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bstract

It is demonstrated how FT-ICR MS can be used to monitor both the coherent magnetron motion and the cyclotron motion of ions stored in a
enning trap. By use of the ICR signal intensity at the magnetron frequency, ν−, and the reduced cyclotron frequency, ν+, the manipulation of

he ion motion by dipolar, quadrupolar, and octupolar excitation has been followed. In particular, the conversion between the magnetron and the
yclotron motion by quadrupolar and octupolar excitation at the corresponding resonance frequencies νc = ν+ + ν− and 2νc, respectively, has been
bserved by detection of the magnetron and the cyclotron signal. While the ion motion under the influence of a quadrupolar excitation has already

een studied extensively, the octupolar excitation has been introduced only recently. As compared to other techniques, such as the time-of-flight
on-cyclotron-resonance detection method, FT-ICR MS allows to simultaneously investigate the influence of an excitation on the cyclotron und the

agnetron motional modes.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Fourier transform ion cyclotron resonance mass spectrometry
FT-ICR MS) has proven to be a highly effective and effi-
ient method in many branches of analytical chemistry [1–4].
s related technique, the narrow-band detection of induced

mage currents is used for precision mass spectrometry directed
owards the investigation of fundamental questions in physics
5–9]. These experiments all build on the storage of ions in Pen-
ing traps [10]. FT-ICR can be used to further investigate the
rinciples of this device [11–15], and this tradition is continued
n the present study.

In general, the standard FT-ICR MS measurements are only
oncerned with the signal at the reduced cyclotron frequency
+. Harmonics [16–19] and combinations [20] of ν+ and the

agnetron frequency ν− have been considered, but for analyt-

cal applications they are of rather limited usefulness [21] or
ven a nuisance and unwanted source of confusion [22]. Thus,
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xperiments directed towards the detection of these signals by
pplication of appropriate detection geometries have not been
ollowed up extensively. The present investigation is no excep-
ion, i.e., the detection is performed in standard (dipolar) FT-ICR
etection geometry.

However, harmonics and frequency combinations may not
nly be considered for the detection, but also for the excitation
f the ion motion [23]. In particular, the application of the
uadrupolar rf excitation at νrf = ν+ + ν− is a very important
echnique in both analytical chemistry [24–26] and fundamental
uclear-physics studies, where it has been invented [27]. Higher
ultipoles, like octupolar fields, are presently studied [28,29].
The dipolar FT-ICR detection geometry allows to look not

nly at the signal at the reduced cyclotron frequency but, in addi-
ion, also at the magnetron signal. As this latter signal is in first
rder not mass-specific, it is usually not considered. However,
ith the approach to use a combination of frequencies for a con-
ersion between the motional modes as applied in fundamental-

hysics experiments, both the cyclotron and the magnetron
ignal are of interest. In the present study they are both mon-
tored simultaneously and it is demonstrated how the dipolar,
uadrupolar, and octupolar excitation can be investigated with
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espect to the influence of such standard and novel excitation
chemes on the two motional modes and their coupling.

. Experimental setup and procedure

The experiments have been performed at ClusterTrap [30,31]
hich has been constructed and further developed for the inves-

igation of metal clusters [32–34]. For the present measurements
he highly sensitive time-of-flight analysis, that is usually per-
ormed at this setup for single-ion detection, has been replaced
y a broad-band FT-ICR detection. In order to have a sufficiently
arge number of ions in each experimental cycle to obtain a

easurable ion signal, Ar+ ions have been produced by electron-
mpact ionization of argon gas in the trap volume.

Fig. 1 shows an overview of the setup with the main parts
sed in this investigation. Fig. 2 (top) illustrates the segmenta-
ion of the ring electrode and the connections for the dipolar rf
xcitation of the ion motion and the image-signal pickup. The
symptotically symmetric Penning trap [40] uses hyperbolically
haped electrodes with an inner ring diameter of 40 mm. With a
agnetic field strength of 5 T and a trapping potential of 30 V

pplied between the ring and the end-cap electrodes, the reduced
yclotron frequency and the magnetron frequency of Ar+ are
+ = 1907.25 kHz and ν− = 2.44 kHz, respectively.

As mentioned above, the present work aimed at the investi-
ation of the radial motions of stored ions after the interaction
ith radio-frequency fields. Especially the conversion from one
ode into the other by use of a quadrupolar or octupolar exci-

ation was studied. In general, the experimental event sequence
onsisted of the following steps:

1) ionization of argon atoms by application of an axial electron
beam;

2) radio-frequency (rf) excitation for 10 ms in dipolar geometry
at the magnetron frequency, if a quadrupolar or octupolar rf
excitation is subsequently applied;

3) excitation for 10 ms with either (a) dipolar, (b) quadrupolar
or (c) octupolar geometry;

4) broad-band FT-ICR detection.
All excitation events were performed with single-frequency
ignals. For a measurement series either the excitation amplitude
as varied or the frequency was scanned in small steps around

he expected resonance frequency.

ig. 1. Overview of ClusterTrap with the parts used in this work indicated in
old face.

Fig. 2. (Top) Overview of the segmentation of the ring electrodes with the con-
nections for the dipolar excitation (40◦ segments) and the FT-ICR detection (80◦
segments). (Center) Ion signal in the time domain (transient). (Bottom) Low-
frequency and high-frequency range of the frequency spectrum (in the vicinity
o
f
f

i
p
a

f the magnetron and the reduced cyclotron frequency, respectively) as deduced
rom the transient shown in the center graph. The data points integrated for
urther evaluation of the signal intensity are indicated by the shaded areas.

For the ionization in step (1) argon was continuously leaked

nto the trap volume, which resulted in a pressure of about
= 4 × 10−8 h Pa. This was the limiting factor of the achiev-
ble resolving power for both excitation resonances (“front-end”
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Fig. 3. Intensity of the magnetron (top) and the cyclotron signal (bottom) as
a function of the amplitude (as given by the frequency generator) of the res-
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esolving power [35,36]) as well as for the FT-ICR transient sig-
al duration. The dipolar excitation signals are applied for the
reation of a coherent ion motion at the magnetron frequency
s given in step (2) of the event sequence. The 10-ms excitation
ignal was created by a SRS DS345 frequency generator and a
ome-built phase splitter and applied with opposite polarity on
he opposing 40◦ ring segments (see Fig. 2 (top)).

The excitation signals of step (3) were produced by a sec-
nd frequency generator (Rhode & Schwarz AM300). For the
ipolar excitation in step (3a) the rf signal was applied as in
tep (2). The quadrupolar (3b) and octupolar excitations (3c)
ith a duration lengths of 10 ms were applied on the 30◦ seg-
ents, where one pair of opposing segments was used for the

uadrupolar excitation and all four 30◦ segments for the octupo-
ar excitation. In the latter case, the excitation amplitude was
ncreased by a rf amplifier (ENI, model 2100) to reach the
mplitude necessary for a full conversion of the motional modes.
ote that the geometrical configurations are a compromise with

espect to the present segmentation of the ClusterTrap elec-
rodes and easy switching between the different modes. For
one of these modes the applied geometrical configurations
re ideal. However, a Fourier analysis shows that the multi-
ole fields in question are created by these configurations with
sufficiently large fraction. As discussed earlier [37,38] it is

ufficient to use only one polarity for a quadrupolar excita-
ion. For the octupolar mode the same arguments apply. In both
ases, single-polarity excitation leads to an additional paramet-
ic effect [39]. However, as the present studies have not been
erformed in the vicinity of resonance frequencies of the para-
etric excitation modes, no complications due to such modes are

xpected.
After the excitation in step (3) the ions moved coherently

long their specific trajectories. In the last step of the sequence
he resulting image-charge signal was picked up on the two
pposing 80◦ segments for differential amplification as shown
n Fig. 2 (top). The signal was fed into a home-built broad-band
ifference amplifier and stored by a transient recorder (Fast-
omtech, PCI.212). The transients were analyzed by use of a
ab View based fast Fourier transform (FFT) software.

Each transient consists of 65,536 data points from a 12-bit
DC at a sampling rate of 4 MHz, corresponding to a transient

ength of 16.4 ms (see Fig. 2 (center)). From this transient in the
ime domain the Fourier transform is calculated by use of an
FT algorithm provided by LabVIEW. Both the cyclotron and

he magnetron signal are visible in the frequency spectrum and
he peak area, as indicated in Fig. 2 (bottom), is used as a mea-
ure of the signal strength. In case of the magnetron motion the
ignal intensity is calculated from the values of the data point at
he eigenfrequency and of those at the two neighboring points.
or the cyclotron motion, where the signal is in a less noisy fre-
uency region, it is possible to include the first Fourier sidebands
nd to determine the signal strength from the data point at the
igenfrequency and eight neighboring points to each side in the

requency spectrum, which corresponds to a frequency range of
500 Hz (see Fig. 2 (bottom)). The signal intensities quoted in

he following sections are each an average of five independent
easurements.

t
t
d
w

nant dipolar excitation at νrf = 2.44 kHz and νrf = 1907.25 kHz, respectively.
he dashed lines give the noise level of the signal intensities as determined from
easurements without an excitation of the ion motion.

. Results and discussion

.1. Dipolar excitation

Fig. 3 (top) shows the intensity of the magnetron signal as a
unction of excitation amplitude for the dipolar excitation at
rf = 2.44 kHz. As the signal in the standard FT-ICR dipolar
etection mode is proportional to the radius of the ion orbit
nd as this radius is proportional to the excitation amplitude, it
s expected and observed that the signal strength (in the standard

agnitude spectrum [41]) is proportional to the excitation ampli-
ude. When the magnetron radius approaches the trap radius, the
ons collide with the ring electrode and are lost from the trap.
hus, at the corresponding excitation amplitude the ion signal
reaks down. Note that there is a slight non-linear increase of
he magnetron signal which may result from the friction force
ue to the ions colliding with the residual gas atoms [23].

The bottom of Fig. 3 shows the cyclotron-signal intensity
fter a resonant dipolar excitation. For a moderate excitation
mplitude the data points are on a straight line, similar as for

he magnetron excitation. However, when the excitation ampli-
ude is increased the signal intensity levels off. Obviously, the
amping force increases as a function of the cyclotron radius,
hich is expected as this is proportional to the ion velocity. Thus,
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Fig. 4. Signal intensity of the magnetron (top) and cyclotron motion (bottom)
as a function of the excitation frequency for the dipolar-excitation mode. The
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nounced as that of the cyclotron signal. The noise level at the
ata points are connected by straight lines to guide the eye. The dashed lines
llustrate the level of the signal intensities as determined from measurements
ithout an excitation of the ion motion.

he collisions result in a range of excitation amplitude where the
trength of the FT-ICR signal at the reduced cyclotron frequency
s more or less constant. Only when the excitation amplitude is
ncreased even further, the ion orbits increase so fast that the
ons reach the electrodes in times short compared to the colli-
ion times, i.e., the length of the trajectories decreases below the
ean free path. For these amplitudes the ions are lost during the

xcitation and the FT-ICR signal disappears.
In the following the excitation amplitude was kept fixed and

he frequency of the rf excitation was varied. Fig. 4 (top) shows
he magnetron signal intensity as a function of the excitation fre-
uency. The amplitude (0.8 Vpp) was chosen such that the radius
f the magnetron motion remains moderate and other effects,
.g., the friction as mentioned above or an eigenfrequency shift
ue to image charges [42] are negligible.
The observed line shape of the magnetron resonance is the
ell-known “sinc” function [41]. The number of sidebands
bserved is limited by the noise level around the magnetron

m
i
a
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requency as mentioned above. In Fig. 4 (bottom) a corre-
ponding frequency scan is shown for the resonance at the
educed cyclotron frequency. As expected, the shape of the
esonance curve is the same as in the case of the magnetron
xcitation. The central peaks of both resonance curves have
he expected FWHM of about 100 Hz for an excitation duration
f 10 ms.

.2. Quadrupolar excitation

As described above, the FT-ICR technique allows the simul-
aneous detection of the magnetron and the cyclotron signal
ith a single transient. Thus, in the case of the quadrupo-

ar excitation it is possible to monitor the conversion from
ne mode into the other by observing the two signal inten-
ities as a function of, e.g., the excitation amplitude, where
he frequency is fixed to the expected resonance frequency
+ + ν− = νc = 1909.7 kHz. For these measurements the ions are
repared to perform an initial magnetron motion by a dipolar rf
xcitation at νrf = ν− = 2.44 kHz, which corresponds to step (2)
f the event sequence as described in Section 2.

The result of the subsequent quadrupolar excitation is shown
n Fig. 5. The ions start with a pure magnetron motion.
s expected, the signal intensities of the magnetron and

he cyclotron motion show periodic changes as a function
f the excitation amplitude, where magnetron-intensity min-
ma correspond to cyclotron-intensity maxima and vice versa
ndicating the conversion between the two motional modes
27].

For three different excitation amplitudes, marked in the fig-
re with (1), (2) and (3), the low- and high-frequency ranges
f the FFT spectra are given for further illustration. Frequency
pectrum (1) shows the situation after one conversion. Thus,
he low-frequency range of the spectrum, where a magnetron
ignal would appear, shows no signal. In contrast, in the high-
requency range a clear signal at the reduced cyclotron frequency
s observed. Frequency spectrum (2) shows the case for a
igher excitation amplitude for which the ion motion has been
lmost converted back to a pure magnetron motion. In the low-
requency range a signal appears at the expected magnetron
requency value. At high frequencies the signal intensity at the
educed cyclotron frequency has decreased to almost zero. A
urther increase of the excitation amplitude results in a second
onversion to the cyclotron motion as shown in frequency spec-
rum (3), where both the magnetron and the cyclotron signal are
isible.

Fig. 6 shows the result of a scan of the excitation frequency for
he conversion by use of a quadrupolar rf excitation. The signal
ntensity of the cyclotron motion shows the expected sinc shape.
he magnitude of the central peak is somewhat low as compared

o the intensity of the sidebands probably due to damping during
xcitation and detection.

The resonance shape of the magnetron signal is not as pro-
agnetron frequency is rather high with respect to the signal
ntensity. Thus, the sidebands disappear in the statistical fluctu-
tions.
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Fig. 5. (a) Signal intensity of the magnetron (top) and cyclotron motion (bot-
tom) as a function of the rf quadrupolar excitation amplitude at the excitation
frequency νrf = νc = 1909.7 kHz. The dashed lines indicate the noise level for
the eigenmotion signals. (b) Low- (left side) and high-frequency range (right
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to a full conversion with the octupolar excitation. The reso-
nance frequency may be determined from the prominent peak at
3819.4 kHz. In analogy, the magnetron signal decreases to the
noise level at the same frequency. Since a strong phase depen-
ide) of the spectra at the amplitudes of 2.5, 4.5 and 6.1 Vpp. In each case the
requency ranges for the magnetron and the reduced cyclotron frequency are
hown.

.3. Octupolar excitation

While the measurements discussed above confirm well
nown and well understood excitation schemes, higher-order
xcitation schemes can be investigated, too, e.g., the octupo-
ar excitation. The detailed structures of the resonance curves
or the case of the octupolar excitation are presently under
nvestigation. First experimental results by measurements
ith a ToF-effect technique have been reported recently

28,29]. In Fig. 7 an amplitude scan at the frequency 2νc is
hown, where the magnetron-signal intensity and cyclotron-
ignal intensity are plotted as a function of the excitation
mplitude.

The signals show an oscillation. The general decrease of the

ignal intensities with increasing excitation amplitude is proba-
ly due to the damping of the ion motion by collisions with Ar
toms from the background gas.

F
f

ig. 6. Signal intensity at the magnetron (top) and reduced cyclotron frequency
bottom) as a function of the quadrupolar excitation frequency (after a preceding
ipolar magnetron excitation).

In Fig. 8 the signal intensities at the magnetron and the
yclotron frequency are plotted as a function of the excita-
ion frequency around the expected resonance at 2νc. For this
tudy, an excitation amplitude was chosen, which corresponds
ig. 7. Signal intensity at the magnetron (full circles) and reduced cyclotron
requency (open circles) as a function of the octupolar excitation amplitude.
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ig. 8. Signal intensity at the magnetron (full circles) and the reduced cyclotron
requency (open circles) as a function of the octupolar excitation frequency (after
preceding dipolar rf excitation of the magnetron motion).

ence is expected [28,29,43,44], the phase between the dipolar
xcitation of the magnetron motion and the octupolar excitation
or the conversion was kept constant. Taking the central peak
or the determination of the resonance frequency, the FWHM is
bout 20 Hz, which is a factor 5 lower than the FWHM in case
f a quadrupolar excitation with the same excitation duration
f 10 ms. While the resonance curves show interesting features
uch as broader as well as small-scale structures and an indi-
ation of an asymmetry, a deeper investigation has only just
egun [28,29,43,44] and it would be premature to speculate
bout particular details.

. Conclusion and outlook

It has been shown that the standard dipolar FT-ICR detection
echnique can be applied to monitor the radial ion motions and
heir manipulation in a Penning trap. This broad-band detection
cheme does not require the knowledge of the exact eigenfre-
uencies, i.e., frequency shifts may be monitored as well. In
articular, the conversion from one radial mode to the other was
robed by simultaneous monitoring the signal intensity of the
agnetron and cyclotron motion. Both modes play important

oles in high-precision mass spectrometry. The present method
ay not be directly applicable to short-lived nuclides and other

xotic particles [45,46,47]. However, it can be combined with
arrowband methods for increased sensitivity [48] and in any
ase it can be expected to be a useful tool in the elucidation of
ovel ion cyclotron resonance excitation schemes.
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