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Abstract

A new experimental technique is described for probing the motion of ions in a quadrupole ion trap via the application of
short dc pulses to one endcap electrode. The method, which arose from simulations conducted using a multi-ion simulation
program, ITSIM, reveals details of the motion of trapped ions and allows experimental measurement of the ion secular
frequency. It is shown that a short dc pulse having the appropriate phase relationship with respect to the phase of oscillation
of a population of trapped ions may be used to activate and eject chosen species from the trap while leaving other ions, even
isobaric ions, relatively unperturbed. This provides a possible basis for high resolution collisional activation and high resolution
mass analysis in the Paul trap. (Int J Mass Spectrom 194 (2000) 225–234) © 2000 Elsevier Science B.V.
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1. Introduction

The quadrupole ion trap is a powerful mass spec-
trometer that has been significantly improved since its
first commercial appearance as a gas chromatography
detector in 1984 [1]. High resolution is available
using slow scan rates [2–4], a mass/charge range of
more than 70 000 Thomson (Th, unit of mass/charge,
see [5]) has been demonstrated [6], and MSn capabil-
ities [7–9] are available. Further improvements in the

performance characteristics of the ion trap, especially
improvements in mass measurement accuracy, require
a better understanding of the complexities of ion
motion in the nonideal electric fields of real devices.
Two complementary approaches have been used to
study ion motion. One is to employ experiment,
especially laser tomography experiments [10–12].
The second is to elucidate ion motion through com-
puter modeling and simulation [13–18]. The work
reported here utilizes both simulations and ion tomog-
raphy, and introduces a new method for performing
tomography experiments.

The earliest experiments that examined ion motion
in quadrupole ion traps may have been those of
Wuerker [19], who photographed macroscopic
charged particles of aluminum and iron to follow their
trajectories. In 1979 Knight and Prior [20] used
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laser-induced fluorescence to detect atomic ions and
to determine the size of the trapped ion cloud. Laser
photodissociation of trapped ions has formed the basis
for a number of laser tomography studies [10–12,21]
to determine the distribution of ions in the trap and to
measure ion secular frequency. Efficient mass-selec-
tive laser photodissociation without isolation of the
ions of interest has also been achieved [22]. The main
disadvantage of these techniques is that they require
that the electrodes of the ion trap be modified to allow
optical access by the probe laser to the interior of the
trap; this modification perturbs ion motion. For exam-
ple, the large slots machined into the endcap elec-
trodes to permit rastering of the probe laser beam in
one experiment caused the chemical mass shift [23]
for certain compounds to increase, a result that is
attributable to the nonideal electric fields introduced
by the slots [12]. A method of probing ion motion that
does not require modification of the electrode struc-
ture, and the attendant disruption of the ion motion, is
obviously desirable.

In this work, short (,1 ms) dc pulses were used to
activate an ensemble of trapped ions to cause their
partial or total ejection. Pulses of this type have been
used previously to effect surface-induced dissociation
(SID) in the quadrupole ion trap [24,25], and to
activate ion populations in a broadband fashion for
nondestructive detection [26]. Also, Dawson and
Lambert [27], and more recently Lubman and co-
workers [28], used a dc pulse to eject ions from a trap.
Dawson and Lambert studied the effect of the rf phase
of the pulse on the output signal, and supported their
findings with ion trajectory calculations. The dc to-
mography experiments described here have the dif-
ferent aim of elucidating the motion of trapped ions
and contributing to the development of higher reso-
lution capabilities. They have the advantage over
previous laser tomography experiments of yielding
information about ion motion in a trap ofunmodified
geometry.

Dawson and Whetten [29] and March and co-
workers [13,14] were the first to compute single ion
trajectories in the quadrupole ion trap. Julian et al.
[30] first computed trajectories for large ensembles of
ions and generated mass spectra by simulating the

mass-selective instability scan [1] using a parallel
computer. The development of the quadrupole ion
trap simulation program ITSIM [16] in our laboratory
has facilitated multi-ion simulations using single-
processor personal computers by dividing the simula-
tion process into three subunits—ion generation, ion
motion calculation, and data extraction, and following
the motion of individual ions through a sequence of
time intervals. The current Windows version of the
ITSIM program [17,31] is capable of simulating the
effects of auxiliary ac and dc fields, in addition to the
main rf trapping field, on the motion of large ensem-
bles of ions. Ion trajectories are computed using either
the Euler or Runge-Kutta integration methods at
intervals that are short compared to the rf oscillation
period. In addition, ion/neutral collisions [16] and
ion/ion interactions are available in the program and
can be utilized in particular simulations. The effects
of nonideal fields on ion motion can be simulated
either by expressing the field analytically, as a multi-
pole expansion [32], or by a numerical representation
of the electric potential [23]. ITSIM offers many
kinds of displays to illustrate the simulated data. The
most common display of the trajectory information is
to divide ion excursions in thex-, y-, andz-directions
and plot them individually versus time. The total
kinetic energy of each ion, as well as the phase angle
and potentials of the rf, may be plotted also. Many
helpful tools such as phase space plots and Poincare´
plots are available. Production and display of four-
dimensional data sets (spatial distributions inx-, y-,
andz-directions and time) are available, and all these
capabilities greatly assist in understanding the motion
of ions at any time during a simulation.

2. Experimental

The instrument used to perform these experiments
was a prototype Finnigan ion trap mass spectrometer
(ITMS), which is described elsewhere [7]. The main
change in the instrumentation was the use of an
external rf frequency oscillator to generate the 1.1
MHz rf reference signal. The single high frequency
oscillator of the ITMS was replaced by two Hewlett-
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Packard frequency synthesizers (HP 33120A, Hewlett
Packard, Palo Alto, CA). One generator produced the
fixed 1.1 MHz drive frequency while the second
generated the auxiliary ac frequency used for ion
excitation. The 1.1 MHz external rf frequency from
the first frequency synthesizer was connected to the
ITMS motherboard via a CMOS interface. This rf
oscillator was coupled to the ac reference input of the
second frequency synthesizer, so that the two signals
were generated from the same clock. This arrange-
ment allowed the rf and ac signals to have the desired
fixed-phase relationship. A home-built high voltage
dc pulser [33] based on a DEI HV1000 fast pulse
switch (Directed Energy, Inc., Fort Collins, CO) was
used to probe ion motion. This pulse was phase-
locked to the rf trapping voltage using a home-built
piggyback circuit [33] so that the dc pulse could be
applied precisely at any desired rf phase angle. The
ability to control the phase relationship between rf, ac,
and dc is an important criterion for the success of
these experiments, as described below. The dc pulser
was connected to one endcap of the ion trap via a 50
V load.

Krypton or benzene-d6 was leaked into the ITMS
manifold through a variable leak valve (Granville-
Phillips, Boulder, CO) to a pressure of between 2 and
6 3 1026 Torr (uncorrected) as measured on a Bay-
ert-Alpert type ionization gauge. Helium buffer gas
was used in some experiments, as indicated below, at
a pressure of 23 1024 Torr (uncorrected). The scan
function began with a period of electron ionization,
typically of 0.5 ms. The ion of interest was then
isolated using rf/dc isolation at the apex (az 5 0.150,
qz 5 0.7815) of the Mathieu stability diagram and
allowed to cool for 4 ms at the desiredqz-value, which
was chosen so that the rf frequency was an exact
multiple of the ion secular frequency (see discussion
below). The frequency synthesizer used for ac exci-
tation was triggered by a signal derived from the
ITMS and controlled by the ITMS data system. For ac
ion excitation experiments, the ac frequency was
applied to one endcap electrode for 240ms. The dc
pulse was then applied to the other endcap to remove
some or all of the excited ion population, as described
in the next section. The start time of the dc pulse

application was precisely controlled using a digital
delay generator (Model DG535, Stanford Research
Systems, Inc., Sunnyvale, CA). The scan function
ended with an rf mass analysis scan [1], and the ions
were detected with a conversion dynode/electron
multiplier assembly. The signal from the ITMS pre-
amplifier was measured using a digital oscilloscope
(TDS 540, Tektronix, Beaverton, OR).

3. Results and discussion

Fig. 1 shows the results of a simulation of the
motion of 20 ions of 100 Th in the trap atqz 5
0.639315 (bz 5 0.500000,secular frequencyfz 5
275.000kHz). To simulate the results of ac excita-
tion without the need to repeat this step in every
simulation, the ion spatial distribution in thez-dimen-
sion was determined after simulating the activation of
a cooled ion population residing in the center of the
ion trap with a dipolar ac potential of 275 kHz and 2
V for 100 ms. The spatial distribution of this excited
ion population was recorded at the turning point of the
ion cloud in thez-dimension, and this distribution was
then used as the input spatial distribution for all
subsequent simulations. Note that in all simulations,
the ions were started with no displacement in the
radial dimension and with zero initial velocity in both
dimensions. In Fig. 1(a), a dipolar dc pulse of 227 ns
and 400 V is applied 9.67ms after the start of the
simulation. The phase relationship between the dc
pulse, the ions’ oscillation in thez-direction, and the
rf trapping voltage is such that the pulse rapidly
increases the excursion in thez-dimension, causing
ion removal from the trap;0.7ms after the end of the
pulse. In Fig. 1(b), the dc pulse has the same width
and amplitude, but is applied 10.13ms after the start
of the simulation; the effects of the pulse on the ion
motion have changed dramatically. Now the pulse
actually removes some of the kinetic energy given to
the ions by the ac excitation, decreasing their excur-
sion in the z-dimension. This observation suggests
that it may be possible to use short dc pulses to effect
electrical cooling of ions in the ion trap. However, this
method of electrically cooling the ions requires that
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the ion cloud be moving coherently, i.e. the ions must
be heated, using the ac in this experiment, before they
can then be cooled; the net result is that the ions still
have more kinetic energy after the cooling than they
had before they were excited into coherence. Further
investigation of this and other electrical cooling meth-
ods is ongoing. The large peaks in the kinetic energy
plots in Fig. 1 are due to the rf micromotion, which at
this highqz-value contributes more to the ion velocity
than does the secular motion.

The sensitivity of ion removal to the phase of the
dc pulse compared to that of ion oscillation and that of

rf voltage is the basis for the dc tomography experi-
ment. Fig. 1 shows the two extreme situations, com-
plete removal and complete retention of the ion cloud.
A range of intermediate conditions also exists for
other dc pulse amplitudes and phases where only a
portion of the ion cloud is removed. If the dc pulse is
sufficiently short and the application time is changed
in increments that are also sufficiently small, relative
to the period of the ion secular motion and the rf
trapping potential, and if there is a fixed-phase rela-
tionship between the ion motion, the rf trapping
voltage, and the dc pulse, a plot of ion number left in
the trap versus dc pulse application time yields a plot
of the secular motion of the ion cloud in thez-
dimension. The phase relationship between the ion
motion and the rf trapping voltage is fixed in the
simulation by always creating the ions with the same
distribution and at the same point in the rf cycle at a
qz-value for which the secular frequency is an exact
fraction of the rf frequency.

Fig. 2 illustrates the results of the implementation
of such a dc tomography experiment. In the experi-
ment, the required phase relationship is achieved by
fixing the phase relationship between the rf trapping
voltage and the ac excitation potential, as described in
the experimental section. To maintain a fixed-phase
relationship between the ac and the rf it is required
that the ac frequency be an exact fraction of the rf
frequency, hence the choices ofqz 5 0.345 and0.14,
where the secular frequencies are 137.5 and 55 kHz,
respectively, in the experiments described below. The
helium buffer gas pressure for these experiments was
2 3 1024 Torr (uncorrected). The experimental data
in Fig. 2(a) were recorded for the 84 Th isotope of
krypton, present in the trap atqz 5 0.345. Theions
were excited using a dipolar ac signal of 137.5 kHz
with an amplitude of 0.5 V. The dc pulse was first
applied 300ms after the end of the period of ac
excitation, and was 350 ns long and 250 V in
amplitude. The dc pulse width and amplitude were
held constant during the course of the experiment, and
the start time was increased in increments of 100 ns.
The amplitude of the 84 Th signal remaining in the
trap upon mass analysis was recorded and is plotted as
a function of dc pulse start time in Fig. 2(a). Three

Fig. 1. Simulation of the motion of 20 ions having am/zratio of 100
Th at aqz-value of 0.639 315, generated with a distribution in the
z-dimension consistent with excitation via a dipolar ac potential
(see text). The dc pulse is 227 ns long and 400 V in amplitude. (a)
dc pulse applied 9.67ms after the start of the simulation, resulting
in excitation and removal of all ions. (b) dc pulse applied 10.13ms
after the start of the simulation, resulting inz-axis cooling of the ion
cloud with no ion loss.
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Fig. 2. Secular oscillations of krypton (84 Th) recorded using the dc tomography method, after excitation of the ions with an ac voltage of
appropriate frequency, at (a)qz 5 0.345 and (b)qz 5 0.14. In thefirst experiment, the start time of the dc pulse (t 5 0) was 300ms after
the end of the ac excitation; the times on thex-axis are referenced to this dc pulse.
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cycles of the ion secular motion are evident in the
figure. The secular frequency can be measured from
these data. There are an insufficient number of data
points to allow a Fourier transformation of the data to
yield an accurate measure of the secular frequency.
However, Fourier transform techniques were used to
remove the higher frequency components, improving
the accuracy of the period measurement. The data
were Fourier transformed, the amplitude and the
phase of all frequency components except those that
bracketed the estimated frequency of ion motion were
set to zero, and the inverse Fourier transform was then
taken. The data thus filtered were plotted and the
period of the oscillations was determined by measur-
ing the distance between adjacent peaks and adjacent
valleys. The secular frequency determined in this way
was 137 kHz6 0.7 kHz, which is in good agreement
with the theoretical value of 137.5 kHz calculated for
an ion trap with a ring electrode radiusr0 of 1.0 cm
and a center-to-endcap spacingz0 of 0.783 cm, i.e. the
standard commercial geometry ion trap used in the
Finnigan ITMS, ITD, ITS40, and Magnum systems
[34].

Fig. 2(b) illustrates the results of the same exper-
iment at aqz value of 0.14. In this experiment the dc
pulse was lowered to an amplitude of 50 V because of
the shallower quasipotential well at this lowerqz-
value. One-and-a-half secular cycles were recorded,
and the secular frequency was measured to be 566
0.7 kHz, which is higher than the theoretical value of
55 kHz, again calculated for a commercial geometry
ion trap.

It was shown previously [35–37] that the optimum
excitation frequency for effecting collision-induced
dissociation (CID) in the ion trap can differ from the
theoretical frequency by several hundred hertz. The
nonideal electric fields that exist in real traps due to
electrode apertures and truncation have been shown to
cause frequency shifts [38–40] that may explain the
small discrepancies between the experimental and
theoretical frequencies. In some particular cases, e.g.
for the molecular ion of nitrobenzene, it has been
shown that nonideal fields combined with collisions
with bath gas can cause even larger shifts in peak
position [23]. Ion-ion coulombic interactions, nor-

mally referred to as space charge effects, are known to
degrade the mass accuracy of ion trap mass spectrom-
eters by delaying ion ejection, even when ion numbers
are kept very low [41]. This effect can be attributed to
the net positive dc potential caused by the ion cloud
[42], which in effect causes a shift of the stability
diagram [43]. Such a shift lowers the secular fre-
quency of the ions. Space charge effects are easily
studied by changing the ionization time and interro-
gating ion motion with dc tomography. Further testing
of the effects of nonideal fields on peak positions will
be conducted using the dc tomography technique to
study the effect of the ion trapz0-dimension on ion
motion in a custom built, adjustable-z0 ion trap, which
has been described previously [44].

Also evident in the data shown in Fig. 2 is a lower
amplitude signal with a frequency of 1.1 MHz that
overlays the secular motion at bothqz values. This
signal is due to the phase relationship between the dc
pulse and the rf trapping voltage, and it also influ-
ences ion removal. This effect is seen more clearly in
Fig. 3, where all parameters are the same as for Fig.
2(a) except that the delay between ion excitation and
interrogation by the dc pulse has been increased from
300 ms to 3 ms. In the presence of 23 1024 Torr
(uncorrected) of helium buffer gas, the ions have
cooled to the center of the trap after 3 ms, so that their
secular oscillations are too small to observe. Only the
1.1 MHz oscillation, which is due to the phase of the
dc pulse with respect to the rf voltage, is visible. If the
dc/rf phase is such that the sign of the rf voltage
opposes ion removal by the dipolar dc pulse, for
example, when the endcaps are positive relative to the
ring electrode in the case of positive ions, then fewer
ions are removed than in cases where the dc/rf phase
favors ion removal. This sensitivity of ion removal to
the dc/rf phase shows up in the data as the 1.1 MHz
oscillation evident in Figs. 2 and 3. Comparison of
Figs. 2 and 3 also illustrates that the dc pulse
tomography method can be used to study ion cooling.
It might be possible to differentiate between ions with
different cooling times and hence different collision
cross sections, i.e. to perform an ion mobility exper-
iment [45] in the ion trap. This was achieved recently
as reported in another publication [46].
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The dc tomography technique can also be extended
to high resolution isolation of ions in the ion trap.
Two ion populations that are close in mass/charge
ratio will oscillate with very similar frequencies. After
the ion populations have begun to oscillate at their
characteristic frequencies, they will be 180° out of
phase after a period of time determined by their
difference in frequency as shown in Eq. (1):

t1805
1

2 S 1

fz~a! 2 fz~b!D , (1)

wherefz(a) is the secular frequency of the lower mass
ion and fz(b) is the secular frequency of the higher
mass ion. Fig. 4 illustrates how a fast dc pulse can be
used in conjunction with this phase shift to effect high
resolution isolation. In this simulation, ion popula-
tions with m/z ratios 100.000 and 100.001 Th were
created and trapped under identical conditions, viz. at

qz values of 0.639 315 and 0.639 309, respectively.
The ions have a frequency difference of 4 Hz, so they
acquire a 180° phase difference 125 ms after excita-
tion. The simulation shown here begins with the ions
at this phase difference and with the distribution in the
z-dimension determined as described above. A 227
ns, 400 V dc pulse is applied 10.34ms after the start
of the simulation. The pulse phase with respect to the
ion motion and the rf trapping voltage is such that the
ions ofm/z100.001 are completely removed from the
ion trap while them/z100.000 ions are cooled slightly
and completely retained.

The simulation in Fig. 4 represents a resolution in
terms of ion isolation in excess of 100 000. However,
it must be noted that there are a number of factors that
would make this value difficult to achieve experimen-
tally. Coupling of ion motion for ions of similar mass
is well known in magnetic traps [47–50] and has been

Fig. 3. dc tomography of krypton (84 Th) recorded atqz 5 0.345. Theapplication time of the dc pulse (t 5 0) was 3 ms after the end of
the ac excitation period; the times on thex-axis are those of the dc pulses used in the set of experiments referenced to this earliest dc pulse.
Note that no secular oscillations are observable after the 3 ms cooling time (see text).
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observed in quadrupole ion traps as well [36,51], and
has been shown to increase in strength as the differ-
ence in ion mass decreases [51]. Such coupling could
prevent the ion populations from oscillating out of
phase. Also, collisions with residual background gas
would dephase ion motion during the 125 ms delay,
possibly to such an extent that differentiation of the
species would be impossible.

Fig. 5 shows the results of an experiment in which
krypton and benzene-d6, which both produce ions
with a nominal m/z of 84 Th, were consecutively
admitted into the trap and studied via dc tomography.
No helium buffer gas was used during this experi-
ment. The exact mass of the mass 84 isotope of
krypton is 83.91 Da, while the molecular ion of
benzene-d6 has a mass of 84.16 Da. When the rf

amplitude is set so that the low mass cutoff is at 31.9
Th, to place nominal 84 Th atqz 5 0.345, theqz of
the krypton ion is 0.345 319 and its frequency is
137.598 kHz, as calculated for a commercial geome-
try ion trap. The benzene molecular ion has aqz of
0.344 168 and its frequency is 137.168 kHz, again as
calculated for a commercial geometry ion trap. The
mass difference causes these two isobaricm/z84 ions
to have a frequency difference of 430 Hz, which
should cause the ion clouds to oscillate 180° out of
phase 1.16 ms after excitation. The dc tomography
results in Fig. 5 show very good agreement with this
hypothesis. The peak in the benzene-d6 signal at time
1.19 ms corresponds almost exactly to the valley in
the krypton signal seen at the same time, indicating
that these two species are oscillating out of phase after

Fig. 4. Simulation of the motion of 20 ions ofm/z100.000 and 20 ions ofm/z100.001, generated atqz 5 0.639with a 180° phase difference,
illustrating the principle of high resolution isolation ofm/z100.000 using dc tomography.
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1.19 ms. This corresponds to an actual frequency
difference of 420 Hz. If the two species had been
present in the trap at the same time, the dc pulse
applied at 1.19 ms would have removed more of the
krypton ions than the benzene ions, i.e. the benzene
ions would have been isolated from the isobaric
krypton ions, provided that the ion merging problem
discussed above could be avoided. These trial exper-
iments have prepared the way for higher resolution
measurements in which krypton and benzene-d6 are
simultaneously introduced.

4. Conclusions

The dc tomography technique can be used to probe
ion motion in the quadrupole ion trap without any
modification to the physical structure of the trap.
Preparatory experiments and theory on the use of fast

dc pulses to achieve high resolution isolation and
activation of ions in the trap have been presented.
These pulsed methods have also been shown to cause
z-axis cooling when the pulse phase is appropriate.
We note also that it is possible to excite ions with a
fast dc pulse [24,25] instead of the ac excitation used
in the simulations and experiments reported above.
Hence, it is possible to perform the dc tomography
method with two dc pulses, rather than in the ac/dc
fashion described here. Simulations suggest that the
results of dc tomography experiments depend on the
spatial distribution of the ion cloud, and so future
work will involve developing dc tomography as a
means of studying this spatial distribution. The ability
to achieve high resolution isolation and mass analysis
with the dc tomography technique will also be pur-
sued, as will the electrical cooling phenomenon en-
countered in phase-coherent ion populations.

Fig. 5. dc tomography of krypton (84 Th) and the molecular ion of benzene-d6 (84 Th) recorded separately and plotted on the same time axis.
The application time of the earliest dc pulse was 1.185 ms after the end of the ac excitation; note that in this figure, the pulse application times
are referenced to the end of the ac excitation, and not to the earliest dc pulse, to emphasize that;1.2 ms is needed after excitation for the ions
to oscillate 180° out of phase. The heavy lines are polynomial fits intended as guides in examining the data.
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