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Nomenclature & Abbreviations

EIBT electrostatic ion-beam trap

LAS Laser-ablation source

MR− ToF MS multi-reflection time-of-flight mass spectrometer

QPD quadrupole deflector

A atomic mass number

k temperature-shift coefficient

n cluster size (number of atoms)

N number of revolutions

p pressure

pMR−ToF pressure in the chamber housing the MR-ToF MS

psource pressure in the chamber housing the QPD next to the source

R mass resolving power

t time

td time delay before particle ejection from source

tcap time from source-ejection to in-trap lift capture pulse

trev revolution time of an ion species inside the MR-ToF MS

ts total storage time N · trev

tth turn-around time

tE time spread produced by the position-energy distribution imprinted
by the source extraction

τ ToF after ejection from the MR-ToF MS

∆tA higher-order aberrations originating from outside the analyzer



∆trevA higher-order aberrations originating from inside the analyzer

∂δE relative kinetic energy spread inside the MR-ToF analyzer

∂δrev/∂δE ToF energy dispersion coefficient

Tl observation time window with lift-operation

Tm observation time window with mirror-operation



1 Introduction

”We are the Borg. [...] Resistance is futile.” The Borg are antagonists from the sci-fi
series Star Trek, which are infamous for their use of nanotechnology to ”assimilate”
other beings. The crew of the ”Enterprise” encountered the Borg and nanotechnology
in the 24th century, although in our non-fictional world the term was already introduced
in the seventies [1]. Another famous mention of nanotechnology was a talk presented by
Richard Feynman with the title ”There’s Plenty of Room at the Bottom” [2], outlining
the utilization of small particles for the precise manufacturing of products. The idea
of machines built out of a few atoms or molecules [3] was an inspiration for a research
category called nanoscience that involves at least one object smaller than 100 nm..
This thesis is about one of many branches of nanoscience and presents research with
nanoscale particles called clusters and emphasizes the characterization and development
of a tool to investigate them. It is referred to as electrostatic ion-beam trap (EIBT )
or multi-reflection time-of-flight mass spectrometer (MR−ToFMS). Despite the focus
being on the characterization and further development of the analyzer, clusters are briefly
introduced, because they sparked the research interest.

1.1 Cluster research, production and beam manipulation

Clusters are a composition of two to a few thousand atoms covering everything from
atoms up to bulk matter [4–6]. They are too small to be fully described by concepts of
solid state theories and too large for the application of models made for single atoms.
Depending on their size, one model may be more accurate than the other, which is part
of the investigation of the growth of matter.
Historically, the interest in cluster science was invoked by the discovery of the cage struc-
ture of the fullerene cluster C60 [7], electronic shell effects in sodium clusters [8, 9] and
the magic numbers of noble gas clusters [10]. Fullerene clusters expanded the known
structure of carbon - diamond and graphite were known - to three by the discovery of
a football shape. The researchers were originally interested in molecules found in space
and tried to reproduce them in the lab. Small carbon particles were indeed produced,
but but primarily cluster sizes for C60 and C70 were found. This discovery raised the
question of their particular stability. For sodium, mainly the stable cluster sizes of Nan,
n = 8, 20, 34, 40, 58 were observed. This is because the electrons fill discrete energy
levels and these sodium clusters have closed electronic shells. Prominent noble gas clus-
ters were found for Xen, n = 13, 19, 25, 55, 71, 87, and 147, disproving preliminary
computer calculations and suggesting an icosahedral structure. All cluster sizes were
found by being highly abundant in their mass spectra, which shows that cluster research
is closely linked to mass analysis.
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Since these mentioned discoveries, clusters were found to be relevant in several processes,
e.g. in analog photography development [11,12], in the life cycles of small interstellar ob-
jects [13], in pharmaceuticals, because they are able to move inside the human body [14],
as drug deliverers [15] or self setting bone cements [16], in coating and diagnostics [17],
and for platinum catalyzed oxidation [18]. Because silver as a bulk exhibits antibac-
terial properties, nano-silver particles are advertised in a range of products, from food
packaging to cosmetics and medical products, despite the effect of small silver particles
being controversial [19, 20]. With this in mind, the interaction between plants and gold
particles was also investigated [21]. Water cluster growth was studied to understand
processes in the earth’s atmosphere [22] and aerosols were found to influence the opti-
cal properties of the atmosphere [23, 24]. Comparable to clouds, mineral dust particles,
produced by farming, regionally change the earth’s radiation budget [25]. The assump-
tion that clusters can be described as superatoms may allow to describe them in ways
characteristic for atoms and opens new chemical opportunities [26].
The forementioned examples are chosen to give an impression on the wide research field
of cluster science and are by no means meant to be complete. However, they include
clusters in various environments, e.g. deposited on a surface, dissolved in a liquid, em-
bedded in other materials, or as free systems in the gas phase. In this thesis, cluster
ions in the gas phase were utilized. For this, cluster ions had to be produced in the
gas phase in sufficient number, for which a laser-ablation ion source (LAS) was chosen.
In an LAS, material is evaporated from a target by a laser pulse. After the laser hit
the target surface a hot plasma is formed in front of the surface. This method is often
supplemented by gas-aggregation and a nozzle for adiabatic cooling [27,28], but can, as
in this case, also be executed under vacuum conditions [29–32].
If the produced clusters are charged they can be analyzed by combinations of magnetic
and electric fields, e.g. the parabola spectrograph [33], Wien filter [34], and double-
focusing sector field [35]. A certain type of manipulation devices are called ion traps,
which contain charged particles, like walls contain matter [36], whereas ”contain” refers
to a restricted motion in a well-defined volume in space that depends on the kinetic
energy of the particles during storage. Confining probes has the advantage of long ob-
servation and manipulation times, e.g. the possibility of observing delayed reactions. To
this end, particles can be trapped for several months [37, 38]. The two most common
types of traps are Paul traps [39], where particles are stored by means of an alternating
electric field, and Penning traps [40], where particles are stored by means of superposi-
tion of an electrostatic and a magnetic field.

1.2 MR-ToF analyzer and the Cluster MR-ToF experiment in
Greifswald

The Atomic & Molecular Physics Group in Greifswald investigates clusters with ion traps
and develops new ion trapping methods for the investigation of clusters. To this end,
Penning and Paul traps have already been utilized [41]. Recent research investigated,
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e.g. lead clusters in laser fields [42]. Recently, another type of ion trap was setup to
probe its capabilities for cluster research, called MR-ToF analyzer.
These traps measure mass differences via differences in flight time, as in linear ToF ana-
lyzers [43]. A single electrostatic mirror can reflect particles once and utilize a part of the
original flight path a second time [44], while compensating for flight time differences. An
MR-ToF analyzer is built with two (or more) electrostatic mirrors co-axially aligned to
reflect the particles axially, utilizing the path between them many times, which can fit a
ion path within km-range into a table-top device [45,46]. Radial confinement is realized
by electrodes between these mirrors, which are used as ion lenses. MR-ToF analyzers
have proven themselves as isobaric separators [47–53], and mass spectrometers [54–60],
while operating the system with ion bunches, and as ion-beam traps for molecule [61–65],
and cluster research [66–71], while operating the trap in ”non-bunching” mode, which
lets the ions spread out through the full length of the trap for an increased interaction
area, with e.g. laser beams. As mentioned, in MR-ToF applications a coherent ion pack-
age is kept, while for molecule and cluster analysis the non-bunching mode is preferred,
but in this thesis the EIBT is used as an MR-ToF analyzer, for the analysis of clusters
with high mass resolving powers.
This decision was made, because for the investigation of stored particles, MR-ToF analyz-
ers, aside from high mass-rasolcing powers, come with advantages known from other ToF
applications, such as virtually unrestricted mass ranges and fast processing times. Ad-
ditionally, they offer an open geometry and easy setup without any need for magnetic or
radio-frequency fields. As already mentioned, particles are confined by mirror-electrode
potentials that exceed the total energy of the particles. As a side note it is mentioned,
that in contrast to Paul- and Penning traps, particles need a sufficient energy to be
trapped at all, because otherwise they would violate earnshaw’s theorem. If particles of
different masses, or more correctly different mass-to-charge ratios m/q, are stored they
are in general already spatially separated during the capture pulse, because of their cor-
respondingly different velocities. This spatial separation increases with flight time and
each reflection and thus the resolving power increases with the total time of flight. Par-
ticles of the same m/q have an energy distribution from their acceleration, which needs
to be compensated to avoid a spatially diverging ion bunch. To this end, the potential of
the mirror electrodes is adjusted to match the revolution time of particles with the same
m/q, but different kinetic energies. This adjustment is achieved by allowing particles
with higher energies to penetrate deeper into the mirror stack and, thus, leading to a
longer path for faster particles. The remaining, uncompensated spatial distribution is
the initial one with the addition of higher order aberrations. Higher order aberrations
are accumulated inside and outside the analyzer, they increase the spread of the ion
bunch with increasing storage times and, thus, limit the resolving power. According to
this discussion, the mass resolving power is given as [72]

R ≈ 1

2

tcap +N · trev + τ√
∆t2th +

(
∆tE −N · trev ·

(
∂δrev
∂δE

)
· ∂δE

)2
+ (∆tA +N · trevA)2

. (1.1)
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The numerator is the total flight time, consisting of the time to reach the analyzer tcap,
the storage time N · trev, where trev is the time for one revolution and N the number of
revolutions and τ the time-of-flight from analyzer to detector. The denominator consists
of the several signal broadening factors: tth stands for the initial energy spread during
acceleration and marks the lowest limit the signal can have, tE is the spread, which
can be compensated by fine tuning the ToF energy dispersion coefficient ∂δrev/∂δE , as
explained above. And ∆tA and trevA are higher order aberrations from outside and
inside the analyzer respectively. Because of the combination of corrected energy spreads
and flight times of several hundreds of milliseconds, mass resolving powers of R > 105

can be achieved [73–77].
The commissioning, characterization, and further development of the MR-ToF analyzer
are the main subjects of this thesis, to this end it was combined with a laser-ablation ion
source, and together they are the main components of the Cluster MR-ToF experiment
in Greifswald. The setup is described in detail in article III and further details are
given in section 2. Two technical developments are presented afterwards, the first one is
about a modified ion extraction in article I and the second is about a beam purification
technique in article II.
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2 The Cluster-MR-ToF experiment

Ions are removed from a solid metal target by means of laser irradiation. The metal tar-
get is simultaneously the first plate of a two-stage ToF section, which accelerates the ions.
On their way to the MR-ToF MS they pass several ion optical elements: ion einzel lenses,
steerer, and a quadrupole deflector (QPD), which guide the ion bunch into the analyzer.

Figure 2.1: Schematic of the Cluster MR-ToF setup with laser ablation source, MR-ToF
analyzer and ion manipulation equipment (ion lenses, steerer and quadrupole
deflector). Figure taken from article III.

The ions can either just pass the analyzer, operating the system in a similar way as
a two-stage acceleration ToF analyzer [43] henceforth called ”single-path operation”, or
they can be stored with the operation of an in-trap lift [76], which enables the multi-
reflection mode. Either way, after leaving the analyzer the ions are detected by means
of a channeltron detector with a conversion dynode.

2.1 The laser ablation source and following ion optics

In contrast to an LAS with additional gas aggregation, the chosen ion source is a
laser-ablation cluster ion source that operates under high vacuum conditions psource ≈
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106Pa [29–31]. This operation is expected to produce smaller clusters, but offers the
advantage of better vacuum compatibility and was reported to produce multiply-charged
cluster anions [32], which proved to be challenging to produce by other means [78].
In coherence with Kappes et al. [32], there is a slightly repulsive potential between the
target electrode and the first aperture electrode during the time of the laser pulse, before
the actual acceleration from the source region takes place. The first apertures potential
is stabilized by a low-pass filter with a resistance of 10 kΩ and a capacity of 40 µF . A
schematic overview of the supporting devices and their potentials is given in Fig. 2.2.

ISEG EHS 8240xF-K7
2450 V

ISEG EBS 8030
-950 V

ISEG EBS 8030
-350 V

ISEG EBS 8030
-2800 V

low pass

40µF
FUG HCN 350-3500
1800 V

10 kΩ

FUG HCL 35-3500
2010 V

Behlke HTS 151

FUG HCL 35-3500
2000 V

Figure 2.2: Schematic of the laser-ablation source with the subsequent ion optics and
electronic devices used to operate it. A graph with the resulting fields and
additional details can be found in article III.

To convey an idea of the produced clusters, the spectra of Fig. 2.3 are presented. In
the upper graph a single-path spectrum of irradiated copper particles is shown. Single-
path spectra are comparable to mass spectra observed by two stage ToF acceleration,
because these are recorded without multi-reflection operation. They are used to obtain
information about a high mass range. In this case, the target was not the usually
employed, commercially available full metal target with 99.9% purity, but a glas target
coated with a 500nm thin layer of copper by vapor deposition.
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Figure 2.3: Top: Single-path spectrum of particles produced by laser ablation of a thin
copper layer. Bottom: Intensity of copper monomers and copper monomers
with contaminations as a function of laser pulses, subsequently shot at the
surface.

It was unknown if the layer would alter cluster production or if there were any con-
taminants in the layer. Monomers, labeled in blue with Cu, were observed, as well as
clusters up to Cun, n < 30 (only shown up to n = 9 for a better presentation). Each
cluster size was additionally observed with signals at positions with an additional 16u
(i.e. with oxygen) and 39u (possibly potassium), which is an indication for an inproper
vapor deposition. Commercially available, full metal targets resulted in spectra without
contaminations, which can be seen in the spectra recorded for article III. The lower
graph of Fig. 2.3 shows the intensity of the copper monomer for each laser pulse, as
well as its contaminations. The color coding is the same as previously introduced in
the upper graph. After approximately 700 pulses the vaporized material was completely
removed at the respective spot on the target plate, with contaminations being apparent
throughout the entire layer.
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2.2 The MR-ToF analyzer

The MR-ToF analyzer consists of two opposing electrostatic mirrors, an in-trap lift
and two steerer/pick-up electrodes. Each mirror itself consist of seven electrodes, four
are used to form the repulsing potential, two for a radially refocusing potential, and
the seventh is placed at the inner side with zero potential to minimize distortions of
the mirror-electrode potentials that can come from switching the in-trap lift potential.
On both, the exit and entry side of the analyzer, an einzellense/steerer combination is
built in. Figure 2.4 gives a schematic overview of the analyzers electrodes and lists the
supporting electronic devices with corresponding voltages.

low pass ISEG EHS 8240xF-K7
1668.90 V
1282.73 V
1063.40 V
585.20 V ISEG EBS 8030

-1315.00 V
-1570.00 V

* *
CGC 1500V switch

FUG MCP 140-1250
800 V

ISEG EHS 8240xF-K7
3500 V

ISEG EBS 8030
± 160V / ± 60 V

ISEG EBS 8030
-1900 V
± 30V / ± 5 V

Figure 2.4: Schematic of the MR-ToF MS and its supporting devices and potentials for
the storage of cations. Dashed boxes represent low pass filters as introduced
in Fig. 2.2. For more details, see text. An additional graph with the resulting
fields can also be found in article III. The ∗ marks multi-purpose electrodes,
which applications require different electronic setups, for e.g. in-trap deflec-
tion or image-charge detection.

Their potentials are subject to a continuous optimization and the given potentials
are the most representative for measurements in this thesis. Two four-fold segmented
tube electrodes next to the in-trap lift, marked with *, do not have supporting devices
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listed, as these electrodes are used for various applications. Up until now, they have
been used for image charge detection (see article III) and selective in-trap ejection (see
article II) [79]. The dashed boxes represent low-pass filters, implemented to stabilize
potentials, with the same composition as the low pass filter introduced in fig. 2.2 with
40µF each and 10 kΩ for the in-trap lift and 1 MΩ for the mirror electrodes.

2.3 Operation and control system

An experimental cycle is clocked by a function generator (SRS, DS345), see fig 2.5. The
initial pulse triggers the source laser (Continuum, Minilite Nd:YAG laser: repetition rate
10Hz, wavelength 532nm, pulse length 6ns, maximum pulse energy 15mJ , diameter
of the laser spot on target surface about 1mm) to charge the flash lamp. A DGD535
signal generator delays the pulse by 158µs and then triggers the laser Q-switch to
emit the source laser pulse. This delay ensures the proper operation of the laser. The
signal generated by the DGD535 can be divided and further processed by an Agilent
AFG33522 to trigger a second laser (Continuum, Minilite Nd:YAG laser) for interaction
experiments. This laser is used to irradiate cluster ions stored in the analyzer, thus
the signal is delayed by an amount defined by the desired storage time. The Agilent
AFG33522 also triggers the flash lamp 158µs before the Q-switch.

flash lamp
SRS DS345
10Hz Q

Continuum Minilite
532nm, 10Hz

SRS DGD535 flash lamp

158µs Q

Continuum Minilite
532nm, 10Hz

Agilent AFG33522

MSA300 DAQ

Agilent AFG33522 in-trap deflector

CGC instruments switch in-trap lift

Behlke HTS 151 LASPCI 7811

Figure 2.5: Tree chart of the devices defining an experimental cycle and forwarding of
signal pulses.

The potentials of the setup are controlled by a Field-Programmable-Gate-Array card
(National Instruments, 7811R), which acts as a pulse-pattern generator. This card, in
return, is initially triggered by the DS345 function generator. The initial laser pulse
ablates some target material and is followed by a short delay td, see fig 2.6. The delay is
adjusted for each material and for different charge stages, in contrast to [32]. After this
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delay, the potential of the first source electrode is switched to accelerate particles. They
eventually reach the in-trap lift electrode and can be captured after the time tcap, while
they are inside the electrode. They are captured by reducing the in-trap lifts potential
and, thus, reducing the ions energy below the mirror potentials. During storage, they
can be manipulated by deflector pulses applied to the quarter sliced electrodes inside
the trap. After the time that they are stored inside the trap ts, the ions are released and
move towards the ion detector. At the same time of their release, the data acquisition,
which is implemented via a multi-channel scaler (Becker & Hickel, MSA300), is triggered
and the ions are detected after their time-of-flight after ejection τ .

0 2 4 6 8 10
-2

-1

0

1

2

3

4

5

data acquisition

in-trap lift

ion acceleration

DS345 pulse

deflector pulse

 t
d

 t
cap

 t
s =

time

Figure 2.6: Trigger sequence for an experimental cycle with ion acceleration in source
region, in-trap lift capture and release and data acquisition. Figure taken
from article III.

2.4 A multi-reflection time-of-flight setup for methodical
developments and the study of cluster ions - article III

In this article, the present setup was described and characterized in detail, all parts -
the LAS, MR-ToF MS and ion optical elements - were described with their geometrical
dimensions, typical operation parameters and scans of various parameters. Experimen-
tal cycles for various applications were given and explained with regard to their suitable
applications.
The characterization started by probing different materials as materials for the LAS and
the adjustment of following ion optics. Several materials were found to produce clus-
ters, and experiments with lead confirmed the production of multiply-charged anionic
clusters [32]. After their acceleration in the ion source, the particles pass several einzel
lenses, steerer elements and a QPD. Results from Farley et al. [80] were confirmed and
connected, opposing QPD rods proved advantageous by a scan of their respective po-
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tentials, i.e. neighboring potentials were not just inverted, but adjusted independently.
After these initial measurements, the article deals with the core of the setup, the MR-ToF
MS. The trapping and ejection with the analyzer was demonstrated with lead particles,
e.g. the separation of Pb−

20 isotopologues by a so-called N-vs-ToF plot [81], which are
renamed to N-vs-τ to match the abbreviation introduced in this thesis. The capabilities
of the analyzer were probed by an optimization of the in-trap lift potential [76] and
thereby mass resolving powers of R ≈ 1.4 · 105 were reached. Afterwards, the drifts
superimposed to the detected ToF signal were corrected [82], which improved the mass
resolving power to R ≈ 2.29(6) · 105. These drifts were further investigated with regard
to shifts introduced by mirror-potential drifts, while individual relative ToF shifts were
measured for each mirror-electrode potential. Another characteristic property of an ion
trap is the life time of a particle trapped inside, which was found to be 250ms for typical
residual gas pressures of pMR−ToF = 10−7Pa.
After typical parameters of the trap were measured, further capabilities of the setup
were demonstrated. A temperature stabilization by utilization of quarz rods, formerly
described within the description of the MR-ToF analyzer, reduced the signal shift caused
by changing temperatures to k ≈ 11.7(1)ppm/K. Measurements with the in-trap signal
pick-up technique [83] confirmed the mass resolving power with R ≈ 2.21(4) · 105. And
lastly, the laser irradiation of stored Pb−

5 clusters demonstrated cluster-decay investiga-
tions, with the analysis of the reaction products during a single storage cycle, enabling
further cluster experiments in the future.
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3 Methodical developments

Research with this setup aims to develop new or improve existing trapping techniques [82,
84]. This section discusses two developments in detail.

3.1 Multi-reflection time-of-flight mass spectrometry with
combined in-trap lift capture and mirror-switch ejection -
article I

Conventional MR-ToF MS either store and eject particles with mirror operation [45,50,
85] or in-trap lift operation [49, 75, 76, 86–88]. In this section, a combined approach is
presented, which utilizes the in-trap lift for ion capture and the exit-side mirror for ion
release, combining advantages of in-trap capture as described in detail in [76] with an
increased ejection time window of mirror ejection, as it is explained in the following.
For a comparison, ions were stored with in-trap lift operation for several revolutions and
were ejected by either reapplying the in-trap lift potential or releasing them by lowering
the exit-side mirror potential. Resulting N-vs-τ plots are presented for both cases and
compared.
A schematic depiction of mirror operation is given in fig. 3.1 (a). Firstly, the entry-side
mirror potential was lowered before the ions arrive and risen again after they had passed
it, i.e. while they were inside the analyzer. They are now stored between both potential
walls, until released by lowering the exit side mirror potential. The second way to oper-
ate an MR-ToF analyzer is by utilizing an in-trap lift electrode, see fig. 3.1 (b), which is
a tube shaped electrode between the ion mirrors. The particles’ initial energy is chosen
high enough to traverse through the first mirror electrode, but while they are inside the
in-trap lift electrode, the lifts’ potential is lowered in a manner for the ions’ energy being
too low to surpass the mirror electrodes potential afterwards. To release ions with the
in-trap lift, its original potential is reapplied, while the ions are inside and move towards
the detector, restoring their energy. The combined approach is shown in fig. 3.1 (c):
particles are captured by lowering their initial energies by utilizing the in-trap lift and
released by lowering the exit-side mirror electrodes potential after storage.
The new technique was demonstrated in article I [89] with simultaneously stored Pb−

3

and Pb−
4 clusters and the results are summarized in the following. As lead consists of

four naturally occurring isotopes with mass numbers A=204, 206, 207 and 208, there
are several isotopic compositions for each cluster, called isotopologues. The trapping
procedure is then focused on the observation of Pb−

4 clusters, which means the incre-
mental time step of the N-vs-τ plot is set to observe Pb−

4 clusters with almost constant
flight times after their ejection from the analyzer, which enables the observation of Pb−

4
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(a) Trapping and ejection
with mirror-operation.

(b) Trapping and ejection
with in-trap lift opera-
tion.

(c) Trapping with in-trap
lift operation and
ejection with mirror-
operation.

Figure 3.1: The three operation modes of an MR-ToF analyzer.

isotopologues with mass numbers A=827 − 831 as straight lines and Pb−
3 isotopologues

with a less obvious sorted pattern. This is done for both, the ejection through the in-trap
lift and the release by mirror switching, i.e. the cases in (b) and (c) in fig. 3.1. With
the in-trap lift operation, ions are only detected, if they are inside the in-trap lift and
move towards the ion detector during the switching process. While Pb−

4 isotopologues
can be consistently observed, as the ejection is timed to match their revolution time,
the signal of the Pb−

3 isotopologues are hard to distinguish. An ejection time window is
defined, which is the time period during the ions’ revolution for which a proper ejection
is possible, which is Tl = 18µs for Pb−

3 . If the ions are released by lowering the exit-side
mirror-electrode potentials, they can be detected as long as their potential energy is not
altered too much, i.e. if they are not inside or close to the exit-side mirror during the
switching process. Thus, the viable release period is as long as it takes an ion to pass
the in-trap lift electrode, be reflected at the entry-side mirror and pass the in-trap lift
again. For Pb−

3 this period is Tm = 77µs, a factor 4.3 longer than with lift ejection.
Thus, a single spectrum can contain more information about the trapped species, which
e.g. eases the process of signal identification. The mirror release can be combined with
the in-trap lift capture method, to obtain advantages of both methods. With the ease of
identification, a closer look at a pattern found in the N-vs-τ plots is taken and it can be
shown that this pattern is formed by isotopologues of Pb−

3 . This pattern is formed by
the signals of mass numbers A=620, 621 and 622 and evolves around the Pb−

4 revolution
numbers of N = 160 and 86.

Another example is given in Fig. 3.2 with stainless steel as the source material. Fig. 3.2
(a) shows a measurement with lift switching and (b) an ion release with mirror switch-
ing. Particles ablated from stainless steel can be combinations of the components of

14



(a) Stainless steel clusters ejected with lift-
operation.

(b) Stainless steel clusters ejected with mirror-
operation.

Figure 3.2: A comparison of the resulting N-vs-τ -plot for a stainless steel target. Left:
N-vs-τ -plot recorded with lift ejection. Right: N-vs-τ -plot recorded with
mirror release, which offers an increased observation window.

stainless steel, which are Fe, Ni and Cr, e.g. resulting in mass numbers of A=108 for
54Fe2 and 56Fe52Cr or A=109 for 56Fe53Cr. The time interval for ion ejection was set
for the signal of A=108 in both cases. The observation time window for lift ejection is
7.5µs and for mirror release 32µs, confirming the increase of a factor of 4.3 known from
the measurements with Pb. The flight time of the centered signal of A=108 appears a
few microseconds later when released by mirror switching, as compared to lift ejection,
because the ions do not gain energy during their release. Additionally, the signal of
particles with the A=109 can be observed up to the maximum investigated revolution
number of N=100, whereas it was lost at N=28 with lift ejection. The lapping of the
signal for A=111 is easier to follow, as it leaves the observation window at N=38 and
almost immediately reappears at N=42, whereas it is lost during lift operation at N=6
and reappears at N=50 until it is lost again at N=60, thus it is only observable for 20%
of all revolution numbers. In summary, the observation time window for multiple simul-
taneously stored species is greatly increased with mirror release and the identification
of trapped species is eased with more information per spectrum of mirror release, while
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maintaining the key advantages of the lift capture method.

3.2 In-depth study of in-trap high-resolution mass separation
by transversal ion ejection from a multi-reflection
time-of-flight device - article II

Experiments usually focus on a specific ion species, measuring one or more of its prop-
erties. Because sources produce a range of ion species, it is difficult to measure the
properties of the target ions. This was in fact the reason to develop a previous MR-
ToF device at Greifswald, which is now used at ISOLTRAP as a mass separator [76].
For mass separation, the MR-ToF analyzer can be combined with a Bradbury-Nielsen
gate [48,49,90] or an in-trap lift electrode can be utilized [72]. If the MR-ToF is employed
for the last analyzing step itself, masses can be preselected by other means, e.g. by a
magnetic mass separator [91]. As an alternative, Toker et al. [92] implemented deflection
electrodes inside the analyzer between the ion mirrors. This technique was adopted by
other groups as well [93]. Instead of selecting ion species beforehand or during /after
ejection it is, thus, possible to select them at any time during storage, further enabling
the operation of an MR-ToF MS as a stand alone experiment, because there is no need
for other external components. This method was implemented and characterized in ar-
ticle II and the results are summarized in the following.
Stored particles exhibit revolution times defined by their mass-to-charge ratio, thus, they
pass the electrodes of the analyzer at different times. An alternating deflecting potential
can be generated to match the revolution cycle of an ion of interest and allow an undis-
turbed passage. Ions with unsuitable mass-to-charge ratios will not match its frequency
and experience the deflecting potential, resulting in unstable ion trajectories and radial
ejection. A schematic representation of this selection method is given in Fig. 3.3. The
position of the deflector electrodes is shown at the top, the signal is shown at the right
side and example ion trajectories are shown in the center.
A rectangular potential is generated, where its ”on” state results in radial ejection and
its ”off” state, i.e. no potentials applied, means undisturbed passage. The properties of
this signal are chosen for a desired selection result, which is explained in detail in article
II and summarized in the following. In the center of Fig. 3.3, the path of five particles
is shown. The black line is the particle of interest, the dotted blue line is a particle
with a much smaller mass-to-charge ratio, the blue dashed line has a slightly smaller
mass-to-charge ration, the dotted red line represents a much higher mass-to-charge ratio
and the dashed red line a particle with slightly higher mass-to-charge ratio. These par-
ticles are stored and are first reflected at the exit-side mirror electrode. The potential
of the deflector electrode is switched on as soon as all particles, except for the heaviest,
have passed the electrode. The rectangular wave function generates time windows for
which no passage is allowed at the location of the deflector electrodes, represented by
blue boxes in this graph. The first particle to be deflected is the particle with the much
higher mass-to-charge ratio, right after its first reflection. The other four species are re-
flected a second time, and the particle with the same mass-to-charge difference but lower
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Figure 3.3: A depiction of the transversal ion ejection. At the top a schematic of the MR-
ToF MS is shown with the utilized electrodes in blue and at the right side the
deflecting pulse is shown. When the potential is activated, particles cannot
pass the respective electrodes. This process is illustrated in the center by blue
blocks. Particles heavier (red trajectories) and lighter (blue trajectories)
than the particle of interest (black line) are lost after a given number of
revolutions.

mass-to-charge ratio (red dotted line) is deflected after the second reflection, thus both
particles are lost during one revolution and one pulse of the deflector, yet it happens
half a revolution apart. Subsequently, the deflecting potential is deactivated to allow
the passage of the remaining three species. The same happens for both particles with
smaller mass-to-charge differences, but one revolution later. In this example, only the
species of interest remains after two of its revolutions. It is apparent that the species of
interest will never run out of sync with the deflecting potential and thus will revolve in
the analyzer undisturbed. Although all unwanted species are lost after two revolutions
in this example, it is also apparent that particles are only deflected if their separation
in time is high enough. Therefore deflecting pulses at higher revolution numbers will
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Figure 3.4: ToF spectra for transversal ion ejection applied with different parameter val-
ues of the deflecting potential for Sn clusters. In the second spectrum (from
the top) Sn5 is isolated. In the next three spectra different isotopologues of
Sn5 are selected and in the last five spectra single isotopologues are selected.
Figure taken from article II.

remove species with smaller mass-to-charge differences.
To employ the in-trap ejection technique, two tubes of 25 mm length and 15 mm diam-
eter can be utilized. They are located between the in-trap lift electrode and shielding
electrodes, next to the ion mirrors and each tube is azimuthally segmented into four 90◦

elements, which are each connected to vacuum feedthroughs. Despite two tubes being
built in, only one of them that was situated at the exit side, was used for this study.
Therefore, the other electrode was left open for potential other applications. Two pairs
of adjacent quarters of the utilized electrode are externally connected, and voltages are
applied to these two pairs. These voltages alternate between two states, namely the
”on” and ”off” state. One of these states allows passage and the other results in ra-
dial ejection. The ”off” state is realized by zero potential, i.e. the ground potential
of the experiment applied to both pairs, while the ”on” state means that two inverted
voltages are applied to the pairs, leaving the potential at the axis at zero. These poten-
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tials are generated by 32 VDC power supplies (Elektro-Automatik GmbH, 3050B) and
the switching is performed by a digital-controlled analog voltage switch (CGC Instru-
ments, NIM-AMX500-3), resulting in a rectangular function. The study is focused on
the influence of the parameters of this function on the ion selection. Each parameter is
investigated for this setup in detail.
The method was demonstrated with Sn clusters, while the parameters were adjusted to
only retain Sn5 clusters, i.e. Snn, n=4, 6 and 7 are removed. Certain parameters, e.g.
duty cycle and phase of the signal, were used to further cleanse isotopologues around
the Sn5 cluster with the mass number A=593. It was found that, although formerly
comparatively high voltages of several hundred volts were required [92], ejection volt-
ages below ten volts were sufficient for cleansing in this study. A higher voltage leads
to fewer required ejection pulses, e.g. an amplitude of 10 V required one to three revo-
lutions to cleanse the ensemble. The frequency of the signal was scanned for different
storage times and a ”selection resolving power” was determined. This resolving power is
lower than the corresponding mass resolving power, because the signal has to be adjusted
with respect to long-term drifts of the system, e.g. at 1000 revolutions (storage time
of 80ms) a selection resolving power of 40 000 was found, whereas the mass resolving
power was 75 000. For the present setup, it was found to be the limit of this selection
method, because drifts of the mirror potentials resulted in shifting revolution periods of
the ion signal. As a result of these shifts, the ions ran out of sync with the selection
signal. Fig. 3.4 displays a summary, which demonstrates the flexibility of the method.
In the upper right corner, the ejection-signal settings are displayed, which are explained
in detail in article II. The first spectrum is recorded without any deflection pulses after
60 revolutions and the second spectrum shows the selection of Sn5 signals. The next
three spectra are recorded with a duty cycle increased to 60% and a correspondingly
adjusted starting phase. By altering the frequency, it is possible to select three neigh-
boring isotopolgues of Sn5 from top to bottom A = 593-595, 594-596, and 592-594. For
the last five spectra, the duty cycle is again increased to its maximum of 72% for the
selection of single isotopologues.
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4 Summary and Outlook

In this thesis, an MR-ToF analyzer was investigated and refined. To this end, cluster
ions were employed. The third thesis article contains the characterization and operation
of the setup, it consists of the laser-ablation source, the MR-ToF analyzer and ion opti-
cal elements. General trap characteristics were investigated such as storage time, mass
resolving power and stability. Further trapping techniques were also foreshadowed, such
as a new temperature stabilization with inbuilt quartz rods, image-charge detection,
which also confirmed the measured mass resolving power, and preliminary cluster-laser
interactions.
The first and second thesis articles are about further methodical developments of the op-
eration of the trap. The first one reports on the combination of two previously mutually
exclusive operations of the analyzer. The operation successfully combined the increase
in the observation time of mirror ejection, leading to information rich spectra, with the
advantages of lift capture. The second article is a study of an in-trap selection procedure.
This technique has been successfully employed to select clusters isotopologues without
deflection of ions of interest.
Since the measurements for the thesis were finalized, the system has been updated with
new stable power supplies (Stahl-Electronics, Precision Voltage Source HV 400-4) for
more stable mirror potentials. To remove its refresher pulses, the Behlke switch con-
nected to the in-trap lift was replaced (Stahl-Electronics, High Voltage Switch HS2000).
A new data acquisition system was implemented (Fast ComTec, MCS6). The experiment
was used to demonstrate the correction of shifts over extended times [82], to introduce
new techniques utilizing the in-trap lift electrode [84] and to investigate cluster-laser in-
teractions in detail [94], as outlined in article III. Future experiments may extend these
experiments to other systems, like multiply charged clusters.
The limiting device for these investigations is the laser-ablation source. Most materials
yielded only small, singly charged clusters. Because the charge state is, among other
things, dependent on the cluster size, a source producing larger clusters would be bene-
fitial. Thus, it is planned to replace the laser-ablation source with a magnetron-sputter
source and a digitally driven Paul trap [95–98]. To further investigate trapping condi-
tions and ion trajectories, a position sensitive detector will be implemented. It is already
known that MR-ToF analyzer exhibit phase-space selective behavior [46], which was also
proven for this analyzer with measurements in article III. A position sensitive detector
will provide more information about ion trajectories, and may give insight into the de-
pendence of ion trajectories on ion-optical lens potentials in- and outside the analyzer.
To further stabilize trapping conditions, an active voltage stabilization [99]] is planned.
During measurements for article III, some mirror electrodes’ potentials were found to be
more critical than others. For those the active stabilization will be implemented first.
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Lastly, to further investigate cluster-laser interactions new trapping techniques are in
preparation, which are capable of detecting delayed fragmentation. In addition, the in-
teraction laser may also be replaced by a frequency tunable OPO laser system as already
used in the ClusterTrap setup [100].
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catalytic role of small coinage-metal clusters in photography,” Surf. Rev.
Lett., vol. 03, no. 01, pp. 1105–1108, 1996. [Online]. Available: https:
//doi.org/10.1142/S0218625X96001972

23

http://www.sciencedirect.com/science/article/pii/0009261482830807
http://www.sciencedirect.com/science/article/pii/0009261482830807
https://link.aps.org/doi/10.1103/PhysRevLett.52.2141
https://link.aps.org/doi/10.1103/PhysRevLett.47.1121
https://link.aps.org/doi/10.1103/PhysRevLett.47.1121
https://doi.org/10.1142/S0218625X96001972
https://doi.org/10.1142/S0218625X96001972


[13] I. Savic and D. Gerlich, “Temperature variable ion trap studies of C3H+
n with

H2 and HD,” Phys. Chem., vol. 7, pp. 1026–1035, 2005. [Online]. Available:
http://dx.doi.org/10.1039/B417965J

[14] W. J. Stark, “Nanoparticles in biological systems,” Angew. Chem., vol. 50, no. 6,
pp. 1242–1258, 2011. [Online]. Available: https://onlinelibrary.wiley.com/doi/
abs/10.1002/anie.200906684

[15] R. Langer, “New methods of drug delivery,” Science, vol. 249, no. 4976, pp.
1527–1533, 1990. [Online]. Available: http://science.sciencemag.org/content/249/
4976/1527

[16] T. Waltimo, T. J. Brunner, M. Vollenweider, W. J. Stark, and M. Zehnder,
“Antimicrobial effect of nanometric bioactive glass 45s5,” J. Dent. Res.,
vol. 86, no. 8, pp. 754–757, 2007, pMID: 17652205. [Online]. Available:
https://doi.org/10.1177/154405910708600813

[17] F. Caruso, “Nanoengineering of particle surfaces,” Adv. Mater., vol. 13, no. 1, pp.
11–22, 2001.

[18] C. J. Hofer, R. N. Grass, E. M. Schneider, L. Hendriks, A. F. Herzog, M. Zeltner,
D. Günther, and W. J. Stark, “Water dispersible surface-functionalized
platinum/carbon nanorattles for size-selective catalysis,” Chem. Sci., vol. 9, pp.
362–367, 2018. [Online]. Available: http://dx.doi.org/10.1039/C7SC03785F

[19] S. W. P. Wijnhoven, W. J. G. M. Peijnenburg, C. A. Herberts, W. I. Hagens,
A. G. Oomen, E. H. W. Heugens, B. Roszek, J. Bisschops, I. G. Gosens, D. Van
De Meent, S. Dekkers, W. H. De Jong, M. van Zijverden, A. J. A. M. Sips, and
R. E. Geertsma, “Nano-silver a review of available data and knowledge gaps in
human and environmental risk assessment,” Nanotoxicology, vol. 3, no. 2, pp.
109–138, 2009. [Online]. Available: https://doi.org/10.1080/17435390902725914

[20] S. Chernousova and M. Epple, “Silver as antibacterial agent: Ion, nanoparticle,
and metal,” Angew. Chem., vol. 52, no. 6, pp. 1636–1653, 2013. [Online].
Available: https://onlinelibrary.wiley.com/doi/abs/10.1002/anie.201205923

[21] X. Ye, H. Li, Q. Wang, R. Chai, C. Ma, H. Gao, and J. Mao, “Influence
of aspartic acid and lysine on the uptake of gold nanoparticles in rice,”
Ecotox. Environ. Safe., vol. 148, pp. 418 – 425, 2018. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0147651317307261

[22] P. Bhuyan, N. Barman, J. Bora, R. Daimari, P. Deka, and R. Hoque, “Attributes
of aerosol bound water soluble ions and carbon, and their relationships with
aod over the brahmaputra valley,” Atmospheric Environ., vol. 142, pp. 194 –
209, 2016. [Online]. Available: http://www.sciencedirect.com/science/article/pii/
S1352231016305659

24

http://dx.doi.org/10.1039/B417965J
https://onlinelibrary.wiley.com/doi/abs/10.1002/anie.200906684
https://onlinelibrary.wiley.com/doi/abs/10.1002/anie.200906684
http://science.sciencemag.org/content/249/4976/1527
http://science.sciencemag.org/content/249/4976/1527
https://doi.org/10.1177/154405910708600813
http://dx.doi.org/10.1039/C7SC03785F
https://doi.org/10.1080/17435390902725914
https://onlinelibrary.wiley.com/doi/abs/10.1002/anie.201205923
http://www.sciencedirect.com/science/article/pii/S0147651317307261
http://www.sciencedirect.com/science/article/pii/S1352231016305659
http://www.sciencedirect.com/science/article/pii/S1352231016305659


[23] N. S. Holmes, “A review of particle formation events and growth in the atmosphere
in the various environments and discussion of mechanistic implications,”
Atmospheric Environ., vol. 41, no. 10, pp. 2183 – 2201, 2007. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S1352231006010934

[24] C. H. Jung and Y. P. Kim, “Numerical estimation of the effects of
condensation and coagulation on visibility using the moment method,” J.
Aerosol Sci., vol. 37, no. 2, pp. 143 – 161, 2006. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0021850205000777

[25] I. N. Sokolik and O. B. Toon, “Direct radiative forcing by anthropogenic airborne
mineral aerosols,” Nature, vol. 381, no. 6584, p. 681, 1996.

[26] A. W. Castleman Jr and S. N. Khanna, “Clusters, superatoms, and building blocks
of new materials,” J. Phys. Chem. C, vol. 113, no. 7, pp. 2664–2675, 2009.

[27] T. G. Dietz, M. A. Duncan, D. E. Powers, and R. E. Smalley, “Laser production
of supersonic metal cluster beams,” J. Chem. Phys., vol. 74, no. 11, pp.
6511–6512, 1981. [Online]. Available: https://doi.org/10.1063/1.440991

[28] V. E. Bondybey and J. H. English, “Electronic structure and vibrational
frequency of cr2,” Chem. Phys. Lett., vol. 94, no. 5, pp. 443 – 447, 1983. [Online].
Available: http://www.sciencedirect.com/science/article/pii/0009261483850295

[29] R. L. Hettich, “Structural investigations of aluminum cluster ions, Al−n (n= 3-50),”
J. Am. Chem. Soc., vol. 111, no. 23, pp. 8582–8588, 1989.

[30] A. Drescher, J. Kitching, J. E. Crawford, J. K. P. Lee, and G. Thekkadath, “Studies
of sb and bi cluster produced by laser desorption,” Z. Phys. D, vol. 19, no. 4, pp.
203–206, 1991.

[31] H. S. Kim, T. D. Wood, A. G. Marshall, and J. Lee, “Production of gold cluster
ions by laser desorption/ionization fourier-transform ion cyclotron resonance mass
spectrometry,” Chem. Phys. Lett., vol. 224, no. 5-6, pp. 589–594, 1994.

[32] C. Stoermer, J. Friedrich, and M. M. Kappes, “Observation of multiply charged
cluster anions upon pulsed uv laser ablation of metal surfaces under high vacuum,”
Int. J. Mass Spectrom., vol. 206, no. 1-2, pp. 63–78, 2001.

[33] S. Neumann and H. Ewald, “Fokussierende parabelspektrographen,” Z. Phys., vol.
169, no. 1, pp. 224–238, 1962.

[34] W. Wien, “Untersuchungen über die electrische entladung in verdünnten gasen,”
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a  b  s  t  r  a  c  t

Multi-reflection  time-of-flight  (MR-ToF)  devices  are  established  as  mass  separators  and  analyzers  with
high resolving  powers  and  fast  processing  times.  For  ion  injection  and  ejection,  either the  ion  mirrors  or
an  in-trap  lift electrode  has  to be switched.  In the present  work,  these  two  methods  are  combined  with
in-trap  lift switching  for  ion  capture  and  exit-side  mirror  switching  for ejection  with  higher  information
content.  Measurements  are  performed  with  small  lead clusters  to illustrate  individual  advantages  of both
techniques  and the gain  of  combining  them  with  focus  on  the  ions’  ToF  ejection  window.

©  2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Experimental methods for investigating the mass-to-charge
ratio m/q of particles have been continuously enhanced and refined
over the last decades with regard to increased mass-resolving pow-
ers, measurement time reductions and ease of operation. Especially
multi-reflection time-of-flight (MR-ToF) devices established them-
selves as potent analyzing tools with these properties [1].

For any mass spectrometer, the mass resolving power R = m/�m
describes its capability to separate the signal of an ion species with
mass m from a neighboring signal m + �m.  Therefore, it is one of
its most important characteristics. For ToF devices, R is given by
the ratio t/2�t,  where t is a given ion species’ total flight time
and �t  the width of its corresponding ToF signal, from now we
use the full width at half maximum “FWHM”. Instead of traversing
space between an ion source and detector once as in a linear ToF-
MS  or twice, by additionally traveling back from an ion mirror as
in a reflectron ToF-MS setup, the MR-ToF principle utilizes a part
of its flight path many times in a looping fashion, reflecting ions
between two opposing electrostatic ion mirrors and thus, allowing

∗ Corresponding author.
E-mail address: knauer@physik.uni-greifswald.de (S. Knauer).

1 Present address: ARC Centre of Excellence for Engineered Quantum Systems,
School of Physics, The University of Sydney, NSW 2006, Australia.

for highly increased flight times. Sharing the benefit of fast process-
ing times common for all ToF analyzers, MR-ToF devices are capable
of reaching mass resolving powers beyond 100 000 in timescales of
milliseconds, making them well suited for the investigation and
separation of e.g. short-lived, exotic nuclei [2–5].

Common practice of MR-ToF MS  involves trapping and eject-
ing via switching of the mirror electrode’s potentials or utilizing a
pulsed drift section to adjust the ions’ energy inside the MR-ToF
analyzer – the so-called in-trap lift [6]. As demonstrated below,
both principles offer advantages while simultaneously imposing
limitations on the experimental possibilities. Mirror switching
offers the possibility of longer operational time windows, which
enables the observation of a large fraction of the stored ions in
the same experimental cycle. This advantage is interesting for
wide-band investigations [7]. Its disadvantage lies in the technical
challenge of providing stable mirror potentials during ion storage,
requiring capacitive buffering of the applied voltages [7–9]. This in
turn increases the time required for adjustment procedures, such
as the optimization of the mirror electrode voltages to maximize
resolving power. If in-trap lift switching is employed, all stored
ions are lost for detection, if they possess incongruous positions or
flight directions during the switching process. However, the pro-
cess of ion capture and ejection via the in-trap lift relies on the
variation of a single, non-critical voltage. Additionally, it becomes
possible to control the ions’ energy while stored, thus, simplifying
the experimental optimization [6,10–13].

https://doi.org/10.1016/j.ijms.2017.10.007
1387-3806/© 2017 Elsevier B.V. All rights reserved.
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Fig. 1. Schematic overview of the experimental setup, consisting of the laser abla-
tion ion source (1) with a laser target plate (T) and two  consecutive acceleration
electrodes (A1 and A2) quadrupole deflector (2), MR-ToF analyzer with ion mirrors
(3  and 5) and in-trap lift electrode (4) and Channeltron ion detector (6). The laser
beam is indicated in green (dashed), the ion trajectory in blue (dotted).

The present study investigates the combination of both meth-
ods of operation, utilizing in-trap lift capturing to maintain stable
reflection potentials and control over the ions’ energy during stor-
age, while ejecting ions via switching of the exit side mirror
potential to detect most of the stored ions within a single mea-
surement cycle.

2. Experimental setup and procedure

Fig. 1 gives a schematic overview of the experimental setup [14].
Pbn− (n ≤ 12) clusters are produced by photo irradiation of a lead
target (manufacturer Hauner, 99.99% purity) with the second har-
monic of a pulsed Nd:YAG laser (wavelength 532 nm,  repetition
rate 10 Hz, pulse length 6 ns, pulse energy below 15 mJ,  diameter
of laser spot on target surface about 1 mm).

The particles are then accelerated by an extraction field due
to electric potentials applied to three electrodes, namely the tar-
get electrode (T), on which a lead plate is mounted and two
subsequent extraction electrodes (A1, A2). Their voltages form a
two-stage acceleration potential between T and the grounded A2
electrode [15]. The pressure inside the chamber containing the ana-
lyzer is about 4 × 10−7 Pa. For the first few microseconds after the
laser pulse, the absolute target potential is below the A1 poten-
tial (|UT| = 1680 V, |UA1| = 1720 V) to form a retarding electric field,
keeping the ions from leaving the target region while the cloud of
neutral atoms and molecules ablated by the laser pulse is given time
to disperse [16]. Once the target potential is switched, ions were
accelerated to a kinetic energy of about 2 keV. A pair of electrostatic
einzel lenses focus the ion cloud radially, after which its trajectory is
diverted by 90◦ towards the MR-ToF analyzer (Fig. 1: components 3,
4, 5) using a quadrupole deflector. The pressure inside the chamber
containing the analyzer is about 4 × 10−7 Pa. The MR-ToF analyzer
consist of two sets of mirror electrodes and each mirror consists
of six hollow, cylindrical electrodes. Each mirror stack is 149 mm
long with an inner diameter of 30 mm,  the outer three electrodes
have a length of 12 mm each, the fourth, fifth and sixth a width
of 18, 30 and 40 mm respectively. The spacing between adjacent
electrodes is always 5 mm and ions are approximately reflected
between the second and third electrode. The in-trap lift is at the
center of the analyzer and 375 mm long with a inner diameter of
15 mm.  After ejection ions are detected by an electron multiplier
behind the analyzer, amplified (HFAC-26dB, Becker & Hickl) and
digitalized by a multi-channel scaler (MSA300, Becker & Hickl). The
data is evaluated by a control system based on the CS Framework
by GSI Helmholtzzentrum für Schwerionenforschung in Darmstadt
Germany developed for ISOLTRAP [20].

The system’s electric potentials for the investigation of neg-
atively charged ions are illustrated in the upper part of Fig. 2,
where they are shown as a function of the ions’ position along

Fig. 2. Top: Electric potential on the ion-optical axis for anion investigations. The
dotted line indicates the potential of the lift electrode during ion storage (ground).
The vertical axis is reversed to better illustrate attractive and repulsive potentials
with respect to anionic cluster ions. Bottom: ToF-over-position visualization of an
anion stored inside the MR-ToF analyzer for three revolutions and ejected via lift
switching. The “ToF ejection windows” Tm and Tl are explained in Section 3.

their flight path from the laser ablation source through the MR-
ToF analyzer to the ion detector. If no potentials are changed
along the ions’ trajectory, the system operates similar to a conven-
tional, two-stage-acceleration linear ToF MS  [15], henceforth called
“single-path mode”. The potentials of the electrostatic ion mirrors
are formed by voltages of six consecutive electrodes, the voltages
are generated by a high precision voltage supply (iseg Spezialelek-
tronik GmbH, EHS 240x). The inner two  electrodes act like lenses
and ensure transverse stability of stored ions by radially refocusing
them on each revolution, while the outer four electrodes form a
repulsing potential wall. Consequently, to capture ions in the MR-
ToF analyzer the potential of either ion mirror electrodes or the
in-trap lift has to be changed, to allow ions to traverse the first mir-
ror potential only for the injection, but not during the succeeding
storage period. The trapping pulse was realized by switching the
potential with a HTS 151 modul from Behlke.

The lower part of Fig. 2 illustrates an ion’s storage inside the
MR-ToF analyzer by showing its time-of-flight over its position
along the flight path. While the absolute values of the ToF axis vary
depending on each ion species’ mass-to-charge ratio, the ratio of
the time spent in the part of the flight path affected by the mir-
ror potentials (or the in-trap lift) to the ion’s revolution period is
the same for all ions with identical energies. Therefore, the visual-
ization of three revolution periods between the ion mirrors shown
here is valid for all ions.

2.1. Mirror switching technique

To operate the MR-ToF analyzer by only using mirror switch-
ing, the mirror potentials have to be below the ions’ kinetic energy
Ekin during capture and ejection. (Note that this is not the case in
Fig. 2, as the potentials shown are chosen for the in-trap lift capture,
as explained below). For capturing, all potentials of the entry side
mirror are below Ekin – thus, allowing incoming ions to traverse the
mirror – and are switched to their nominal trapping values by the
time ions reach the mirror again after the first reflection at the exit-
side mirror. The difficulty of this procedure lies in the necessity to
quickly change the applied voltages and ensure stable potentials
during the following revolutions. Typical experimental solutions
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Fig. 3. Schematic representation of the experimental sequence: ions are captured
via  in-trap lift switching and ejected by lowering the exit-side mirror potential. For
details see text.

require high-capacity buffering to reduce fluctuations and drifts
of the applied voltages, which in turn increases the time to vary
set voltages for experimental optimization. In analogy, ejecting
the stored ions by mirror switching is achieved by lowering the
appropriate voltages of the exit-side mirror (detector side) to allow
passage. This is less critical, as typical experimental cycles allow the
mirror potential to stabilize until the next ions are captured.

2.2. Lift switching technique

Ion capture and ejection utilizing the in-trap lift electrode relies
on changing the ions’ energy rather than the storage potentials.
The initial accelerating potential in the two stage ToF section is set
to surpass the maximum of the fixed mirror potential Umax

mir (as in
Fig. 2). The ions’ energy E is reduced once they have cleared the first
mirror and entered the lift electrode. This is realized by changing
the voltage applied to the lift electrode Ulift to ground potential. This
results in confinement, if E/q − Ulift < Umax

mir . In analogy, ejection
is achieved by reapplying Ulift to enable the ions to traverse the
exit-side mirror potential. Note that different voltages Ulift can be
applied for injection and ejection. Thus, the ions’ kinetic energies
in front of and behind the MR-ToF analyzer can be decoupled. This
techniques requires the stored ions to move towards the detector
and to be inside the lift electrode during the ejection pulse, which
is more restricting than ejection via mirror switching and results in
a reduced m/q range that can be ejected simultaneously.

In the present study, both techniques are combined: the in-trap
lift switching is used for ion capture, providing well-defined mirror
potentials as well as control over the ions’ energy during stor-
age, and switching of the exit-side mirror potential is employed
for ion ejection. The advantage of this combined approach lies in
an increased amount of viable ejection positions from the MR-ToF
analyzer, which results in an extended “ToF ejection window” as
explained in the following section. Fig. 3 illustrates the new exper-
imental sequence: Ions traverse the entrance-side mirror potential
(a) after which their potential energy is lowered by switching the
in-trap lift electrode (b). The stored ions revolve between the mir-
ror potentials (c) until the exit-side mirror potential is lowered (d)
to eject them (e).

3. ToF ejection window

An ion’s total time of flight t can be expressed as

t = t0 + ts + �, (1)

where t0 denotes the duration from its start in the source to the
capture pulse of the MR-ToF analyzer, ts the storage time and � the
time from the ejection pulse to the ion’s detection. The times t0 and
ts are preset in a given experiment, while � is measured.

During their storage time ts the ions oscillate inside the ana-
lyzer. Generally not all phases of the revolution period result in
proper ejection conditions, so only a fraction of stored ion species
can be observed. Consequently, an ion species’ ToF signal can only
be observed in a specific range of � values after the ejection pulse,
henceforth called the “ToF ejection window” Teje. The ratio of an ion
species’ ToF ejection window to its revolution period T describes
the portion of the period in which ion ejection and thus, detec-
tion can be performed. As Teje/T only depends on the MR-ToF
analyzer’s dimensions as well as its potential configuration and
ejection method, it is constant for all ions with identical kinetic
energies. This means that the relative change of the ToF ejection
window for different ion species is identical, although the absolute
change is mass-to-charge dependent. This is also the reason why
the bottom part of Fig. 2 is missing specific numbers on the ordi-
nate. While the geometry of any given system is not easily changed
and the potential configuration is optimized, the ejection method
is readily accessible and can therefore increase the efficiency and
precision of an experimental set up.

3.1. ToF ejection window for mirror switching

During an arbitrary revolution period an ions’ position resulting
in earliest detection leads to the smallest possible �. For ion ejec-
tion employed by mirror switching, this position is right in front of
the exit-side mirror for ions flying towards this mirror. These ions
are closest to the exit-side mirror without sampling the changing
electric field during the switching process and therefore travel the
shortest possible distance to the ion detector. Analogously, the ions
detected last, i.e. with the largest possible �, will just have cleared
the exit-side mirror potential at the time of the switching pulse
and are now departing from the mirror. As the entry-side mirror
potential remains unaffected by the switching process, these ions
are reflected once more before traveling towards the ion detector,
resulting in the longest possible flight path and consequently the
highest �-value. The passing time between reaching both positions,
i.e. the interval for proper ejection of an ion species, is indicated in
Fig. 2 with Teje = Tm. As can be readily inferred, the only ion posi-
tions not resulting in viable detection conditions lie within or close
to the exit side mirror at the time of the switching pulse. Although
these ions may  still reach the detector, their time of flight will be
shifted, leading to wrong mass values, which can cause problems
for, e.g. mass measurements.

3.2. ToF ejection window for lift switching

For lift ejection the condition for ion ejection is more restricted,
as only ions inside the lift electrode, moving towards the detector
are properly ejected. Consequently, the time Teje = Tl viable for in-
trap lift ejection is significantly shorter compared to that for mirror
switching, as can be inferred from Fig. 2.

In analogy to the derivation of a “mass bandwidth” by [9], the
ratio of an ion species’ ToF ejection window to its revolution period
can be expressed as a value � = Teje/T. When comparing the two
techniques, it becomes apparent that the use of mirror instead of
in-trap lift switching for ion ejection results in substantially more
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ions with different mass-to-charge ratios being observed, as Tm > Tl
and therefore �m > �l.

A longer ToF ejection window offers several advantages:

• For precision mass measurements, revolution numbers of ions
whose flight times are to be compared should be identical, as
short-term changes in the applied mirror voltages then affect
both species nearly identically. In this case a reference signal can
be used to calculate and correct small ToF variations between
individual iterations of the experimental cycle [3]. For these
applications ion species of a given mass difference can be stored
for a longer time while still being ejected after the same number
of revolutions N. Since the resolving power R generally increases
with the total flight time – and therefore N – an increased preci-
sion in mass-difference determination is gained.

• Analogously, ion species with a higher mass difference can be
ejected simultaneously after a given storage time ts, thus, allow-
ing for a direct mass-difference determination. This has been
shown by Yavor et al. with the introduction of “mass bandwidths”
for mirror and in-trap lift switching [9]:

(m/q)max

(m/q)min
≈ 1 + 2�

N
for N � 1. (2)

• For studies where mass differences of interest are larger [8], an
increased ToF ejection window can provide additional informa-
tion about the ion species stored, thus, helping to disentangle
more complicated ToF spectra after different storage times as will
be demonstrated below.

• More statistics can be collected in a comparable measurement
time.

4. Experimental results and discussion

For a first mass analysis and overview of particles produced by
the laser source lead clusters are guided through the MR-ToF ana-
lyzer without any reflections, i.e. in single-path mode Fig. 4(a). The
spectra show lead clusters Pbn− with sizes n = 1 to n = 12 as well as
some lower-mass ions from target impurities and residual gas ion-
ization. The observable cluster sizes and their relative abundances
depend on various parameters of the laser-ablation process, most
importantly the target material, i.e. the element(s) that the clusters
are made of, but also on the laser-pulse energy and duration as well
as the delay time between laser pulse and acceleration pulse [16].
An in-depth investigation of cluster production and their proper-
ties is beyond the scope of the present study, but as an example
of the material dependence, we note that Pb11− is not observed
[17,18]. Spectrum (a) (blue-colored intensities for lower kinetic
energies in the in-trap lift electrode) results from normal opera-
tion in single-path mode, i.e. Ulift is kept in the high state during
the entire experimental cycle. In contrast, spectrum (b) results from
Ulift being kept continuously on ground potential, resulting in the
ions remaining at a high kinetic energy during the in-trap lift pas-
sage (red-colored intensities). Their overall flight times decrease
with respect to spectrum (a). As negatively charged particles are
investigated, the Ulift potential applied for traversing the analyzer
is of negative polarity as well, henceforth denoted as the “high”
state in accordance to its absolute value surpassing the “low” state
of a grounded potential.

To trap these clusters the in-trap lift is switched. To illustrate
this process of in-trap lift capture, Fig. 4c–e shows ToF spectra for
different operations of the lift electrode. For the ToF spectra (c)–(e)
the lift potential was switched from high to low 52, 62 and 72 �s
after the switching of the target potential and thus, start of the
ions in the laser ablation source. Clusters passing the lift before the
capture pulse (at the high lift potential) show flight times equal to
those in spectrum (a) (colored in blue), ions passing the lift after-

Fig. 4. Single-path ToF spectra with different in-trap lift operations. (a) Continu-
ous “high” state (Ulift = −840 V). (b) Continuous “low” state (ground). (c)–(e) The
potential is switched from high to low 52 �s (c), 62 �s (d) and 72 �s (e) after the
ion-acceleration pulse at the source and simultaneous start of the ToF recording
(indicated by the vertical green lines). (For interpretation of the references to color
in  this figure legend, the reader is referred to the web version of the article.)

wards experience the low lift potential (colored in red), so their
flight times equal those of spectrum (b). The clusters with sizes
n = 3–4 (c), 4–6 (d) and 4–8 (e) are not observed in the respective
single-path spectra, as their energy is reduced by the in-trap lift
switching and thus, they are captured and stored between the ion
mirrors. The time of the switching pulse is indicated with a green
line. The intensity is normalized to 1 for the strongest signal. Some
clusters are still detected after the trapping pulse, because they
have already passed the in-trap lift electrode and need to finish
their way towards the detector.

To observe ions stored between the mirrors, the signal acqui-
sition is synchronized to the MR-ToF ejection pulse instead of the
extraction from the source region. Thus, the x-axis of the spectra
in Fig. 5 display the ions’ flight time � after the ejection. For all fol-
lowing measurements the capture pulse is applied t0 = 52 �s after
the ions’ start in the source, as it is the case in Fig. 4(c), leading to
the capture of Pb3 and Pb4 clusters.

To gain information about the stored particles and their behav-
ior inside the analyzer, they are ejected after different storage
times. Thus, an incremental time t̃  can be defined, which makes
up the storage time ts = t̃N for each time step N of the investiga-
tion. For this measurement it has been chosen as t̃ = 96.59 �s to
track Pb4 isotopologues with mass number A = 828 and therefore
closely matches the time this ion species requires to complete one
revolution. Consequently their �-value is nearly constant for each
ejection, however as t̃ does not exactly match any ion’s revolution
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Fig. 5. ToF spectra of Pb4 isotopologues for in-trap lift ejection after N = 40, 100 and
200. The start of the ToF recording has been synchronized to the ejection pulse. For
more details see text.

period, all signals change positions on the �-axis as a function of N.
The total flight time given in Eq. (1) can now be expressed as

t = t0 + Nt̃ + �. (3)

In Fig. 5 ion ejection by in-trap lift switching is performed for N = 40,
100 and 200 ((a), (b) and (c) respectively), which leads to stor-
age times of ts = 3.8636 ms,  9.659 ms  and 19.318 ms.  Since lead has
four naturally occurring isotopes, a single cluster size’s ToF signal
consists of several isotopic compositions, so called isotopologues.
As single-path spectra do not provide sufficient resolving powers,
these individual signals are not resolved in Fig. 4, but the increased
total flight time for N = 40 is enough to separate isotopologues of
Pb4.

To illustrate general MR-ToF operation and advantages of the
combined operation, the mass numbers of signals in Fig. 5 are
already assumed to be known (A = 622 and A = 826–831), although
the actual identification of individual isotopologues is deferred to
the discussion of Fig. 8 in Section 5. Due to the limitations of the ToF
ejection window Tl (Section 3), increasing separation of the isotopo-
logue signals leads to some of them disappearing from the spectra
at higher N (A = 826, 830 and 831 in spectrum (b) and additionally
A = 829 in spectrum (c)). While the ToF ejection window stays con-
stant, the observable mass bandwidth decreases with increasing
N, as expected from Eq. (2). In addition to the Pb4 isotopologues’
signals, a signal corresponding to ions with a very different mass
number A = 621 is observable in Fig. 5(c). Since those ions have
already lapped the Pb4 ions, the order of appearance of signals in
the ToF spectrum is decoupled from their m/q ratio.

If ToF spectra as those of Fig. 5 are recorded for subsequently
incremented N, they can be depicted as a two-dimensional contour

Fig. 6. N-versus-ToF plot with in-trap lift capture and ejection after N = 1–300. The
capture time is 52 �s, the incremental time step of the storage duration ts = Nt̃ is
t̃  = 96.59 �s. The isotopologues are indicated by their mass numbers A = 827–830.

plot as shown in Fig. 6. This “N-versus-ToF plot” shows ToF signal
intensities as a function of � (horizontal axis) and storage time (ver-
tical axis), expressed by the number N of storage time increments
t̃ [19]. Since in this case the chosen t̃ closely matches the revolu-
tion period of the Pb4 signals, N also matches these ions’ revolution
numbers for all spectra shown. The ToF spectra of Fig. 5 correspond
to horizontal cuts along the 40th, 100th and 200th row of Fig. 6.

The straight lines visible in Fig. 6 correspond to Pb4 iso-
topologues of several mass numbers. The remaining signals not
belonging to any of these lines result from the only other clus-
ter size simultaneously stored, which is Pb3, as can be inferred
from Fig. 4(c). The Pb3 isotopologues are also increasingly separated
for longer storage times and while they make the spectra appear
“noisy”, note that there is a defined structure to their distribution,
in particular a pattern between about N = 140 and 200.

It is readily apparent that the information of the ToF spectra
is limited by the ToF ejection window, which in this case is about
Tl = 18 �s for lift ejection, as indicated at the top of Fig. 6. The signals
corresponding to the mass numbers A = 829, 830 and 831 can be
observed up to N ≈ 150, 90 and 60 respectively. At higher revolution
numbers they are no longer ejected simultaneously. As has been
described in the previous sections, the ToF ejection window can be
increased by employing exit-side mirror switching for ion ejection,
thus, increasing the number of ion species with different mass-to-
charge ratios observable in a single spectrum. Fig. 7 shows an N-
versus-ToF plot similar to Fig. 6, with the ion ejection now realized
by exit-side mirror instead of in-trap lift switching. The extended
ToF ejection window Tm is about 77 �s, i.e. 4.3 times longer than Tl.

The signals of the isotopologues exhibiting the mass numbers
828 and 829 can be observed simultaneously (among others) for
up to N = 300, as opposed to only N = 150 in Fig. 6. Assuming no
significant signal changes over the investigated storage times, i.e.
a linear relationship of mass resolving power and N, this implies
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Fig. 7. N-versus-ToF plot with in-trap lift capture and exit-side mirror ejection for
1–300. All experimental parameters except for the ion ejection method are identical
to the ones of the measurement shown in Fig. 6.

Fig. 8. Magnified part of the N-versus-ToF plot of Fig. 7. The colored dashed lines
connect signals of the same ion species of Pb3 signals by blue, red and green. The
ellipse mark the areas where different ion species have very similar �-values in
subsequent incremental time steps, which marks the pattern, as explained in the
text. (For interpretation of the references to color in this figure legend, the reader is
referred to the web  version of the article.)

concurrent study of both signals with a gain in resolving power by
a factor of 2 without any changes in the remaining experimental
parameters. An even more pronounced gain can be observed for
the A = 830 ion signal, as the maximum N, for which it is observed,
increased from 90 to about 270. Although the A = 831 ion signal is
lost before it leaves the observation window, due to its low overall
intensity, its maximum N is still increased from 60 to about 100. A
similar assumption can be made for the A = 830 ion signal, as the
maximal N, for which it is observed, is nearly doubled as well. The
structure of the simultaneously stored Pb3 isotopologues between

Table 1
s-Values and resulting mass values according to Eq. (5) for mass assignments to the
unknown ion species marked with green, red and blue lines in Fig. 8.

s/�s t̃+s/�s mass/u

Reference 0.09 96.68 828.9
Green line −12.85 83.74 621.9
Red line −12.91 83.68 621.0
Blue line −12.98 83.61 619.9

N = 140 and N = 200 is now more pronounced and a similar effect
can be observed at around N = 80, as further discussed in Section 5.

5. Identification of isotopologues

To illustrate the process of identification of the signals of Fig. 5
in Section 4, it is now assumed that no further knowledge of the
trapped masses is available, except for the information known
from the single-path spectra of Fig. 4c, which means that only Pb3
and Pb4 clusters are stored. The process of determining the mass
of an ion species associated with a given ToF signal is preceded
by “disentangling” the spectra, i.e. determining connected signals
at subsequently incremented storage times for an unambiguous
result. With the wider ToF ejection window provided by the mir-
ror switching, such connections have been made in the exemplary
N-versus-ToF plot of Fig. 8 for three signals. Three further signals
are observed, whose revolution periods are significantly different
from t̃, these have been marked by blue, red and green dashed lines
to illustrate their propagation from one incremental time step to
the next. At certain N-values the ToF signals disappear to the left
side of the ToF ejection window (shorter times) and reappear on the
right (longer times), signaling a “lapping” process, i.e. the difference
between the reference number of time steps and the revolution
number of the marked signals increasing by one.

After the Pb3 signals have been connected, mass values of indi-
vidual isotopologues can now be determined via their characteristic
slopes

s = ��

�N
, (4)

i.e. their change in position on the �-axis between storage time
increments. An unknown ion species’ mass m can then be deter-
mined using a reference mass mref as well as the respective shifts s
and sref:

√
m = t

tref

√
mref = t̃ + s

t̃ + sref

√
mref. (5)

Since t̃ is known within the negligible uncertainty of the control
system, the determination of the unknown mass is reduced to the
measurement of s and sref. Table 1 lists the s-values for the ToF
signals marked in Fig. 8, along with the resulting masses calculated
using Eq. (5). As the reference mass the Pb4 isotopolog with mass
number A = 829 was  chosen.

Although this method of mass determination/ion identification
is possible with both in-trap lift and exit-side mirror ejection, the
increased ToF ejection window of the mirror switching technique
offers distinct advantages. Since the ratio of the ToF ejection win-
dows Tm/Tl is about 4.3 for the present system, measurement time
for the same number of data points compared to lift switching is
reduced by this factor. Thus, the assignment of related ToF signals
is less time consuming, as individual spectra offer more informa-
tion content. To gain access to the entire ToF ejection window of
the mirror switching technique with lift switching, multiple cycles
with different ejection times are required for each revolution num-
ber, to achieve the same length of Tm by stringing together multiple
ejection windows with the length of Tl.
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The patterns visible in the N-versus-ToF plots around N = 165
and N = 80 are easily understood after the mass assignment. These
patterns are the result of changing �-values of Pb3 isotopologues
between subsequent ToF spectra. In the magnified part of Fig. 7
in Fig. 8 it can be seen, that � is almost identical for different Pb3
isotopologues at subsequent N in the area marked with an ellipse
in Fig. 8. The following derivation aims to find this N. In general the
total time of flight of an ion species is given by Eq. (1). Therefore for
two certain ion species i and kti,k is given by

ti,k = t0 + Ni,kTi,k + �i,k, (6)

where Ni,k is the respective ion’s revolution number and Ti,k its
period. The �k-value is required to have the same value for spectrum
N + 1 as �i for N, which leads to the conditions

t̃N = NiTi (7)

and

t̃(N + 1) = (Nk + 1)Tk. (8)

In the present study the Pb3 isotopologues do not lap each other in
the 300 spectra taken for this investigation, i.e. they have the same
revolution numbers Ni = Nk and therefore Eq. (8) becomes

t̃(N + 1) = (Ni + 1)Tk. (9)

From Eqs. (7) and (9) the N in question follows (by eliminating Ni)
as

N = (Tk/t̃) − 1
1 − (Tk/Ti)

. (10)

With the T belonging to the Pb3 isotopologues one finds N ≈ 185
for k = 621 (red) and i = 622 (green) and N ≈ 160 for k = 621 (red)
and i = 620 (blue). The pattern at N ≈ 86 is explained by � coinci-
dences of the next-to-neighbor isotopologues k = 620 (blue) and
i = 622 (green).

6. Conclusions

The effects of different modes of MR-ToF analyzer operation,
namely the ion ejection by means of exit-side mirror and in-trap
lift switching on ToF spectra have been investigated with small lead
cluster anions. As opposed to conventional operation, where both
the capture and ejection of ions is achieved by the same technique,
a combined approach is presented. By utilizing in-trap lift capture
and exit-side mirror release, it is possible to draw benefits from
both operating principles, gaining access to a greatly increased ToF
ejection window of observation for a given storage time in the MR-
ToF analyzer, while eliminating drawbacks concerning the stability
of the applied mirror voltages and enabling easier optimization. For
the present system, the ToF ejection window increases by a fac-
tor of 4.3, when lift ejection is replaced by mirror switching, which
directly correlates to several improvements for experiments aiming
on the identification of unknown species. For a given mass differ-
ence of two ion species, the maximum single revolution number
both of them can be simultaneously observed at is increased. For
wide-band investigations of several, simultaneously stored species,
the identification of ToF signals is shown to be significantly less
demanding with respect to measurement time. For narrow-band
precision mass measurements, we expect the benefits of the wider
ToF ejection window to be even more pronounced, as it directly
correlates to an increase of mass resolving power for a given pair
of reference ions and ions of interest.
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The recently introduced method of ion separation by transversal ejection of unwanted species in
electrostatic ion-beam traps and multi-reflection time-of-flight devices has been further studied in
detail. As this separation is performed during the ion storage itself, there is no need for additional
external devices such as ion gates or traps for either pre- or postselection of the ions of interest. The
ejection of unwanted contaminant ions is performed by appropriate pulses of the potentials of deflector
electrodes. These segmented ring electrodes are located off-center in the trap, i.e., between one of the
two ion mirrors and the central drift tube, which also serves as a potential lift for capturing incoming ions
and axially ejecting ions of interest after their selection. The various parameters affecting the selection
effectivity and resolving power are illustrated with tin-cluster measurements, where isotopologue ion
species provide mass differences down to a single atomic mass unit at ion masses of several hundred.
Symmetric deflection voltages of only 10 V were found sufficient for the transversal ejection of ion
species with as few as three deflection pulses. The duty cycle, i.e., the pulse duration with respect to the
period of ion revolution, has been varied, resulting in resolving powers of up to several tens of thousands
for this selection technique. Published by AIP Publishing. https://doi.org/10.1063/1.5009167

I. INTRODUCTION

Multi-reflection time-of-flight (MR-ToF) devices are used
as fast, high-resolution mass spectrometers, in particular in
the field of nuclear physics (Wienholtz et al., 2013 and
Schury et al., 2017), as well as a tool for ion separa-
tion (Wolf et al., 2011; Wolf et al., 2012a; Plaß et al.,
2008; Plaß et al., 2013; and Hirsh et al., 2016), where their
high resolving powers allow for the separation of isobaric
species for further investigations such as alpha decay studies
(Althubiti et al., 2017) or precision Penning-trap measure-
ments (Wolf et al., 2013 and Rosenbusch et al., 2014). Based
on the folding of kilometer-long ToF-drift sections, resolv-
ing powers in excess of 100 000 have been reached with
these relatively small devices (Wienholtz et al., 2015 and
Dickel et al., 2015), unrivaled by most other mass spectrometry
(MS) techniques (Gross, 2006). However, as MR-ToF MS is
based on the oscillation of ions between two electrostatic ion-
optical mirrors, faster ions lap the slower ones. Thus, when the
ions are eventually ejected after multiple revolutions, there is
no unique relation between the ions’ arrival time at the detec-
tor and their mass-to-charge ratio unless the corresponding
revolution numbers are known beforehand.

Specifically, ion signals from different mass ranges are
folded into the resulting ToF spectrum, which complicates the
identification of the ion species and requires prior knowledge
of the ions’ lapping frequencies. To determine these frequen-
cies, measurements can be performed for subsequent storage
times (Knauer et al., 2017; Schury et al., 2014). Alternatively,
narrow mass-to-charge bandwidths have to be preselected

a)Author to whom correspondence should be addressed: paul.fischer@uni-
greifswald.de

either during the ion preparation or injection. The latter can
be achieved by, e.g., lower-resolution non- or single-reflection
ToF separation combined with a fast ion gate or by magnetic
separation (Breitenfeldt et al., 2016) but only for the price
of additional corresponding hardware and/or the switching of
appropriate voltages. Similarly, a final selection step is usu-
ally the ions’ passing of a gate device that can be quickly
switched after their separation in the MR-ToF analyzer, e.g.,
one of Bradbury-Nielsen type (Wolf et al., 2012a; Plaß et al.,
2008; and Hirsh et al., 2016). Again, such a device adds fur-
ther hardware outside of the MR-ToF analyzer itself, this time
downstream for postselection as opposed to the preselection
mentioned earlier.

For postselection, a new method has also been intro-
duced recently (Wienholtz et al., 2017), which uses an in-trap
potential lift originally invented for ion injection and ejec-
tion without the need for switching of the electrostatic mirrors
(Wolf et al., 2012b). However, this method still relies on pre-
selection by other means to avoid the superposition of ions
with different revolution numbers during the MR-ToF storage
time.

In contrast, Toker et al. (2009) implemented a set of deflec-
tor electrodes between the ion mirrors to deflect contaminant
ions out of the analyzer transversally during the ions’ storage
time. The potentials of these deflector electrodes are alternated
between a state allowing for the ions’ undisturbed transfer, i.e.,
a field-free configuration, and a state resulting in the applica-
tion of a force perpendicular to the ions’ direction of motion.
This makes it possible to derail unwanted ions that exhibit
different revolution periods than the ions of interest and, thus,
experience different phases of the deflector pulses. The method
requires no external components, neither up- nor down-
stream of the MR-ToF analyzer, to select a given ion species

0034-6748/2018/89(1)/015114/13/$30.00 89, 015114-1 Published by AIP Publishing.
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with a defined mass-to-charge ratio. It has been adopted by
Dickel et al. (2015) to selectively investigate ions of a specific
mass range. The present study characterizes in detail such a
deflector component at an MR-ToF device recently built for
atomic cluster research (Knauer et al., 2017).

Based on its application in electrostatic storage rings
(Goto et al., 2008), the technique of synchronized deflection
relies on the fact that ion trajectories in an electrostatic storage
device are only defined by the captured ions’ energy, whereas
their mass-to-charge ratio defines their revolution period. A
setup of deflector electrodes will therefore be passed by dif-
ferent ion species at different times, allowing for their sepa-
ration via synchronized deflector pulses. A similar technique
has also been used to vary the potential of one of the MR-
ToF analyzer’s mirror electrodes to achieve similar selection
(Hilger et al., 2014). To this end, comparatively high volt-
ages of several hundred volts were required. In the study of
Toker et al. (2009), 100 V deflector pulses were applied with
opposite sign to a pair of 60 mm long plate electrodes. In con-
trast, the present setup utilizes a segmented ring electrode of
just 25 mm length for the application of the deflector voltages.
Potential differences of only a few volts are sufficient for the
transversal ejection of unwanted ions, as described in detail in
Sec. IV C.

II. EXPERIMENTAL SETUP

The experimental setup (Fig. 1) combines a laser-ablation
source with an MR-ToF analyzer connected by a quadrupole
ion deflector. Various ion-optical lenses and steering elements
are located along the ions’ path to guide the ion bunch from
the source to the MR-ToF analyzer and—after capture, storage,
and ejection—further to the ion detector. As a full presentation
of the system is beyond the scope of this study, we limit the
description to an overview of the components and techniques
required for the present study.

By irradiation of a tin target with a nanosecond laser pulse
(Nd:YAG laser: 10 Hz repetition rate, 532 nm wavelength, 6 ns
pulse length, .15 mJ pulse energy), atomic as well as small
cluster ions (cluster size n . 50) are produced with both
positive and negative charge signs. Several tens of nanosec-
onds after the laser pulse, the voltage configuration on the
acceleration electrodes is switched to extract the ions of the

FIG. 1. Schematic overview of the experiment consisting of target plate and
acceleration electrodes, quadrupole deflector, electrostatic ion mirrors con-
sisting of six mirror electrodes each, in-trap lift electrode, and ion detector.
The dashed green line indicates the laser beam; the solid red line indicates the
ions’ flight path. Further ion-optical elements are omitted for clarity.

FIG. 2. Schematic drawing of one half of the symmetrical MR-ToF analyzer.
The electrostatic ion mirror consists of the electrodes M6 (outermost) to M1
(innermost). The shielding electrode is grounded to minimize fringe field
effects on the mirror potentials.

desired polarity (Stoermer et al., 2001). For the present study
with anions, the target plate is set to a potential of �2010 V,
the first acceleration electrode (distance: 10 mm, bore diam-
eter: 5 mm) to �1800 V, and the second one (distance:
10 mm, bore diameter: 3 mm) to ground potential to form
a Wiley/McLaren-type two-stage acceleration section (Wiley
and McLaren, 1955).

After their acceleration, ions are guided to an MR-ToF
analyzer by means of a quadrupole deflector. The analyzer
consists of two opposing electrostatic ion mirrors, each of
which is formed by a stack of six electrodes, labeled M6 to
M1 from outermost to innermost (Fig. 2). The voltages of the
mirror electrodes are listed in Table I. The four outer mirror
electrodes (M3–M6) provide axial ion confinement, while the
two inner ones (M1 and M2) ensure radial ion refocusing dur-
ing each revolution. The potential of the in-trap lift electrode
(Wolf et al., 2012b) is switched from U lift (also given in Table I)
to ground during the ions’ passage, resulting in their capture.
Ejection is in turn achieved by reapplying the lift voltage. For
single-path operation, the potential of the lift is not switched
down.

Ion detection is performed with a �2.5 kV Channel-
tron detector with a 5 kV conversion dynode. Its sig-
nals are amplified (Becker & Hickl GmbH, HFAC-26dB)
and digitalized by a computer-mounted multiscaler card
(Becker & Hickl GmbH, MSA-300). The experimental tim-
ing pattern is provided by a control system based on
LabVIEW (Beck et al., 2004 and Beck et al., 2009) and
a Field-Programmable-Gate-Array (FPGA) card (National
Instruments, PCI-7811R).

An experimental cycle is defined by two times:

• the capture time tcap, i.e., the time between the ions’
extraction from the source to the switching of the in-trap
lift and

TABLE I. Voltages applied to the MR-ToF mirror electrodes and in-trap lift.

Electrode Voltage (V)

M6 �1668.9
M5 �1282.73
M4 �1063.4
M3 �585.2
M2 1570
M1 1315
In-trap lift �802.5
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• the storage time ts during which the ions are revolv-
ing between the mirrors. More precisely, ts denotes the
time between the switching of the in-trap lift to ground
potential and back up for ejection.

For MR-ToF operation, the start of the ToF recording is
synchronized to the ejection from the MR-ToF analyzer. Thus,
the sum of the recorded time-of-flight after ejection τ and
tcap + ts gives an ion’s total time of flight.

An experimental cycle is typically repeated for 2000–
2500 times per set of parameters to collect enough ion counts
for statistical evaluation. Typical count rates are in the range of
0.15 ions per laser pulse per ion species, although slight vari-
ations between individual series of measurements are present.
This is due to the fact that parameters such as the laser-pulse
energy—which is subject to long-term drifts due to, e.g., tem-
perature changes—or the amount of ablated material from
the target per laser pulse—which changes with the condi-
tions of the target surface during prolonged exposure to laser
pulses—slightly vary between individual measurements.

Between the mirror electrodes and the in-trap lift, there
is—in addition to a grounded shielding electrode (Yavor et al.,
2008 and Hirsh et al., 2016)—a further tube of 15 mm diame-
ter and 25 mm length (Fig. 2). It is azimuthally segmented
into four 90◦ elements which are connected to individual
electric vacuum feedthroughs. For the present application of
transversal electric fields for ion deflection, two pairs of adja-
cent segments are connected, i.e., voltages are applied to two
halves of the ring. These voltages are switched between two
states:

i. Both halves are grounded. There is no resulting elec-
tric field, and ions traverse the ring undisturbed. This is
henceforth denoted as the “off” state of length toff.

ii. The halves are supplied with symmetrical voltages UD

with respect to zero, resulting in an electric deflecting
field perpendicular to the MR-ToF axis. This is henceforth
denoted as the “on” state of length ton.

The setup has such a set of segmented ring electrodes on
each side of the in-trap lift. For the present studies, only the
one on the exit-side is utilized, i.e., the other one is kept on
ground potential at all times.

The UD voltages are provided by two 32 VDC power
supplies (Elektro-Automatik GmbH, 3050B); the switching is

performed by a digital-controlled analog voltage switch (CGC
Instruments, NIM-AMX500-3). The digital control signal is
generated as a rectangular function by a 30 MHz function
and arbitrary waveform generator (Keysight Technologies,
33522A).

III. MEASUREMENT PROCEDURE AND PRINCIPLE
OF THE MASS SELECTION BY TRANSVERSAL
EJECTION

The sequence of a measurement cycle consists of ion pro-
duction and transfer from the source to MR-ToF analyzer,
capture and storage—including the application of the mass
separation by transversal ejection of unwanted species in the
present studies—and ejection and ion detection in order to
analyze the effects of the ejection pulses applied.

Figure 3 illustrates schematically the voltage switches of
the in-trap lift that define tcap and ts as well as the voltages
applied to both halves of the deflector electrode ring. The
deflection voltages are switched on and off for the durations
ton and toff, i.e., they follow a rectangular function alternat-
ing between on and off states as mentioned earlier. Its phase,
period, and duty cycle (see below) are chosen so that the ions
of interest pass the deflector undisturbed again and again. Ions
with different mass-to-charge ratios exhibit different revolu-
tion periods and, thus, will eventually run out of sync with the
deflector function.

In the following, the ratio ton/tP of the duration of the on-
state over the period tP of the deflector function will be called
“duty cycle.” For a period tP (i.e., a switch rate or frequency
f = 1/tP) closely matching the revolution period T of the ion
species of interest, larger duty-cycle values result in a narrower
selection range as the deflector-off durations toff allowing for
undisturbed traversing of the deflector electrode are shorter.
The delay time tph between the switching of the in-trap lift
electrode and the beginning of the first on-state determines the
phase,

− tph

tP
· 360◦,

at which the deflector function starts with respect to the capture
pulse. A starting phase of 0◦ therefore describes a configura-
tion for which the on-state is immediately applied upon the
switching of the lift electrode.

FIG. 3. Event sequence of an experimental cycle in terms of the voltages applied to the in-trap lift and the deflector electrodes. The vertical dashed lines symbolize
(from left to right) the ions’ extraction from the source region (blue), the switching of the in-trap lift electrode (red and green), and the arrival of the ions at the
detector (black). The durations tcap, ts, τ, ton/off, tph, and tP are explained in the text.
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FIG. 4. Schematic drawing of the posi-
tions as a function of time for ions oscil-
lating between the ion mirrors of the
MR-ToF analyzer. This illustrates the
principle of ion selection by transver-
sal deflection of non-synchronized ion
species. For details, see text.

Figure 4 illustrates the principle of mass selection for
an exemplary case of five ion species stored within the MR-
ToF analyzer. The deflector electrode is switched between off
(white) and on (red shaded) with a period of tP. Next to the ion
species of interest (solid black line), whose revolution period
T exactly matches tP, there are two ion species with lower
mass-to-charge ratios (dash-dotted and dashed blue lines) as
well as two with higher mass-to-charge ratios (dash-dotted
and dashed cyan lines). The ions’ revolutions are illustrated as
zig-zag lines along the time axis; red circles mark the points
where an ion first traverses the deflector electrode during an
on-state. Since the deflector ring is located close to one of
the ion mirrors, an ion species that is to be allowed to pass
undisturbed has to traverse it twice within less than half of a
revolution period: once just before entering the mirror potential
and again just after leaving it after the reflection. It follows that
the “opening” of the deflector potential function has to happen
either twice in quick succession or—as pursued in the present
study—be long enough to allow for the entire turn-around in
the ion mirror. In the particular case presented in Fig. 4, all ion
species complete their first turn-around without sampling any
of the on-state. However, both the significantly faster (dash-
dotted blue) and slower (dash-dotted cyan) ion species are
ejected by experiencing either of the on-states on their next
revolution, as marked by the sold circles. Ions with smaller dif-
ferences in revolution periods (dashed lines) will be deflected
after a higher number of revolutions, in this schematic
drawing during the third revolution as marked by dashed
circles.

It can be readily inferred from Fig. 4 that ion selec-
tion is achieved in shorter storage times with larger duty
cycles, provided the starting phase and frequency are adjusted
for undisturbed passage of the ion species of interest. As in
practice the switching flanks of the deflection pulses have
a finite temporal width and the deflector electrodes have
finite spatial extensions, care has to be taken to ensure
that the ions to be selected are not affected by the deflec-
tion. In the following measurements, this is studied in
detail.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. Disentangling the signals stored
in the MR-ToF device

The top of Fig. 5 shows a single-path spectrum of Sn−n ,
with n = 1, 2, . . ., 12. The bottom shows a spectrum recorded
for identical settings where, in addition, an MR-ToF capture
pulse, i.e., in-trap lift switching, at tcap = 50.5 µs is applied.
The signals of the clusters at sizes n ≥ 4 disappear as these
species are now either stored between the MR-ToF mirrors
or pass them so late that the efficiency of their detection
is significantly reduced due to the now grounded lift elec-
trode. For a more in-depth study of the effects of the ion

FIG. 5. Time-of-flight spectra of Sn−n clusters resulting from single-path oper-
ation without any switching of the in-trap lift (top) and with lift switching at
a capture time of tcap = 50.5 µs (bottom). The high-intensity signal at tcap
in the bottom spectrum is electronic noise generated by the lift switching
pulse.



015114-5 Fischer et al. Rev. Sci. Instrum. 89, 015114 (2018)

FIG. 6. 2D color intensity plots dis-
playing detected ion intensity as a
function of time-of-flight after the
ion ejection from the MR-ToF ana-
lyzer τ (abscissa) and MR-ToF stor-
age time (ordinate) for operation with
tcap = 50.5 µs. The left plot shows oper-
ation without any ion selection, the right
one with selection of Sn5 by transver-
sal ejection with duty cycle 72%, phase
�138.2◦, period 81.507µs, and deflector
voltage UD = 10 V.

capture by lift switching, we refer to Knauer et al. (2017) and
Wolf et al. (2012b). To refine the information on the cluster
sizes of the captured ions, the storage time can be varied, as is
shown in Fig. 6.

The left part of Fig. 6 shows a 2D color intensity plot
of ion intensity as a function of the time-of-flight after the
ejection of stored ions τ (abscissa) and storage time ts (ordi-
nate). There is a defined, tiered structure of four subsequent
lines that correlate to the four cluster sizes revolving between
the ion mirrors. Any one line describes an ion bunch contain-
ing clusters of a single size being ejected at different positions
within the in-trap lift electrode, resulting in the detected signal
moving along the horizontal axis from right (longest time until

ion detection: ions have just cleared the entry-side mirror upon
ejection) to left (shortest time until ion detection: ions are just
in front of the exit side mirror upon ejection). Together with
the information provided from Fig. 5, it can be concluded—
for the present capture time of 50.5 µs—that the stored cluster
sizes range from n = 4 to 7, as indicated by the labels. The four
lines visible at storage times around 100 µs describe these ion
species after their first revolution period N = 1, and the lines
at around 170 µs show the same ion bunches after two periods
N = 2. Lines that are barely visible due to low ion counts are
indicated with gray labels.

Due to the spacing between the lines of individual clus-
ter sizes increasing with each revolution period—implying

FIG. 7. Time-of-flight spectra recorded
after storage times of N · 81.51 µs and
N = 1, . . ., 14, i.e., where N denotes the
number of revolutions of Sn5 clusters in
the MR-ToF analyzer. The left and right
parts show spectra without any selection
and with ion selection synchronized to
Sn5, respectively.
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an increasing separation of the ion bunches due to their
differences in velocity—signals belonging to different rev-
olution numbers can be observed to mix up from the third
revolution period onward. This signals the beginning of lap-
ping processes between the ion species. The signals visible
at storage times below 50 µs are a result of the ions imme-
diately being ejected before clearing the in-trap lift electrode
once, i.e., the lift is switched down and back up again while the
ions move through it. The signals in the very bottom left are a
result from ion species—namely, Sn−2 and Sn−3 —having fully
traversed the lift electrode before the switching pulse that are
being detected as a remainder of the single-path spectrum. The
right plot in Fig. 6 is the result of an analogous measurement,
where the deflector electrodes transversally eject all ions of
cluster sizes other than n = 5. Consequently, after three revo-
lutions, only the clusters of this particular size remain in the
MR-ToF analyzer.

The revolution period T of an ion species of interest can
be inferred from the difference in storage time between sub-
sequent revolutions and the observed changes in the signal’s
time-of-flight τ. For Sn−5 , T = 81.51 µs is found. When this
value is used for the steps of increasing the storage time,
these ions can be tracked over several revolution numbers,
as shown in Fig. 7. The left side of this figure shows time-of-
flight spectra after storage times resulting in 1–14 revolutions
of Sn5 while Sn4, Sn6, and Sn7 are simultaneously stored. At
the higher revolution numbers, it becomes obvious that the
ion bunch is actually composed of several subspecies which
is due to different isotopic compositions at the same clus-
ter size (so-called isotopologues) that are not yet resolved
after the first revolutions. Other ion species lapping Sn5 can
complicate the identification of individual signals if the com-
position of the stored ion bunches is not already known. For
example, the signals of Sn4 isotopologues move through the
spectrum from the right to left in the spectra 6–9 in this case.
This illustrates the need for additional, in-trap means of ion
selection. One can easily imagine the overlap of signals to
become worse with increasing revolution numbers, as the sep-
aration between the various cluster signals increases and even
the isotopologues of the same cluster sizes start lapping each
other.

The right side of Fig. 7 shows the corresponding measure-
ments where, in addition, the in-trap deflector electrode is now
utilized to eject any undesired ion species. Since the revolu-
tion period of Sn5 is known to be 81.51 µs, the frequency of
the rectangular deflector function is set to the corresponding
f = 1/T. The phase is set to �180◦ and the duty cycle to 50%,
i.e., to a 50/50 alternation between on and off (starting with
off). Since the capture time tcap = 50.5 µs is chosen so that Sn5

is in the center of the in-trap lift electrode during the capture
pulse, the deflector potential remains grounded until the n = 5
ion bunch is centered in the drift tube again after its reflection
in the exit-side mirror potential (after T /2), after which it is
switched on for the other half of the revolution period. The
voltages of the deflecting potential configuration are chosen
as UD = 10 V. The effect of the deflector application is readily
apparent, as no trace of the signals of the other cluster sizes that
had been simultaneously stored without transversal ejection
remains. The few present deflector periods and relatively low

duty cycle with small amplitude are already sufficient to eject
all unwanted ion species while leaving the Sn5 isotopologue
distribution undisturbed.

With Sn5 spectra undisturbed by contaminant ion species
at any revolution number, the mass numbers of the individual
isotopologue peaks can now be inferred after, e.g., 25 revolu-
tions (see the top part of Fig. 8) from the relative intensities
of the signals. The expected abundance of Sn5 isotopologues
can be calculated from the natural probability distribution of
Sn isotopes (de Laeter et al., 2003) by summing the prob-
abilities of all possible isotope permutations resulting in the
same mass numbers. This includes permutations with the same
five isotopes in different orders as well as combinations of
different isotopes since the mass resolving power needed for
the separation of Sn5 isobars exceeds that of the present mea-
surements. Table II lists the input distribution of Sn isotopes
as well as the 17 most abundant Sn5 isotopologues resulting
from it.

FIG. 8. Top: time-of-flight spectrum of Sn5 isotopologues after N = 25 revo-
lutions in the MR-ToF analyzer, summed for 10 300 laser pulses. Signals are
marked by their mass numbers A determined via comparison to theoretical
abundances. Bottom: total number of detected ions in each isotopologue sig-
nal (blue) and theoretical isotopologue abundances as given in Table II (red
circles).
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TABLE II. Relative natural abundances P of tin isotopes (de Laeter et al.,
2003) with mass numbers A as well as resulting probabilities and mass numbers
of Sn5 isotopologues. From the 58 possible isotopologue mass numbers, the
17 most abundant are displayed.

Sn1 Sn5

A P (%) A P (%)

112 0.97 585 1.22
114 0.66 586 2.16
115 0.34 587 2.57
116 14.54 588 4.12
117 7.68 589 4.51
118 24.22 590 6.55
119 8.59 591 6.46
120 32.58 592 8.60
122 4.63 593 7.51
124 5.79 594 9.29

595 7.12
596 8.43
597 5.61
598 6.51
599 3.75
600 4.42
601 2.15

The bottom part of Fig. 8 shows the expected abundances
of the Sn5 isotopologues from A = 585 to 601 as red circles.
These are the 17 values given in Table II, which are now nor-
malized to the highest single probability belonging to A = 594.
Additionally, the measured ion intensities (total number of
ion counts per peak) are displayed, which are also normalized
to their respective maximum. Matching both distributions for
best agreement gives the mass numbers of the measured iso-
topologues, which are now known to range from A = 588 to
A = 598 in the top of Fig. 8. The shapes of the left- and right-
most signals are somewhat deformed as the corresponding ions
sample changing electric fields from either the switching of the
in-trap lift during capture/ejection or the deflector electrodes.
The measured intensities of both of these signals are there-
fore expected to deviate somewhat from the expected natural
abundance.

B. Variation of phase and duty cycle

To further demonstrate the effect of the transversal
ejection, Fig. 9 shows two so-called N-versus-ToF plots
(Schury et al., 2014). The plots are similar to Fig. 6; however,
the ordinate now increases in storage time steps of 407.535 µs,
corresponding to 5 revolutions of the A = 593 isotopologues.
The plots can therefore be understood as the continuation of
the measurement shown in Fig. 7 up to 200 revolutions; how-
ever, the intensities are now displayed as color. The left plot
shows the propagation of stored ion species when no selection
is applied. Due to the incremental time closely matching a mul-
tiple of the revolution period T of the A = 593 ions, the present
“reference ion species,” their corresponding signal reproduces
its position on the τ-axis for each measurement step, as the ions
reproduce their position in the in-trap lift electrode for each
axial ejection. This leads to a straight, vertical line at τ ≈ 35 µs.
Isotopologues with a difference of ∆A = ±1 slightly shift their
position in the in-trap lift with each incremental step, leading
to the sloped lines adjacent to the central one. The next pair of
sloped lines correlates to ion species with ∆A = ±2, et cetera.
The other signals, seemingly distributed at random and not
belonging to any of the lines, are the result of the ion species
of other cluster sizes, whose revolution periods are consid-
erably different. Thus, they lap the reference ions every few
revolutions.

As in Fig. 6, the left and right borders of where ion sig-
nals are observed mark the ends of the in-trap lift electrode,
with ions detected at the far left (shortest times) being just in
front of the exit side mirror during the ejection pulse and ions
detected at the far right (longest times) just having cleared
the entry side mirror. Ions located within any of the mirror
potentials or in the in-trap lift electrode with a direction of
motion away from the detector during the lift switching pulse
are lost for detection. Ions located sufficiently near the exits
of the in-trap lift electrode during the switching pulse will
also sample some changing electric field, leading to their sig-
nal shapes being distorted or the ions being lost for detection.
For a more in-depth study of this “ToF ejection window,” see
Knauer et al. (2017).

The right N-versus-ToF plot of Fig. 9 shows the results
when the transversal deflection is applied. The duty cycle is

FIG. 9. N-versus-ToF plots of Sn5 iso-
topologues from N = 5 to 200 revo-
lutions in steps of five. The left plot
shows a measurement where no selec-
tion is employed, the right one an iden-
tical measurement with the selection
synchronized to the 593 isotopologues
(81.507 µs period, 50% duty cycle,
�180◦ starting phase).
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again set to 50% with a starting phase of �180◦. This leads
to the transversal ejection of all isotopologue signals of Sn4,
Sn6, and Sn7, as these clusters quickly run out of sync with
the deflector function during the first revolutions. Roughly
speaking, ions experience the deflection pulse as soon as their
separation to the A = 593 signal amounts to about 1/4 of its rev-
olution period, that is, they are trailing or leading by a quarter
of a revolution. They are then already at the deflector elec-
trode ring when the reference signal is in the center of the
lift electrode, i.e., they experience the end of the deflection
pulse upon entering the exit-side mirror, or they experience
the beginning of the next pulse upon leaving the mirror poten-
tial when the reference ions are centered in the lift electrode
again (see Fig. 4). For the N-versus-ToF plot, this means that
all ion signals—including Sn5 isotopologues—reaching the
edges of where a signal can be detected will be ejected. For
the present investigation with 5–200 revolutions, this amounts
to a “cleaning” of background signals, leaving only the propa-
gation of the isotopologues with mass numbers close to 593 to
be observed. For N > 140, only a single isotopologue remains,
the A = 593 ion species.

Figure 10 shows the ion intensity of only the Sn5 iso-
topologue with mass number A = 593 as a function of the
rectangular function’s starting phase for various duty cycle
settings. The revolution period for this isotopologue has been
determined as 81.507 µs (which has already been used for the
deflection period in the previous measurements). The ions are
stored for 200 revolutions (ts = 16.3014 ms) with the deflection
of unwanted ions applied the whole time.

As is readily apparent, the range of viable starting phases
decreases for increasing duty cycle settings due to the short-
ening of the “off” times of the deflector. With the illustration
provided by Fig. 4, one can easily imagine the effects of the
starting phase for an ion’s trajectory in the t-z-plane, i.e., the
positioning of the turn-around within the opening of the off-
state shifts. As such, longer openings, i.e., smaller duty cycles,
allow for some room in the choice of starting phase for an ion
species matching the deflector functions frequency, while the
starting phases for higher duty cycles are confined to a nar-
rower range. As expected, a phase of �180◦ is the optimal
setting for a 50% duty cycle, as it is located in the center of
the intensity plateau. For other duty cycles, the ideal starting
phases can be determined analogously.

An increase in the duty cycle lengthens ton toward the
right in Fig. 4; the right flank of the curves displayed in Fig. 10
therefore remains unchanged, while the left flank is closing in.
For the configuration of the presented setup, a value of 72% is
found as the maximum duty cycle, as it still allows a selected
ion species to traverse the deflector electrode unaffected at a
starting phase of �138.2◦.

It can also be inferred from Figs. 4 and 10 that there is an
upper limit of the deflector duty cycle due to the ions’ turn-
around time in the ion mirror. A centrally placed deflector
could operate with decreased toff durations if two opening win-
dows per revolution period are used, which are optimized to
allow only for the passage of the reference ions on either cross-
ing. However, such a deflector position would limit the length
of the in-trap lift electrode. Alternatively, the deflector volt-
ages could also be switched twice per revolution period at the

FIG. 10. Detected ion intensity of the A = 593 isotopologue after 200 revolu-
tions as a function of starting phase for various duty cycle settings. The data
have been normalized to the average of the plateaus of the curves.

present position: once to let the ions pass toward the mirror
and again when they come out. However, this involves the use
of two ton times of different durations.

The left and middle N-versus-ToF plots of Fig. 11 show
the results of a measurement like that of Fig. 9 performed with a
duty cycle of 60% and a starting phase of �182◦ and �139.6◦,
respectively. Due to the decreased off time of the deflector
potential, the transversal deflection now already applies to ions
that are less separated from the A = 593 signal. The starting
phase is chosen so that the reference ion species is synchro-
nized not to the center of the off-state but at either side of it,
resulting in lighter or heavier ion species being ejected faster.
The rightmost plot shows a duty cycle of 72% with a phase of
�138.2◦. The spectra now show no additional signals from 25
revolutions onward. For reasons of comparability, the contami-
nant deflection is applied for the entirety of the 200 revolutions
in all measurements.

C. Variation of the deflector voltage

The spectra shown so far are results of a deflector poten-
tial of UD = 10 V, which is obviously enough for transversal
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FIG. 11. N-versus-ToF plots of Sn5
isotopologues from N = 5 to 200 revolu-
tions in steps of five. The left and mid-
dle plots show measurements with 60%
duty cycle and starting phases of �182◦
and�139.6◦, respectively. The right plot
shows a measurement with 72% duty
cycle and �138.2◦ (12.268 885 kHz for
all).

ion ejection. In the following, the effectivity of the ejection
process will be investigated as a function of this voltage. The
color-intensity plot of Fig. 12 shows time-of-flight spectra for

FIG. 12. Color intensity plot (top) and count rate evaluations (bottom) for
ToF spectra recorded after 60 revolutions for different settings of the deflector
voltages UD. The red data in the lower plot show the detected ion counts of
the A = 593 signal; the blue data show the counts of all other signals. The
corresponding ToF spectra are shown vertically in the top part of the figure.

60 revolutions of the A = 593 isotopologues. As for the right
plot in Fig. 11, the duty cycle is 72% and the starting phase is
�138.2◦, leading to only one remaining signal for a deflector
voltage of UD = 10 V. The individual spectra show the same
measurement for UD settings between 0 V, meaning no switch-
ing is de facto employed, as both electrodes are continuously
grounded, and 10 V.

The number of signals visible in the spectrum unaffected
by any deflector pulse (±0 V) can be generally ordered into
three categories: the reference ion signal with mass number
A = 593, the four adjacent Sn5 isotopologues, and the remain-
ing signals correlating to other isotopologues, including those
of other cluster sizes. Even though an unambiguous iden-
tification of those signals is not possible with the informa-
tion provided here, the increased signal intensity with respect
to the Sn5 signals would suggest them to be Sn4 clusters
(see Fig. 6). Accordingly, these signals’ intensity reduces
fastest when UD is increased, as the ions experience deflec-
tion pulses on most, if not all of their revolution periods.
From UD = 0 to 2 V, all of the ions not belonging to any of
the five named isotopologues are ejected, leading to the first
major decrease in the blue intensity curve in the bottom of
Fig. 12.

The signals of the Sn5 isotopologues show a slower
decrease in intensity. This is explained by the fact that they
are close enough to the reference ion species in mass to be
able to pass the deflector electrode undisturbed for some num-
ber of revolutions in the beginning. Additionally, it can be
observed that the two lighter and heavier isotopologues are
affected differently, where the lighter ones (with shorter flight
times) decrease faster. This difference in selection effectivity
is explained by the asymmetry of the selection process for
faster and slower ions with respect to the deflector frequency.
As can be seen in Fig. 4, lighter ions are affected by the end
of the previous on-state before entering the exit-side mirror
while heavier ones experience the beginning of the next one
after being reflected. Investigations of these effects are beyond
the scope of this study; however, it can be inferred from these
results that a deflection before the ions’ reflection leads to a
quicker ejection. This is plausible, as one would expect some
slight change in the angle of entry into the mirror to quickly
lead to unstable trajectories. The 592 and 594 signals also
experience a slight shift in their time-of-flight in opposing
directions before being fully ejected, which also suggests an
asymmetry in the trajectories of these ions. The ejection of the
four non-reference Sn5 isotopologues between UD = 3 and 6 V
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FIG. 13. Top: 2D color-intensity plot displaying detected ion intensity after
60 revolutions as a function of the number of deflector pulses during the storage
time (ordinate) and deflector voltage UD (abscissa). Bottom: evaluation of
ejection effectivity via goodness parameter C. Values of r593 > 1 (rrest > 1)
due to statistical fluctuations in the amount of detected ions can lead to C > 1
(complex C-values), which are manually set to C = 1 (C = 0).

leads to the next “step” in the blue intensity curve. Finally,
the reference ion species is—as expected—unaffected by all
deflection pulses, as seen from the red curve. While the blue
curve decreases to zero for UD ≥ 6 V, the red data show only
statistical fluctuations.

To further evaluate the relationship between the deflec-
tor voltage and the number of deflection pulses required for
ejection, Fig. 13 shows 2D color intensity plots where both
parameters are varied for a duty cycle setting of 72%. The
upper plot shows the total number of detected ions per laser
pulse in the ToF spectra recorded after 60 revolutions. The
deflector voltage is varied in steps of 1 V, making up the
abscissa of the plot; the ordinate shows the number of deflector
pulses applied during the storage time (the number describes
the first X of 60 revolutions being affected). For low deflec-
tor voltages or a low number of affected revolutions, the total
detected intensity is high, as most ion species remain stored in
the MR-ToF device. In contrast, the count rate of about 0.2 in
the upper right regime of the plot means that only the selected
A = 593 signal remains. As can be readily inferred, higher
voltages result in a quicker selection. For the configuration
of stored signals in these measurements, it is not possible to
transversally eject all unwanted ions in the first ten revolutions
regardless of the deflector voltage chosen. Due to the Sn5 iso-
topologue signals being close in mass, a certain distribution
of them will fit through the same “opening” in the deflector
voltage, regardless of UD.

The bottom plot of Fig. 13 shows the evaluation of the
data in terms of the “goodness parameter” C introduced by

Hilger et al. (2014). If r593 describes the ratio of retained
A = 593 signal with respect to a reference spectrum unaffected
by any deflector pulses and rrest analogously describes the ratio
of other retained signals, then

C =
√

r593 · (1 − rrest)

becomes C = 1 if all of the A = 593 signal is retained while none
of the remaining signal is. The goodness parameter equals 0
if none of the selected signal or the entire unwanted signal is
retained. The general trend of the parameter over the range
of the 2D plot is as expected, leading to values of or around
1 in the upper right regime where all of the selected ions are
retained while all of the unwanted ones are ejected.

Even though the effectivity of the selection process seems
comparable for all investigated deflector voltages upwards of
UD = 6 V, the choice of UD = 10 V for the measurements
of this study is validated in retrospect since it maximizes the
speed of the transversal ejection while having no discernable
negative effect on the selected ion species. It can be inferred
from the right plot of Fig. 6 that the selection of ion species with
large enough differences in revolution periods can actually be
performed in 1–3 revolutions with UD = 10 V.

We also note in passing that the symmetrical voltage
application on the deflection electrodes has been chosen to
minimize further ion-optical effects of the deflector. In par-
ticular, the symmetrical operation leaves the potential on the
axis unaffected. However, similar results of transversal deflec-
tion are achieved if only one half of the deflector ring is
switched between ground and 2UD while the second half is
left grounded.

D. Variation of the deflection frequency

For the refinement of the ion selection, in praxis, the duty
cycle, phase, and deflector voltage can be kept at fixed val-
ues while the deflector frequency f = 1/tP is adjusted. Thus,
in the following, the signals are studied as a function of this
frequency, for a duty cycle of 72%, starting phase of �138.2◦,
and deflector voltage UD = 10 V, and at N = 60, 200, and
1000 revolutions of the five Sn5 isotopologue signals from
A = 591 to 595. At N = 60, the frequency of the deflector
function is varied in steps of 1 Hz, leading to a subsequent
selection of all five signals visible in the ToF spectra (Fig. 14,
top). The intensity curves describe the number of detected ion
counts per laser pulse in the ToF regime of each signal. The
flanks of the intensity curves, where only part of the count
rate of the plateaus is detected, correlate to the respective ions
being affected by the switching flanks of the deflector func-
tion, which leads to decreased and distorted signal shapes. The
range of suitable frequencies for each signal’s selection spans
about 6 Hz, leading to a (selection) resolving power in the
order of about 1000. The typical mass resolving powers at this
storage time are 4 500, with signal FWHMs in the range of
0.55 µs. As expected, the resolving power of the selection is
somewhat lower than the corresponding mass resolving power
since the duty cycle setting has to be chosen to allow for some
revolution period fluctuations due to long-term temperature or
voltage drifts in the system.
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FIG. 14. Detected ion counts of Sn5 isotopologues for different frequencies
f of the deflector function after 60 (top), 200 (middle), and 1000 (bottom)
revolutions (72%, �138.2◦, ±10 V). Lines have been added to guide the eyes.
The additional plot in the bottom shows a zoomed-in part of the x-axis around
the frequency range of interest.

A similar frequency variation is performed for 200 revo-
lutions (ts ≈ 16 ms), leading to the middle spectrum of Fig. 14.
Now, only the signals of A = 593 and 594 are observable.
The selection of the other three signals is not possible without
adjustment of the storage time, as the separation between the
ion species does not allow for all of them to fit in the same ToF
spectrum. The frequency has been varied in steps of 0.2 Hz,
leading to a selection range of roughly 1.3 Hz for each signal.
The corresponding selection resolving power of almost 5000 is
again below the ToF mass resolving power of 15 000 (FWHM
of about 0.5 µs).

At 1000 revolutions (ts ≈ 80 ms), steps of 0.03 Hz are
applied and only the A = 593 signal can be observed in the
ToF spectrum. The selection range is 0.16 Hz and the resolv-
ing power is 40 000, while the ToF mass resolving power is
about 75 000 (FWHM = 0.54 µs). At this revolution num-
ber, the long-term stability of the mirror voltages becomes
the most limiting factor, as their fluctuations affect the stored
ions’ revolution frequency. With higher numbers of deflector
pulses, ions will run out of sync with the deflector function
with smaller mismatches of T and tP, leading to unwanted
signal loss unless an online parameter correction is applied.
For the present setup, typical drifts of revolution periods are in
the order of 10 ppm on time scales of several minutes, which
makes the measurements increasingly difficult at revolution
numbers above 1000. As these drifts can be traced to the stabil-
ity of the voltages applied to the mirror electrodes, we expect
an increase in stability in the future with a switch to better
high-precision power supplies.

V. SUMMARY AND CONCLUSION

An in-depth investigation of transversal ion ejection for
mass separation in an MR-ToF device (Toker et al., 2009
and Dickel et al., 2015) has been performed with Snn iso-
topologues. The effects of periodic deflector pulses have been
studied in detail with respect to the deflector function’s duty
cycle, starting phase, frequency, and voltage as well as the
number of deflection cycles. Figure 15 gives a partial sum-
mary and also illustrates the flexibility of the method. For the
topmost spectrum, no deflection is applied which leads to a
number of further signals in addition to the five expected Sn5

peaks. For the second spectrum, a 50% duty cycle is applied
and the deflector frequency is adjusted to the central A = 593
signal. The selection range still includes the other isotopo-
logues, but the signals of ion species with different revolution
numbers are now completely gone. From the comparison of
the A = 594 signal at τ ≈ 39 µs between the two spectra, it
can be concluded that it is actually composed of at least two
ion species in the upper spectrum. The following three spectra
are taken with 60% duty cycle selections, which leave only
three neighboring species: from top to bottom A = 593–595,
594–596, and 592–594. Finally, the last five spectra of Fig. 15
demonstrate the selection of the individual mass numbers with
a 72% duty cycle. For the present system, that duty cycle was
found to be the maximum.

The resolving power of the selection process is connected
to that of the corresponding MR-ToF mass spectra as the ion
species have to be separated before they can be transversally

FIG. 15. Time-of-flight spectra of the A = 591–595 isotopologues after 60
revolutions with various selection settings. The topmost spectrum results
from operation without any deflection, the ones below from the combina-
tions of duty cycle, starting phase, and frequency indicated in the spectra. All
measurements have been performed with UD = 10 V.
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ejected without affecting the ions of interest. As this selection
is performed simultaneously with the resolving process, there
is no need for any selection prior or subsequent to the MR-
ToF storage. That means that this technique comes with no
additional device or measurement time requirements.

The study performed by Toker et al. (2009) employed
a duty cycle of 20% with UD = 100 V for several tens to
hundreds of cycles, leading to 65%–100% of the original sig-
nal intensity of the ions of interest being preserved. For the
present device, in contrast, we found the ions of interest to
be virtually undisturbed by pulses of up to 72% duty cycle.
This increase directly correlates to a decrease in the num-
ber of deflector pulses needed for comparable suppression of
contaminant ions and, consequently, to shorter times needed
for ion selection. We expect the decrease of UD to lead to
more favorable conditions concerning the rise times of the
deflector pulses as well as electrical noise from the switching
process.

Beyond the applications presented here, this technique
can be used for, e.g., the suppression of space-charge effects
due to high amounts of non-isobaric contaminant ions in high-
precision mass measurements. As these contaminants can be
quickly ejected without disturbing the ions of interest, a result-
ing gain in precision is expected. We note in passing that space-
charge effects, such as self-bunching (Strasser et al., 2002
and Toker et al., 2009), of the ions of interest themselves are
not considered in the present study, as it is negligible for the
ion numbers per cycle in these experiments.

Higher revolution numbers, i.e., longer storage times, lead
to higher separation resolving powers. However, long-term
drifts in the system’s mirror voltages affecting the ions’ revolu-
tion periods can pose a limit. With the present setup, ion storage
of coherent bunches in the MR-ToF analyzer is already pos-
sible for several hundreds of milliseconds. With either power
supplies of increased stability or an on-line adjustment of the
deflector frequency, selection resolving powers in excess of
40 000, the maximum of this study, will be possible.
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Abstract
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A multi-reflection time-of-flight (MR-ToF) device has been setup for the development and test of new 
MR-ToF techniques and for future applications in atomic cluster research. The instrument, consisting 
of a laser-ablation ion source, a quadrupole bender, the MR-ToF analyzer (with ion mirrors and in-trap 
lift), and a channeltron detector, is described in detail and characterized with respect to preliminary 
results of its performance parameters. In addition, cluster ions were mass selected in the MR-ToF 
device and photodissociated. The charged fragments were stored and mass analyzed in a proof-of-
principle MS/MS experiment where both MS steps were performed in the MR-ToF operation mode.

1. Introduction

Although introduced more than two decades ago [Wollnik 1990, Benner 1997, Dahan 1998], Multi-
Reflection Time-of-Flight Mass Spectrometers (MR-ToF MS) have been applied only recently to 
various studies in nuclear and molecular Physics and chemistry. MR-ToF analyzers are ion-beam 
traps, that use solely electrostatic potentials, offer high mass resolving powers within a few 
milliseconds and have the dimensions of a table top device. Similar electrostatic devices are referred 
to as electrostatic ion beam traps (EIBT) [Dahan 1998, Zajfman 2003, Toker 2009], electrostatic bottle 
[Zajfman 1997] or electrostatic linear ion traps (ELIT) [Suzuki 2006, Hilger 2013, Dziekonski 2016]. In 
this article clusters [Haberland 1994, Alonso 2000, Johnston 2002] are utilized for the characterization 
of an MR-ToF MS, which has been set up at the University of Greifswald for further technical 
developments and the application in cluster research.

In an MR-ToF analyzer, ions do not traverse just once from source to detector, as in a linear ToF MS 
[Wiley 1955], and they are also not reflected just once as in a reflectron device [Mamyrin 1972], 
instead they are reflected multiple times and, thus, repeatedly utilize the flight path between opposing 
electrostatic ion mirrors. This results in highly increased flight times t and, thus, mass resolving powers 

, beyond , where  is the full width at half maximum (FWHM) of the 𝑅 = 𝑚/∆𝑚 = 𝑡/(2 ∙ ∆𝑡) R > 100 000 ∆𝑡
ion signals [Schury 2013, Dickel 2015, Jesch 2015, Wienholtz 2015]. However, they still maintain 
comparably fast processing times and share other common advantages of all ToF analyzer, as the 
absence of mass limits. With these properties MR-ToF analyzers excel as isobaric separators and 
selectors [Plaß 2007, Wolf 2012a, Hirsh 2015, Yavor 2015], mass spectrometers [Wienholtz 2013, 
Schury 2014, Ishida 2004, Plaß 2013, Wollnik 2003, Atanasov 2015, Roubin 2017, Rosenbusch 
2018], lifetime analyzer [Knoll 1999, Wolf 1999, Wolf 2016], and as molecule [Alexander 2009, Antoine 
2013, Kafle 2015, Pierson 2013, Hilger 2015] and cluster analyzers [Naaman 2000, Heber 2005, Aviv 
2008, Aviv 2013, Rahinov 2016, Saha 2017, Breitenfeldt 2018]. 



For the present work, atomic clusters are used to characterize the MR-ToF setup. One of the aims of 
future studies is to use this setup to provide highly purified cluster samples similarly as in the MR-ToF 
preselection in nuclear physics [Wolf 2013b, Althubiti 2017, Atanasov 2017, Manea 2017, Welker 
2017, Mougeot 2018]. In the following, section 2 describes the experimental setup, consisting of a 
laser-ablation source (LAS), a quadrupole deflector (QDP) and the MR-ToF MS, in detail. In section 3 
characterizing measurements are presented for each component with a focus on the trap. Section 4 
gives an outlook with respect to technical developments and cluster research, including preliminary 
results from a cluster-laser interaction experiment. The setup has already been used for methodical 
studies of MR-ToF analyzer techniques, e.g. separation during storage [Fischer 2018a, Fischer 
2018b], ion capture improvements [Fischer 2019] or the combination of in-trap lift switching for ion 
capturing and mirror switching for ion ejection [Knauer 2017].

2. Description of the setup

2.1 Overview of the setup and typical experimental procedure 

A schematic overview of the experimental setup is given in Fig.1. Ions are produced by photo 
irradiation of a target with a pulsed laser. The laser trigger starts an experimental cycle controlled with 
a Field-Programmable-Gate-Array (FPGA) card (National Instruments 7811R), which acts as a pulse-
pattern generator [Beck 2009, Ziegler 2012] with a clockrate of 80MHz. The ions are generated in a 
low extracting field (see section 2.2) and after a short delay  a steeper accelerating potential is 𝑡d
applied to the source region. After they left the two-stage acceleration region, the ions pass a 
lens/steerer combination and a quadrupole deflector (QPD), which bends their path by 90° towards the 
MR-ToF analyzer. Without any further action, i.e. switching of potentials, the ions pass the analyzer 
without storage and reach the channeltron detector. This procedure, similar to a linear ToF 
spectrometer, is referred to as "single-pass" mode. 

Fig. 1: Overview of the experimental setup, consisting of a laser ablation source, a quadrupole 
deflector, an MR-ToF analyzer, an ion detector and various ion optical elements, such as ion 
optical lenses and steerers; laser beams indicated in green, ion trajectory in blue.

For ion capture, storage, and release, potentials along the ions' path have to be altered at certain 
times, for which the timing pattern is shown in fig. 2. After the capture time , the ions are captured 𝑡cap
by switching the in-trap lift electrode in the center of the analyzer to ground [Wolf2012b]. By doing so, 
the ions' energy is reduced and they can no longer surpass the potentials applied to the mirror 
electrodes in front and behind the in-trap lift. Thus, the ions oscillate between the mirrors until they are 



released from the trap by reapplying the in-trap lift potential and thus lifting the ions’ energy back up 
above the mirror potential. The ions are stored for a set duration , for which the product of an integer 𝑡s
number N multiplied with the respective ions’ revolution period  is chosen. Thus, the ions are again 𝑇rev
inside the in-trap lift electrode and move towards the detector when the ejection pulse is applied. While 
they revolve inside the analyzer additional electrodes between the ion mirrors and the in-trap lift 
electrode can be utilized to either record pick-up signals of the revolving ion bunches (see section 4.1) 
or to apply deflecting potentials to select one or several ion species of interest [Toker 2009, Dickel 
2015, Fischer 2018a]. The start of the data acquisition is synchronized with the ejection of the ions 
from the trap, i.e. the flight times  after the beginning of the ejection pulse, are recorded with a multi-𝜏
channel scaler. Thus the total flight time t is the sum of the three terms t=tcap+ts+ . The ions are 𝜏
detected by means of a channeltron detector with a 5-kV conversion dynode.

Fig. 2: Event sequence of an experimental cycle.

The software used to control the FPGA is based on the CS Framework [Beck 2004] and developed 
within LabVIEW [Jamal 1994, Elliot 2007].It had earlier been adapted for the ClusterTrap experiments 
[Martinez 2011] and includes the following main features [Ziegler 2012]:

 Spectra of consecutively executed experimental cycles can be summed up for display, while 
the individual spectra are also saved independently to allow offline evaluations of each 
experimental cycle. 

 It is possible to execute different timing patterns alternately, where the times mentioned above 
can be alternated, e.g. to monitor reference signals.

 Power supplies are controllable via USB, GPIB and PCI connections, which allows remote 
controlling and automated scans of, e.g. potentials or lengths of delay times.

 The data acquisition by a multi-channel scaler (Becker & Hickel, MSA300) is implemented.

2.2 Vacuum system

The system of vacuum chambers has two parts that can be separated by a valve. The first part (on the 
left in Fig. 1) contains the source region (in a CF100 double cross)and the quadrupole deflector (in a 
CF160 double cross) connected by a CF100 I-piece and the second part the MR-ToF analyzer (CF160 
double-cross and CF160 I-piece)and the ion detector. This arrangement allows the exchange of the 
target sample without the need to vent the MR-ToF analyzer region. The first part is pumped by a 300 
l/s turbo molecular pump (TMP1 in Fig. 1) at the QPD chamber and pressure is monitored by a 
Penning gauge (PG1) mounted in the vicinity of the laser target. The analyzers chamber is evacuated 
with a 550 l/s turbo molecular pump (TMP2). Both pumps are backed up by 35 l/s pumping stations. In 
general, there are no gases applied during operation (except for the pressure-dependence studies in 
section 3.3.7). The background pressure at PG1 and PG2 are about  and , 2 ∙ 10 ‒ 6 Pa 5 ∙ 10 ‒ 7 Pa
respectively.
The experimental setup has four viewports: one near the target plate for source-laser alignments; one 
at the QPD cross, opposite to the target side, for the entry of the source-laser beam; furthermore, two 
on the MR-ToF-analyzer axis to allow another laser beam to pass coaxially with the stored ions, 
namely a second one at the QPD cross as well as one on the detector cross. Such a coaxial laser 
beam can be used for photoexcitation of the ions stored in the analyzer (see section 4.2). It requires 
the ion detector to be located off-axis, which is achieved by means of a channeltron detector with 
conversion dynode.

2.3 Laser-ablation source



Atomic clusters can be produced in various ways, among others by laser ablation under high vacuum 
conditions [Hettich 1989, Drescher 1991, Kim 1994, Stoermer 2001]. Similarly, for the present study a 
target surface is irradiated by a pulsed Nd:YAG laser (wavelength , repetition rate , pulse 532 nm 10 Hz
length , pulse energy up to , diameter of the laser spot on target surface about ) at a 6 ns 15 mJ 1 mm
vacuum pressure (measured at PG1, see Fig. 1). Several metals have been psource < 5 ∙ 10 ‒ 6Pa
tested, as listed in section 3.1. For the present measurements lead, chromium and bismuth targets 
were chosen. The electrodes of the laser ablation source are shown in Fig. 3 (top) with the 
corresponding electric potential along the axis (bottom).

Fig. 3: Drawing of the electrodes of the laser ablation source (top) and electric potential 
on the axis (bottom) for the voltages given in Tab. 1. Blue color indicates the target and 
ion acceleration parts and red color the elements of the ion lens.

The target holder T is mounted on a linear feed through, which allows the movement of different parts 
of the target sample to the position of the laser spot. The target potential of typically  𝑈𝑇 ≈  2010 V
determines the ions‘ energy, as the target is the first electrode of the two-stage acceleration section, 
from which the particles are also ablated. The following electrodes are mounted on an optical bank: A1 
and A2 are plates with apertures of  diameter ( ) and  diameter (5 mm 𝑈𝐴1 ≈ 1980 V/1800 V 3 mm 𝑈𝐴2

) respectively, spaced by 10mm. A few microseconds after the laser pulse the potential of A1 is = 0 V
switched from a small potential gradient towards T (usually of tenths of volts) to a value resulting in a 
two-stage acceleration potential (see Fig. 3 bottom) [Wiley 1955]. The delay between laser pulse and 
ion extraction allows neutral particles to disperse before the ions are accelerated [Stoermer 2001]. 

Tab.1: Potentials of the laser ablation source for the production of cationic ions at 
energies of  with respect to ground potential. All potentials of the steerer 𝐸kin ≈  2010 eV
electrodes are set to zero. The potentials are supplied by a) FUG, HCL 35-3500, b) FUG, 
HCL 35-3500 and FUG, HCN 350-3500, and c) ISEG, EBS 8030.

Electrode Potential /V
Target (T) 2010a

Acceleration 1 
(A1)

1980 / 1780b

Acceleration 2 
(A2)

0

Ion lens L2 -350c

Ion lens L4 -2800c

The ions pass an ion lens combination (red, middle Fig. 3) consisting of five cylindrical electrodes, with 
a length and inner diameter of , separated by . The first, third and fifth electrodes are 20 mm 8 mm
connected to ground potential, while the potentials of the second (L2) and fourth (L4) are used to 
focus the beam. The lens is followed by an ion steerer (Fig. 3 right) consisting of two pairs of opposing 



blocks with a length of  each (separated by an 8-mm gap). The pairs are rotated by 90° with 30 mm
respect to each other, to steer ions into all directions with respect to the beam axis.

2.4 Quadrupole deflector

The ion beam generated in the laser ablation source is electrostatically bended by 90° by a 
quadrupole deflector towards the MR-ToF analyzer. This quadrupole deflector consists of four 
electrodes with a quarter-circle shape arranged as shown in Fig. 4, with a radius of  and a 30 mm
distance to the center of . The deflector electrodes are shielded by grounded electrodes 24 mm
towards the incoming and outgoing ion beams to prevent undesired fieldsoutside of the bending region 
and provided with two plates, that, in combination with the GND electrode can be used for additional 
ion path corrections, which was not applied in the present study.

Fig. 4: Drawing of the quadrupole deflector with ion trajectory in blue.For details see text.

In conventional usage, opposing rods are set on the same potential and neighboring rods at inverted 
potentials [Zeman 1977]. In the present study, following Farley et al. [Farley 1985], voltages were 
applied in pairs to opposing rods and it was confirmed that different (absolute) values of the voltages 

 and  applied to the QPD1/QPD3 and QPD2/QPD4 pairs give better results (see 𝑈QPD1/3 𝑈QPD2/4
section 3.2). Typical voltages are given in Tab. 2.

Tab.2: Optimized potentials of the quadrupole deflector for cations and particle energies of 𝐸kin
 (supplied by (a) ISEG EHS 8240xF-K7 and b) ISEG EBS 8030).≈  2010 eV

QPD 
potential

Potential /V

𝑈QPD1/3 2450a

𝑈QPD2/4 -950b

2.5 MR-ToF mass analyzer

The core of the setup is a multi-reflection time-of-flight (MR-ToF) mass analyzer (Fig. 5). It comprises 
two ion-optical mirrors separated by a drift section. The drift section consists of a pulsed drift-tube 
electrode (in-trap lift [Chauveau 2016, Dziekonski 2016, Hirsh 2016, Rosenbusch 2013, Wolf 2012b, 
Wienholtz 2015]) and two four-fold segmented tube electrodes that can be used for image-charge 
pick-up or as ion deflectors.



Fig. 5: Drawing of the entrance-side electrodes of the MR-ToF mass analyzer (top) and 
potential on the ion-optical axis resulting from the voltages given in Tab. 4 (bottom). The 
exit-side electrodes and potentials are mirror-symmetric.

The MR-ToF mass analyzer is mounted at its center in a CF160 double-cross vacuum chamber. The 
ion mirrors extend into CF160 I-pieces. The electronic connections are realized by feedthroughs in 
zero-length flanges at the double-cross in a way that removing the CF160 I-pieces gives full access to 
the mirror sections. At both the entrance and exit side of the analyzer, lens/steerer segments are 
installed outside of the mirror electrodes. The outer of the three ring electrodes have a length of 30 
mm, with the one located further from the trap being segmented into four parts (Din and Dout for 
entrance and exit side respectively, see Tab. 3), to be used as steerers. Each center electrode (Lin and 
Lout) has a length of 20 mm; all three electrodes have an inner diameter of 40 mm.

Tab. 3: Potentials of the MR-ToF electrodes(supplied by (a) ISEG, EHS 8240xF-K7 and (b) 
ISEG, EBS 8030).

Ion optical 
element

Potential /V

Lin 1900 a
Din ±30 and ±5 a
Lout -3500 b
Dout ±160 and ±60 a

The electrostatic mirror potentials are formed by stacks of six electrodes each, all of which have an 
inner diameter of 30mm. To allow for a better control of the potential gradient, especially close to the 
ions’ turn-around point, different electrode lengths are utilized (40, 30, 18, 12, 12, and 12 mm from 
innermost to outermost). The ME6 electrode (outermost) ends in a small bore of 5 mm diameter to 
shield the mirror potential from the neighboring einzel lens. Similarly, an additional shielding electrode 
is located at the inner side of the mirror stacks, this time with 15 mm diameter. For incoming ions with 
an energy of 2.01 keV, simulations as well as experimental optimizations have been performed to 
maximize the system’s mass resolving power by adjusting the voltages applied. The resulting values 
are given in Tab. 4.
The in-trap lift electrode, located at the center of the analyzer, has a length of 375 mm and an inner 
diameter of 15 mm. For in-trap lift ion capture its voltage is switched between Ulift and ground. 
Additional segmented ring electrodes of 25 mm length are located between the in-trap lift and 
shielding electrode on each side of the analyzer. They are utilized for in-trap ion selection by 
transversal ejection of contaminant species [Toker 2009, Fischer 2018a]: If voltages  are applied ± 𝑈D
to opposing segments of the ring, the resulting electric field leads to the deflection and eventual 
ejection of ions passing through it. The potentials are switched between  and ground, leading to ± 𝑈D
deflector pulses that can be synchronized to the revolution period of an ion of interest in such a way 
that it will always pass the electrode during an “off” state. All other ions will eventually sample the 



deflecting electric field and be ejected from the trap’s volume. For the present system, an in-depth 
characterization of the parameters involved in the transversal ejection has been performed in [Fischer 
2018a]. Recently, the technique has been expanded to allow the retention of multiple ion species of 
interest with large m/q differences [Fischer 2018b]. Alternatively, these electrodes can be used for 
non-destructive image-charge detection of revolving ions (“Fourier transform MR-ToF”) [Benner 1997, 
Ring 2000, Bhushan 2007, Dziekonski 2018], see section 4.1.

Tab. 4: Potentials applied to the MR-ToF analyzer’s mirror  electrodes for the storage of 
cations. Energies of incoming ions are 2.01 keV, thus, their energies are reduced after in-
trap lift capture with typically =800 V to 1.21 keV. The potentials are supplied by a) 𝑈lift
ISEG, EHS 8240xF-K7 and b) ISEG, EBS 8030.

Mirror 
electrode

Potential /V

ME6 1668.90a

ME5 1282.73a

ME4 1063.40a

ME3 585.20a

ME2 -1570.00b

ME1 -1315.00b

Thermal expansion and contraction of the analyzer leads to changes of the length of the ion trajectory, 
which can limit the resolving power of the MR-ToF signals by unwanted drifts of the ions' ToF. 
Commonly-used austenitic stainless steel has a linear thermal expansion coefficient , 𝛼steel = 16ppm/K
leading to flight-time changes corresponding to ambient temperature variations. The drifts can be 
corrected to some degree utilizing simultaneously-stored reference ions [Wolf 2013a, Dickel 2015, 
Leistenschneider 2018, Rosenbusch 2018, Fischer 2018b, Schury 2018] (also see chapter 3.3.4). It is, 
however, advantageous to reduce the influence of the temperature on the analyzer’s geometry as far 
as possible for a stable performance. To this end, the present system has been designed with a 
mounting for the ion mirrors (Fig. 6) to reduce the thermal conductivity between the vacuum system 
and the mirror electrode assembly and to reduce the effective linear thermal expansion coefficient of 
the analyzer.

Fig. 6: Top-view of the ion-mirror mounting with quartz rods for the definition of the 
distance between the MR-ToF center at its mounting base (right side, orange) and the ion 
mirror (left side, purple). The circles with “Tin” show the locations of temperature sensors. 
For details see text.

To reduce the thermal conductivity between the vacuum system and the MR-ToF mounting base, the 
contact area between these parts has been reduced. This is achieved by using only a few “point like” 
contacts of the tips of screws defining the position of the mounting base. Therefore, the effective 
contact area is only a few square millimeter. However other sources of heat transfer such as thermal 
radiation remain unchanged.

To reduce the effective longitudinal linear thermal expansion coefficient of the analyzer, quartz rods 
(HSQ300, linear thermal expansion coefficient ) are utilized. They are mounted αquartz = 0.5 ppm/K



close to the center of the MR-ToF analyzer and close to the simulated ion turn-around point on either 
side. Thus, they fix the distance between the turn-around points of the ions (see Fig. 6), i.e. keep the 
revolution length constant for changing temperatures. Each mirror-electrode stack is assembled as an 
individual unit on a separate mounting base (purple frame in Fig. 6). Two blocks are mounted on each 
base with a bore in which the quartz rod can move freely. At the outer side it is held by a nut and it 
retains its relative position via a spring between the two center blocks of each base.
In more detail, the relative change in time-of-flight 

Δ𝑡Temp

𝑡 ≈
Δ𝑙
𝑙rev

= Δ𝑇 ∙ 𝛼

is assumed to be proportional to the relative change of the revolution length , which is in turn Δ𝑙/𝑙rev
determined by its linear thermal expansion coefficient  and temperature change . As stated 𝛼 Δ𝑇
above, a setup constructed solely of stainless steel is expected to exhibit a value of 16 ppm/K. For the 
present setup, with a modified time shift caused by temperature fluctuations , the effective Δ𝑡Temp'
coefficient is

Δ𝑡Temp'
𝑡 ≈

Δ𝑙'

𝑙rev
= Δ𝑇 ∙ 𝛼eff = 𝛥𝑇 ∙ [4 ∙ 𝑙quartz

𝑙rev
𝛼quartz +

𝑙steel

𝑙rev
𝛼steel].

The simulated revolution length is , the quartz rods have a length of , 𝑙rev ≈ 1.53 m 𝑙𝑞𝑢𝑎𝑟𝑡𝑧 = 373 mm
which is passed four times per revolution period. The remaining, “uncompensated” length of stainless 
steel around the center of the analyzer amounts to . Thus, the effective 𝑙steel = 𝑙𝑟𝑒𝑣 ‒ 4 ∙ 𝑙𝑞𝑢𝑎𝑟𝑡𝑧 = 40mm
linear thermal expansion coefficient of the system is expected to be . Note that this 𝛼eff = 1 ppm/K
derivation does not consider changes in the lengths of the stacks of mirror electrodes themselves as 
well as transversal changes (i.e. in inner diameters of cylindrical electrodes).

3. Experimental characterization 

3.1 Laser ablation source

Several target materials have been probed by laser ablation in single-pass operation, for which an 
overview of the resulting clustersizes is given in Tab. 5. For these measurements the source laser was 
operated typically with a few millijoules pulse energy.

Table 5: Column 1:Target materials investigated in single-pass mode. Columns 2 and 3 
highest resolved cluster sizes for cations and anions, respectively in single-pass 
operation. Numbers in brackets are estimations of the highest unresolved cluster sizes.
* Additionally observed dianions Pb39

2- to Pb67
2-

** No clusters were observed between Snn
-, 12 < 𝑛 ≲ 40

Element highest cluster 
sizes for charge 

state z =+1

highest cluster 
sizes for charge 

state z=-1
Al 3 50 (150)
Au 13 (30) 45 (200)
Bi 30 30
Cu 5 30
Cr 2 16
Ge 11 11
Mg 36 15 (70)
Pb 7 77 (160)*
Sn 10 12(100)**

For the following investigations bismuth, chromium and lead clusters have been used. Figure 7 shows 
single-pass ToF spectra for both positive and negative ion polarity. For bismuth, the anion and cation 
cluster-size distributions are alike: Bin clusters of sizes up to  are observed, with an exponential 𝑛 = 30
decrease of the abundance after . In the case of lead, anions and cations show a different 𝑛 ≲ 5
behavior: The cation spectrum has cluster signals mostly at sizes  with exponentially decreasing 𝑛 ≲ 6
intensities, while the anion spectrum continues to larger cluster sizes. Particularly abundant clusters 



are, e.g., Pbn
-,  and . These mass spectral features can be attributed to the clusters’ 𝑛 =  10,  12 20

structures [Ganteför 1989, Kelting 2011].
Furthermore, the Pbn

- spectrum extends well beyond . It also includes doubly-charged clusters, 𝑛 = 30
as already reported by Kappes and coworkers [Stoermer 2001]: The signals of odd-size Pbn

2- appear 
halfway between those of the singly-charged clusters. In the present study this is observed for  𝑛 ≥ 19
(see Fig. 7 right), i.e. the region of doubly-charged anions extends down to n = 39. Previously, an 
appearance size of n = 35 was found [Stoermer 2001]. In general, the appearance sizes of multiply 
charged clusters depend strongly on the experimental parameters. In fact, dianionic lead clusters have 
recently been produced in a Penning trap where they could be detected after ejection down to size n = 
28 [König 2017] and indirectly via their fission products even further down [König 2018].

Fig. 7: Left: Intensity of cluster ion signals (logarithmic scale) as a function of flight time in 
single-pass mode for cationic and anionic bismuth and lead clusters (upper and lower two 
spectra, respectively). Right: Blowup of the section between  = 200 µs and 300 µs of the  𝑡
anionic lead-cluster spectrum with linear intensity axis. Dotted lines indicate the sizes for 
signals of singly charged clusters.

3.2 Quadrupole deflector
After ion production and acceleration, the beam is sent through a quadrupole deflector. For the 
present measurements, voltages were applied to two pairs of opposing rods (  and  at 𝑈QPD1/3 𝑈QPD2/4
QPD1/ QPD3, and QPD2/QPD4, respectively, see Fig. 4) following Farley et. al [Farley 1985]. Two 
separately adjusted voltages correspond to two degrees of freedom, the combination of the deflection 
angle and horizontal displacement.



Fig. 8: Bi1- ion intensity as a function of  and , as labeled in Fig 3.𝑈QPD1/3 𝑈QPD2/4

The voltages have been optimized experimentally with respect to ion transmission. Atomic bismuth 
anions were generated at  and the intensity of the ion beam was measured in single-pass 2.01 keV
operation. Figure 8 shows the ion transmission for a two-dimensional scan. The values have also been 
confirmed for highest transmission with ion capture and storage in the MR-ToF analyzer. A correlation 
between the two voltages was found for an area of transmission with a linear relation from ( ,𝑈QPD2/4  

) ≈ (-2000V, -400V) to (-800V, +2800) and the highest transmission at the ends of this area. 𝑈QPD1/3
The voltages of the global maximum listed in Tab. 2 in section 2.2 were used as operation parameters 
for the further measurements of the present study. With these settings the steerer electrodes between 
source and QPD were kept at ground potential.

3.3 MR-ToF analyzer

The core of the setup is the MR-ToF analyzer. It consists of two stacks of concentric mirror-electrodes 
for ion confinement, the in-trap lift for ion capture and ejection and further electrodes for ion separation 
by transversal ion deflection of unwanted species as well as for the pickup of image charges. In the 
following subsections various aspects of this part of the setup are described.

3.3.1 In-trap lift operation

Figure 9 illustrates the operation of the in-trap lift with a series of single-pass ToF spectra. The 
uppermost spectrum shows Pbn

- cluster signals as already discussed for Fig. 7, where the in-trap lift 
has the higher potential, i.e. the ions are slowed down to a lower velocity during their passage. The 
second spectrum was recorded with the low (ground) lift potential. This results in reduced signal 
intensities, because the exit-side ion optical components are optimized for the "high lift" scenario. It 
also results in shorter flight times, because the ions' velocities are not reduced during their passage of 
the in-trap lift.



Fig. 9: Time-of-flight spectra of Pbn
- illustrating the in-trap lift capture process, with the lift 

potential kept at high potential (top) and low potential (second from top). For the three 
lower spectra following below the lift potential was switched down 66µs after the laser 
ablation and back up 107.85 µs, 215.7 µs, and 323.55 µs later for the three spectra, 
respectively. For more details see text.

For the third spectrum the lift potential is switched at the capture time  from high to low, to 𝑡cap = 66µ𝑠
capture the ions of interest, Pbn

-, , while they are inside the in-trap lift electrode. Thus, 𝑛 = 4, 5, 6, 7
there is a gap in the spectrum, where these signals formerly appeared. The lighter ions Pbn

-, 𝑛 = 1, 2, 3
, have passed the in-trap lift electrode before the capture pulse is applied and therefore produce the 
same signals as in the first spectrum. In contrast, the ions Pbn

-, , that arrive at the lift electrode 𝑛 > 7
after the capture pulse and experience the lower potential produce the signals known from the second 
spectrum. After the captured Pb5

- ions had performed one revolution with , the lift 𝑇rev ≈ 107.85 µ𝑠
potential was switched up again, ejecting these ions with a corresponding signal at about , i.e. 220 µ𝑠
the sum of the single-pass flight time  and . The ejection pulse also effects the heavier ions 112 µ𝑠 𝑇rev
that come later to the MR-ToF analyzer and happen to be in the in-trap lift when it is switched up 
again. They also gain energy which leads to a mismatch with the settings of the ion-optical elements 
downstream. Thus, their signals are lost and there is a gap between about  to . For 240 µ𝑠 360 µ𝑠
clusters with flight times above  the situation is identical to the first spectrum, i.e. they arrive at 360 µ𝑠
the in-trap lift electrode after the potential has been reapplied. Note, that while Pbn

-, , were  𝑛 = 4, 6, 7
also captured the timing of the ejection pulse was adjusted to Pb5

- only.
If Pb5

- is stored for two revolutions the total flight time is  (fourth 112 µ𝑠 + 2 ∙ 107.85 µ𝑠 ≈ 328 µ𝑠
spectrum). As the ejection pulse is now employed later, the gap in the cluster distribution moves 
beyond . If the storage time is increased once again to allow three revolutions, as for the lowest 400 µ𝑠
spectrum of Fig. 9, all cluster signals above about  compare to single-pass signals for the lower 150 µ𝑠
lift potential (second spectrum), and the Pb5

- signal is observed at .436 µ𝑠

3.3.2 Resolving lead-cluster isotopologues

As described in more detail in the next section, every increase in the number of revolutions 
corresponds to a gain in mass resolving power. In Fig. 10 this is shown for the case of Pb20

-. The top 
displays spectra for 100, 200 and 400 revolutions. In contrast to Fig. 9 the x-axis now indicates the 
ions’ time-of-flight  from the ejection pulse to their detection. Thus, the total flight time is𝜏

,𝑡 = 𝑡cap + 𝑁 ∙ 𝑇rev + 𝜏



with the time of the capture pulse  and the storage duration , where  is the 𝑡cap 𝑡s = 𝑁 ∙ 𝑇rev 𝑇rev
revolution period and  the number of revolutions. Note that  always corresponds to one ion 𝑁 𝑇rev
species with a given mass-over-charge ratio. More strictly speaking the storage duration is simply the 
product of the length of the time steps and N. Nevertheless, in the present case N is the number of 
Pb20

-  revolutions and the duration of the steps has been chosen accordingly.
As lead has several naturally occurring isotopes, namely of mass numbers A=204, 206, 207, and 208, 
the lead clusters have corresponding isotopic compositions, the so-called isotopologues (see also 
section 4.2). While in fig. 9 only one single peak is visible for a given cluster size, the isotopologues 
can be separated when the number of revolutions is increased.

Fig. 10: Top: Time-o-flight spectra of Pb20
- after 100, 200 and 400 revolutions in the MR-

ToF analyzer. Bottom: N-vs-  contour plot including the spectra of the top. For details  𝜏
see text.

In the third spectrum from the top of Fig. 10, i.e. at 100 revolutions, the signals of the different 
isotopologues of Pb20

- are already distinguishable, but only barely. These signals at defined mass 
numbers are clearly separated in the 200-revolutions spectrum. After 400 revolutions, the signals are 
correspondingly further apart. However, some of them disappear from the spectrum, due to the limited 
time range in which the ions can be ejected [knauer 2017].
The identification of these isotopologue signals is simplified by monitoring the signals as a function of 
number of revolutions. This is illustrated in Fig. 10, bottom, by a "N-vs-  plot" [Schury 2014b] where  𝜏
each row corresponds to a spectrum with color-coded signal intensities. The incremental storage time 
steps, i.e. number of revolutions of Pb20

-, are given on the ordinate. If this step duration matches the 
revolution period  of an ion species, its signal appears as a vertical line (here for A=4146), while 𝑇rev
the lines of signals of ions with revolution periods different from the incremental storage time steps 
shows a slope corresponding to the relative mass difference. The signals for A=4145, the most 
abundant isotopologue, are marked in the three spectra of the top of Fig. 10. Note that, in general, 
several different isotopic compositions can contribute to a given mass number. Their relative mass 
difference, however, is very small and resolving them is out of the scope of the present study. 
However, the resolving power can be further increased as compared to Fig. 10, which is discussed in 
the next sections.



3.3.3 Mass resolving power with regard to in-trap lift potential and 
storage time

The achievable mass resolving power of MR-ToF analyzer can be expressed as [Wienholtz 2017]

𝑅 =
𝑚

∆𝑚 =
𝑡

2∆𝑡FWHM
≅

1
2

𝑡𝑐𝑎𝑝 + 𝑁 ∙ 𝑇rev + 𝜏

∆𝑡th
2 + (∆𝑡E ‒ 𝑁 ∙ 𝑇rev ∙ (∂𝛿Trev

∂𝛿E ) ∙ ∆𝛿E)
2

+ (∆𝑡A + 𝑁 ∙ ∆𝑇revA)2

, with the total flight time  as introduced in the previous section. Its spread  consists of several 𝑡 ∆𝑡FWHM
contributions:  is the turn-around time originating from the thermal energy spread of the ions in the ∆𝑡th
ejection section, which is the lower limit of the time width. The time spread  is produced by the ∆𝑡E
position-energy distribution imprinted by the acceleration pulse at the LAS, i.e. different energies 
gained during the extraction. Within a linear approximation of ,  is the ToF energy 𝑇rev(𝐸) ∂𝛿Trev/∂𝛿E
dispersion coefficient and  the relative kinetic energy spread inside the MR-ToF analyzer.  and ∆𝛿𝐸 ∆𝑡𝐴

 refer to higher-order aberrations originating from outside the analyzer and inside, respectively.∆𝑇rev𝐴

Figure 11: Top: Mass resolving power R as a function of lift potential Ulift for Bi5- at 2500 
revolutions ( ). Bottom: Mass resolving power R as a function of number of 𝑡s ≈ 270 m𝑠
revolutions N for Bi2-.

For a given number of revolution  can be optimized to rotate the phase space so that∂𝛿𝑇rev/∂𝛿𝐸

 is minimized. This can be achieved either by tuning the mirror potentials (∆𝑡E - 𝑁 ∙ 𝑇rev ∙ (∂𝛿𝑇𝑟𝑒𝑣

∂𝛿E ) ∙ ∆𝛿E)2

or the in-trap lift potential [Wolf 2012a]. An example of an optimization of  utilizing the in-trap lift 𝑅(𝑈lift)
electrode is shown in Fig. 11top: For Bi5- ions at N=2500 revolutions a mass resolving power of

 was reached in a range of  around , i.e. for storage energies of  𝑅 ≈ 1.4 ∙ 105 ± 10 V 𝑈lift =  ‒ 810 V 𝐸kin
. The remaining higher order aberrations are dominated by  at higher number of ≈ 1200 eV ∆𝑇rev𝐴

revolutions, limiting the mass resolving power  for . Figure 11 also shows the 𝑅 = ∆𝑇rev/2∆TrevA 𝑁→∞
mass resolving power  as a function of the number of revolutions  for Bi2- ions. It rises to 𝑅 𝑁 𝑅 ≈ 1.5 ∙

 at  and before it levels off. As demonstrated earlier the focus of the ions can be adjusted 105 𝑁 = 2000
(e.g. to lie at the detector) by switching the mirror potentials during ion storage [Rosenbusch 2015].

3.3.4 ToF-shift correction for increased mass resolving power



Fluctuating and drifting experimental parameters lead to corresponding shifts of the time of flight and, 
thus, to a broadening of the ions’ signal, when the signal is accumulated over several experimental 
cycles. However, the signals of the ions of interest can be adjusted for an increased mass resolving 
power by means of a “correction ion”. This expression is chosen to distinguish it from the “reference 
ions” used for mass calibration, as the correction ions and the reference ions are not necessarily 
identical [Fischer 2018b, Schury 2018].

Fig. 12: Top: Time-of-Flight spectra of Bi3+ and Bi2+ clusters after  and 4005 3270
revolutions for Bi3+ and Bi2+, respectively, from the accumulated data of 2500 
experimental cycles, left and right uncorrected and corrected, respectively. Bottom: 
Corresponding contour plots with 25 individual spectra, each from the accumulated data 
of 100 cycles, illustrating the time fluctuations (left) and their correction (right).

The method is demonstrated in Fig. 12 for the signal of Bi3+ ions corrected with Bi2+ signals, which has 
recently been described in detail for ions with different number of revolutions [Fischer 2018b]. The two 
cluster species were simultaneously stored in the analyzer for , which resulted in  𝑡s =  274329µs 3270
and 4005 revolutions for Bi3+ and Bi2+, respectively. With the capture time  and measured 𝑡cap = 129 µ𝑠

 the Bi3+ have a total flight time of . From the full-width-at-half-maximum 𝜏 = 26 µ𝑠 𝑡 = 274484 µ𝑠
(FWHM) of  for the accumulated spectrum of 2500 experimental cycles (Fig. 12, ∆𝑡FWHM = 0.81(2)µ𝑠
upper left) follows a mass resolving power of . The contour plot (Fig. 𝑅 = 𝑡/(2 ∙ ∆𝑡FWHM) = 1.69(4) ∙ 105

12, lower left) of the same data, now in 25 separate spectra, each summed from 100 cycles, shows 
the temporal fluctuations.
Using the simultaneously stored Bi2+ ions, a correction of the  shifts can be performed, which results 𝑡
in the right-hand plots of Fig. 12: The experimental data is the same for both graphs, but the centers of 
the Bi2+ signals of the 25 partial spectra have been aligned, also correcting the Bi3+ signal. Thus, their 
accumulated spectrum has a signal with the reduced FWHM of , corresponding to ∆𝑡FWHM = 0.60(1) µ𝑠
a mass resolving power of .𝑅 = 2.29(6) ∙ 105

3.3.5 ToF shifts as a function of mirror-electrode potential variations



While in the previous section a method was discussed to correct fluctuations offline, i.e. after the 
actual data taking, the present section takes a closer look at one of possible origins of time-of flight 
shifts, namely changes of mirror-electrode potentials. In general, all electrode potentials along the ions 
path influence their time of flight, but the potentials of the MR-ToF analyzer are passed multiple times 
during storage and, thus, even small changes in single pass flight times accumulate to significant total 
flight time shifts. Figure 13 shows the relative change of time of flight  as a function of relative ∆𝑡𝑀𝐸 / 𝑡
change of voltages  applied to the various mirror electrodes (ME1 to ME6). Over the  ∆𝑈𝑀𝐸/𝑈𝑀𝐸
investigated relative voltage differences of  one finds linear relations with coefficients as ± 3 ∙ 10 ‒ 3

listed in Tab. 6.

Fig. 13.Relative change of time of flight  ion signals as a function relative change ∆𝑡𝑀𝐸 / 𝑡
of voltage  for the mirror electrodes ME1 to ME6, for Cr2

+ ions at a storage  ∆𝑈𝑀𝐸/𝑈𝑀𝐸
energy of about , for 500 revolutions (i.e. a storage duration of about 18ms).1195 eV

The outermost electrodes ME5 and ME6 cause the largest relative shift ( )/( ), ∆𝑡𝑀𝐸 / 𝑡  ∆𝑈𝑀𝐸/𝑈𝑀𝐸
because those are closest to the ions’ turn-around point. As these electrodes are at the outer side the 
value is negative since voltage increases shift the ions’ turning point to the center and, thus, reduce 
the ions’ path length. In contrast, a potential increase of ME4 to ME1 leads to an increase in flight 
time, although it is also shifting the ions’ turning point to the center, because it simultaneously reduces 
the ions’ kinetic energy while they are passing through. These opposing behavior is the reason for the 
slope of ME4 being smaller than ME6, although it is closer to the ions' turning point.

Table 6: Relative  shifts per relative voltage change ( )/( ) of the mirror 𝑡 ∆𝑡𝑀𝐸 / 𝑡  ∆𝑈𝑀𝐸/𝑈𝑀𝐸
electrodes deduced from the data of Fig. 13 (for pair-wise connection of the 

corresponding mirror electrodes of the two ion mirrors)

mirror electrode Relative  shift𝑡
( )/( )∆𝑡𝑀𝐸 / 𝑡  ∆𝑈𝑀𝐸/𝑈𝑀𝐸

ME6 -1.2∙10-1

ME5 -4.3∙10-1

ME4 4.7∙10-2

ME3 4.7∙10-2

ME2 2.7∙10-2

ME1 2.1∙10-2



3.3.6 Temperature influence on the time of flight
To investigate the influence of environmental temperature changes on the flight times (see section 
2.5), both were monitored for the signal of Bi2- ions ejected after  revolutions, while the analyzer’s 600
temperature was increased by use of heating tapes (Fig. 14).

 

Fig. 14: Time-of-flight shift of Bi2- ions after  revolutions (blue) as a function of time 600
while heating the MR-ToF-analyzer chamber, and temperatures monitred simultaneously 
inside the chamber at the MR-ToF components (Tin, as indicated in Fig. 6) and at the 
outside of the MR-ToF-analyzer chamber (Tout). In the middle and bottom part the offsets 
and scaling of the axes are adjusted to illustrate the correlation with the flight time.

Temperatures were measured at the outside of the vacuum chamber, Tout, and at two points inside the 
apparatus at the MR-ToF contruction: one at the center between the two ion mirrors where the 
electrode assembly is attached to the vacuum system and the second at one of the grounding 
electrodes between the mirror stack and the four-segment deflector, see Fig. 6 of section 2.5. The 
readings of these two temperature sensors were almost identical and, therefore, averaged to Tin.
Starting at 20°C, the heating tapes (Horst GmbH, HT30) were turned on with a set-point of 55°C and 
the temperature of the vacuum chamber was increased by about 35°C in about 10min (full red line 
inFig. 14, top). To determine the thermal ToF coefficients  and , a combined function𝑘in 𝑘out

∆𝑡𝑇𝑒𝑚𝑝(𝑇in,𝑇out)
𝑡0

= 𝑘in ∙ Δ𝑇in + 𝑘out ∙ Δ𝑇out

has been fitted, where  is the initial flight time at the start of the measurement. The ion 𝑡0 = 41193.38µ𝑠
time of flight follows this fast increase in temperature with a temperature coefficient of kout=2.82(2) 
ppm/K. After this initial increase, the temperature of the chamber is stable. In contrast, the inner parts 
of the electrode assembly thermalize over several hours, resulting in a temperature coefficient of 
kin=7.71(5) ppm/K. 
The vacuum chamber reached the set temperature after approximately 10min, i.e. increased its 
temperature by 35°C, while the inner temperature only increased by 0.5°C. In this time frame the ToF 
shift is dominated by the thermal expansion with the lower thermal expansion coefficient. 
Consequently, the ToF shift only primarily reacts with the higher thermal coefficient, if the outer 



temperature changes in the time scales of hours. This low-pass behavior is believed to be due to small 
contact area of the mechanical connections between the MR-ToF electrode assembly and the vacuum 
chamber, resulting in a low thermal conductivity.
The temperature coefficients are smaller than expected for a stainless-steel construction, but exceed 
the estimations of section 2.5. For further investigations, the quartz rods would have to be replaced by 
other materials, the length of the rods and their fixed position at the ion mirrors base could be varied 
as well as the connection between the analyzers’ electrode structure and the vacuum chamber.

3.3.7 Pressure dependence of ion-signal intensity

A preliminary study has been performed on the signal intensity of the ions as a function of the storage 
duration. To this end, the signal of atomic bismuth anions, Bi-, was monitored while the number of 
revolutions was increased. This measurement series was performed for three background gas 
pressures of ,  and , where the latter was the residual gas pressure and the 𝑝~10 ‒ 4 Pa 10 ‒ 5 Pa 10 ‒ 7 Pa
former were adjusted by applying nitrogen gas through a needle valve. The pressure was monitored 
by PG2 (see Fig. 1), with the gas inlet connected to the same CF cross.

Fig. 15: Intensity of Bi- signal as a function of revolutions (x-axis, bottom scale), i.e. 
storage time (top scale) for pressures of , and .10 ‒ 4 10 ‒ 5 10 ‒ 7 Pa

During the first tenths of revolutions the ion intensity flactuated significantly. Later on, there was a 
continuous decrease of the ion signal which followed approximately exponential decay curves with 
“lifetimes” of around 2ms, 15ms and 240ms for pressures of , and , 10 ‒ 4 10 ‒ 5 10 ‒ 7 Pa
respectively.While the details of ion-signal losses are not yet understood and, thus, remain to be 
studied further, these first long-term storage experiments show that experimental cycles with durations 
in the 100-ms range will be feasible with the present setup.

4. Outlook

4.1 Image-charge detection

The stored ions can be detected by picking up their image charges, induced in the electrodes while 
they are repeatedly passing in the MR-ToF analyzer [Benner 1997, Ring 2000, Bhushan 2007, 
Dziekonski 2018]. This non-destructive detection method allows to continuously monitor the ion signal 
during the storage time. As a first step at the present setup, this technique was tested by recording the 
amplified signal at the electrodes previously used as deflectors (section 2.3, now with all segments 
electrically connected).



Fig. 16: Top: 350 µs segment of Bi2+ transient (with pick-up signal amplified by PR-E3-
SMA, x125V/V from Stahl Elektronik and digitalized by M2i.4964 PCI express card from 
Spectrum Instrumentation GmbH). Middle: Fourier transform of the complete 600 ms 
transient. The red triangle marks the 37th harmonic. Bottom: 150 Hz segment of the 
Fourier transform at the 37th harmonic Lorentz-function (full red line). For details see 
text.

An example is shown in Fig. 16: 100 transients, i.e. pick-up voltage as a function of time, of 600-ms 
duration, i.e. for 9000 revolutions of the Bi2+ ions, were added. A 350 µs long segment at a storage 
time of around 5ms is shown in the top. During each revolution with a period of about 70 µs the ions 
pass the pick-up electrode twice. Because this pick-up electrode is not located at the center of the 
analyzer, the image-charge signal is not in time-distances of half periods but alternately after a longer 
and a shorter time. In fact, this feature can be used to analyze the time the ions spend in the in-trap lift 
and the mirror regions. The middle of Fig. 16 shows the Fourier transform of the complete transient. In 
addition to the signal at the revolution frequency of 14.61 kHz, many harmonics are observed, as 
expected for short pulses. The bottom of Fig. 16 shows the frequency region around the 37th harmonic 
of the ion frequency. A Lorentz-function fit (shown in red) results in a value of 37 ∙ 𝜈𝑖𝑜𝑛 = 540479.9(1) 

 with a peak width (FWHM) of  and, thus, a mass resolving power of . Hz 2.4(3) Hz 𝑅 = 2.21(4) ∙ 105

While this test measurement was performed for only a single ion species, further evaluation of the 
image-charge signal [Greenwood 2011] yields information of all trapped ions simultaniously.

4.2 Photoexcitation of selected Pb5
- isotopologues

The present system can be utilized to study the properties of atomic clusters via their interaction with 
photons. In this application, the trap doubles as both: a tool for high-resolution ion separation/selection 
and an electrostatic storage device for the retention and analyses of reaction products. The interaction 



laser beam guided through the trap (see Fig. 1) is synchronized to the pulse of the source laser. For 
the present study, the interaction is timed to the ions’ turn-around in the source side mirror after a 
given number of revolutions, similarly as reported for MS/MS studies by reflectron mass spectrometry 
[Cheng 1990, Cornett 1992]. Clusters are known to dissociate under photoexcitation. Since the 
interaction occurs when the precursor ions have a kinetic energy of (or close to) zero, the resulting 
fragments will be accelerated along with them by the mirror electrodes field. As all ions of a given 
energy are trapped and the fragments have the same energy as the precursors, all ions will continue 
to revolve in the MR-ToF analyzer, however, with their corresponding m/q-dependent periods.

Fig. 17: N-versus-  plots illustrating the in-trap photodissociation of isotoloque-selected 𝜏
Pb5

- clusters. Top: Incremental time closely matching the revolution period of Pb5
- ions of 

mass number A=1036. Bottom: Incremental time closely matching the revolution period of 
Pb4

- ions of mass number A=828. In both plots, the time of the laser pulse is indicated by 
horizontal dotted lines. For more information, see text.

To illustrate the system’s potential for photodissociation studies, a preliminary result is shown in Fig. 
17. The upper part shows an N-versus-  plot after the capture of Pb5

- clusters. During the first 395  𝜏
revolutions, the technique of transversal ion ejection [Fischer 2018a] is employed to remove all 
unwanted ion species from the trap (50 % duty cycle, -180° starting phase, 9.273kHz, see [Fischer 
2018a] for definitions). After about 250 revolutions, only isotopologues of a single mass number 
remain stored, namely A=1036. Since lead has four isotopes (see section 3.3.2) with the mass 
numbers A=204, 206, 207, and208, the following four isotopologues are present in the A=1036 signal:

(a) 1x208 + 4x207
(b) 2x208 + 2x207 + 1x206
(c) 3x208 + 2x206
(d) 4x208 + 1x204.

When the Pb5
- precursor ions reach their exit-side turn-around point after 400 revolution periods, they 

are irradiated by a laser pulse, indicated as a horizontal dashed line in Fig. 17 (Nd:YAG laser, 
wavelength , repetition rate , pulse length , pulse energy ). In the top of Fig. 17, 532 nm 10 Hz 6 ns 10 mJ
there are additional signals in the N-versus-  plot above this line. These signals correspond to product  𝜏
ions that revolve between the mirrors with frequencies distinct from that of the Pb5

- precursors.



For further illustration and analysis a second measurement is shown in the bottom part of the figure 
where after the interaction laser pulse the incremental time between the spectra was set to a value 
closely matching the revolution period of Pb4

- with mass number A=828 ( =96.4 µs; instead of Pb5
- 𝑇rev

with mass number A=1036 and =107.8 µs). Now, there is no continuous line of signals prior to the 𝑇rev
laser pulse; instead, lines matching the expected periods of the expected Pb4

- isotopologues appear 
after the interaction:

(i) A=828: 
(a)-208=4x207, 
(b)-208=1x208 + 2x207 + 1x206, 
(c)-208=2x208 + 2x206, 
(d)-208=3x208 + 1x204 

(ii) A=829: 
(a)-207=1x208 + 3x207,
(b)-207= 2x208 + 1x207 + 1x206

(iii) A=830: 
(b)-206=2x208 + 2x207,
(c)-206=3x208 + 1x206

(iv) A=832: 
(d)-204=4x208 

The (post interaction) resolving power is not sufficient to resolve the isobars, however, the resolving 
power of ~830 needed to distinguish between individual mass numbers is reached after only a few 
(post-interaction) revolutions. Consequently, the heavier isotopologues can be observed sloping 
rightwards in the bottom part of Fig. 17 (for more information about the behavior of ions of different 
m/q values in an N-versus-  plot, see ref. [knauer 2017]). We note that although present in the trap,  𝜏
the A=832 species is not visible in the spectra as its abundance is too low. 
In summary, the present measurement illustrates the first tandem in time mass spectrometry operation 
[Busch 1988] with a multi-reflection time-of-flight mass spectrometer “(MR-ToF MS)2”, in the sense 
that the analyzer is used to both prepare/select an ion species of interest and to further investigate the 
resulting reaction products. Since the interaction is performed in-trap, no additional devices for ion 
storage are needed, and the experimental cycle includes no additional injection/ejection pulses apart 
from the initial ion capture and the eventual ejection towards the detector. As mentioned above, 
because the MR-ToF analyzer is an electrostatic device, there are no restrictions with regard to the 
selected precursors nor the resulting product mass range. Preparations are ongoing for further 
photodissociation studies on clusters.

5 Conclusion
A multi-reflection time-of-flight set up has been introduced which was set up and characterized for the 
development of new methods of mass spectrometry and for studies on the properties of atomic 
clusters. Depending on the material, cluster ions of sizes up to and even above  have been 𝑛 = 100
observed in single-pass mode. Small cluster ions were captured and stored in the MR-ToF mass 
analyzer for extended trapping times. For capture and ejection the method of in-trap lift potential 
switching was applied. Optimization and characterization of the trapping conditions were performed 
with regard to the potential of the in-trap lift and of the mirror electrodes. For typical residual gas 
pressures  a lifetime of about a quarter of a second was found. With the correction of time-𝑝 = 10 ‒ 7 Pa
of-flight shifts during extended measurement periods, a mass resolving power of  has 𝑅 ≈ 220 000
been reached. In addition to the time-of-flight measurements with ion ejection onto a channeltron 
detector, the non-destructive method of image-charge detection on pick-up electrodes has been 
tested, which showed similar values in terms of mass resolving power. Preliminary results of cluster 
dissociation show that the trap can be used in an MS/MS mode where both MS steps employ the high-
resolution multi-reflection feature. Further developments and the application of the new device for 
cluster studies are in preparation.
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