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Abstract. A novel method for (ultra-)high-resolution spatial mass separation in time-
of-flight mass spectrometers is presented. Ions are injected into a time-of-flight
analyzer from a radio frequency (rf) trap, dispersed in time-of-flight according to their
mass-to-charge ratios and then re-trapped dynamically in the same rf trap. This re-
trapping technique is highly mass-selective and after sufficiently long flight times can
provide even isobaric separation. A theoretical treatment of the method is presented
and the conditions for optimum performance of the method are derived. The method
has been implemented in a multiple-reflection time-of-flight mass spectrometer and
mass separation powers (FWHM) in excess of 70,000, and re-trapping efficiencies of
up to 35% have been obtained for the protonated molecular ion of caffeine. The

isobars glutamine and lysine (relativemass difference of 1/4000) have been separated after a flight time of 0.2ms
only. Higher mass separation powers can be achieved using longer flight times. The method will have important
applications, including isobar separation in nuclear physics and (ultra-)high-resolution precursor ion selection in
multiple-stage tandem mass spectrometry.
Keywords: Multiple-reflection time-of-flight mass spectrometer, Isobar separator, Tandem mass spectrometry,
High-resolution precursor ion selection, Tandem-in-time
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Introduction

Oneof the key techniques at the heart of mass spectrometry
is the isolation of ions (i.e., the spatial separation of the

ions of choice from all other ions). A clean ion population is
often required to obtain well-defined information of the prop-
erties to be measured and to achieve highest sensitivity and
accuracy. For example, ion isolation is an integral step in every
tandem mass spectrometry experiment.

Over the years, ion isolation methods have been devel-
oped for all important types of mass analyzers [1, 2].

Sector field spectrometers are laterally dispersive and thus
only require a slit for the selection of the desired ion
species. Radio frequency (rf) quadrupole mass filters in-
trinsically rely on spatial mass separation for mass analysis
as well. For trap-based mass spectrometers (i.e., Penning
traps/FT-ICR mass spectrometers, rf quadrupole traps, and
Orbitraps) methods have been developed for the mass-
selective ion storage and ejection [3–7]. Time-of-flight
mass spectrometers (TOF-MS) are longitudinally disper-
sive and thus require a fast deflector to convert the tem-
poral separation of the ions into a spatial separation.

The mass separation power (i.e., the resolving power for
spatial separation) achieved with these techniques is often
significantly lower than the mass resolving power obtained
for mass analysis. It usually lies in the range of 100 to 104.
Mass separation powers in excess of 104 are typically achieved
only with large and expensive double-stage sector fields and
Penning traps [1, 2]. Furthermore, in the case of tandem mass
spectrometers it may be a challenge to efficiently recapture the
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ions or even recool the fragments after the dissociation stage to
achieve high resolution and mass accuracy in the mass mea-
surement stage. The addition of a high-resolution precursor
selection stage also increases the size, complexity, and cost of
a mass spectrometer significantly. For this reason, most tandem
mass spectrometers offer precursor separation with low or
medium mass separation power only.

In nuclear physics, ion isolation with very high mass sepa-
ration power is an essential stage in many high-precision exper-
iments because the nuclides of interest must be separated from
isobars, which are often produced at much higher rates. Here,
mass separators capable of selecting isobars have so far been
realized as large double-stage magnetic separators [8] or Pen-
ning traps [5, 9]. The maximum resolving power achieved with
magnetic separators is on the order of 104 and thus not sufficient
to cleanly resolve most nuclear isobars, in particular if the
contaminants are produced with much higher abundances than
the ions of interest. While Penning traps offer the highest
resolving power, for highly resolved measurements the cycle
time is on the order of 1 s and the ion capacity on the order of
1000 ions per cycle [10, 11]. This limits the accessible half-lives
of the nuclei to be investigated as well as the beam intensity.

TOF mass spectrometry has a great potential for providing
(ultra-)high mass separation. A TOF-MS can be converted into
a mass separator by coupling it with a fast deflector or ion gate,
typically a dipole deflector or a Bradbury-Nielsen gate (BNG)
[12, 13]. The deflector or gate is operated such that it transmits
the ions of interest but deflects all other ions. In this way, a
variety of tandem TOF-MS have been developed [14–17]. At
accelerator facilities, mass separation of this type was imple-
mented by installing a deflector or BNG in a low-energy beam
transport line [18–20]. Spatial isobar separation with a TOF-MS
was proposed and first demonstrated by using the combination
of a multiple-reflection time-of-flight mass spectrometer (MR-
TOF-MS) [21, 22] with a BNG [23, 24]. Since then MR-TOF
isobar separators have been installed at the accelerator facilities
GSI [25, 26] and CERN [10, 27]. In addition to mass separation,
MR-TOF-MS can also be used for direct mass measurements of
exotic nuclei [28–30] and diagnostics purposes [10, 24, 31].
Several more devices of this type are under development and
commissioning at further facilities [32–36]. Recently, even the
preparation of an isomerically pure beam has been demonstrat-
ed, which further extends the applicability of this method [37].
In addition to very high mass separation powers, such TOF
isobar separators have the advantage of short cycle times, which
enables the access to very short-lived ions and for a given ion
capacity per cycle translates to a high overall ion capacity.

A drawback of a TOF mass separator with a BNG is that it is
difficult to reinject the isolated ions again into the TOF analyzer
after separation. Hence these devices are used for tandem-in-
space experiments (i.e., after separation the ions are transported
to further experiments downstream of the TOF separator). Often
this requires injecting the selected ions into a rf quadrupole or
trap for recooling and accumulation [24, 38]. Recently, a mass
separation method was developed for a MR-TOF-MS with
nondestructive detection [39]. In this device, the ions are

reinjected after TOF dispersion into the same rf trap from which
theywere injected into the TOF analyzer. On theway back to the
trap, they are separated using an electrostatic deflector. So far,
this method is limited tomass separation powers of less than 103.

In the present work, a novel method for (ultra-)high mass
separation in aMR-TOF-MS is proposed and demonstrated [40–
43]. Here, mass separation is performed after TOF dispersion by
a dynamical re-trapping procedure in the rf trap, fromwhich they
were injected into the TOF analyzer. This re-trapping procedure
is highly mass-selective. Since it is the inverse process to the
ejection of the ions from the trap, it yields a relatively cool ion
population even before application of additional collisional
cooling. Comparedwith the combination of aMR-TOF-MSwith
a BNG, it allows for a more compact setup and enables
(ultra-)high resolution tandem-in-time experiments in a MR-
TOF-MS, such as the mass analysis of ions in the very same
analyzer that has been used for the ion isolation in a preceding
stage.

Theory
Multiple-Reflection Time-of-Flight Mass
Spectrometry

In most MR-TOF-MS, ion packets are prepared prior to mass
analysis in a linear rf trap (injection trap) by ion accumulation
and collisional cooling in a buffer gas, typically He or N2 at
pressures of a few 10− 3 mbar. Confinement of the ion bunch in
the axial (z) direction is provided by applying a positive DC
voltage offset to the electrodes surrounding the trap; thus an
axial potential well is formed in the trap. Radial confinement is
provided by the rf pseudopotential well. After cooling, the ions
are injected as packets from the trap into the TOF analyzer.
Typically, the analyzer of a MR-TOF-MS consists of two
coaxial electrostatic reflectors. The analyzer is designed to be
isochronous, i.e., such that after a certain number of reflections
(typically one or two reflections) the time-of-flight of the ions
only depends on their mass-to-charge ratio [44]. In most MR-
TOF-MS designs, spatial confinement is ensured using an
accelerating lens in each reflector. In order to inject the ions
into the analyzer and to eject them again, either some voltages
of the entrance and exit reflectors can be switched to a lower
value, or a pulsed drift tube mounted between the reflectors can
be switched when the ions fly through the drift tube in order to
reduce or increase their kinetic energy [45]. The time-of-flight
is measured using a TOF detector located behind the analyzer.

The mass resolving power of a TOF-MS is given by

m

Δm

� �
¼ t

2Δt
ð1Þ

where t is the overall time-of-flight and Δt is the spread in time-
of-flight. After Na turns, the total flight time is tpt +Nata, where
tpt and ta are the time-of-flight in the pass-through from the
injection trap to the detector and the time-of-flight for one turn
in the analyzer, respectively. The overall spread in time-of-
flight Δt is determined by the time-of-flight spreads in the pass-
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through Δtpt and per turn in the analyzer Δta. These contribu-
tions to the time-of-flight spreads can be assumed to be roughly
independent of each other, such that the overall time-of-flight
spread is approximately given by [22]

Δt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δt2pt þ N aΔtað Þ2

q
ð2Þ

Then, the mass resolving power of a MR-TOF-MS is given
approximately by

m

Δm

� �
¼ tpt þ Na ta

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δt2pt þ NaΔtað Þ2

q ð3Þ

Typically the time spread per turn Δta is dominated by
aberrations, and the time spread in the pass-through Δtpt by
the turn-around time Δtta, which is caused by the thermal
motion of the ions at the start of their flight [46]. This motion
gives rise to Gaussian-shaped time-of-flight peaks with a
FWHM of [47]

Δtta ¼ 4
ffiffiffiffiffiffiffiffi
ln 2

p ffiffiffiffiffiffiffiffiffiffi
mΔK

p

qE1
ð4Þ

Here, q and ΔK ¼ 1
2 kBT are the ion’s charge and the com-

ponent of the initial kinetic energy spread in the direction of
extraction, respectively, E1 is the extraction field strength, T the
temperature, and kB is Boltzmann’s constant.

Stages of an Experiment with Mass-Selective
Re-Trapping

In such a MR-TOF-MS, mass separation in the framework of
the re-trapping technique is performed schematically as shown
in Figure 1. The ions to be separated are cooled in the injection
trap, extracted by applying an accelerating voltage between the
electrodes surrounding the trap, and then injected into the
analyzer (Stage 1). For injection, the voltages of the entrance
reflector are switched to a low value such that the ions can pass
through this reflector. After the ion bunch has reached the drift
section between the ion mirrors of the analyzer, the reflector
voltages are switched to a high value such that they reflect the
ions and the ions undergo multiple turns in the analyzer (Stage
2). After the desired flight distance, viz. mass resolving power,
has been reached, the entrance reflector is opened again by
switching the voltages of its electrodes to a low value (Stage
3a). The ions are thus reinjected into the injection trap. The
extraction field in the injection trap is retained as it was set
during ion ejection from the trap in Stage 1. The ions are
retarded in this field, and at a certain re-trapping time moment tr,
when the ions with the mass of interest are stopped, the retarding
field is switched back to a shallow axial storage field. Ions with
masses different from themass of interest arrive back in the trap at
different times. At the time moment tr they are, therefore, not
stopped. Thus, only ions with the mass of interest are re-trapped,
whereas all other ions escape the trap. The same MR-TOF-MS
can also be used for high-resolution mass measurements if the
ions are ejected from the analyzer through the exit reflector to the
detector (Stage 3b). Moreover, after the ions of interest have been
re-trapped in Stage 3a, a mass measurement of the re-trapped ions

Figure 1. Schematic figure showing the individual stages of an experiment with mass-selective re-trapping of ions in a MR-TOF-
MS. For details see text
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can be performed by repeating the Stages 1, 2, and 3b. In this way
the re-trapped ions can be identified and their abundance
determined.

Quantitative Treatment

In the following, the ion motion in the Stages 1 and 3a will be
considered in more detail. For simplicity, a two-stage acceler-
ation with two homogenous fields will be assumed. The prin-
ciple, however, also holds for more realistic accelerating field
configurations. Ions are accelerated in the injection trap by
applying an axial extraction field in the z direction with a field
strength E1 at the time moment te. Since the ions start at
different positions in the trap, they acquire somewhat different
kinetic energies. After leaving the trap, the ions are further
accelerated between two electrodes by the acceleration electric
field E2 and then enter the TOF analyzer. If E1 and E2 are
approximately homogenous and if an ion initially located in the
center of the trap travels through E1 for a distance of L1 and
through E2 for a distance of L2 (see Figure 1) the mean kinetic
energy of the ions amounts to

K0 ¼ q E1L1 þ E2L2ð Þ ð5Þ

The primary time-focus, at which the flight time is indepen-
dent of ion energy, is located at some position downstream of
the injection trap. The distance of the primary time-focus from
the end of the acceleration region is given by [44]

Ld ¼ 2κ−
3
2L1−

2

κ
1
2 þ κ

L2 ð6Þ
where

κ ¼ E1L1
E1L1 þ E2L2

ð7Þ

For a given mean kinetic energyK0 the position of the primary
time-focus is thus determined by the extraction field strength E1.

At first, the case will be considered in which the extraction
field strength is chosen such that the primary time-focus is

located in the middle of the TOF analyzer. The analyzer can
be tuned such that in all subsequent turns of the ions in the
analyzer the intermediate time foci are also located at the same
spatial position (i.e., the center of the analyzer). In the analyzer
the ions perform an arbitrary odd number of reflections until
the desired mass resolving power has been reached. Then the
entrance reflector is opened and the ions are re-injected through
this reflector back into the ion trap. Since the location of the last
time-focus is the same as that of the primary time-focus (i.e.,
the center of the analyzer), ions of different kinetic energies but
the same mass m1 are all stopped at the same time moment tr,
provided the retarding field strength is the same as the extrac-
tion field strength during initial acceleration (Figure 2). If at
that moment the field in the injection trap is switched from
retarding to a field creating an axial potential well, the ions of
mass m1 will be re-trapped and stored, with essential zero
kinetic energy. At the same time, ions of a different mass m2

may also be spatially located inside the injection trap, but they
are stopped at a different time moment, and at tr they have non-
zero energies. In the case m2 <m1 at the time moment tr these
ions will have already been reflected by the retarding field. In
the case m2 >m1 at the time moment tr these ions will still be
moving towards the trap center. In both cases, if the re-trapping
potential well is shallow enough, ions of the mass m2 will not
be trapped. This technique of efficiently stopping ions of one
mass-to-charge ratio regardless of their kinetic energies is very
similar to the one used for creating an almost mono-energetic
ion beam in the dynamic energy buncher of the MR-TOF-MS
at the FRS Ion Catcher at GSI [24, 48].

In Figure 1, the case is shown, for which the extraction field
strength E1 (Stage 1) and the retarding field strength Er (Stage
3a) in the injection trap are the same. Here, the positions of the
primary time-focus and of the final time-focus coincide. Note
that in this case the Stages 1 and 3a are symmetric to each other
and that re-trapping is the time-inverse process to extraction.
However, it is not a general requirement to have the same
extraction and retarding field strengths. For different extraction
and retarding field strengths, the primary time-focus and the
final time-focus need to be located at different positions

Figure 2. Schematic figure illustrating the concept of mass-selective re-trapping. Potential energy diagrams are shown for the
phase duringwhich ions re-enter the trap after time-of-flight in the analyzer and are retarded by an (almost) linear axial field (left panel)
and the phase of re-trapping, in which an axial potential well is formed (right panel). Depending on their positions in the rf trap at the
moment, at which the axial electrostatic field is switched from retarding to re-trapping, the ions have a remaining kinetic energy K.
Separation of the ions is performed on the basis of differences in this kinetic energy. The re-trapping potential can only recapture
those ions with an energy K < qUr and rejects those with higher kinetic energies
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according to Equation 6. Indeed, it is not even required to
perform the injection and re-trapping in the same trap. Provided
the position of the final time-focus and the retarding field
strength are chosen to match each other according to Equa-
tion 6, the re-trapping could also occur in a different trap (e.g., a
trap located behind the exit reflector). For simplicity, the fol-
lowing treatment will, however, be limited to the case that re-
trapping is performed in the injection trap.

It is important to emphasize that the mass separation by re-
trapping is not directly based on the differences in arrival times,
as it is for ion separation by a BNG. Rather, it relies on the
conversion of the time differences into differences in kinetic
energy followed by a separation of the ions with respect to their
kinetic energies. The resulting mass separation power conse-
quently depends on the quality of the time-of-flight separation
of the ions in the TOF analyzer. Let tf = tr − te be the time-of-
flight of an ion of massm from the extraction timemoment te to
the re-trapping time moment tr. From the theory of TOF mass
analyzers it is well known [44] that

dt f
dm

¼ t f
2m

ð8Þ

At the time of re-trapping the ion velocity–time gradient is

dv

dt
¼ −

qEr

m
ð9Þ

where q is the ion charge and Er is the retarding electrostatic
field strength at the position where the ions stop. Then, the
velocity–mass dispersion at the time of re-trapping is

dv

dm
¼ −

qErt f
2m2

ð10Þ

The time spread Δt at the final time-focus, which is given
approximately by Equation 2, leads to a velocity spread of the
ions of a single mass at the time of re-trapping of

Δv ¼ qEr

m
Δt ð11Þ

The minimum mass difference Δm, which can be resolved
by re-trapping, is determined by the relation

dv

dm

����
����Δm ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δv2 þ Δv2r

q
ð12Þ

In Equation 12, Δvr is the velocity acceptance of the trap
(i.e., the maximal velocity of recaptured ions in the trap)

Δvr ¼
ffiffiffiffiffiffiffiffiffiffiffi
2qU r

m

r
ð13Þ

where Ur is the depth of the axial potential well of the trap. In
Equation 12, a quadratic addition of Δv and Δvr has been

assumed; the exact relation depends on the distribution func-
tions of Δv and Δvr. Substitution of Equations 10, 11 and 13
into Equation 12 yields the mass separation power

m

Δm

� �
¼ t f

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δt2 þ 2m

q

U r

E2
r

s ð14Þ

From Equation 14 it can be seen that in case of a very
shallow trap (Ur→ 0) or a very strong retarding field Er the
mass separation power tends to the value of the mass resolving
power of a TOF-MS as given in Equation 1.

Let the time window for re-trapping Δtr at the final time-
focus be defined as the duration during which ions are re-
trapped (i.e., during which the ions after retarding have veloc-
ities not exceeding Δvr). Assuming a homogeneous retarding
field in the trap, the time window for re-trapping is related to
the velocity depth of the trap Δvr as

Δtr ¼ mΔvr
qEr

ð15Þ

Then, Equation 14 can be rewritten in the form

m

Δm

� �
¼ t f

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δt2 þ Δt2r

p ð16Þ

The correspondence of the parameters for the time-of-flight
separation and the re-trapping mass resolution is illustrated in
Figure 3. Panel a shows the envelopes of the ion packets near the
position of the last time-focus. Panel b demonstrates the time-
dependence of the envelopes of the ion kinetic energy in the
vicinity of the moment of re-trapping. In the case of a large
number of turns in the TOF analyzer, the difference t12 between
the arrival times of the ion packets of two different but close
masses, m1 and m2, at the last time focal plane almost coincides
with the difference of the flight times, tf, until the re-trapping for
ions of these twomasses and the timewidth of ion packets of one
mass is given by Δt (Equation 2). Then, assuming a homoge-
neous axial retarding field in the trap, at the time of re-trapping,
tr, (defined as the stopping time for ions of the mass m1), the
average velocity of the ions of the mass m2 is v2 ≈ qErt12/m2.
Thus the average kinetic energy K2 of these ions is

K2 ¼ q2E2
r t

2
12

2m2
ð17Þ

From Equation 4 one obtains the kinetic energy spread of
the ion packet for the mass m1

ΔK1 ¼ q2E2
r Δtð Þ2

16ln 2ð Þ m1
ð18Þ
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In other words, the time-of-flight dispersion at the last
time-focus determines the energy difference (or velocity
dispersion) at the time of re-trapping. Furthermore, the
time-spread of the ion packets at the last time-focus
determines the energy spread of the re-trapped ion pack-
et. If this energy spread is smaller than the energy depth
of the axial potential well of the trap (ΔK < qUr) the
entire ion packet is captured in the trap. If it is larger,
ions get lost during the re-trapping process. If it is
significantly smaller, the mass separation power of the
re-trapping technique becomes much smaller than the
mass resolving power of the mass spectrometer. The
optimum energy depth of the trap is, therefore, given
by qUr ≈ ΔK.

From Equations 17 and 18 it can be seen that both
the energy dispersion and the energy spreads of the ion
bunches can be changed proportionally by varying the
retarding field strength Er. This variation does not
change the relative separation of the energy dispersion
and the bunch energy width and, thus, does not influence
the spectrometric resolving power given by Equation 1.
However, it allows matching the energy spread of the
bunch ΔK and the energy depth of the trap Ur to opti-
mize the mass separation power of the re-trapping tech-
nique (Equation 14), as it is illustrated in Figure 4.

For a packet of singly charged ions of mass 100 u, a
time spread at the final time-focus of 10 ns and a
retarding field strength of 100 V/mm, according to Equa-
tion 18, the kinetic energy spread amounts to 0.087 eV.
It is thus on the order of the thermal energy spread. An
optimized trap depth for re-trapping is therefore small
compared with the typical trap depth used for conven-
tional ion storage. Thus, care must be taken to avoid any
field penetration of the acceleration field E2 through the
trap aperture during the re-trapping stage.

For some applications it may be useful to control the
range of re-trapped mass-to-charge ratios by adjusting the
depth of the trap as an alternative to changing the flight
distance and thus the mass resolving power of the mass
spectrometer. Note that since the total time-spread of the
ion bunches at the final time-focus is typically propor-
tional to

ffiffiffiffi
m

p
, the total kinetic energy spread at tr is

independent of the ion mass. The mass separation power
is thus also approximately independent of the ion mass.

In practice, it is usually most convenient to use the
same extraction and retarding field strengths (i.e., to have
the primary and final time-focus at the same position). A
deep trap depth is used for the preparation of the ion
packets prior to injection into the TOF analyzer, and a
relatively shallow trap depth is used for re-trapping. In

(a)

(c)

(b)

Figure 3. (a) Spatial envelopes of ion packets as a function of time near the position of the last time-focus. (b) Energy envelopes of
ion packets as a function of time in the vicinity of the re-trapping time. The TOF dispersion t12 corresponds to a kinetic energy
difference K2, and the time spread of the ions of massm1 at the final time-focus corresponds to the kinetic energy spread ΔK1. Note
that for simplicity the figure shows the case in which the retarding field in never switched to re-trapping. (c) Figure illustrating the
analogy between re-trapping andmass separation in amagneticmass spectrometer. The TOF dispersion, the kinetic energy spread,
and the energy depth of the trap of the TOF separator correspond to the spatial dispersion, the beam width, and the slit width in a
magnetic separator, respectively

1084 T. Dickel et al.: Isobar Separation in a MR-TOF-MS by Mass-Selective Re-Trapping



this way, a reduced emittance during time-of-flight anal-
ysis as well as good mass separation during the re-
trapping process can be achieved simultaneously.

Analogy with Magnetic Mass Separator

There is a simple analogy between ion separation by re-
trapping in TOF analyzers and the ion separation by passing
an ion beam though a slit in a magnetic mass separator, as
illustrated in Figure 3c. The TOF dispersion t12 is analogous to
the spatial dispersion in a magnetic separator, the energy spread
of the re-trapped ion packet is analogous to the ion beamwidth,
and the energy depth of the trap is similar to the slit width in the
magnetic separator. The variation of the energy dispersion and
the energy spread of the ion packets correspond to the magni-
fication or demagnification in a magnetic separator by inserting
a lens between the sector magnet and the exit slit.

Comparison with the Separation Using a BNG

It is interesting to compare the achievable mass separation
power of anMR-TOF-MS using the mass-selective re-trapping
technique with that of an MR-TOF-MS with a BNG. In both
cases, the mass separation power is lower than the mass resolv-
ing power for mass measurements. In the case of the mass-
selective re-trapping, the finite trap depth and retarding field
strength lead to a reduction of the mass separation power, as
explained above. This reduction can only be mitigated at the
expense of losses in the efficiency of the re-trapping. In the case
of an MR-TOF-MS with BNG, the mass separation power is
decreased by the finite transition time of the ions through the
field region of the BNG and by the finite rise time of the HV
pulsers used with the BNG [26, 49]. The transition time of the
ions can be made shorter by using a BNG with a smaller grid
spacing, which, however, reduces the transmission efficiency.
In both cases, the mass-selective re-trapping and the BNG, the

additional contribution to the time distribution limiting the
mass separation power is on the order of 20 ns. However, since
the rise time of the HV pulsers for the BNG cannot be reduced
arbitrarily, the mass-selective trapping technique may be supe-
rior for very small time-of-flight differences of mass lines,
however, at the cost of efficiency. Conversely, for a large
number of turns and larger time-of-flight differences, a MR-
TOF-MS with a BNG may achieve a higher transmission
efficiency.

Experimental
The technique of mass-selective re-trapping was implemented
and tested on a mobile high-performance mass spectrometer
developed for in-situ applications in analytical mass spectrom-
etry [42, 43, 50, 51]. The system consists of an atmospheric
pressure interface (API), a radio-frequency quadrupole (rfQ)
ion guide, a rfQ mass filter to suppress contaminants, a rfQ
cooler and a rf ion trap (injection trap) for thermalization and
bunching of the ions, a TOF analyzer, and a detector. The
mobile MR-TOF-MS has been developed on the basis of the
MR-TOF-MS for experiments with exotic nuclei at the FRS
Ion Catcher at GSI and at the Low-Energy Branch of the Super-
FRS at FAIR [24, 26]. It uses a similar analyzer geometry,
however, scaled to a smaller size. The analyzer consists of two
reflectors with four electrodes each [48]. The innermost elec-
trode of each reflector is operated as accelerating lens, while the
another three electrodes form a repulsive potential. The ana-
lyzer can be tuned such that all time-of-flight aberrations up to
the second order disappear after every full turn. A fast deflector
in the center of the analyzer serves as mass range selector,
which can reduce the mass range of ions in the analyzer to an
unambiguous range [26]. The kinetic energy of the ions in the
analyzer amounts to 1.3 keV.

(a)

(b)

Figure 4. Schematic figure illustrating the influence of the strength of the retarding field and the energy depth of the trap on the
mass separation power of the re-trapping technique. Left-hand side: field strength as a function of the axial position in the trap; right-
hand-side: energy envelopes of ion packets as a function of the time in the vicinity of the re-trapping time. Note that for simplicity, the
figure shows the case in which the retarding field in never switched to re-trapping
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In this work [43], the axial depth for ion trapping in the
injection trap before injection into the analyzer was 10 V. An
extraction field strength of 78 V/mm corresponding to a rela-
tive energy spread of δ = 1.4% was used. The re-trapping field
strength also amounted to 78 V/mm. In the rfQ cooler and the
injection trap, N2 was used as buffer gas. For each passage of
the ions through the analyzer, one time-focus shift (TFS) turn
[52] in the analyzer was used, which has a time-focus length
that accounts also for the ion path from the injection trap the
detector measurement, and several isochronous turns after-
wards, which have a time-focus length of one turn each. For
the exit reflector in its open state, voltage settings were used
that, according to simulations, result in the same time focal
length from the last intermediate time-focus in the analyzer to
the detector as from the last intermediate focus in the analyzer
to the position of the primary time-focus in front of the injec-
tion trap. In this way, the analyzer settings optimized experi-
mentally for the mass measurement mode could also be applied
to the re-trapping mode.

The mass separation power and the efficiency of the re-
trapping technique were determined for the protonated molec-
ular ion of caffeine (195 u). A sample of caffeine with a
concentration of 10− 6 mol/L in a H2O/MeOH (1/1) solution
with 0.1% formic acid was used. The measurements were
performed for different turn numbers and for different re-
trapping potentials. For each measurement, one TFS turn was
used after injection into the analyzer, and several isochronous
turns afterwards. The number of isochronous turns was set to
0.5, 7.5, 15.5, 31.5, 63.5, and 127.5, amounting to flight times
of up to 3.6 ms for caffeine. The axial depth of the trap for re-
trapping was varied between 1.3, 1.9, 3.2, and 6.3 V as deter-
mined from the experimentally applied voltages and the calcu-
lated electric potential on the trap axis. For each individual
measurement, the re-trapping time-of-flight tf was scanned
(i.e., the time from the ion extraction from the trap to the point
in time, at which the trap potential was switched from retarding
to re-trapping). After re-trapping, the ions were stored and

cooled for a duration of about 10 ms. The ion abundance for
each re-trapping cycle was then measured in a mass spectrum
that was recorded with the isolated ions. The data were record-
ed using a ADC (FastFlight2 signal averager, Signal Recovery,
Oak Ridge, TN, USA) and the custom-written data acquisition
software MAc [53, 54]. For each measurement 500 spectra
were averaged. Values for the mass separation power were
obtained from the widths (FWHM) of the measured distribu-
tions without fitting.

The protonated molecular ions of glutamine and lysine
(147 u) were chosen to demonstrate the spatial separation of
ions using the re-trapping technique. The amino acids gluta-
mine and lysine are isobars and have an absolute mass differ-
ence of 36.4 μ and a relative mass difference of 2.5 × 10− 4

only. For this measurement, the amino acids were dissolved in
a H2O/MeOH (1/1) solution with 0.1% formic acid with a
concentration of approximately 10− 4 mol/L. The sample was
prepared to yield about the same intensity for both analytes.

Results and Discussion
Time-of-flight mass spectra of the protonated molecular ion
caffeine obtained by the re-trapping technique for different
flight times for a re-trapping trap depth of 1.3 V are shown in
Figure 5. Every data point in a spectrum corresponds to a
measurement consisting of (i) a re-trapping cycle (Stages 1, 2,
and 3a in Figure 1), which served for mass separation, and (ii) a
measurement cycle (Stages 1, 2, and 3b in Figure 1), which was
used to determine the abundance of the re-trapped ions. For the
re-trapping cycle, one TFS turn and 15.5, 63.5, or 127.5 iso-
chronous turns were used, corresponding to flight times of
0.48, 1.8, and 3.6 ms, respectively. For the measurement cycle,
one TFS turn and one isochronous turn were used. The peak
width (FWHM) in all three spectra amounts to about 25 ns,
corresponding to mass separation powers of 10,000, 32,000,
and 71,000, respectively. Note that the complex scan sequence
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Figure 5. Time-of-flight spectra of the protonated molecular ion of caffeine obtained by mass-selective re-trapping after (a) one
TFS turn and 15.5 isochronous turns, (b) one TFS turn and 63.5 isochronous turns, and (c) one TFS turn and 127.5 isochronous
turns. A re-trapping trap depth of 1.3 V was used
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performed to obtain the spectra serves to demonstrate the
performance of the re-trapping technique, but is not required
for the selection of a particular ion species. Here, a single re-
trapping cycle is sufficient.

Figure 6 shows the mass separation power of the MR-TOF-
MS over a large range of flight times and trap depths. The
values for the mass separation power were determined using
the same experimental sequence as that for the measurements
shown in Figure 5. The mass separation power increases line-
arly with the time-of-flight. Furthermore, for smaller trap
depths, a higher mass separation power is obtained, in accor-
dance with the theoretical considerations. The experimental
values are compared with the theoretical values obtained using
Equation 14. In order to obtain satisfactory agreement, two
experimental parameters needed to be adjusted in the calcula-
tions: the magnitude of the trap depth must be reduced from its
nominal value by a constant value of 1.15 V for all measure-
ments, and the retarding field strength must be scaled from its
nominal value by a factor of 0.56 (or the trap depth scaled by
the inverse square of this value) for all measurements. While it
is clear that a correction such as the former should be required
because of, e.g., a residual component of the rf field on the trap
axis or because of imperfections in the HV switching between
retarding and re-trapping, the origin of the latter correction is
currently not understood. With these two adjustments, excel-
lent agreement between the experimental results and the theo-
retical values is achieved for all 24 measurement points.

In these measurements, the maximum re-trapping efficiency
amounted to 35%; however, it is likely that the efficiency was
limited by space charge effects. The linear increase of mass
separation power with time-of-flight indicates that even higher
mass separation powers could be obtained for longer flight times,
which was not done in this work for practical reasons. However, it
was shown recently that with the same MR-TOF-MS, maximum

mass resolving powers (in the mass measurement mode) of
300,000 could be obtained [42, 52].

If only two ion species have to be separated, the separation
power of ion re-trapping is not necessarily determined by the
full width of the acceptance window of the re-trapping tech-
nique, but rather by the width of its rising or falling edge. The
re-trapping time can be adjusted such that one of the isobars is

Figure 6. Mass separation power of the MR-TOF-MS in de-
pendence of the time-of-flight for different trap depths for re-
trapping. The full symbols show the results of measurements
and the open symbols the corresponding theoretical values
obtained using Equation 14. For details see text
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Figure 7. Mass spectra demonstrating the isolation of the pro-
tonated molecular ions of the amino acids glutamine and lysine.
The two isobars have an absolute mass difference of 36.4 mu
and a relative mass difference of 2.5 × 10–4. In spectrum (a) the
re-trapping time was chosen such that both analytes were
simultaneously re-trapped. In the spectra (b) and (c) either
glutamine or lysine was isolated from its isobaric counterpart
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recaptured (i.e., is placed inside the acceptance window), but as
close to the rising or falling edge as possible, whereas the other
one is placed just outside the rising or falling edge of the
acceptance window. Thereby, even higher separation powers
than shown in Figure 6 can be obtained.

The spatial separation of close-lying mass lines is demon-
strated in Figure 7. It contains three mass spectra, which were
obtained after one TFS turn and 6.5 isochronous turns in the re-
trapping cycle, corresponding to a flight time of 0.20 ms, and
one TFS turn and 8 isochronous turns in the measurement
cycle, corresponding to a flight time of 0.23 ms. In contrast to
the spectra shown in Figure 5, the re-trapping time was not
scanned for each spectrum; the figures show the spectra ob-
tained in the measurement cycle. Between the three spectra, the
re-trapping time was adjusted such that either both amino acids
were recaptured, i.e., placed inside the time window of the re-
trapping acceptance (spectrum a), or just one of them, (spec-
trum b and spectrum c). Clearly, glutamine as well as lysine
could successfully be isolated from their respective isobaric
counterpart. The two isobars have an absolute mass difference
of 36.4 mu and a relative mass difference of 2.5 × 10− 4. In this
measurement, the suppression of the respective contaminant is
limited by ions entering the injection trap from the rfQ cooler
after the re-trapping process and before re-injection of the ions
into the analyzer for the measurement cycle. The relative
abundance of these contaminant ions amounts to about 2%.
In the future, these ions can be kept out of the injection trap by
raising a potential barrier between the rfQ and the trap.

Conclusions
Mass-selective re-trapping of ions is a novel method for
(ultra-)high-resolution spatial mass separation in time-
of-flight mass spectrometers. A theoretical treatment of the
method has been developed, and the method has been imple-
mented in a mobile multiple-reflection time-of-flight mass
spectrometer. Experimental and theoretical results are in good
agreement. Systematic measurements of the mass separation
power have been performed for the molecular ion of caffeine.
Mass separation powers in excess of 70,000 and re-trapping
efficiencies of up to 35% have been obtained. With longer
flight times or by separation at the edge of the acceptance
window, even higher mass separation powers are feasible.
The isobars glutamine and lysine with a relative mass differ-
ence of 2.5 × 10− 4 have been separated after a flight time of
0.2 ms only.

The method is very versatile, and its implementation should
be feasible in most time-of-flight mass spectrometers that use
an rf trap for forming ion bunches prior to time-of-flight mass
analysis. An important advantage compared with the use of a
pulsed deflector or ion gate in TOF isobar separators is that (1)
no additional ion optical element is required, (2) a more com-
pact setup is possible, and (3) the process of ion bunch creation,
time-of-flight dispersion, and mass-selective re-trapping can be
repeated for a theoretically unlimited number of times. This

opens up several new and important applications: in nuclear
physics experiments, an MR-TOF-MS employing the mass-
selective re-trapping technique can be used as an isobar or
isomer separator, which is more compact than an MR-TOF-
MS with a BNG. If the suppression of abundant contaminants
is not strong enough in one cycle, the isolation process can be
performed several times, first with larger ion abundance and
lower mass separation power and next with the preselected ion
population of lower abundance and, thus, with higher mass
separation power. The mass range of the isolated nuclides can
be adjusted by the choice of the trap depth (e.g., to include all
isobaric exotic nuclei of choice), while rejectingmore abundant
isobaric contaminants. After isolation of the ions of interest, a
direct precision mass measurement is possible using the same
TOF analyzer. Because of the preceding ion isolation, higher
mass accuracies will be possible, since space charge effects due
to abundant contaminants in the original ion sample can be
avoided. An MR-TOF-MS employing the method of mass-
selective re-trapping has been developed and has recently been
installed at the TITAN facility at TRIUMF in Vancouver [32,
51, 55]. Commissioning of the device is underway.

In analytical mass spectrometry, the method of mass-
selective re-trapping enables (ultra-)high resolution precursor
ion selection. This paves the way for multiple-stage tandem
mass spectrometry (MSN) in compact time-of-flight mass spec-
trometers with very high resolving power in every stage [40,
41, 43]. The implementation of this technique will be the
subject of a forthcoming publication.
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