
allows two ions of interest to pass. The vertical lines in Fig. 8 indi-
cate the two ion species revolving in the analyzer with frequencies
matching those of the two input deflector functions. As described
in [23], each species has to pass the deflector electrode twice in
quick succession: before (solid lines) and after (dashed lines) their
reflection in the mirror potential. Note that, while the individual
input functions would each disturb the other ion, respectively (ion
passage during “high” state, marked by ellipses), the resulting AND-
function is on a “low” state whenever either species passes. With
this approach, the frequency, phase, and duty cycle for the selection
of each species of interest can be individually tuned. This is of spe-
cial interest for investigations as performed in the present study,
where ion species with large m/q-differences are simultaneously
stored. Typically, ion selection will need to be more complex than
the restriction to a single mass range of interest.

To extend the technique from the one implemented for a sin-
gle ion species, only the (multiple) AND gate itself and—depending
on the number of input signals—additional function generators
are needed. The general operational parameters found in [23],
such as duty-cycle restrictions, ±UD-values, and number of pulses
needed for ejection, are still valid. When several input functions are
involved, the deflection of contaminants becomes slower in terms
of revolution periods due to the fact that a decreasing amount of
deflector pulses will actually be applied to the electrode.

Fig. 9 shows N-versus-ToF plots for a sequential capture scheme
similar to that of Fig. 7, however with the parameters tcap1 = 62 �s,
�tdown = 37 �s, and �tup = 11 �s. This results in a capture of the
cluster sizes n = 4 to 6 in the first and n = 18 and 19 in the sec-
ond capture pulse. Contrary to the previous measurement, the Bi−4
ion species is retained in the in-trap lift electrode instead of the
exit-side mirror. The N-versus-ToF plots’ incremental time closely
matches the Bi−19 revolution period T (19) =  211.1 �s.

When no transversal ion ejection is employed (bottom of Fig. 9),
a number of ion species are visible in the spectra, most prominently
Bi−4 , Bi−6 , Bi−18, and Bi−19 (Bi−5 is lost during the second capture pulse).
As the measurement was  performed with a larger number of itera-
tions compared to the one shown in Fig. 7, additional contaminant
ion species are also visible. These can be traced to low-abundance
Bi-Pb compound clusters resulting from target impurities. Since
the difference in m/q values between the light ions and the target
reference species for the N-versus-ToF plot, Bi−19, is larger, the pat-
terns formed in the range of low �-values are less obvious, making
the identification and tracking of individual ion species somewhat
more difficult.

The upper part of Fig. 9 shows the same measurement with
the transversal ejection enabled. Two deflector functions are used,
matching the revolution frequencies of Bi−4 and Bi−19. Consequently,
all other ion species are ejected from the analyzer over the
course of the storage time of roughly 21 ms. The deflection with
the Bi−4 -frequency is started on the second (Bi−4 ) period (−340◦

starting phase, see [23] for definition), the deflection with the Bi−19-
frequency is started with a phase of −193◦ to adjust for this species’
capture close to the entry-side of the lift electrode. Both deflector
functions exhibit duty cycles of 60%, the Bi−4 one consists of 200,
the Bi−19 one of 100 deflector pulses.

The most prominent change between the measurements is the
ejection of the Bi−18 signal after four revolution periods, however,
the ejection of the light ion species can also be observed. A large
number of ions are removed from the spectra early on, allowing
a clearer tracking of Bi−4 . The deformed Bi−4 signal shapes at (Bi−19)
revolution numbers 2, 41, and 80 result from the Bi−4 signal sam-
pling the lift switching pulse during ejection due to being located
close to the end of the drift tube. In the range from 8 to 41 (Bi−19)
revolution periods, the Bi-Pb compound clusters preceding the Bi−4
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Fig. 9. (color online) N-versus-ToF plots after repeated capture with tcap1 = 62 �s,
�tdown = 37 �s, and �tup = 11 �s. Bottom: without transversal ejection. Top:
transversal ejection enabled to retain Bi−4 (10.324 kHz, −340◦ starting phase, 60%
duty cycle) and Bi−19 (4.737 kHz, −193◦ starting phase, 60% duty cycle).

ion species can be observed. They become increasingly separated
from the ion of interest until their eventual ejection. For illustration,
Fig. 10 shows the individual spectra after 58 Bi−19 revolutions: While
the Bi−4 and Bi−19 ions show no change between the spectra, all other
ion species are no longer present in the trap when the transversal
ejection is enabled. The corresponding selection resolving power
(for the selection of Bi−4 ) is around 840. The Bi-Pb compound clus-
ters around Bi−19 are not visible in the current measurement due
to the low abundance of that cluster size, however, the selection
resolving power needed for their ejection is around 4000, which
is still well within the capabilities of the technique for the present
system [23].

6. Summary and outlook

The present study illustrates new approaches for the operation
of an electrostatic ion beam trap for simultaneous storage of ions
with large m/q-differences. To this end, multiple capture pulses
are applied to store ions that could not be captured with a sin-
gle switching. The timing requirements of the capture pulses are
investigated and the mass range that can be captured in both single-
capture- and multiple-capture-pulse operation is determined for
the present system. A maximum mass ratio of 1.9 is found for
regular, single-pulse capture. Employing multiple-capture-pulse

Fig. 10. Individual spectra from the N-versus-ToF plots of Fig. 9 after 58 Bi−19 rev-
olutions. The (compound) clusters visible at low �-values have completed 127
revolution periods.

operation, the cluster ions Bi−4 and Bi−19 are successfully stored
sequentially, surpassing this limit by more than a factor of two.

Since the sequential operation implies a large number of ion
species in the trap, the technique of transversal ion ejection is used
to perform a simultaneous in-trap selection of different ions of
interest. For single-species selection, this technique has already
been characterized in-depth (see [23] and references therein). In
the present study, it is shown that with the previously-found
parameters, the operation can be expanded to select two ion
species of interest simultaneously. Utilizing an AND-gate logic, two
individually-tuned functions are used to form a deflector function
that disturbs neither ion of interest but leads to the ejection of all
other species.

The combination of both techniques offers the possibility of
a broad and yet precisely-controlled mass range for cluster and
molecular experiments in an electrostatic ion beam trap. For inves-
tigations based on, e.g., the interaction of stored ions with photons
[14,26] or electrons [12,45], the EIBT can double as both a high-
precision selection device and reaction chamber. Its high mass
resolving powers enable the detection—and selective ejection—of
contaminant species like the bismuth-lead compound clusters
found in the present measurements. The general principle of
injecting additional ions to an already-stored bunch also offers pos-
sibilities like the introduction of same-species reference ions at
specific phases of the ions’ revolution period.
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A  development  in  multi-reflection  time-of-flight  (MR-ToF)  mass  spectrometry  is  presented  with  which
isobars  are  resolved  by  means  of  an  offline  correction  with the  signal  of  a non-isobaric  ion  species.  The
method  is demonstrated  for  a pair  of  Cr+

2 isobars  with  a relative  mass  difference  of 1.8 · 10−5, with  either
an  additional,  non-isobaric  Cr+

2 or  a CrO+ ion appearing  in  the  same  time-of-flight  spectrum,  although  at
a  different  number  of  revolutions  during  the same  storage  time.  This is  in  contrast  to  earlier  applications
where  ToF  shift  corrections  are  performed  with  ions  at identical  revolution  numbers,  typically  isobars
that are  also  acting  as  mass-reference  ions.  It is  shown  that  ions  of  virtually  any  mass  simultaneously
stored  in  the  MR-ToF  analyzer  can be  employed.  This  is particularly  useful  in  situations  where  both  the
ions  of  interest  and  the  reference  ions  for  mass  calibration  have  only  small  count  rates  not  sufficient  for
the ToF-shift  corrections.  For  the  present  system,  the  resolving  power  increases  by  more  than  a  factor  of
two  when  the  offline  drift correction  is  applied.

© 2018  Elsevier  B.V.  All  rights  reserved.

1. Introduction and motivation

Multi-reflection time-of-flight mass spectrometers (MR-ToF
MS), also referred to as electrostatic ion beam traps/EIBTs [1,2] or
electrostatic linear ion traps/ELITs [3–5] are powerful tools for the
investigation of charged particles, in particular as they are reach-
ing mass resolving powers exceeding 105 in just a few tens of
milliseconds [6–10]. This allows investigations such as precision
mass measurements [11–17] as well as fast ion beam analysis [18]
or ion separation for further investigations, e.g. in Penning traps
[12,14,15,17,19–21] or devices for nuclear decay studies [22]. In
their function as ion traps, MR-ToF devices are also used for the
study of the properties of clusters and molecules [2,23,24].

For applications based on mass spectrometry, where ion species
are retained as individual bunches revolving between the trap’s
electrostatic mirrors, the stability of the trap parameters, including
said mirror potentials, is of significant importance, specifically for
the separation of isobars [6,25,26]. Short-term drifts lead to a loss
of resolving power, thus, the voltages applied should be as stable
as possible. Passive and active voltage stabilization by means of
temperature control, low-pass filtering, and feedback circuitry to
ensure ideal storage conditions have been reported [4,8,9,26].

∗ Corresponding author at: Institut für Physik, Universität Greifswald, Felix-
Hausdorff-Str. 6, 17489 Greifswald, Germany.

E-mail address: paul.fischer@uni-greifswald.de (P. Fischer).

If drifts cannot be avoided, they may, however, be remediated
by use of an additional correction-ion species [9,27–29]: In cases
where both the ion species of interest and the correction species
show systematic, identical time-of-flight shifts between measure-
ment iterations, a retrospective offline correction is possible [27].
Such a drift correction entails fitting the correction-ion signal in
each measurement iteration and retrospectively shifting each ToF
axis, before all spectra are summed for further evaluation. It fol-
lows that the correction ion has to be present in high abundance to
allow for a sufficient accuracy of the fitting routine. However, there
is not always such an abundant ion available at the same revolution
number.

We  show that the correction of short-term drifts in this man-
ner can be performed employing virtually any ion species stored
simultaneously with the ions of interest, regardless of their differ-
ence in mass and, thus, their numbers of revolutions during the
storage time. Instead of using an isobaric species as both reference
and correction ion, an ion species with a larger mass difference is
employed for correction to resolve both isobars of an ion pair of
interest. Only then is it possible to employ one of them as a ref-
erence ion species, i.e. to determine the relative mass difference
between the two.

The method is demonstrated for the pair of Cr+
2 isobars with

mass number 106. Since there are no high-abundance correction-
ion species at A = 106, either the signals of a chromium dimer Cr+

2
with A = 104 or a CrO+ molecule with A = 68 are used for the drift
correction.

https://doi.org/10.1016/j.ijms.2018.07.004
1387-3806/© 2018 Elsevier B.V. All rights reserved.
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Fig. 1. Schematic of the experimental setup. Ions are created at the back of the acceleration section and guided towards the MR-ToF analyzer consisting of an in-trap lift and
two  stacks of mirror electrodes (red arrow). The direction of the laser beam is indicated as a green arrow.

Table 1
Voltages applied to the MR-ToF electrodes M1-M6 and in-trap lift electrode for
cation storage. The in-trap lift is switched to ground for ion capture.

electrode voltage / V

M1  −1315
M2  −1570
M3  585.2
M4  1063.4
M5  1282.73
M6  1668.9
in-trap lift 808 / 0

2. Experimental setup

The experimental setup (Fig. 1) combines a laser ablation source
[30] with an MR-ToF analyzer. Ions of both polarities as well as
neutral particles are produced by laser irradiation of metal targets
in UHV conditions and charged atoms and clusters are subsequently
guided towards the analyzer. Ion optical elements include several
lenses and steerers as well as a quadrupole deflector for a 90◦ turn.

The laser (Continuum, MiniLite) provides a pulse energy of up
to 15 mJ  at the second harmonic (� = 532 nm) with pulse lengths
of about 6 ns. The laser’s repetition rate of 10 Hz defines the exper-
iment’s cycle rate. The pulse energy is typically set to ∼3 mJ  for the
present measurements.

Ion acceleration is performed by applying a voltage of 2.01 kV
to the target plate. The first electrode of the acceleration section
following the target (distance: 10 mm, bore diameter: 5 mm) is
set to 1.78 kV while the second electrode (distance: 10 mm,  bore
diameter: 3 mm) is grounded. This forms a Wiley/McLaren-type
two-stage acceleration [31]. Subsequent to their focusing and 90◦

deflection, the ions pass through the MR-ToF analyzer, where they
can be captured by lowering their total energy via an in-trap lift
electrode [5,26,32].

The voltages applied to the mirror electrodes (Table 1) are low
enough that the 2 - keV ions traverse the analyzer when no potential
switching is employed (single-path operation). If the lift electrode
is switched to ground potential, however, ions located therein lose
some of their potential energy, resulting in their reflection at the
mirror potentials. The innermost two mirror electrodes, M1  and
M2,  form a radially refocusing potential, the outer four electrodes,
M3 through M6,  ensure the ions’ axial confinement. Ion ejection
is analogously performed by reapplying the lift potential. Both the
shape of the mirror potentials as well as the in-trap lift voltage
determining the ions’ total energy during storage are tuned to yield
mass resolving powers exceeding 105.

To ensure a high stability of the applied mirror voltages, they
are provided by precision power supplies (Stahl Electronics, HV
400) which are floated to reach the relevant voltage ranges (floating
power supply: iseg Spezialelektronik GmbH, EHS 8240). The float-
ing voltages themselves are buffered by individual low-pass filters

consisting of 40 �F capacitors (General Electric, Geconol 28F2039)
and 1 M  ̋ resistors (TT Electronics, Welwyn VRW68). Each capac-
itor is connected to ground potential. This setup provides very
low-noise voltages that can still be tuned to optimize the storage
conditions for individual measurements.

Ion detection is performed with a channeltron detector with
a −5 kV conversion dynode. The detector signals are amplified
(ORTEC, VT120a, 46 dB) and digitalized with a computer-mounted
multiscaler card (Becker & Hickl GmbH, MSA-300). The control of
the experimental timing pattern is performed with a LabVIEW-
based control software [33] and a Field-Programmable-Gate-Array
(FPGA) card (National Instruments, PCI-7811R).

The experiment cycle for MR-ToF operation consists of three
parts:

1) The capture time tcap, during which the ions travel from the
source to the MR-ToF analyzer after their production by laser
ablation/ionization. By tuning tcap, the mass range of stored ions
can be somewhat preselected.

2) The storage time ts between switching down the lift poten-
tial for ion capture and reapplying it for ion ejection, during
which the stored ions revolve between the MR-ToF mirrors.
Different ion species have correspondingly different revolution
periods T according to their mass-to-charge ratios. For obser-
vation of an ion species after N revolution periods, the storage
time has to match N · T . More information concerning the range
of viable ejection times can be found in [34]. In addition, dur-
ing the storage time, a pulsed deflector potential can be applied
to a segmented ring electrode located between the in-trap lift
and mirror electrodes. The frequency of the deflection pulses is
matched to the revolution period of an ion species of interest
(more precisely a mass-over-charge range). All ions not in sync
are transversally ejected from the trap. Thus, the ions of interest
can be isolated during (the beginning of) their storage. For more
information about this technique of transversal ion ejection see
Refs. [1,35].

3) The measured time-of-flight � after the ion ejection. Since tcap

and ts are known with the accuracy of the control system (neg-
ligible uncertainty: 80 MHz  clock, 100 ppm accuracy), only this
portion of the total flight time tcap + ts + � has to be measured.

3. The Cr2 isotopologue distribution

The single-path ToF spectrum from the laser ablation of a
chromium target (Fig. 2) shows the cluster sizes n = 1, 2, and 3
(red labels) together with a number of oxide compounds (black
labels) and additional contaminant ion species such as sodium, alu-
minum, potassium, and calcium (blue labels). Note that there are
four stable chromium isotopes (Table 2), i.e. there are a number
of possible isotopic compositions (so-called isotopologues) mak-
ing up the signals involving chromium atoms. The mass resolving
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Fig. 2. Single-path spectrum resulting from laser ablation of a chromium target (3 mJ  laser pulse energy). Next to the clusters Cr+
1 through Cr+

3 (red labels), a number of oxide
compounds can be observed (black labels). Additional ion species observed include Na+ , Al+ , K+ , and Ca+ (blue labels) (For interpretation of the references to colour in the
text,  the reader is referred to the web version of this article.).

Table 2
Mass numbers and relative abundances of all naturally occurring chromium isotopes
[39].

mass number 50 52 53 54

rel. abundance 0.04345 0.83789 0.09501 0.02365

power in this single-path operation is sufficient to resolve the Cr+

isotopes, for resolving the isotopologues however, MR-ToF opera-
tion is required.

From the values given in Table 2, the expected relative abun-
dance of Cr+

2 isotopologues can be calculated by summing the
probabilities of all possible permutations for a given mass num-
ber (Table 3). These values can then be compared to the measured
distribution of ion counts for already resolved Cr+

2 isotopologues
after four revolutions in the MR-ToF analyzer (Fig. 3).

The upper part of Fig. 3 shows a ToF spectrum of the resolved
Cr+

2 isotopologues that were not resolved in single-path mode.
The capture time between the pulse of the ablation laser and
the capture switching is tcap = 21 �s and the storage time is ts =
136.7 �s, which amounts to four revolution periods for all ion
species observed. By evaluating the number of detected ion counts
for each signal, the ion species’ relative abundances can be com-
pared to the expected ones given in Table 3 as illustrated in the
bottom of Fig. 3. For this purpose, both the expected and measured
abundances have been normalized to the highest signal (which is
that of A = 104 in both cases).

Obviously, all isotopologues with mass numbers between 100
and 107 show good agreement with the theory, whereas the A =
108 isotopologue shows a higher-than-expected abundance. Addi-
tionally, a signal with mass number 109 can be observed, which
cannot be constructed from chromium atoms only. Both of these
discrepancies can be traced back to contaminant ions, namely dif-
ferent isotopic compositions of the CaCrO+ molecule. Since there
are multiple isobaric compositions that cannot be resolved at
this revolution number, an exact investigation of the contami-
nants is not performed. However, compared to the most abundant
molecule, 40Ca52Cr16O, other isotopologues are less abundant by
about an order of magnitude or more.

Fig. 3. Top: ToF spectrum of Cr+
2 isotopologue distribution after 4 revolutions in

the  MR-ToF analyzer, summed over 60 700 laser pulses. Signals are marked by their
mass numbers A. Bottom: total number of detected ions in each isotopologue signal
(blue) and expected isotopologue abundances (Table 3), as indicated by red circles
(For  interpretation of the references to colour in the text, the reader is referred to
the  web  version of this article.).

Note that the individual signal shapes deviate from those of
pure Gaussian functions. This is due to the specific present set-
tings of the acceleration section that have to be adopted to ensure
a minimum signal FWHM.  Particularly, the rightwards slope (longer
flight-time) of the signals exhibits a slight bend. This will also be
observed for signals investigated at higher revolution numbers in
the following section, and is, in fact, already visible in the single
path spectrum of Fig. 2.

For resolving the isobar pair of Cr+
2 at mass number A = 106

(see Table 4), the storage time is increased to yield higher resolv-
ing powers. The count rate for the sum of isobars with A = 106 is

Table 3
Mass numbers, relative abundances [39], and number of “molecular isobars” for all naturally occurring Cr+

2 isotopologues.

mass number 100 102 103 104 105 106 107 108

rel. abundance 0.0019 0.0728 0.0083 0.7041 0.1592 0.0487 0.0045 0.0006
no.  of isobars 1 (50 + 50) 1 (50 + 52) 1 (50 + 53) 2 (50 + 54, 52 + 52) 1 (52 + 53) 2 (52 + 54, 53 + 53) 1 (53 + 54) 1 (54 + 54)
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Table  4
Ion Masses [40] and natural abundance ratios (calculated from the isotope abun-
dances of Table 2 [39] for the Cr+

2 isobar pair with mass number 106, as well as
corresponding relative mass differences.

mass number mass / u rel. mass
difference

rel.
abundance

abundance
ratio

106 (52 + 54) 105.878834
180 · 10−7 0.903 %

0.23106  (53 + 53) 105.880745 3.963 %

approximately 0.06 per laser pulse. This implies that the number
of iterations will be large for a measurement yielding sufficient ion
counts, i.e. the measurement time will be long. Thus, drifts in the
system can significantly affect the resolving power in this time-
frame. However, there is no A = 106 ion species with high enough
abundance for an offline drift correction.

Typically, an isobaric ion would be used to both correct drifts
in the signal ToF and act as reference ion for the calibration of the
time-of-flight spectrum, i.e. for the determination of the mass of
the ion or ions of interest [27]. However, no such ion species is
readily available in the present case. Therefore, the correction is
performed by employing a non-isobaric species. To this end, the
storage time ts is chosen such that both the correction-ion signal
and the signals of the ions of interest (both the reference and the
ion to be determined) appear in the same ToF spectrum [34], i.e. ts
has to closely match an integer multiple of the revolution periods
of all ions involved. In the present case of the demonstration of this
new method, the additional ion is employed for the correction of
the ToF drifts of both isobaric ion species of interest so that one of
them can act as a reference ion.

4. Resolving the Cr2 isobar pair by non-isobar reference

For the present study on the A = 106 isobars of Cr+
2 , the most

readily-available candidate for a non-isobaric Cr+
2 reference is the

high-abundance isotopologue consisting of two 52Cr atoms at A =
104, with a relative abundance of more than 70%. A measurement
has been performed (Fig. 4) where ts = 82.573 ms. This amounts
to 2393 revolutions for both A = 106 isobars (T = 34.5054 �s)
and 2416 revolutions for the A = 104 correction-ion species
(T = 34.1783 �s). The bottom part of Fig. 4 shows the ToF spectrum,
recorded by repeating the measurement cycle 120, 000 times over
the course of roughly 3.5 hours. The signal on the left belongs to
the pair of A = 106 isobars, the signal on the right to the A = 104
ion species. During the first five revolution periods, the technique
of transversal ion ejection [35] is employed to remove contaminant
ions with mass numbers which are not in the range from A = 104
to 106.

As is readily apparent, the mass resolving power is not suffi-
cient to separate the isobar pairs. If the measurement is viewed
in terms of its individual iterations however (top part of Fig. 4),
it becomes obvious that this is primarily due to fluctuations of
the ions’ flight times. Each slice represents the signal sum of 100
measurement cycles (10 s) to gain sufficient fit accuracy for the
correction (see below). It is also visible that—even though the ion
species have completed different numbers of revolutions in the MR-
ToF analyzer—the shifts for all species follow the same pattern. As is
obvious from the measurement and further explained below, these
short- and longer-term ToF shifts are systematic in the sense that
they affect all four ion species in the same way.

To perform a shift correction (Fig. 5), the correction-ion signal
52Cr52Cr+ is fitted with a Gaussian function in each measurement
slice. The individual spectra are then shifted to match the mean
time-of-flight of this signal before they are summed to the total ToF
spectrum. Thus, ToF shifts are corrected on the basis of 10 s steps
(each slice represents 100 iterations measured at a 10 Hz cycle rate).

Fig. 4. Top: 2D color intensity plot of horizontal slices of ToF spectra of Cr+
2 for ts =

82.573  ms  from adding the ion signals of 100 measurement cycles each. Bottom: ToF
spectrum summed over all data shown above. The left (right) signal is due to isobaric
ion species of mass number A = 106 (A = 104) after the number of revolutions stated
in  the figure.

When comparing the bottom parts of Figs. 4 and 5, the effect
of the ToF-shift correction is readily apparent as an increase in
mass resolving power: The previously unresolved pair of A = 106
isobars is now resolved. Additionally, a low-abundance A = 104 iso-
topologue, 50Cr54Cr+, becomes apparent, too. The (FWHM) mass
resolving power of the summed signal of the corrected A = 106
isotopologues is 126 (7) · 103, while for the uncorrected signal
(determined by a fit to the more abundant A = 106 isotopologue) it
is 57 (2) · 103, i.e. lower by more than a factor of two. According to
the relative mass difference given in Table 4, a FWHM mass resolv-
ing power of about 56,  000 would be sufficient for the separation
of species of identical abundance. For the present abundance dif-
ference however, it has to be increased by about 50% (see Fig. 9 in
[27]).

We note that the total number of detected 50Cr54Cr+ ions in
the present measurement is roughly 95,  500, resulting in an aver-
age 0.8 events per cycle. We  therefore conclude that space-charge
effects such as self-bunching [1,36,37] of the ions of interest can be
neglected for this study.

From the Gaussian fits performed in the corrected ToF spectrum,
the abundance ratio of the A = 106 isobars results in

A
(

53Cr53Cr+)

A
(

52Cr54Cr+
) = 0.24(2),
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Fig. 5. As Fig. 4, but now with ToF shifts corrected via the 52Cr52Cr+ signal. The red
(blue) lines for the A = 106 (104) signals are fits of Gaussian functions (where the
data fitted has been restricted to the upper two thirds of the signals) (For interpreta-
tion of the references to colour in the text, the reader is referred to the web  version
of  this article.).

thus matching the predicted value of 0.23 (see Table 4). The exper-
imental relative mass difference

1  − (
tcap + ts + �(52Cr54Cr+)
tcap + ts + �(53Cr53Cr+)

)
2

= 179(2).10−7

also agrees with the expected value of 180 · 10−7.
In the following, the reason for the identical shifts of time-

of-flight despite the difference in revolution numbers is further
discussed: Consider two ion species of masses m1 and m2 (more
precisely ratios of mass-over-charge state; masses are used for sim-
plicity) with corresponding revolution periods T1 and T2. The ratio
of these periods is then given by

T1

T2
=

√
m1

m2
.

When the storage parameters (potentials or spatial dimensions of
the MR-ToF electrodes) change, the corresponding revolution peri-
ods shift by some time �Ti to new values T

′
i

= T
i
+ �Ti, where

again T
′
1/T

′
2 =

√
m1/m2. Consequently, the same relation holds for

the shifts of the periods, i.e.

�T1

�T2
=

√
m1

m2
= T1

T2
.

While the time between the switching of the in-trap lift for capture
and ejection, i.e. the storage time ts, is fixed, the ions’ time-of-flight

ToFi for the completion of Ni revolutions shifts to

ToF
′
i = Ni · T

′
i .

This leads to different ion positions in the lift electrode at the time of
the ejection switching and, consequently, to a shift in the measured
flight times to the detector, �i. The observed shift �ToFi can there-
fore be understood as the shift in time-of-flight for Ni revolutions.
It follows readily that

�ToFi = Ni · �Ti .

The number of revolutions the ion species perform during their
storage are given by

Ni ≈
ts
Ti
.

The storage time ts is specifically chosen to closely match integer
multiples of the revolution periods. The ion trajectory is invariant
to the exact time of the switching of the in-trap lift in relation to
ToFi, as long as the ion species are fully within the drift tube, i.e.
far enough to not be affected by the switching process. The ratio of
revolution numbers for the two species

N1

N2
= T2

T1

is therefore fixed to the inverse ratio of the revolution periods.
Consequently, the ratio of the shifts in the time-of-flights is

�ToF1

�ToF2
= N1 · �T1

N2 · �T2
= T2

T1
· T1

T2
= 1 .

In other words, the measured shift of the time-of-flight is identical,

�ToF1 = �ToF2 = �ToF3 = . . . ,

for any ion species measured simultaneously with the same
storage time ts, regardless of its mass-over-charge ratio. While
lighter/faster ion species complete higher numbers of revolutions,
heavier/slower species exhibit a correspondingly larger shift in
their revolution periods. These two factors lead to the same ToF
shift, which allows the offline correction.

While this result may  be counterintuitive, note that the
approach of investigating all ion species at identical flight times
leads to differently-long flight paths in the MR-ToF analyzer. The
ions are therefore not investigated with a “fixed-length” spectrom-
eter in which time-of-flight fluctuations would be mass-dependent.
However, the remaining, absolute time-of-flight difference of 3 �s
between the reference ion species and the ion species of interest
leads to a portion of the drifts scaling with the square root of the
ions’ mass ratio. For the present measurement (total flight time
82.5 ms), this amounts to a relative error of about 3.6 · 10−5 in the
ToF-drift correction. For cases where this cannot be neglected, a
correction taking into account scaling ToF-drifts can be employed
[29].

It should be noted that this approach does not include changes
of the single-path time-of-flight, i.e. the flight time from the ion
source to the MR-ToF analyzer and from the analyzer to the detec-
tor. However, these flight times are usually short compared to the
storage time, and deviations thereof are correspondingly smaller.
Furthermore, the present derivation is based on the assumption
that the changes of the MR-ToF parameters occur between the
measurement cycles (more precisely the number of measurement
cycles needed for sufficient statistics for correction), i.e. that they
are slow with respect to the length of the measurement cycles.
A single measurement is performed at effectively constant condi-
tions. Fast random fluctuations on the other hand are not expected
to lead to largely different shifts, as they are averaged out during
the storage time. Only variations with some coherent correlation
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Fig. 6. Top: ToF spectrum for a storage time of ts = 82.228ms. The left signal is
due to CrO+ (A = 68), the right due to Cr+

2 (A = 106) after the number of revolution
periods stated in the figure. Bottom: ToF spectrum after correction by use of CrO+

as correction ion.

with respect to the revolution period of an ion species would lead
to noticeable systematic deviations.

Note that, in addition to variations of the MR-ToF parameters
like electrode potentials or spatial dimensions (both possibly due
to temperature effects), drifts of the offset of the data acquisition,
i.e. the starting of the time-of-flight recording, are also corrected
by the present method.

To further demonstrate the applicability of non-isobaric ions for
drift corrections, the experiment has been repeated with the CrO+

molecule at mass number A = 68 as correction ion, i.e. an ion far
away in mass from the ion(s) of interest (Fig. 6). For the present
setup, this represents the available ion species with the largest mass
difference to the pair of Cr+

2 isobars that can still be simultaneously
captured in the MR-ToF analyzer.

As can be seen, the method of correcting the ToF shifts again
yields the desired results. The pair of Cr+

2 isobars can be fitted in the
corrected spectrum, resulting in an abundance ratio of 0.26 (6) and
a relative mass difference of 177 (4) · 10−7. Again, both numbers
match their expected values. The slightly-larger uncertainties are
due to the fact that the measurement has been performed for only
930 slices, as opposed to the 1200 in Fig. 4 and 5. The mass resolving
power increases from 73 (4) · 103 without to 134 (3) · 103 with the
correction.

For completeness, we note that due to the increased difference
in mass—and therefore revolution period—between the correction
ion and the ions of interest, no transversal ion ejection has been
employed in the CrO+-correction measurement. All ion species cap-
tured by the switching of the in-trap lift electrode are retained in
the MR-ToF analyzer. We  further note that the correction signal’s
left flank is not entirely visible in the ToF spectrum of Fig. 6 due to
part of it being beyond the system’s ToF ejection window [34]. This

is of no consequence however, as the fitting ranges of the relevant
signals are unaffected.

5. Summary and conclusion

A development in the separation of isobaric ion species with an
MR-ToF device has been presented. The technique of the correction
of short-term drifts in the ions’ time-of-flight with a correction-ion
species has been extended: it has been shown that such a cor-
rection is not only possible—as is the typical approach—using an
isobaric species itself, but also using correction ions with larger
mass differences.

A pair of Cr+
2 isobars with a relative mass difference of 1.8 · 10−5

has been stored in the MR-ToF analyzer for ∼82 ms. For the present
experimental conditions, resolving of the individual species is not
possible at this storage time due to drifts in the time-of-flight values
over the course of the measurement. It has been shown, however,
that an offline correction of these drifts is possible using virtually
any other simultaneously-stored ion species, in this case another
Cr+

2 isotopologue (rel. mass difference 1.9 %) or a CrO+ molecule
(rel. mass difference 36%).  For both cases, the measured relative
mass difference and abundance ratio of the target isobar pair agree
with their expected values.

The viability of the offline correction is dependent on the type
and severity of the drifts in the individual system, and we  expect
it to differ for different MR-ToF setups. It is not possible to cor-
rect fluctuations somewhat shorter than the storage time, as in this
case the assumption of identical absolute shifts in the ions’ time-
of-flight may  not hold. Fast random fluctuations should, however,
average out over the duration of the storage time. The systematic
drifts have to be slow enough to allow for the collection of suffi-
cient measurement statistics under (close to) identical conditions.
For applications as the one presented in this study, where ToF shifts
are mostly due to slow, systematic drifts of the MR-ToF analyzer’s
parameters, a significant gain in mass resolving power, in this case
by a factor exceeding two and thus reaching up to R = 130 000,
can be achieved without any need for online corrections or adjust-
ments.

Even in cases where the target isobar pair can be resolved at
higher revolution numbers without an additional correction-ion
species, the latter may  still be useful as it allows the minimization
of the necessary number of revolutions, i.e. the storage and, thus,
experiment time. This can lead to a gain in the number of detected
ions in a given experimental timeframe, fewer losses from residual
gas impacts during the MR-ToF storage, and, in the case of short-
lived isotopes, fewer losses due to nuclear decays.
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Multiple-ion-ejection multi-reflection time-of-flight mass spectrometry
for single-reference mass measurements with lapping ion species
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Repeated switching of electric potentials within a single experimental cycle is introduced for a multi-reflection
time-of-flight mass spectrometer (also known as electrostatic ion beam trap) in order to eject different ion
species after different storage times. The method is demonstrated with two cluster ions with considerably
different mass-to-charge ratios (the A = 624 and 832 isotopologes of Pb+

3 and Pb+
4 , respectively) for the

specific case where the sequential ejections result in an identical number of revolution periods. Thus, the ions’
flight lengths are identical, and the resulting time-of-flight values allow single-reference mass determination.
The requirements for the switching time window are studied in detail. For the present system and ion pair,
the relative mass uncertainty is found to be 3 · 10−7 for short measurements (≈ 10 minutes) and 6 · 10−8 for
longer ones (≈ 2 hours).

PACS numbers: 07.75.+h, 29.30.-h, 37.10.Ty

I. INTRODUCTION

Since the introduction of the multi-reflection concept
by Wollnik1 in 1990 and its independent implementation
by Zajfman2 and Benner3 in 1997, multi-reflection time-
of-flight (MR-ToF) mass spectrometers have carved their
way into several branches of physics and chemistry. Of-
fering a method of purely electrostatical ion trapping,
these devices—also referred to as electrostatic ion beam
traps (EIBTs)—have found widespread appreciation for
their unique combination of properties. Ions are retained
between two electrostatic mirrors in analogy to an optical
resonator2,4, allowing their storage for hundreds of mil-
liseconds for room-temperature5 to several minutes for
cryogenic setups6.

For studies on gas-phase clusters and molecules, the
virtually unrestricted mass range and open geome-
try of MR-ToF devices enable studies of molecular
properties7–11. Capacitive pickup detection (Fourier-
transform MR-ToF) has been employed to further in-
crease versatility12–14 and even investigate large, highly-
charged molecules15,16. In nuclear physics, multi-
reflection is employed in fast mass spectrometers with
mass resolving powers R ≥ 100 00017–20. Applications
include direct precision mass measurements21–25, iso-
bar separation26–28, and—recently introduced—in-trap
collinear laser spectroscopy (CLS)29,30.

The principal feature of ions being reflected back and
forth, however, can also lead to one of the traps’ most
restricting properties: Species of different mass-to-charge
ratio m/q will eventually start lapping one another. This
is most prominent in wide-band investigations, where ion
signals in ToF spectra quickly lose their continuous re-
lationship between m/q and flight time. For the field of

a)paul.fischer@uni-greifswald.de

precision mass measurements, this increases the complex-
ity of a calibration based on known reference species31.
On the other hand, it may be favorable or even necessary
to use reference ions with large mass differences due to
low production rates or the lack of proper isobaric can-
didates.

Here, we report a measurement scheme relying on mul-
tiple selective ejections of individual ion species from an
MR-ToF analyzer. While all species are captured simul-
taneously, their release is timed according to their m/q
such that each one completes the same number of revo-
lutions. Thus, ToF mass spectrometry with fixed flight
lengths is restored which allows single-reference mass de-
termination.

II. EXPERIMENTAL SETUP

The present system (Fig. 1) combines a high-vacuum
laser-ablation source for the production of metal-cluster
ions similar to those reported by other groups32–35 with
an MR-ToF analyzer. A detailed description has been
given recently20. In short, ions are produced by irradia-
tion of metal targets with a Nd:YAG laser (λ = 532 nm,
≤ 15 mJ pulse energy, 10 Hz repetition rate), acceler-
ated to 2 kV, and guided onto the analyzer’s axis with a
quadrupole deflector. The analyzer consists of two stacks
of six mirror electrodes each, the outer four of which are
used to form the axial reflecting potential walls and the
inner two ion lenses for transversal refocusing. An in-trap
lift electrode36 is used to lower the ions’ total energy be-
tween the mirrors for capture by switching its potential
from ≈ 800 V to ground. A delay with respect to the laser
pulse (“capture time”) accounts for the travel time of the
species of interest from the source. For the present study,
ion ejection towards a post-trap detector is realized by
lowing the potentials of the outermost two electrodes of
the exit-side mirror to ground with fast low-noise high-
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FIG. 1. Overview of the experimental setup. The ion path is indicated by a red arrow.

voltage switches (Stahl Electronics, HS-2000). This com-
bination of in-trap lift capture and mirror-switch release
retains the advantages of the lift electrode with respect
to an easily-adjustable ion energy while ensuring that a
large percentage of all stored species can be observed in
a given spectrum37.

Ion detection is performed with an off-axis channeltron
detector, a fast preamplifier (ORTEC, VT120a), and a
fast multiscaler/TDC (Fast ComTec, MCS6A). The con-
trol of the experimental timing pattern and switching
operations is performed with a LabVIEW-based control
software38 and a Field-Programmable-Gate-Array card
(National Instruments, PCI-7811R).

Ion selection/isolation within the analyzer is achieved
with sets of segmented ring electrodes between the lift
and mirror electrodes (“in-trap deflector electrodes” in
Fig. 1). The potentials applied to opposing parts of
a ring are switched between ground and ±10 V to form
a radially-deflecting electric field. When the switching
frequency and phase are synchronized to a species of in-
terest, it will never pass the ring during a deflecting po-
tential configuration while ions with different m/q ratios
eventually will. This technique of transversal ejection is
well suited to select ions with defined mass numbers39

and can also be used to perform simultaneous selection
for species of disparate m/q values40.

III. MASS SELECTION AND MEASUREMENT
PRINCIPLE

A common challenge in wide-band MR-ToF inves-
tigations, especially for applications on the molecular
level, is the presence of a large number of molecu-
lar isotopes (“isotopologues”) from only a few initially-
captured molecular species. This is illustrated in Fig. 2
by “N -versus-ToF” plots41 showing flight time (x-axis)
as a function of an incremental number N of revolution
periods for an ion species (here 208Pb+

3 ) in the trap. In
the lower plots, each horizontal slice represents the stor-
age time being increased by a value matching a single
period. This is changed to 10 periods in the upper plots.
Consequently, the 208Pb+

3 signal forms a straight vertical
line in the plots while the signals of other species move
at various angles. The bottom plots show ion separation

on the molecular level over the first few revolutions, the
top ones the separation of individual isotopologues. The
signals on the left of the first spectrum of the bottom
plots result from heavier, non-trapped ions reaching the
detector after their single-path flight.

The left-hand plots are recorded without the applica-
tion of any selection mechanism, resulting in all cap-
tured species remaining in the trap. While only three
distinct signals from three cluster sizes are observed ini-
tially (n = 3 through 5), the number of natural lead
isotopes yields an abundance of ion species with different
m/q values that quickly separate over some tens of revo-
lutions. Once the resolving power reaches several tens of
thousands in the upper left-hand plot, matching individ-
ual signals to their respective species becomes virtually
impossible without scanning over multiple laps37 or em-
ploying some form of in-trap ion selection39,42–46.

For the right-hand plots of Fig. 2, the method of
transversal ejection is employed for a simultaneous
selection of two isotopologues with disparate m/q
values40, namely 208Pb+

3 and 208Pb+
4 . After N ≈ 250

(208Pb+
3 ) periods, only two signals are observed in the

spectra (top right-hand plot), namely those of the two
selected species. These have been specifically chosen for
the present investigations because their mass numbers,
A = 624 and 832, can only be formed by a single
combination of natural lead isotopes each. Other mass
numbers may be formed by multiple combinations,
leading to ion species requiring mass resolving powers on
the order of 106, which is beyond the present capabilities
of MR-ToF devices18,19.

Single-reference mass measurements in an MR-ToF de-
vice are, in principle, identical to those performed with
any kind of time-of-flight mass spectrometer, that is, the
mass of an unknown species m with flight time t is de-
termined as

m = mref

(
t− t0
tref − t0

)2

(1)

from a species with known mass mref and flight time tref .
The common offset t0 incorporates any delay between the
start of the data acquisition and the actual start of the
ions from the source. This method is known to reach
some 10−7 of accuracy31,47, however, it requires identical
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FIG. 2. “N -versus-ToF” plots without (left) and with (right) transversal ejection for selection of 208Pb+
3 and 208Pb+

4 , with
bottom plots for revolutions 1 through 20 and top ones for 20 through 400 in steps of 10.

flight lengths for both ions. It is thus only applicable for
species that have not yet lapped one another, meaning—
for measurements involving at least some hundreds of
revolutions to reach reasonable levels of accuracy and
mass resolving power—it is typically restricted to pairs
of isobars.

For measurements employing reference species with
large mass differences and taking into account lapping
effects, the determination of the unknown mass be-
comes more complicated. It generally requires the use of
multiple measurements at different revolution periods41

and/or several reference species21. To circumvent this,
the present study employs a scheme of two subsequent
ejections from the analyzer to maintain identical flight
lengths for both ions. This is illustrated in Fig. 3 by a
time-of-flight spectrum that has been recorded with a sin-
gle experimental sequence repeatedly applied for about
ten minutes.

The start of the data acquisition is synchronized to
the source-laser pulse and the ion capture and selection
shown in Fig. 2 is performed to restrict the retention of
ion species to 208Pb+

3 and 208Pb+
4 only. After a storage

time amounting to 959 208Pb+
3 periods, roughly 80.25 ms,

the exit-side mirror is opened to release this species and
record its flight time. The mirror potential is re-raised
immediately after the ejection to retain the 208Pb+

4 ions,
which are trapped for another 12.41 ms to also complete
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FIG. 3. Time-of-flight spectrum for 208Pb+
3 and 208Pb+

4 at the
same number of revolutions in the same experimental cycle.

959 laps. The mirror is opened for a second time to
record the heavier species’ signal in the same spectrum.
Using Gaussian fits (red curves in Fig. 3) restricted to
the upper parts of the ToF signals, the ions’ flight times
t are determined.

Care has been taken to find the common offset t0, as
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forming the partial derivative of (1) and its limit for long
flight times t0 � t, tref ,

∂m
∂t0

= 2mref
(t− tref)(t− t0)

(tref − t0)3
(2)

lim
t0→0

∂m
∂t0

= 2mref
t(t− tref)

t3ref
, (3)

reveals that the sensitivity to a t0 uncertainty increases
with larger flight-time differences between the ions.
While some tens of nanoseconds due to, e.g., cable
lengths are generally less critical for the determination
of an isobaric species’ mass, it becomes more important
for cases such as the present. Therefore, t0 has been
determined by measuring the delay times of all relevant
cables and that of the source-laser pulse with respect to
the sync trigger starting the data acquisition. The values
have been added and subtracted accordingly, yielding a
grand total of t0 = 116(5) ns. To reduce its uncertainty
for cases with even larger mass differences, t0 can be af-
firmed occasionally by additional reference measurements
as demonstrated, e.g., by Rosenbusch et al.25.

The mass of the 208Pb+
4 ion can now be calculated

directly from that of 208Pb+
3 using (1) and the well-known

mass of the 208Pb atom48. For the present measurement,
the resulting value of 831.90729(25) u exhibits a relative
discrepancy ∆m/m = 1.6 · 10−7 to the literature value
with an uncertainty of δm/m = 3.0 · 10−7, the expected
level of accuracy. The multiple-ejection scheme allows
the mass determination to be performed with a single
measurement cycle without additional reference species.
This directly correlates to improved statistics per unit of
measurement time.

Apart from trivial timings such as the one for the
switching of the in-trap lift, only the revolution pe-
riod Tref of the reference species has to be roughly
known/determined prior to the measurement. The pe-
riod of the ion to be measured scales with Tref and the
square root of the ions’ mass ratio, allowing its calcula-
tion to set up the switching timings. Due to the actual
periods being non-critical for the mass evaluation, even a
rough estimate from the ions’ mass numbers is sufficient.
The required level of precision only needs to ensure the
ions’ ejection at the correct revolution numbers and their
selection via transversal ejection. As long as the timing
requirements are respected (see next section), the experi-
mental cycle can be set up with some leeway with respect
to the switching operations. A similar measurement pro-
cedure based on interweaved cycles for reference and an-
alyte ions has been demonstrated recently49. However,
this approach still requires the use of several measure-
ment sequences in addition to several RF-traps for the
MR-ToF mass spectrometer’s loading scheme.

IV. TIMING REQUIREMENTS

It is obvious that switching operations for releasing the
correct ion species after the right number of revolutions

FIG. 4. Illustration of the timing requirements for ion ejection
(top) and retention (bottom). For both cases, no switching
can be performed while the species in question is in a location
indicated by red lines. The mirror potentials must be switched
to the correct potentials during the remaining time. Vertical
lines show the trap’s center plane and the planes associated
with the respective timing limits.

are a prerequisite of the present measurements. How-
ever, the actual criterion for a successful mass determi-
nation is more demanding: voltages have to be lowered
and raised while all ions are sufficiently far away from the
corresponding electrodes to not sample changing electric
fields. While they may still be released, aberrant ion
flight times resulting from improper ejection timings will
lead to systematic errors.

The timing restrictions can be visualized by specific
ion positions in the trap. Once an ion has passed such
a position while moving towards the mirror, it will be
influenced by a change in its potential. Similarly, when
moving away from the mirror, the ion will be far enough
to again allow switching operations. For simplicity and
generality, these points are expressed in terms of an ion’s
revolution period T , where 0 denotes its crossing of the
trap’s center plane with direction towards the exit side
and 0.5T the crossing in the opposite direction. Con-
sequently, 0.25T and 0.75T describe the turn-around
points in the exit- and entry-side mirrors, respectively.
There are two timing limits (Fig. 4):

• tin, which denotes the time from which on an ion
moving toward the exit-side mirror is disturbed by
the potential switching. Consequently, the mirror
must be fully lowered before the ion reaches the
corresponding position. Due to the symmetry of
the device, tin also describes the time past which
an ion will no longer be disturbed after its reflec-
tion. Thus, for any species to be retained, the mir-
ror must not be in the low state and may not be
switched between tin and 0.5T − tin (red line in the
lower part of Fig. 4).

• tout, the time at which an ejected species has moved
far enough from the trap after passing the lowered
mirror potential for it not to be disturbed by the
switching back. Thus, the mirror must be in the
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low state and may not be switched between tin and
tout for proper ejection (red line in the upper part
of Fig. 4).

To determine the values for the timing limits of the
present system, ToF spectra such as that of Fig. 3
are recorded for various switching times of the first
ejection (of the 208Pb+

3 species). Figure 5 shows the
relative deviation of the resulting mass for 208Pb+

4 , i.e.
the species to be initially retained during the release of
208Pb+

3 , from its literature value. Note that the abscissa
shows the relative time of the ions’ revolution period
with respect to their crossing of the center plane, as
explained above. For both the opening of the potential
(left data points) and the closing after the ejection (right
data points), the timing for which the mass calculation
fails is readily apparent. The determined critical values
are tin = 0.16T and tout = 0.28T , respectively.

Since the relative position of different ion species in
the analyzer is governed by their respective revolution
periods and, thus, their m/q ratios, sequential ejection
is not possible for arbitrary revolution numbers. This is
illustrated in Fig. 6: After the ions have traveled from
the source to the trap (gray bars), they start revolving
between the mirrors (colored bars). The times viable for
ejection of the light and retention of the heavy species
shift against one another due to the difference in rev-
olution periods. For the lighter species with a revolu-
tion period TL to be released, the mirror potential has
to be switched down no later than tin,L = 0.16TL and be
re-raised no sooner than tout,L = 0.28TL, which is indi-
cated by the green segments on the upper bar. While
this is, in principle, possible on every revolution, the
heavier species with revolution period TH needs to be
retained during this first opening. It is unaffected by any
switching of the exit-side mirror potential for most of its
period (green segments of the lower bar), however, the
voltages need to be up for the time from tin,H = 0.16TH
to 0.5TH − tin,H = 0.34TH, as indicated by the red seg-
ments.

Therefore, both bars in Fig. 6 being green at the same
time means that the ejection of the lighter ion species is
possible, that is, the trap can be opened for its release
while the heavier species is in a portion of its period
where it is unaffected by the switching. To determine
what portion of revolution numbers is viable on average,
the probability of the green bar of the lighter species co-
inciding with the red bar of the heavier one is considered.
No overlap, even by a small amount, is allowed, as the
mirror potential would have to be simultaneously low and
high to suit the ejected and retained species, respectively.
The duration of the “window” tw of such an overlap is

tw = tout,L − tin,L + (0.5TH − tin,H) − tin,H

= (0.28 − 0.16)TL + (0.5 − 0.32)TH , (4)

that is, the length of a red bar in TH plus the length
of a green bar in TL. Since the ratio of revolution
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FIG. 5. Deviation of calculated ion mass from its literature
value for different switching timings for the lowering (left)
and raising (right) of the mirror potential. The left and right
data points result from individual measurements. The dashed
vertical lines show the timing limits tin and tout as defined in
the text.

periods is given by the mass ratio of the two species,
TL =

√
mL/mH TH, (4) can be normalized to TH to give

the relative portion for the present setup,

tw
TH

= 0.12

√
mL

mH
+ 0.18 . (5)

For the present ion pair, with mL = 624 u and mH =
832 u, this amounts to roughly 0.28, i.e. about one out
of four (208Pb+

4 ) revolutions is, on average, not viable.
For large mass differences mH � mL, where the revo-

lution period of the lighter species is much shorter than
that of the heavier one, (5) simplifies to

lim
mL
mH
→0

tw
TH

= 0.18 . (6)

The portion of revolution periods nonviable for ejection
takes its minimum value—roughly one in five for the
present setup—which is now solely defined by the longer
period. In contrast, for ions with nearly identical mass,
(5) becomes

lim
mL
mH
→1

tw
TH

= 0.30 , (7)

which is its maximum possible value. These results
are accommodating, as the multiple-ejection technique
aims to provide measurements with reference species far
away in mass: As is evident from the two limiting cases,
the timing prerequisites become less restrictive for larger
mass differences.

Note that only the first ion ejection has been con-
sidered above due to it being the critical of the two.
Once a species has left the trap while the other one has
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FIG. 6. Illustration of the portions of ion species’ revolution periods affected by switching operations of exit-side mirror
potentials, with ratio of the revolution periods chosen for the present study (208Pb+

3 and 208Pb+
4 ). The checkmarks indicate

whether ejection of the lighter species is possible without disturbance of the heavier one. For more information, see text.

been successfully retained, the second ejection is reduced
to a “normal” potential switching without additional
constraints. The multiple-ejection scheme is, however,
not restricted to releasing ions after identical revolution
numbers. Heeding the above timing considerations, ion
species can be individually ejected at different times to,
e.g., selectively pass them to downstream measurement
setups in an order disconnected from their m/q ratios. A
similar approach has been demonstrated recently using a
specifically-timed in-trap lift ejection50.

Lastly, multiple-ejection measurements could, in the-
ory, also be performed by solely utilizing the in-trap lift
for all ejections. Timings can be found for which ions can
be retained in the mirror potentials or the lift electrode
during the opening of the trap, as has been recently re-
ported for multiple-capture schemes40. However, due to
the more selective nature of the in-trap lift, such mea-
surements would be somewhat more demanding in terms
of timing allowances.

V. LONG-TERM ACCURACY AND EFFECT OF
MIRROR STABILIZATION

We have recently shown that long-term ToF drifts of
ions with disparate m/q values scale with the total flight
time in an MR-ToF analyzer, regardless of the amount of
lapping that has taken place47. It follows that, for ions
that are ejected simultaneously, these drifts can be cor-
rected during data evaluation by means of any correction-
ion species with a sufficient count rate. This is routinely
done for precision mass measurements18,25,47,51. For the
multiple-ejection scheme, this ability is lost, at least to
some extent, due to investigations being performed at
fixed flight paths instead of times. Thus, a stable trap
configuration becomes significantly more important.

The four reflecting mirror potentials of the present
setup are therefore actively stabilized by means of a
software-implemented PID controller following Wien-
holtz et al.52. For each of these potentials, the voltage
from a low-noise power supply (iseg Spezialelektronik,
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FIG. 7. Relative deviation of 208Pb+
4 mass values from re-

peated measurements like the one shown in Fig. 3 for a setup
with (top) and without (bottom) stabilization of the mirror
voltages by means of the PID controller.

EHS 8240) is filtered by a high-voltage low-pass setup
(40µF, 1 MΩ). Their outputs are supplied to the mirror
electrodes and precision high-voltage dividers simultane-
ously (Ohm-Labs, KV-30A or Caddock, HVD5-A50M-
050-05). The reduced voltages are measured with pre-
cision multimeters (Keithley, Model 2002 or DMM7510)
and used to re-adjust the initial output voltages through
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the PC-based PID regulation at a cycle rate of 10 Hz.
This type of stabilzation has been shown to significantly
reduce drifts in ion flight times, as their sensitivity to
the mirror potentials far outweighs that to, e.g., ambient
temperature52. Additionally, the low-pass filters help to
dampen ringing and ensure small recovery times after the
switching to open and close the exit-side mirror.

To characterize the multiple-ejection performance for
long-time measurements, the mass of 208Pb+

4 is deter-
mined repeatedly. Each slice in Fig. 7 represents 250 s
of measurement time with a cycle rate of 10 Hz, yielding
a total of around 1.75 h. The average count rate is 3.7
and 0.7 counts per cycle for the n = 3 and 4 species,
respectively. The measurements shown in the top and
bottom have been performed with the mirror-voltage sta-
bilization enabled and disabled, respectively. The mean
uncertainty of the individual measurements (black error
bars) is comparable between both configurations, namely
2.9·10−7 and 3.7·10−7 for the top and bottom run. How-
ever, the ions’ ToF drift increases significantly when the
voltage stabilization is disabled. Due to the individual
measurements taking some minutes to reach sufficient
statistics and both species not exhibiting strictly iden-
tical drifts as explained above, the results become more
erratic.

An in-depth investigation of the voltage stabilization
on all four mirror electrodes (as an extension of recent
investigations52) is subject of ongoing work. However,
for the present measurements, its positive effect is clearly
evident. The weighted mean of the 208Pb+

4 mass shows
a discrepancy of ∆m/m = 9.6 · 10−8 to the literature
value in the the run without the PID controller (solid
blue line in Fig. 7). The uncertainty of the weighted
mean is δm/m = 7.1 · 10−8 (dashed blue lines), there
is thus a systematic deviation in the overall result. For
the measurement with the enabled PID controller, the
discrepancy reduces significantly to ∆m/m = 1.1 · 10−8

with an uncertainty δm/m = 5.8 · 10−8.

VI. SUMMARY

The present study illustrates the use of an MR-ToF-
based measurement scheme for single-reference mass de-
terminations using ion species with large mass differ-
ences. Multiple mirror-switching operations are per-
formed to selectively release ions different ejections times.
This allows two species to complete the same number of
revolutions despite their difference in revolution period
and multiple lappings of one another over the storage du-
ration. The mass of one species can be directly calculated
using the other as reference, akin to regular, single-path
ToF mass spectrometry. The resulting mass uncertainty
in the present study is 3 ·10−7 for a ten-minute measure-
ment and 6 ·10−8 for a measurement spanning about two
hours.

These values are comparable to those obtained from
similar investigations with isobaric references. Thus,

they open the door for uncomplicated precision MR-
ToF mass measurements in cases where close-by refer-
ence species are not readily available. The need for mea-
surement cycles with different references or storage times
is eliminated, which directly improves the experimental
duty cycle and stability against long-term drifts.
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Abstract. Photofragmentation spectra for small bismuth-cluster cat- and anions are recorded for the inves-
tigation of their fragmentation pathways as a function of cluster size. To this end, the ions of interest are
stored and size-selected in an electrostatic ion beam trap/a multi-reflection time-of-flight mass spectrom-
eter with high resolving power. The subsequent photoexcitation is timed to their turn-around point in the
trap’s mirror potential. In this novel approach, charged fragment clusters exhibit the same energy as the
precursor ions and, thus, can be further stored and investigated with identical trap configurations. The
results suggest a high stability of the neutral bismuth tetramer in accordance with previous reports, which
is attributed to bismuth clusters exhibiting semimetal properties. Additionally, there is evidence for the
loss of larger neutral fragments.

1 Introduction and motivation

The properties of the Group 15 elements are known to
vary widely: starting off with the nonmetals nitrogen and
phosphorus, the group incorporates arsenic and antimony,
which are classified as semimetals, and eventually leads to
bismuth and its classification as a post-transition metal
like lead and tin [1]. Applications are similarly diverse
across the individual members, with bismuth specifically
proving to be candidate of interest for alloys useful for
(near-)infrared optoelectronics [2] or spintronics [3].

Gas-phase bismuth clusters produced by laser vapor-
ization have been studied since the 1980s [4–6]. The frag-
mentation channels of the cations Bi+n have been probed
by collision-induced dissociation (CID) for n = 3–14 [6,7],
surface-induced dissociation (SID) for n = 3–8 [8], and
photoexcitation at λ = 248 nm for n = 2–8 [5]. All studies
find that small clusters with n < 8 show a preference for
the loss of neutral monomers, dimers, and trimers, with
n = 8 marking the switch to dominant loss of neutral
tetramers Bi4. The experiments suggest increased stability
of the neutral dimer and tetramer species, which has also
been found in theoretical work based on density-functional
calculations [9–12].

The experimental information of anionic clusters Bi−n is
comparatively less extensive. Photoelectron-spectroscopy
(PES) measurements have been performed [13–15];
however, the anions’ fragmentation behavior has – to our
knowledge – not yet been probed experimentally. The neu-
tral clusters have been investigated for their magnetic

a e-mail: paul.fischer@uni-greifswald.de

moments utilizing Stern–Gerlach deflection [16], where
paramagnetic behavior is observed for odd sizes.

In the present study, photoexcitation at λ = 532 nm
is employed to investigate the fragmentation pathways of
bismuth-cluster cat- and anions with n = 2–19. To this
end, an electrostatic ion beam trap (EIBT) [17–19] is used
to store the cluster ions between two electrostatic ion mir-
rors. These highly versatile ion-trap devices, also referred
to as multi-reflection time-of-flight (MR-ToF) mass spec-
trometers, exhibit high mass resolving powers (R ≥ 105)
and have proven to be valuable tools for ion separation
prior to nuclear precision experiments [20–27] next to their
application for direct mass measurements [21,25–30]. For
the study of cluster and molecular properties, the electro-
static nature of EIBTs permits investigations over virtu-
ally unrestricted mass ranges and their open geometry and
absence of magnetic fields allows overlapping of electron
[31] or laser beams [32–36] with the stored ions.

EIBT-based photofragmentation studies of small metal
clusters have been performed by Aviv et al. [32,34,35,37]
by operating the trap in “non-bunching” mode, where
stored ions quickly fill the entirety of the axial space.
Additional in-trap deflectors are then utilized to extract
fragment ions and perform time-of-flight evaluations. In
contrast, ion bunches are retained in the present study
instead, and the trap is used to select an ion species
of interest. The system’s high mass resolving power and
sensitivity can, thus, be used to suppress contaminant
ions without the need for additional devices or prepa-
ration steps. The laser pulse is timed to excite the ions
at their turn-around point in a mirror potential, i.e.
when they have a kinetic energy of (close to) zero but
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Fig. 1. Schematic of the experimental setup. From top left to bottom right: target plate and dual-stage acceleration section, ion-
optical lenses and steerers, quadrupole deflector, entry-side lens/steerer, MR-ToF analyzer with in-trap lift electrode, transversal
deflector electrodes, and stacks of six mirror electrodes on each side, exit-side lens/steerer, channeltron ion detector with
conversion dynode. The ion path is indicated as red, the source and photoexcitation laser beams as green arrows.

retain their full potential energy. This feature has already
been employed in reflectron mass spectrometers by several
groups [38–44]. Prompt fragmentation, i.e. before substan-
tial re-acceleration, thus results in the fragment ions leav-
ing the mirror potential as individual bunches with the
same total energy as the precursor, allowing a direct mass
analysis by use of the same post-trap detection equipment.

2 Experimental setup

The present setup (Fig. 1) has already been partially
described in [45–48]. A laser-ablation source similar to
those of [49–52] is utilized to produce small metal-
cluster ions via laser irradiation of target plates in vac-
uum (Continuum: MiniLite laser, ≤15 mJ pulse energy at
λ = 532 nm, 6 ns pulse length, 10 Hz repetition rate). The
ions are accelerated to 2010 eV with a two-stage extraction
section [53] and guided into the EIBT via a quadrupole
deflector and several ion-optical elements. The potentials
of the trap’s electrostatic mirrors are given in [46]: of the
six electrodes of each mirror, the outermost four are used
to form the reflecting potential wall while the innermost
two refocus stored ions during each revolution, thus ensur-
ing radial confinement.

The experiment sequence after the ions’ arrival at the
trap is depicted in Figure 2. An in-trap lift electrode
[54–57] is used to lower the ions’ total energy between
the mirrors by switching the tube’s potential from a pre-
set voltage to ground (Figs. 2a and 2b). In the present
study, this lift voltage is chosen as +/−811 V for the trap-
ping of cat- and anions, respectively. The delay between
the source-laser pulse and the switching of the lift elec-
trode is denoted as the m/q-dependent capture time tcap
[48]. When no switching is employed at all (“single-path
operation”), all ions reach the detector at increasing flight
times according to their m/q value and the system resem-
bles a conventional linear ToF mass spectrometer with two
acceleration stages [53].

For MR-ToF operation, a mass range of interest can be
preselected via the capture time. The ions are trapped for

Fig. 2. Schematic illustration of the experimental cycle for
photoexcitation of a selected ion species. For details, see text.

the length of a storage time ts (Fig. 2c), which is chosen to
correlate to 400 of their revolution periods for the present
study. Depending on the ions’ mass-to-charge ratio, this
amounts to several tens of milliseconds. During storage,
different ion species will separate in time due to their dif-
ference in velocity, allowing their selection by transver-
sal ejection of unwanted species ([46] and references
therein): A sliced in-trap deflector electrode (see Fig. 1) is
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periodically switched between ground and some deflec-
tor voltage, allowing undisturbed passage for ions with
an m/q value selected by the switching frequency, phase,
and duty cycle.

Photoexcitation is subsequently performed on a selected
ion species using a second Nd:YAG laser (identical model
as source laser) at λ = 532 nm Figure 2d. The excitation-
laser beam is guided through the trap axially (see Fig. 1),
the pulse timing is set by adjusting its delay to the source-
laser pulse via a frequency generator (Keysight Technolo-
gies, 33522A). Specifically, the delay is chosen such that
it amounts to the sum of the capture time, which is in
turn adjusted to capture the ion species of interest when
it is in the center of the in-trap lift, and its revolution
period T (n) times 400.75. Since one period is defined as
the time needed for the ions to reach the middle of the
lift tube again (with a direction of motion towards the
exit-side), the additional three quarters of a period ensure
their location at their turn-around point in the entry-side
mirror.

The excitation-laser pulse energy is monitored on a
shot-to-shot basis with a pyroelectric sensor (left of the
quadrupole bender in Fig. 1) and tuned for an output of
1 mJ for the present measurements. This produces reason-
able fragment-ion intensities without significantly chang-
ing relative abundances compared to lower pulse energies
(dependence on pulse energy will be discussed further
at Fig. 10). Photofragmentation spectra are recorded
together with reference cycles in which the excitation-laser
pulse is blocked in an alternating fashion to correct long-
term source-intensity drifts.

The tcap values for central capture were determined
carefully, as mismatches thereof would lead to the excita-
tion-laser pulse not being synchronized to the theoretical
turn-around point. Both the capture times and revolution
periods of ions follow square-root functions according to
their mass-to-charge ratios [48].

For cluster-fragment analysis, the exit-side mirror
potential is lowered simultaneously to the timing of the ex-
citation-laser pulse Figure 2d. More specifically, the outer-
most two mirror electrodes are switched from their respec-
tive voltages to ground, which lowers the maximum of the
potential wall below the ions’ storage energy of 1200 eV.
This combined approach of in-trap lift capture and mirror-
switch ejection leads to a larger “ToF ejection window”
while retaining the advantage of adjusting the ion energy
via the lift potential [45]. The mirror-switch ejection elim-
inates the need to scan an additional timing or voltage
to observe different fragment ions. All fragments and the
remainder of the precursor ions will reach the detector
Figure 2e and – since fragment-ion flight times after the
photoexcitation follow a square-root function according
to their m/q value – the cluster sizes are easily identified.
For significantly larger clusters or more complex fragmen-
tation behaviors resulting from, e.g., different cluster iso-
topologues, the ion ejection can also be delayed to perform
multi-reflection operation and utilize the full mass resolv-
ing power of the MR-ToF device on the fragments [58].

Ion detection is performed with a channeltron detec-
tor including a 5 kV conversion dynode. The detector sig-
nals are amplified (ORTEC, VT120a, 46 dB) and recorded

with a fast multiscaler (FAST ComTec GmbH, MCS6A).
Its start is synchronized to the source-laser pulse, i.e.
the time of the ions’ start in the source. The control
of the experimental timing pattern is performed with
a LabVIEW-based control software [59] and a Field-
Programmable-Gate-Array card (National Instruments,
PCI-7811R).

3 Results and discussion

3.1 Cluster production

With laser-pulse energies of 0.5−1 mJ, the present laser-
ablation source produces a high abundance of small-sized
clusters, the distribution of which can be investigated in
the single-path operation scheme (Fig. 3). For both polar-
ities, the cluster sizes n ≤ 5 are readily produced while
larger clusters are less abundant.

The intensity distribution of bismuth cations shows
local maxima at n = 3, 7, 10, 16, and 21. The n = 5
cation is the largest cluster produced in high abundance
before a significant drop in relative intensity occurs for the
following sizes. This is in general agreement with previous
observations on bismuth spectra produced by laser vapor-
ization [6,8,60] and sputtering [6]. Particularly the n = 3,
5, and 7 cations are expected to exhibit increased stabil-
ity according to simple electron counting rules of polyhe-
dral structures (“Wade’s rules” [61]). The bismuth atom’s
s2p3 configuration leads to a total of 8, 14, and 20 valence
p electrons, respectively, which corresponds to the stable
numbers of 2n+ 2, 2n+ 4, and 2n+ 6.

It has been reported that neutral clusters with sizes
larger than 5 have not been observed when probed with
photoionization in the presence of larger charged species
[60]. This may indicate that the formation of larger clus-
ters relies on aggregation processes supported by colli-
sional cooling. It was also suggested that cationic cluster
growth is primarily limited to ion-neutral condensation,
as ionization presumably only occurs during and shortly
after the laser pulse when high energies are present.

Anionic clusters, in contrast, could grow via neutral
condensation and pick up an electron later, depending on
electron affinities, electron attachment cross sections, and
stable electron configurations [60]. This may explain the
overall smoother distribution of anionic cluster-size abun-
dances observed in Figure 3. Following the rules of elec-
tron counting, stable structures should occur for n = 1,
3, and 5 (2n + 2, 2n + 4, 2n + 6 p electrons). However,
although Bi−1 and Bi−3 are observed in high abundance,
Bi−2 is even more prominent, which is in agreement with
previous results [13,50,60]. Other (minor) local maxima
can be observed for n = 10, 13, 16, and 19.

The cluster intensity drops somewhat at n ≥ 21 and
n ≥ 19 for cat- and anions, respectively. Note that the
source-laser pulse energy has been purposely set to a low
value (≈0.5 mJ) for the measurements shown in Figure 3
to prevent detector saturation on the signals of small clus-
ter sizes. While the individual intensities allow a rela-
tive comparison of production/ionization rates, the pulse
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Fig. 3. Single-path spectrum of Bi
+/−
n clusters produced with the present laser ablation source. Selected signals are marked.

energy can be tuned such that comparable, sufficiently-
high count rates are achieved in multi-reflection operation
for specific species of interest.

3.2 In-trap photoexcitation

According to the measurement cycle outlined in Section 2,
an individual cluster size is captured by lowering its total
energy with the in-trap lift and stored for 400 revolutions
to select it for photoexcitation. The steps of the cycle are
visualized in Figure 4 for the case of the bismuth heptamer
anion, Bi−7 .

Without transversal ejection (Fig. 4a), signals of a num-
ber of “contaminant” ion species are present in the ToF
spectrum due to other, simultaneously-stored cluster sizes
lapping the ion of interest. For bismuth clusters specifi-
cally, low-abundance Bi–Pb compound clusters resulting
from target impurities have also been observed (see Fig.
10 in [48]). For larger clusters, several hundred revolution
periods are needed to separate them from the species of
interest and eject them transversally (a selection resolving
power of around 4000 is needed for the largest invesitaged
species Bi19). Accordingly, a duty cycle setting of 65◦ (see
[46] for definition) has been chosen for all measurements per-
formed in the present study and the deflector pulses of the
ejection are applied for the first 395 revolution periods.

With the transversal ejection enabled, all ion species but
the selected precursor cluster size are removed from the trap
(Fig. 4b). Thus, upon photoexcitation the spectra only show
the precursor and the new ion signals originating from its
fragmentation (Fig. 4c). The time-of-flight axis in all three
spectra is chosen such that zero coincides with the timing
of the excitation-laser pulse and the simultaneous switch-
ing of the exit-side mirror potential. For the example of Bi−7
(Fig. 4) the capture time tcap (7) = 78.5µs and revolution
period T (7) = 128.1324µs lead to a total excitation-laser
delay of tcap (7) + 400.75T (7) = 51427.6µs.

A variation of the excitation-laser pulse delay has been
performed for Bi−5 to demonstrate the influence of the tim-
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Fig. 4. ToF spectra after 400 Bi−7 revolution periods. (a)
No transversal ejection and no photoexcitation is employed.
(b) Transversal ejection is enabled for the first 395 revolution
periods and synchronized to retain Bi−7 . (c) In addition, the
excitation-laser pulse is enabled to interact with Bi−7 in the
entry-side mirror after 400 periods.

ing (Fig. 5). For a delay of 0, the pulse coincides with the
theoretical turn-around point at 400.75 revolution peri-
ods. Since T (5) = 108.3µs and tcap (5) = 66.3µs, the
delay steps of 1µs amount to mismatches of roughly 0.9%
with respect to the revolution period or 1.5% with respect
to the capture time.

As is readily apparent from the ToF spectra (top
of Fig. 5), delay mismatches lead to asymmetrical
results around the expected turn-around timing. For
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Fig. 5. Top: 2D plot of ToF spectra after photoexcitation
of selected Bi−5 ions (rightmost signal) with Bi−2 , Bi−3 , and
Bi−4 fragment signals for different excitation-laser pulse tim-
ings. Bottom: total fragment intensities as function of pulse
timing.

singly-charged ions, the kinetic energy of the fragment,

Ef =
mf

mp
Ep, (1)

is the portion of the kinetic energy of the precursor
Ep given by the mass ratio of both ions. Accordingly,
post-turn-around fragmentation leads to fragment ions
exhibiting less kinetic energy after their full accelera-
tion from the mirror potential with increasing delays,
as Ep continuously increases. This leads to ion signals
shifting to longer flight times for positive timing delays.
For pre-turn-around fragmentation, the lowered energy of
the fragments results in an additional shift of the actual

turn-around point towards lower potentials and thus
shortens the traveled flight path.

Although the angle of incidence of ions entering the mir-
ror potential is expected to be small due to phase-space
selection occurring over the first 400 revolutions of stor-
age, stable trajectories could still exhibit nonzero values.
For photoexcitation studies performed at the turn-around
point of a reflectron, where incidence angles have to be
larger, early and late fragmentations are known to lead to
different changes in post-reflection ion trajectories [39].

Both angle and energy deviations of fragment ions lead
to intensity losses in the present setup, as the electrostatic
deflectors between the trap and ion detector (see Fig. 1)
will not properly focus/steer aberrant ions. However, we
expect the “loss” of kinetic energy to be the primary rea-
son for the decreasing intensity with both positive and
negative pulse-timing values.

The fact that the shortest fragment-ion flight times are
not observed at “0” could be explained by the compensat-
ing effect of earlier turn-around points stated above. The
present measurements have been performed with the pulse
timing set to “0” to ensure maximum fragment intensity.
Time-of-flight shifts during the measurement due to fluc-
tuations in the trap’s potential or geometric configuration
have recently been shown to scale with the number of
revolution periods [47]. For the chosen experimental con-
ditions and storage times, fluctuations in the ions’ revolu-
tion period are insignificant in the context of pulse-timing
strictness. The results of the scan shown in Figure 5 are
qualitatively identical for different precursor cluster sizes,
the allowed window of pulse timings scales with the revo-
lution period.

We note in passing that there is some timing-dependent
ToF focusing of the fragment signals (see top of Fig. 5).
This is related to the conditions of the ions’ re-acceleration
by the mirror and of no consequence for the present mea-
surements. We also note that fragmentation processes
with time constants significantly longer than the turn-
around time will not lead to ion signals as presented here.
However, the reader is also referred to the explanations for
the additional signal observed in the n = 16 anion pho-
toexcitation spectrum in Figure 11. An in-depth investi-
gation of these effects is beyond the scope of the present
study but will be subject of future work.

3.3 Photofragmentation

A 2D color-intensity plot of all fragmentation spectra
recorded in this study (Fig. 6) reveals fragmentation pat-
terns beyond the sequential evaporation of neutral atoms
typically associated with metal clusters. While small clus-
ters (n ≤ 8 for both ion polarities) do lose single neutral
atoms, the pathway is quickly superseded by the loss of
neutral (presumably) dimers Bi2 and tetramers Bi4. This
behavior is akin to that previously observed for clusters of
non-metallic materials such as carbon, for which neutral
C3 loss is a dominant channel [62], or silicon, which prefers
the formation of Si+6 [63]. In fact, gas-phase bismuth
clusters have been characterized to exhibit semimetal
properties based on their geometrical structure and
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Fig. 6. Overview of the performed photoexcitation measure-

ments for Bi
+/−
n , n = 2–19. Spectra have been normalized to

their respective maximum.

fragmentation behavior in a variety of studies [5,7,9].
Mitch et al. also found a phase transition from nanocrys-
talline to amorphous structures with decreasing thickness
of ultrathin Bi films, which indicates a change from semi-
metallic to semiconducting character as well [64].

When the relative fragment intensity is plotted for given
sizes of the neutral fragment lost from the cluster in
analogy to neutral-loss scans in MS/MS experiments [65]
(Fig. 7), certain trends become apparent. For all cluster
sizes n ≤ 7, the primary fragmentation pathway is the
evaporation of monomers or dimers for both ion polar-
ities (Fig. 8), after which the loss of larger fragments
predominates.

3.3.1 Cations

For Bi+n clusters, the charged fragment resulting from the
loss of a neutral atom is most abundant up to a precursor
size n = 5, after which the “n− 2 fragment” prevails. For
n = 6 and 7, additional fragments correlating to the loss
of a neutral trimer or tetramer can also be observed. As
mentioned in the introduction, the fragmentation behav-
ior of small bismuth cations up to n = 14 has been stud-
ied previously by CID, SID, and photoexcitation [5–8].
The results vary slightly in terms of which fragment ion
is most readily observed for a specific precursor, however,
the prevalent finding for n ≤ 5 is monomer and dimer loss.

The Bi+8 ion marks a switch of the dominant fragmen-
tation pathway towards the loss of a neutral tetramer, Bi4
(Fig. 9), which has been observed in all previous fragmen-
tation studies [5–8]. Both the neutral dimer and tetramer
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Fig. 7. Relative intensities of high-abundance fragments for
precursor cluster sizes n = 2–19. Curves resulting from piece-
wise interpolation are drawn to guide the eye.

are expected to exhibit increased stability from their num-
ber of valence p electrons (2n + 2 and 2n + 4, respec-
tively), and both species are indeed observed in neutral
cluster-ensembles produced by laser vaporization [4,60]
and vapors from oven sources [66]. In fact, the neutral
dimer and tetramer of antimony, the closest group 15
neighbor to bismuth, are also found similarly [4,60,67–69],
and the dominant channel in unimolecular dissociation for
Sb+

n clusters with n ≥ 8 is neutral tetramer breakoff [69].
Density-functional calculations have found the geomet-

ric structure of Bi4 as a tetrahedron with Td symmetry
[9–12]. Its binding and fragmentation energies are large,
furthering the assumption of the neutral tetramer being
of significant importance for the bismuth fragmentation
behavior. In fact, Kelting et al. found the “n − 4 Frag-
ment” in highest abundance for all cations in the range
from n = 8 to 14 [7] and unimolecular dissociation stud-
ies performed by Ross et al. yield the same result with
the notable exception of Bi+10 [6]. Fragmentation path-
ways predicted by Yuan et al. suggest the loss of neu-
tral tetramers to be preferred for all cations from n = 8
up to 22 [9]. Fragmentation energies calculated for Bi+10
are comparatively close for the loss of a neutral dimer,
trimer, and tetramer [7], which is in agreement with its
photofragmentation spectrum showing a larger number of
high-abundance fragment signals.

In the present study, the fragmentation via the Bi4
channel is prevalent up to n = 14, with the exception
of the Bi+13 precursor, where a high amount of Bi+5 (n− 8)
fragments is observed instead (Fig. 9). This, together with
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the observation that Bi+14 produces a “fragmentation foot-
print” very similar to that of Bi+10, suggests the presence of
sequential fragmentation processes. Precursors could lose
a neutral tetramer and lead to excited n − 4 fragment
ions with vibrational energies still high enough for fur-
ther dissociation. For the example of the n = 13 pre-
cursor, this results in the loss of an additional neutral
di- or tetramer according to the fragmentation channels
observed for direct excitation of the smaller clusters. A
variation of the excitation-laser pulse energy Epulse for

photoexcitation of Bi+13 is therefore performed to reveal
the behavior of individual fragment intensities I with
changing photon densities (Fig. 10). As is readily appar-
ent, all fragment species follow the same trend, in fact,
the ratio between the fragments is constant within the
measurement’s uncertainty. The curves fitted to the data
follow an exponential function

I (Epulse) = R
(
1− e−kEpulse

)
, (2)

where R describes a fragment ion’s branching ratio and
k the fitting constant of a characteristic pulse energy
ε = k−1. For low pulse energies, the curves can be approx-
imated by linear functions.

The results of the pulse-energy variation suggest the
fragment ions to be products of competing, single-photon
fragmentation pathways, which is implying the direct loss
of a neutral octamer Bi8 in contrast to sequential tetramer
decay. Investigations for different precursor clusters yield

comparable results, with most high-abundance fragments
maintaining a fixed ratio and only some minor species
growing disproportionally abundant for high pulse ener-
gies. This discrepancy could be partially explained by cal-
culated fragmentation energies [7]: the Bi+13 −→ Bi+9 +Bi4
fragmentation is reported to consume 0.85 eV by Kelting
et al., another subsequent Bi+9 −→ Bi+5 +Bi4 tetramer loss
consumes an additional 0.92 eV. With the present photon
energy of 2.33 eV, the full sequence could be expected to
conclude with a single absorbed photon. However, consid-
ering that Bi+5 is exceptionally dominant in the n = 13
spectrum regardless of pulse energy and that increased
decay times beyond a few microseconds will lead to sig-
nals not being observed, this explanation seems less likely.
Note that Yuan et al. calculate fragmentation energies of
1.53 eV and 1.24 eV for the sequential neutral tetramer
loss of Bi+13, which would put it out of range for a single-
photon process.

A conclusive result on whether neutral octamer or
sequential tetramer loss is the dominant pathway in the
present study cannot be derived from the current data
set. It seems likely that both channels contribute to the
observed signals; a more definite answer asks for an inves-
tigation incorporating the variation of the laser-photon
energy and/or time-resolved measurements as have been
performed with a Penning-trap setup for different cluster
species [70–73].

The fragmentation of Bi+n with n > 14 has, to our
knowledge, not yet been probed experimentally. In the
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present study, the precursors n = 15–19 show a behavior
somewhat resuming that observed for the smaller clusters
(Fig. 11). ToF spectra are dominated by (n− 8)-fragment
ions while those with n− 4 and n− 12 are also observed.
Interestingly, the abundance of the species associated with
the loss of a single neutral tetramer seems to perform an
oscillation with a 4n period, increasing from close to no
signal intensity for the Bi+15 precursor to most abundant
fragment for Bi+18. At n = 19, the result again resembles
that of n = 15. Bi+18 marks the continuation of the possi-
ble sequential behavior of Bi+10 and Bi+14, again suggested
by the “fragmentation footprint” of Bi+10. However, Bi+17
shows no clear correlation to its tetramer-predecessor Bi+13
as, in fact, the Bi+9 ion now exhibits the highest intensity
of all fragments.

3.3.2 Anions

Contrary to their cationic counterparts, Bi−n clusters
have not yet been probed experimentally with respect
to their fragmentation. Figures 8, 9, and 11 also show
the photofragmentation spectra for the respective anion
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cluster sizes n = 2–7, 8–14, and 15–19 recorded under
identical conditions as the cations.

Similarly to the small cations, the n ≤ 7 anions’ path-
ways are mainly restricted to the loss of monomers and
dimers, with n = 8 marking the switch to tetramer loss
as predominant fragmentation channel. This furthers the
assumption that bismuth fragmentation is characterized
by the increased stability of the Bi4 neutral more than it is
by the configuragtion of the charged fragment. Addition-
ally, a strong odd-even fluctuation can be observed in the
n − 2 curve for n = 4–10 in the bottom part of Figure 7,
indicating that odd-sized Bi−n exhibit a stronger prefer-
ence for dimer loss than their even-sized neighbors. While
the calculated stability of bismuth anions evaluated from
the clusters’ binding energies does show odd-even fluctua-
tions [10,12], the odd-sized anions are, in fact, more stable
(like the cations). This agrees with the bismuth atom hav-
ing five valence electrons, resulting in closed shells at odd
numbers for singly-charged species.

An explanation for the observed odd-even fluctuations
can be given when the normalized numbers of total
detected ions in the photoexcitation spectra are taken into
account: the blue data points in Figure 12 show the ratio of
detected signal (including unreacted precursor ions) with
respect to the reference spectra recorded without pho-
toexcitation. Consequently, any value below 1 indicates
a loss of ions between the measurement cycles, presum-
ably by electron evaporation. Neutralized particles can-
not be observed with the present setup due to the off-axis
geometry of the ion detector (see Fig. 1), which in turn
is necessary to clear the trap’s longitudinal axis for the
excitation laser beam. However, since the reference and
excitation cycles are recorded in an alternating fashion,
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the discrepancy in detected ion rates (which is negligible
for the recorded cation spectra) can be accredited to ion
neutralization. We note for completeness that, in general,
the direct observation of neutrals in EIBT studies is pos-
sible if, e.g., the excitation laser is guided into the trap
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transversally [36] or the trap itself is of nonlinear geome-
try [32].

The calculated electron affinity (EA) of neutral bismuth
clusters, i.e. the energy difference between the neutral and
anionic species, also shows odd-even fluctuations [10–12],
with the odd-sized clusters again exhibiting larger val-
ues (solid black line in Fig. 12). Thus, these cluster sizes
show increased stability against electron evaporation, as
confirmed by photoelectron-spectroscopy (PES) measure-
ments on Bi−n [14]. Specifically, the experimental threshold
energies (dash-dotted black line in Fig. 12) for the cluster
sizes n = 4–7 are given as 1.15, 2.74, 1.85, and 2.31 eV,
marking the largest fluctuations over the investigated size
range (Bi−4 exhibits the lowest observed value, again indi-
cating the high stability of the neutral). The values for
larger clusters still show oscillations, although on a much
smaller scale.

Both results are in good agreement with the present
study, as the clusters with low electron affinities (n = 4,
6, 8) show lower relative ion count rates, i.e. higher rates
for electron evaporation. The photon energy is expected to
thermalize to the system’s vibrational degrees of freedom,
from which it is accessible for fragmentation processes [37].
It follows that the ratio of cluster fragmentation as cool-
ing channel increases with increasing electron affinity, as
direct electron detachment becomes less likely. The exact
interplay between both processes depends on a number
of factors such as fragmentation energy, EA, and the cou-
pling between electronic and ro-vibrational degrees of free-
dom and is, thus, beyond the scope of the present study.
However, the agreement of the curves in Figure 12 is con-
sistent with the explanation of the oscillations observed
in Figure 7 as a result of the EA fluctuations rather than
those of the clusters’ atomic binding energies.

Similarly to the cations, the anionic clusters from n = 8
to 14 show tetramer breakoff as dominant fragmentation
pathway (Fig. 9), again with the exception of Bi−13, where
the n− 8 fragment is most abundant. A difference to the
n = 13 cation spectrum is the strong presence of Bi−9 ,
whereas Bi+9 is virtually absent. For the other cluster sizes
of this range, the relative intensity of the n−4 fragments is
also increased compared to the cationic clusters (see Fig. 7,
yellow lines). The overall number of charged fragment
species in the anion spectra is increased as well, to the
point where most fragment sizes with n ≥ 2 are present
in every spectrum. Again, these results mostly hold under
variation of the excitation-laser pulse energy. The results
could hint at cation fragmentation being affected by the
stability of the charged fragments to a larger extend,
whereas anion fragmentation – with the additional cooling
channel of electron evaporation – is less sensitive.

Comparing the anion photofragmentation spectra for
n = 15–19 to those of the cations, the most noticeable
difference is the less pronounced change of the n − 4
fragment’s intensity as a function of precursor cluster size.
While the spectra are again largely dominated by the n−8
fragments, the abundance of the individual fragment clus-
ters changes more smoothly. Only for n = 17 are the path-
ways of neutral tetramer and octamer (and/or sequential
tetramer) breakoff almost balanced. This marks a signifi-

cant difference to the cations, where tetramer loss is most
pronounced at n = 18 instead.

Note that the anion spectrum of the n = 16 precur-
sor shows an anomaly in the form of an additional signal
trailing the Bi−12 (n−4) one. Although it may at first sight
seem like an unexpected neutral trimer breakoff, it can be
shown that this is not the case. Investigations including
the continued storage of the fragment clusters for several
laps after the photoexcitation have revealed that this sig-
nal’s revolution period is not compliant with that of any
bismuth cluster size at the storage energy of 1200 eV. How-
ever, the period is found for Bi−8 at 800 eV. This is con-
sistent with a delayed fragmentation Bi−12 → Bi−8 + Bi4 in
the field-free drift section of the in-trap lift after a prompt
reaction Bi−16 → Bi−12 + Bi4 at the turn-around point. The
exact point of where delayed fragmentation occurs during
the passage through the lift is inconsequential, as fragment
and precursor ions exhibit identical velocities under field-
free conditions. However, due to disproportional accel-
eration/deceleration in the potentials of the remaining
mirror and post-ejection lens electrodes, the accumulated
“aberrant” Bi−8 fragments reach the detector slightly later
than the remaining Bi−12 ions. The signal’s position on the
ToF axis is, thus, somewhat coincidental. The observation
of this delayed reaction indicates the presence of sequen-
tial fragmentation processes.

While the fragments result from decay-pathway compe-
tition in most cases (see Fig. 10 and discussion), other
delayed decay processes cannot be fully excluded. For
example, note that a similar low-abundance signal might
be partially overlapping with the Bi−13 signal in the n = 17
spectrum. In the present study, no further instances of
pronounced delayed fragmentation have been identified.

4 Summary and outlook

The present study introduces a novel approach to EIBT-
based photoexcitation studies, where a stored ion bunch is
irradiated with a pulsed laser beam guided axially through
the trap. The pulse is timed to excite the ions at their turn-
around point, leading to fragment ions exhibiting kinetic
energies identical to those of the precursors after their
re-acceleration. The system’s excellent capabilities as an
ion separator can thus be used to both preselect ions of
interest and investigate the resulting fragments.

Photofragmentation spectra of bismuth clusters are
recorded to both further the experimental study of their
fragmentation pathways and asses the MR-ToF tech-
nique’s capabilities for the investigation of molecular
decays. For the cationic species, the results found in
previous studies are reproduced and expanded to larger
cluster sizes. Fragmentation of bismuth-cluster anions is
probed for the first time experimentally. In both cases, the
prevalence of neutral tetramer breakoff as a dominant
decay channel found in previous experimental and the-
oretical work is confirmed. This decay behavior is accred-
ited to bismuth clusters exhibiting semimetal character
well into the investigated size range. The high stability of
the Bi4 neutral plays an important role in the observed
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fragmentations, although discrepancies between cat- and
anion results suggest the stability of the charged fragment
to be an additional factor. For larger clusters, evidence for
neutral octamer breakoff is found, however, a conclusive
disentanglement from channels of sequential tetramer loss
requires further investigation. In the course of the present
study, time-resolved measurements of delayed decay pro-
cesses have been triggered, which are subject of ongoing
work.
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The photofragmentation behavior of the lead-doped bismuth cluster 209Bi7
208Pb+ is investigated by use of

multi-reflection time-of-flight mass spectrometry (MR-ToF MS), which serves both as precursor selector on
a scale of single atomic mass units as well as high-resolution fragment analyzer. This is an implementation
of a tandem MR-ToF study, where two instances of high-resolution mass spectrometry are used, namely for
pre-selection and post-excitation analysis, in quick succession within a single device to determine complex
dissociation patterns. The full information of the fragmentation pathways is obtained, including branching ratios
describing the retention of the charge on the pure or compound cluster. The results are compared to the behavior
of the analogous pure bismuth cluster 209Bi+8 and interpreted within the framework of well-established cluster
stability rules.

DOI: 10.1103/PhysRevResearch.1.033050

I. INTRODUCTION

The properties of atomic clusters [1,2], systems located
between the single atom and bulk matter, vary with their
number of atoms and valence electrons. For monoatomic
species, these values are inherently coupled unless different
charge states are addressed. Binary systems, i.e., with atoms
of two different elements, offer more freedom, as the number
of atoms of the second species becomes an additional tuning
parameter. Alkali-metal clusters doped with other alkali [3,4]
or metal species [3,5–7] were already studied in the 1980s
and 1990s. Since then, research of bimetallic clusters has been
expanded significantly [8–11], with topics of interest being as
diverse as, e.g., the fine-tuning of catalytic processes [12–15]
and even biomedical markers [16].

Many interaction-based studies call for two instances of
mass-spectrometric analysis, commonly referred to as tandem
mass spectrometry, MS/MS or MS2 [17]: once prior to the
interaction to select the precursor and again afterward to
resolve and analyze the reaction products. Bimetallic sys-
tems are experimentally particularly challenging, as the mass
resolving power needed for compound-cluster investigations
often surpasses that required for single-element species by
orders of magnitude. To increase the resolving power of time-
of-flight (ToF) devices [18], the principle of multi-reflection
(MR) has been introduced [19] akin to the concept of elec-
trostatic ion beam traps (EIBTs) consisting of two opposing
ion mirrors [20,21]. In nuclear physics, MR-ToF devices have
recently been applied for fast mass separation or ion selection

*Corresponding author: paul.fischer@uni-greifswald.de

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

[22,23] as well as precision mass measurements [24]. On the
molecular level, they are appreciated for their capability as
ion traps with a virtually unrestricted mass range, operated
either in “non-bunching mode,” where injected ion beams fill
the entire trap volume [25,26], or with capacitive pickup de-
tection (Fourier transform MR-ToF) for high-resolution mass
spectrometry [27–30].

Here, we introduce the dual use of high-resolution multi-
reflection time-of-flight mass separation and spectrometry in
the same measurement cycle of a single device. This method
constitutes a substantial extension of a recently reported ap-
proach to MR-ToF- or EIBT-based photofragmentation stud-
ies [31], which is briefly reviewed as the present method is
based upon it.

II. EXPERIMENTAL SETUP

Metal clusters are produced via laser ablation [32–35],
accelerated to 2 keV, and captured between two electrostatic
ion mirrors with an in-trap lift electrode [36] (see Fig. 1 for
experimental setup). In previous work [31], precursor bismuth
cluster ions are selected on a scale of single atomic mass units
employing the MR-ToF device’s high resolving power. This
is necessary in order to remove all other “contaminants,” in
particular those where a bismuth atom (mass number A =
209) is replaced by a lead atom (A = 204, 206, 207, 208) due
to impurities of the ablation target (see Fig. 10 in [37]). After
400 revolution periods (some tens of milliseconds depending
on cluster size), the isobar-selected precursor is irradiated by a
laser pulse. The pulse timing is synchronized such that the ion
bunch is located at its turnaround point in the trap’s entry-side
mirror potential, implying a kinetic energy of (close to) zero
at the time of laser interaction. Fragment ions thus have the
same energy as the precursor regardless of mass and can be
studied with the same post-trap detector configuration.

The investigations reported in Ref. [31] are limited to
clusters consisting only of 209Bi atoms, as bismuth has just

2643-1564/2019/1(3)/033050(7) 033050-1 Published by the American Physical Society
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FIG. 1. Overview of the experimental setup, with ion path indicated in red, source and interaction laser beams in green.

this one naturally occurring isotope. Thus, the challenge of
the fragment analysis never rises beyond that of cluster sizes
Bin, where n denotes the number of atoms in the molecule.
For small clusters, the required mass resolving power of
the second MS stage is consequently only on the order of
R = m/�m � 20, which is easily accessible with linear ToF
MS [18]: The ions were released by switching off the exit-
side mirror potential simultaneously to the excitation-laser
pulse to record their “single-path” flight times to the detector.
The overall experimental cycle can be described as MR-ToF
MS/ToF MS. The high resolving power of the MR-ToF oper-
ation is needed in the first stage to suppress contaminant ions
in the form of low-abundance compound clusters Bin−mPbm

(m < n) or, in the general case, molecular isotopes (“isotopo-
logues”) [38] and ensure unambiguous results. For the second
step of product ion analysis, the low resolving power of linear
ToF MS is fully sufficient.

For the present study of lead-doped bismuth clusters, the
laser-ablation target is purposely changed to an alloy contain-
ing 25 at% Pb and 75 at% Bi to enhance their production
rate and select them for photoexcitation. Fragmentation of
a compound cluster is inherently more complex and can be
understood as the loss of a neutral (compound) cluster from
the selected n-atomic precursor, i.e.,

Bin−mPb+
m → Bin−m−xPb+

m−y + BixPby, (1)

where x, y ∈ {0, 1, 2, . . . } and x � n − m, y � m. Note that
it is impossible to investigate such behaviors in the previous
MR-ToF MS/ToF MS–style measurement [31], as the mass
resolving power needed to distinguish the charged product
species quickly rises to R > 1000 with increasing n.

While there are other approaches of tandem mass spec-
trometry, they offer no viable alternative for cases like the
present. Quadrupole mass filters (QMFs), in particular “triple
quad” setups [39], have been used to investigate metal clus-
ters [40,41]. In addition, they have also been employed for
precursor selection prior to, e.g., (reflectron-)ToF MS [42,43].
However, limitations imposed by QMF devices include a low
mass resolving power on the order of a few hundred and a typ-
ical maximum m/q ratio below 10 000 u/e. Fourier-transform
ion-cyclotron resonance (FT-ICR) mass spectrometers are
another option for (among others) cluster studies [44–46],

as they offer excellent resolving powers reaching up to sev-
eral millions [47,48]. However, ICR measurements are based
on high magnetic fields provided by superconducting mag-
nets, which can complicate optical access to the interaction
region. In addition, the magnetic fields lead to m/q re-
strictions [47,49], typically on the order of a few thousand
atomic mass units over elementary charges, and a limited
sensitivity. Several tens or hundreds of ions are needed per
experimental cycle unless the ions have exceedingly high
charge states or the detection is restricted to only very narrow
bandwidths.

MR-ToF devices, in contrast, perform single-ion counting
with negligible background, allowing measurements even for
species with very low count rates (in the present study, only
one Bi+5 event is observed in about 3000 cycles; see Fig. 4
below) that are inaccessible to ICR spectrometers. At the same
time, MR-ToF resolving powers can be pushed to several
100 000 [50].

Here, we report the introduction of an advanced measure-
ment scheme: After the high-resolution MR-ToF precursor
selection and subsequent cluster-laser interaction, the ions
are stored further for high-resolution mass analysis. For a
demonstration of the (MR-ToF MS)2 scheme, 209Bi7

208Pb+

with mass number A = 1671 is selected as precursor to char-
acterize the change in its fragmentation behavior with respect
to the pure octamer, 209Bi+8 with A = 1672. The first MS stage
accordingly calls for a separation resolving power R � 2000,
which is easily surpassed with the present value of R ≈ 10 000
at 400 revolution periods [38].

III. RESULTS AND DISCUSSION

Figure 2 shows fragmentation spectra for both species of
interest measured without additional post-excitation storage.
While the pure cluster (a) has already been discussed in detail
[31], the resolving power is not sufficient for the compound
(b): Namely, the unresolved fragment species with mass dif-
ference �m = 1 u, marked in violet, yellow, and orange, pre-
vent comprehensive evaluation of the dissociation pathways.
While the relative change in fragment abundances between the
precursor species is obvious (see also values listed in Table I),
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FIG. 2. Single-path time-of-flight spectra of Bi+8 (a) and Bi7Pb+

(b) after photoexcitation at λ = 532 nm as introduced in Ref. [31].
Note that the resolving power is not sufficient to distinguish the Bi
cluster fragments from the Bi-Pb compounds in the bottom spectrum
(marked violet, yellow, and orange).

the branching ratios

B = IBiPb

IBiPb + IBi
(2)

for lead-containing fragments, where IBiPb and IBi are the
intensities of the compound and pure cluster ion species,
respectively, are not accessible from the single-path spectrum.

In order to determine these ratios, the experimental cycle
is changed to the (MR-ToF MS)2 mode by delaying the
ions’ ejection after the photoexcitation for several tens to
hundreds of additional revolution periods. All fragments are
retained and lap each other according to their mass-to-charge
ratio. The pure and compound species for the same fragment
sizes separate at sufficiently high (post-excitation) revolution
numbers, as illustrated in Fig. 3 for the n = 5 species.

A single measurement has been performed with an addi-
tional post-excitation storage time corresponding to 162, 145,
and 132 revolutions of the n = 4, 5, and 6 fragment species,
respectively (Fig. 4). This storage time has been chosen such
that all species of interest that appear in the spectrum are
sufficiently resolved and do not overlap. The present mass
resolving power in this second MS stage is R ≈ 10 000 and
thus sufficient to distinguish all fragment species. This allows
the determination of the branching ratios B defined in Eq.
(2). A separate measurement was performed for the low-

TABLE I. Relative fragment abundances in Fig. 2. The value for
fragment cluster sizes n includes the compound clusters Bin−1Pb+ in
the case of the Bi7Pb+ precursor. The abundances of n � 3 fragment
ions are negligible.

n = 4 n = 5 n = 6 n = 7

Bi+8 0.63(3) 0.16(2) 0.06(1) 0.12(2)
Bi7Pb+ 0.31(3) 0.23(3) 0.42(3) 0.04(1)

FIG. 3. Color-intensity N-versus-ToF plot [51,52] showing the
separation of cluster species for n = 5 fragments over several tens
of post-excitation revolution periods.

abundance n = 7 fragment at 84 post-excitation revolution
periods. All values are listed in Table II and illustrated in
Fig. 5.

For a purely statistical fragmentation process, i.e., with
identical probabilities for all possible pathways, simple atom
counting yields a branching ratio

Bstat = nfrag

nfrag + (nprec − nfrag)
= nfrag

nprec
(3)

for lead-containing ions, where nfrag and nprec are the sizes of
the fragment and precursor cluster ions, respectively. Since
IBiPb ∼ nfrag and IBi ∼ (nprec − nfrag), the above equation fol-
lows directly from (2). Comparing the experimental results
(Table II) to Bstat, it is readily apparent that both the n = 4 and
n = 6 fragment species exhibit a ratio skewed toward higher
values, that is, toward more compound clusters than naively
expected. Analogously, the n = 5 and 7 species show lower
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FIG. 4. Multi-reflection time-of-flight spectrum with
15 679.4 μs of additional storage time after the photoexcitation of
Bi7Pb+. Signals with identical label colors are resolved species of
the respective mixtures in Fig. 2.
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TABLE II. Measured branching ratios B for fragment clusters
resulting from the photoexcitation of Bi7Pb+ and expected ratios Bstat

for a purely statistical dissociation behavior.

n = 4 n = 5 n = 6 n = 7

B 0.94(1) 0.44(3) 0.95(1) 0.46(6)
Bstat 0.500 0.625 0.750 0.875

values, correlating to a preference of the pure cluster retaining
the charge.

Closed geometrical structures [53] or electronic shells [54]
are known to yield clusters associated with “magic numbers,”
most prominently found by Knight et al. in sodium-cluster
abundance spectra [55]. More importantly for the present
case, a set of electron counting rules (“Wade’s rules” [56])
is known to lead to increased stability if the number of a
cluster’s valence p electrons equals 2n + 2 (closo-), 2n + 4
(nido-), or 2n + 6 (arachno-species). Bi and Pb supply 3 and
2 of these “skeletal electrons” per atom due to their s2 p2 and
s2 p3 configuration, respectively. Recently, density functional
calculations have found that stable Bi-Pb compound clusters
are expected to follow these rules to a very high degree [57].

The deviation of the measured branching ratios B from
their element-abundance-based values Bstat can be understood
qualitatively in the framework of these studies. For the ex-
ample of the n = 4 fragments, the possible pathways with
respect to the retention of the charge result in Bi3Pb+ + Bi4

or Bi3Pb + Bi+4 . Note that the charged compound cluster
Bi3Pb+ has 10 valence p electrons (2n + 2) and the neutral
bismuth tetramer 14 (2n + 4). Both fragments are expected to
show increased stability within the context of Wade’s rules.
In fact, neutral Bi4 (and Bi2 to a lesser extend) is known to
be exceptionally stable from previous fragmentation studies
[31,58–61], neutral-cluster vapors [62–64], and density func-
tional calculations [65–68]. In contrast, the alternative path-
way leads to two fragments with odd electron numbers, which
are expected to be less stable. Thus, the high abundance of
the charged compound cluster arises from favorable product
configurations.

n = 7

n = 6

n = 5

n = 4

Bi8
+  Bin

+ + Bi8-n Bi7Pb+  Bin
+ + Bi7-nPb

 Bin-1Pb+ + Bi8-n

0.6 0.4 0.2 0 0 0.2 0.4 0.6
relative fragment abundance

FIG. 5. Fragment abundances from photoexcitation of the pure
(left) and compound (right) precursor species. For each fragment size
n, i.e., total number of atoms in the fragment cluster, the pure species’
abundance is given in darker, the compound’s in lighter color. The
black-and-white bars on the right indicate the purely statistical ratios
according to Bstat (see text).

Since the difference in the number of valence electrons
between Bi and Pb is one, the above trend holds for all cluster
sizes n: One cluster species (pure or compound) will exhibit
an even number of electrons while the other shows an odd
number. The stable species alternates with n. Thus, the n = 6
fragment branching ratio behaves analogously to that of n = 4
while the pathway with the charge being retained on the pure
cluster is favored for n = 5 and 7. In the latter cases, this leads
to lower branching ratios than calculated from pure statistics,
in agreement with Table II.

Thus, the B values are fully explained by the fragmentation
behavior resulting from the substituted lead atom (Figs. 2
and 5). For the pure bismuth cluster, it is largely defined by
the high stability of the neutral tetramer: Bi+8 → Bi+4 + Bi4

has 63(3)% fragment abundance. Following this pathway,
the decays leading to stable configurations of the charged
fragments n = 5 [16(2)%] and n = 7 [12(2)%] are preferred.
The dissociation leading to the charged n = 6 fragment with
its odd number of valence electrons is least frequent [6(1)%].

In contrast, due to the loss of a valence electron from the
substitution, the compound cluster’s most abundant pathways
are the break-off of a neutral bismuth dimer and tetramer,

Bi7Pb+ → Bi+7 + Pb 2(1)%

→ Bi6Pb+ + Bi 2(1)%

→ Bi+6 + BiPb 2(1)%

→ Bi5Pb+ + Bi2 40(3)%

→ Bi+5 + Bi2Pb 13(2)%

→ Bi4Pb+ + Bi3 10(1)%

→ Bi+4 + Bi3Pb 2(1)%

→ Bi3Pb+ + Bi4 29(3)%, (4)

as either leads to stable configurations for both the neutral
and charged fragment. The clusters with increased stability
are indicated in bold in the reaction equation (4), where the
relative abundances of the corresponding fragment ions have
been included. Compared to the pure cluster (see values in
Table I), the loss of Bi4 is 34% less abundant while the loss of
Bi2 is more abundant by the same amount. This likely results
from the very high stability of the Bi5Pb+ ion: Across the
investigated (n, m) space for Bin−mPbm, Seifried et al. have
found only two clusters with a single lead atom fulfilling all
imposed stability criteria (see Fig. 6 in Ref. [57]), Bi5Pb+
and the present precursor Bi7Pb+. The present measurement
thus agrees with their findings based on density functional
calculations. The next dominant fragmentation pathways of
the compound cluster in terms of abundance are those yielding
charged n = 5 fragments, where both competing channels are
about equally populated [10(1)% and 13(2)%]. All remaining
pathways are negligible in terms of their abundances.

In particular, the abundance of the n = 7 products de-
creases significantly compared to the analog photofragmen-
tation of the pure Bi precursor, even though the more highly
abundant Bi+8 → Bi+7 + Bi pathway leads to an unfavor-
able odd-numbered neutral bismuth atom. However, by this
neutral-atom emission Bi+8 turns into an even-numbered and
thus more stable species. In contrast, Bi7Pb+ has been pro-
posed to have a very high stability itself [57]. Thus, for this
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stable compound cluster, neutral-atom break-off is found to
be less favorable than the competing decay channels by the
present investigations.

IV. CONCLUSIONS

In summary, the present studies have unveiled stability
changes resulting from doping atomic bismuth clusters with

a lead atom. The measurements were possible only due to the
introduction of an advanced experimental technique, namely
tandem multi-reflection time-of-flight mass spectrometry
(MR-ToF MS)2, which combines high-resolution precursor
selection and high-resolution fragment analysis in a single
device with very high sensitivity. This development opens
the door to the study of reactions that have so far been
inaccessible.
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