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Abstract

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
Penning trap. By use of the ICR signal intensity at the magnetron frequency, v_, and the reduced cyclotron frequency, v,, the manipulation of
the ion motion by dipolar, quadrupolar, and octupolar excitation has been followed. In particular, the conversion between the magnetron and the
cyclotron motion by quadrupolar and octupolar excitation at the corresponding resonance frequencies v, =v, + v_ and 2v,, respectively, has been
observed by detection of the magnetron and the cyclotron signal. While the ion motion under the influence of a quadrupolar excitation has already
been studied extensively, the octupolar excitation has been introduced only recently. As compared to other techniques, such as the time-of-flight
ion-cyclotron-resonance detection method, FT-ICR MS allows to simultaneously investigate the influence of an excitation on the cyclotron und the

magnetron motional modes.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) has proven to be a highly effective and effi-
cient method in many branches of analytical chemistry [1-4].
As related technique, the narrow-band detection of induced
image currents is used for precision mass spectrometry directed
towards the investigation of fundamental questions in physics
[5-9]. These experiments all build on the storage of ions in Pen-
ning traps [10]. FT-ICR can be used to further investigate the
principles of this device [11-15], and this tradition is continued
in the present study.

In general, the standard FT-ICR MS measurements are only
concerned with the signal at the reduced cyclotron frequency
v,. Harmonics [16-19] and combinations [20] of v, and the
magnetron frequency v_ have been considered, but for analyt-
ical applications they are of rather limited usefulness [21] or
even a nuisance and unwanted source of confusion [22]. Thus,
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experiments directed towards the detection of these signals by
application of appropriate detection geometries have not been
followed up extensively. The present investigation is no excep-
tion, i.e., the detection is performed in standard (dipolar) FT-ICR
detection geometry.

However, harmonics and frequency combinations may not
only be considered for the detection, but also for the excitation
of the ion motion [23]. In particular, the application of the
quadrupolar rf excitation at vf=v,+v_ is a very important
technique in both analytical chemistry [24-26] and fundamental
nuclear-physics studies, where it has been invented [27]. Higher
multipoles, like octupolar fields, are presently studied [28,29].

The dipolar FT-ICR detection geometry allows to look not
only at the signal at the reduced cyclotron frequency but, in addi-
tion, also at the magnetron signal. As this latter signal is in first
order not mass-specific, it is usually not considered. However,
with the approach to use a combination of frequencies for a con-
version between the motional modes as applied in fundamental-
physics experiments, both the cyclotron and the magnetron
signal are of interest. In the present study they are both mon-
itored simultaneously and it is demonstrated how the dipolar,
quadrupolar, and octupolar excitation can be investigated with
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respect to the influence of such standard and novel excitation
schemes on the two motional modes and their coupling.

2. Experimental setup and procedure

The experiments have been performed at ClusterTrap [30,31]
which has been constructed and further developed for the inves-
tigation of metal clusters [32—34]. For the present measurements
the highly sensitive time-of-flight analysis, that is usually per-
formed at this setup for single-ion detection, has been replaced
by a broad-band FT-ICR detection. In order to have a sufficiently
large number of ions in each experimental cycle to obtain a
measurable ion signal, Ar* ions have been produced by electron-
impact ionization of argon gas in the trap volume.

Fig. 1 shows an overview of the setup with the main parts
used in this investigation. Fig. 2 (top) illustrates the segmenta-
tion of the ring electrode and the connections for the dipolar rf
excitation of the ion motion and the image-signal pickup. The
asymptotically symmetric Penning trap [40] uses hyperbolically
shaped electrodes with an inner ring diameter of 40 mm. With a
magnetic field strength of 5T and a trapping potential of 30 V
applied between the ring and the end-cap electrodes, the reduced
cyclotron frequency and the magnetron frequency of Ar* are
vy =1907.25 kHz and v_ =2.44 kHz, respectively.

As mentioned above, the present work aimed at the investi-
gation of the radial motions of stored ions after the interaction
with radio-frequency fields. Especially the conversion from one
mode into the other by use of a quadrupolar or octupolar exci-
tation was studied. In general, the experimental event sequence
consisted 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
signals. For a measurement series either the excitation amplitude
was varied or the frequency was scanned in small steps around
the expected resonance frequency.
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Fig. 1. Overview of ClusterTrap with the parts used in this work indicated in
bold face.
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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
of the magnetron and the reduced cyclotron frequency, respectively) as deduced
from the transient shown in the center graph. The data points integrated for
further evaluation of the signal intensity are indicated by the shaded areas.

For the ionization in step (1) argon was continuously leaked
into the trap volume, which resulted in a pressure of about
p=4x 108 hPa. This was the limiting factor of the achiev-
able resolving power for both excitation resonances (“front-end”
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resolving power [35,36]) as well as for the FT-ICR transient sig-
nal duration. The dipolar excitation signals are applied for the
creation of a coherent ion motion at the magnetron frequency
as given in step (2) of the event sequence. The 10-ms excitation
signal was created by a SRS DS345 frequency generator and a
home-built phase splitter and applied with opposite polarity on
the opposing 40° ring segments (see Fig. 2 (top)).

The excitation signals of step (3) were produced by a sec-
ond frequency generator (Rhode & Schwarz AM300). For the
dipolar excitation in step (3a) the rf signal was applied as in
step (2). The quadrupolar (3b) and octupolar excitations (3c)
with a duration lengths of 10 ms were applied on the 30° seg-
ments, where one pair of opposing segments was used for the
quadrupolar excitation and all four 30° segments for the octupo-
lar excitation. In the latter case, the excitation amplitude was
increased by a rf amplifier (ENI, model 2100) to reach the
amplitude necessary for a full conversion of the motional modes.
Note that the geometrical configurations are a compromise with
respect to the present segmentation of the ClusterTrap elec-
trodes and easy switching between the different modes. For
none of these modes the applied geometrical configurations
are ideal. However, a Fourier analysis shows that the multi-
pole fields in question are created by these configurations with
a sufficiently large fraction. As discussed earlier [37,38] it is
sufficient to use only one polarity for a quadrupolar excita-
tion. For the octupolar mode the same arguments apply. In both
cases, single-polarity excitation leads to an additional paramet-
ric effect [39]. However, as the present studies have not been
performed in the vicinity of resonance frequencies of the para-
metric excitation modes, no complications due to such modes are
expected.

After the excitation in step (3) the ions moved coherently
along their specific trajectories. In the last step of the sequence
the resulting image-charge signal was picked up on the two
opposing 80° segments for differential amplification as shown
in Fig. 2 (top). The signal was fed into a home-built broad-band
difference amplifier and stored by a transient recorder (Fast-
Comtech, PCIL.212). The transients were analyzed by use of a
Lab View based fast Fourier transform (FFT) software.

Each transient consists of 65,536 data points from a 12-bit
ADC at a sampling rate of 4 MHz, corresponding to a transient
length of 16.4 ms (see Fig. 2 (center)). From this transient in the
time domain the Fourier transform is calculated by use of an
FFT algorithm provided by LabVIEW. Both the cyclotron and
the magnetron signal are visible in the frequency spectrum and
the peak area, as indicated in Fig. 2 (bottom), is used as a mea-
sure of the signal strength. In case of the magnetron motion the
signal intensity is calculated from the values of the data point at
the eigenfrequency and of those at the two neighboring points.
For the cyclotron motion, where the signal is in a less noisy fre-
quency region, it is possible to include the first Fourier sidebands
and to determine the signal strength from the data point at the
eigenfrequency and eight neighboring points to each side in the
frequency spectrum, which corresponds to a frequency range of
+500Hz (see Fig. 2 (bottom)). The signal intensities quoted in
the following sections are each an average of five independent
measurements.
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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-
onant dipolar excitation at v,y =2.44kHz and v = 1907.25 kHz, respectively.
The dashed lines give the noise level of the signal intensities as determined from
measurements without an excitation of the ion motion.

3. Results and discussion
3.1. Dipolar excitation

Fig. 3 (top) shows the intensity of the magnetron signal as a
function of excitation amplitude for the dipolar excitation at
vrf=2.44kHz. As the signal in the standard FT-ICR dipolar
detection mode is proportional to the radius of the ion orbit
and as this radius is proportional to the excitation amplitude, it
is expected and observed that the signal strength (in the standard
magnitude spectrum [41]) is proportional to the excitation ampli-
tude. When the magnetron radius approaches the trap radius, the
ions collide with the ring electrode and are lost from the trap.
Thus, at the corresponding excitation amplitude the ion signal
breaks down. Note that there is a slight non-linear increase of
the magnetron signal which may result from the friction force
due to the ions colliding with the residual gas atoms [23].

The bottom of Fig. 3 shows the cyclotron-signal intensity
after a resonant dipolar excitation. For a moderate excitation
amplitude the data points are on a straight line, similar as for
the magnetron excitation. However, when the excitation ampli-
tude is increased the signal intensity levels off. Obviously, the
damping force increases as a function of the cyclotron radius,
which 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
data points are connected by straight lines to guide the eye. The dashed lines
illustrate the level of the signal intensities as determined from measurements
without an excitation of the ion motion.

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

In the following the excitation amplitude was kept fixed and
the frequency of the rf excitation was varied. Fig. 4 (top) shows
the magnetron signal intensity as a function of the excitation fre-
quency. The amplitude (0.8 V;,;) was chosen such that the radius
of the magnetron motion remains moderate and other effects,
e.g., the friction as mentioned above or an eigenfrequency shift
due to image charges [42] are negligible.

The observed line shape of the magnetron resonance is the
well-known “sinc” function [41]. The number of sidebands
observed is limited by the noise level around the magnetron

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

3.2. Quadrupolar excitation

As described above, the FT-ICR technique allows the simul-
taneous detection of the magnetron and the cyclotron signal
with a single transient. Thus, in the case of the quadrupo-
lar excitation it is possible to monitor the conversion from
one mode into the other by observing the two signal inten-
sities as a function of, e.g., the excitation amplitude, where
the frequency is fixed to the expected resonance frequency
vy +v_ =v. =1909.7 kHz. For these measurements the ions are
prepared to perform an initial magnetron motion by a dipolar rf
excitation at vr=v_ =2.44 kHz, which corresponds to step (2)
of the event sequence as described in Section 2.

The result of the subsequent quadrupolar excitation is shown
in Fig. 5. The ions start with a pure magnetron motion.
As expected, the signal intensities of the magnetron and
the cyclotron motion show periodic changes as a function
of the excitation amplitude, where magnetron-intensity min-
ima correspond to cyclotron-intensity maxima and vice versa
indicating the conversion between the two motional modes
[27].

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

Fig. 6 shows the result of a scan of the excitation frequency for
the conversion by use of a quadrupolar rf excitation. The signal
intensity of the cyclotron motion shows the expected sinc shape.
The magnitude of the central peak is somewhat low as compared
to the intensity of the sidebands probably due to damping during
excitation and detection.

The resonance shape of the magnetron signal is not as pro-
nounced as that of the cyclotron signal. The noise level at the
magnetron frequency is rather high with respect to the signal
intensity. Thus, the sidebands disappear in the statistical fluctu-
ations.



98 M. Breitenfeldt et al. / International Journal of Mass Spectrometry 263 (2007) 94—100

(a) 15
Magnetron Motion
L ]
o
®see
£
c
S e eee
2
©
=
(2]
g Cyclotron Motion
£ i
o I _e_gqtfy
g .’... Ll
2 . .
7] O
ya
(b) 5 %
41 ) [25vpe] [,
3]
Z'M B
14
n ]
e 0 v v - - — -0
5 T T T T 7
-E. 5_ II,J
5 4] @ [4.5vpl [ 5
2 34
@
g 4 -
£ ]
= A
w 0 T T T T 71 T | ——— T 0
5, vy
bt 5] 7/
41 (3 [6.Avpel | o
3
24 -1
14
D fmp—elf St e o puad_ ()
20 22 24 26 28 1905 1906 1907 1908 1909 1910

Frequency / kHz

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 vif=v, =1909.7kHz. The dashed lines indicate the noise level for
the eigenmotion signals. (b) Low- (left side) and high-frequency range (right
side) of the spectra at the amplitudes of 2.5, 4.5 and 6.1 V. In each case the
frequency ranges for the magnetron and the reduced cyclotron frequency are
shown.

3.3. Octupolar excitation

While the measurements discussed above confirm well
known and well understood excitation schemes, higher-order
excitation schemes can be investigated, too, e.g., the octupo-
lar excitation. The detailed structures of the resonance curves
for the case of the octupolar excitation are presently under
investigation. First experimental results by measurements
with a ToF-effect technique have been reported recently
[28,29]. In Fig. 7 an amplitude scan at the frequency 2v is
shown, where the magnetron-signal intensity and cyclotron-
signal intensity are plotted as a function of the excitation
amplitude.

The signals show an oscillation. The general decrease of the
signal intensities with increasing excitation amplitude is proba-
bly due to the damping of the ion motion by collisions with Ar
atoms from the background gas.
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dipolar magnetron excitation).

In Fig. 8 the signal intensities at the magnetron and the
cyclotron frequency are plotted as a function of the excita-
tion frequency around the expected resonance at 2v.. For this
study, an excitation amplitude was chosen, which corresponds
to a full conversion with the octupolar excitation. The reso-
nance frequency may be determined from the prominent peak at
3819.4kHz. In analogy, the magnetron signal decreases to the
noise level at the same frequency. Since a strong phase depen-
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dence is expected [28,29,43,44], the phase between the dipolar
excitation of the magnetron motion and the octupolar excitation
for the conversion was kept constant. Taking the central peak
for the determination of the resonance frequency, the FWHM is
about 20 Hz, which is a factor 5 lower than the FWHM in case
of a quadrupolar excitation with the same excitation duration
of 10 ms. While the resonance curves show interesting features
such as broader as well as small-scale structures and an indi-
cation of an asymmetry, a deeper investigation has only just
begun [28,29,43,44] and it would be premature to speculate
about particular details.

4. Conclusion and outlook

It has been shown that the standard dipolar FT-ICR detection
technique can be applied to monitor the radial ion motions and
their manipulation in a Penning trap. This broad-band detection
scheme does not require the knowledge of the exact eigenfre-
quencies, i.e., frequency shifts may be monitored as well. In
particular, the conversion from one radial mode to the other was
probed by simultaneous monitoring the signal intensity of the
magnetron and cyclotron motion. Both modes play important
roles in high-precision mass spectrometry. The present method
may not be directly applicable to short-lived nuclides and other
exotic particles [45,46,47]. However, it can be combined with
narrowband methods for increased sensitivity [48] and in any
case it can be expected to be a useful tool in the elucidation of
novel ion cyclotron resonance excitation schemes.
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