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A nonintrusive tomographic method sensitive to the spatial distribution of trapped ions in the rf quadrupole
ion trap is used to investigate ion cooling in the course of collisions with helium. Cooling commences after
coherent excitation, by a resonant ac signal, of a mass-selected population of ions and its progress is followed
using a short monopolar dc pulse to probe the position of the ion cloud. The amplitude of the probe dc pulse
is selected such that it is sufficient to eject ions at some phases and not others. The abundance of the remaining
trapped ion population is recorded by a scan of the rf amplitude and thus provides information on the axial
secular motion of the original trapped ions. Ions of identical nominal mass, but different chemical composition
(krypton, benzene-d6, and 1-hexene, all nominal mass 84 Da), are studied using pressures chosen to give
cooling periods on the order of 10 ms. The maximum excursion in the axial direction, when plotted as a
function of cooling time, provides information on the cooling process. The relative cooling times for the ions
examined agree with calculated or experimentally known, velocity-dependent collision cross sections. Cooling
times, using 0.46 mTorr of helium when operating the ion trap at Mathieu parameterqz ) 0.278, were 12 ms
for krypton, 9.5 ms for benzene-d6, and 7 ms for 1-hexene. Simulations of ion motion made using the ion
trap simulation program, ITSIM, with ion/neutral elastic collisions enabled, gave results that closely match
and augment the experimental data. Methods for increasing the resolution of the experiment are discussed.

Introduction

The rf quadrupole ion trap (Paul trap) is a mass spectrometer
that is seeing increasingly widespread use.1 While it is a small,
relatively simple device, the motion of trapped ions is complex
and its elucidation is a topic that has attracted a great deal of
attention. Various studies on ion motion have been reported
based on analytical solutions,2-6 simulations,6-12 and experi-
ments.13-21 The first experiments aimed at characterizing trapped
ion motion were those of Wuerker,13 who photographed charged
aluminum particles to follow their trajectories. Twenty years
later, Knight and Prior used laser-induced fluorescence to detect
atomic ions and determine the size of the trapped ion cloud.14

Experimental investigations into the motion of ions in the
quadrupole ion trap were further refined by the laser photodis-
sociation method, developed jointly by this laboratory and that
of Hemberger at Los Alamos National Laboratory.16,17 In this
experiment, ion positions are measured as a function of time
by firing a laser across the trap in either the axial or radial
direction. Ions in the path of the laser are converted to
photofragments, the abundances of which serve to map the
temporal and spatial distribution of the parent ions. By exciting
the trapped ions into coherent motion or varying the position
of the laser beam, spatial distributions and ion cloud velocities
can be measured. In 1994 Lammert et al. used a fast dc pulse
to translationally excite a population of trapped ions and laser
tomography to measure the characteristic frequencies of their
axial motion.18 Laser tomography was subsequently used by
Cleven et al. to characterize the spatial distribution and motion
of trapped ions as a function of ion population and ion trap
geometry, including the ratio of the axial to radial dimensions.19

These laser tomography studies provided important insights
into the motion of ions in the quadrupole ion trap, especially
after coherent excitation which is typically used to cause
collisions with the helium bath gas, an essential step in
performing tandem mass spectrometry with this instrument.22-24

Similar information was obtained using the ion trap simulation
program, ITSIM, which was being developed simultaneously.25,26

In spite of the value of the laser tomography studies, they
required that slots be machined into either the ring or end-cap
electrodes (depending on whether axial or radial tomography
was to be performed) to allow laser beam entry to probe the
trapped ions. These slots affect the fields experienced by the
trapped ions and, among other consequences, are known to cause
mass shifts.19 As an alternative to the use of laser photodisso-
ciation to monitor the position of an ion cloud, Weil et al.21,27

showed that dc tomography could be used to characterize ion
motion. In this experiment, the ion population being studied is
subjected to a short dipolar or monopolar dc pulse of appropriate
amplitude. This ejects some or all the ions from the trap,
depending on the phase of their motion and the operating
conditions chosen. Hence by repetitively creating an ion
population, exciting it using either an ac (in this work) or a dc
signal, and then applying a probe dc pulse of appropriate
amplitude at varying times after excitation, the periodic motion
of the ion cloud can be followed. This is the technique of dc
tomography. An advantage of dc tomography over laser
tomography to characterize trapped ion motion is that the
physical geometry of the electrodes is not modified and
hence ion motion is unperturbed until the impulsive ejection
event.

Recently, a theory for dc tomography has been developed.28

In the general case, the amplitude of ion motion after the dc
probe pulse depends in a complex fashion on the mass-to-charge
ratio of the ions, their characteristic frequencies, the amplitude
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and phase of ion motion before the application time of the pulse,
the pulse voltage, and the rf phase at the time of application of
the pulse. Appropriate choice of the pulse width can almost
completely remove the dependence on mass-to-charge ratio, ion
frequencies, and rf phase:28 (i) If the pulse width is chosen to
be short compared to the period of the secular oscillation, the
oscillation amplitude after the pulse is almost independent of
the mass-to-charge ratio and of ion frequency. Hence dc pulse
excitation can be used as a broadband excitation method. (ii)
The rf phase dependence vanishes for some specific values of
the pulse width. A pulse width slightly larger than one rf period
fulfills both conditions adequately for most practical purposes,
causing the oscillation amplitude after the pulse to depend
primarily on the secular ion velocity before the dc probe pulse
and the pulse voltage. Tomography data can be obtained by
choosing the dc pulse voltage such that ions with a secular
velocity of zero are brought close to the end-cap electrodes by
the dc pulse. This choice also means that ions with secular
velocities parallel to the electric field achieve even larger
oscillation amplitudes and either impinge on the end-cap
electrodes or are ejected from the trap. Ions with secular
velocities which are antiparallel to the electric field acquire
smaller oscillation amplitudes and remain trapped. The coherent
oscillation of an ion cloud with a finite spread in ion velocities
can thus be monitored by measuring the number of ions
remaining in the trap after application of the dc probe pulse.
Since the spatial and velocity distribution functions for trapped
and cooled ion populations are nearly Gaussian,16,19the relation-
ship between secular velocity of the coherent ion cloud and
number of remaining ions is nonlinear and the range of ion
velocities detectable by this method is on the order of the spread
of velocities. Larger velocities can be measured by increasing
or decreasing the dc pulse voltage and monitoring just the
velocity maxima or minima.

Collisional cooling of translationally excited ions in the
helium environment of the quadrupole ion trap is the subject
of the present investigation. These experiments can be compared
to traditional ion mobility experiments29-31 in which the time
taken for ions to pass a fixed distance through a buffer gas under
the influence of a constant electric field is measured. Collisions
with a nonreactive drift gas (generally N2 or Ar) reduce the
energy gained from the electric field and produce a constant
average ion velocity that is directly proportional to the electric
field strength, as well as being dependent on the collision cross
section of the particular ion.31 Spatial separation is achieved
based on differences in mobility. Ion mobility spectrometry
emerged as an analytical technique in the early 1970s, mostly
because of its very high sensitivity.32-34 When the temperature
and pressure are held constant, the mobility depends on ion
charge, reduced mass, and collision cross section. The collision
cross section, determined by the interaction potential between
ion and neutral atom or molecule, depends on the geometric
size of the ion, among other factors. Ion mobility measurements,
especially on mass-selected ions, recently have proved to be
an important new source of information on gas-phase ion
structures and conformations. These measurements have been
particularly valuable in assigning structures to carbon cluster
ions35,36 and to peptides and proteins.37-39 They have been
shown to be a source of dynamical39 as well as structural
information on biological ions. For example, they have provided
insights into the process of folding and unfolding of protein
ions (not necessarily by routes analogous to those which occur
in aqueous solution) as a function of charge state and solution
conditions prior to ionization.

The possibility of making mobility measurements, even
crudely, in a simple, modified, commercial instrument forms
the basis for the present investigation. The quadrupole ion trap
operates under conditions where ions are cooled by collisions
with a helium buffer gas before mass-selective ejection. This
means that elastic scattering cross sections are an important
determinant of the details of ion motion in the trap. A significant
difference between the quadrupole ion trap and the linear drift
tube is that ions in the ion trap do not have a constant velocity
because of the alternating electric field. Instead, they move under
the influence of a parametric oscillator and large spatial
separations due to differences in collision cross section clearly
cannot be expected. However, it is shown in this study that the
quadrupole ion trap can be used to measure the cooling times
for ions of identical mass but different collisional cross sections.
These measurements are of interest because of the importance
of elastic collisions in controlling ion motion and hence ion
trap performance. They are also of interest in that they provide
a characteristic, other than mass-to-charge ratio, that serves to
distinguish ions in the Paul trap. Because the ions in the ion
trap do not have a nearly constant velocity as do ions in
traditional ion mobility experiments, calculation of ion mobilities
from the measured cooling time is more complicated than from
a measured drift time. Numerical modeling is required to
compare the results with literature values on ion mobilites or
collision cross sections. The latter are of interest for the present
work.

In evaluating the experimental results, recourse is had to the
ion trap simulation program, ITSIM 5.0.10,40 This program
allows the motion of a collection of ions to be followed. ITSIM
includes the effects of nonidealities in the electric field and
explicitly considers collisions on a stochastic basis. In a number
of recent studies11,20,41,42simulations have served as a valuable
tool in elucidating and even predicting experimental results.
ITSIM is used here to investigate the dc tomography technique
and to quantitatively reproduce the experiment under the same
operating conditions.

Experimental Section

A previously described22 prototype ion trap mass spectrometer
(ITMS) was used for all experiments. An external rf generator
(Hewlett-Packard 33120A 15 MHz Function/Arbitrary Wave-
form Generator) was utilized to achieve a more stable rf voltage
reference than that provided by the internal crystal oscillator.
This rf generator was connected to the ITMS electronics via a
CMOS interface. A second arbitrary waveform generator,
identical to the first, was used to produce an ac excitation signal.
The ac signal was connected to one end-cap electrode via an
analogue switch and a balun box. To the other end-cap electrode,
a dc pulse was applied as needed from a fast high voltage dc
pulser (Directed Energy Inc., Ft. Collins, CO). The ITMS
instrument has a custom-built board43 that allows the rf, ac, and
dc voltages to be phase-locked.

The scan function used incorporated steps for mass selection,
ion cooling, resonance excitation, ion ejection, and trapped
residual ion mass analysis using an rf amplitude scan (Figure
1). Ionization was achieved by internal electron ionization for
a period of 20 ms at an rf amplitude and frequency correspond-
ing to a value of the Mathieu parameterqz ) 0.22. Isolation of
the ions of the mass-to-charge ratio of interest was achieved by
rf-dc apex isolation.44 After isolation, the selected ions were
given a period of 20 ms to cool to the center of the trap atqz )
0.278. Subsequently, a 250 mV(p-p), 200 µs, 110 kHz ac
excitation pulse was used to cause the ions to oscillate coherently
at their secular frequency. These oscillations were then mapped
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using dc tomography.21 To achieve this, a 92 V, 1.2µs dc pulse
was applied to one end-cap electrode at varying times, starting
at 45µs after the ac excitation pulse. The time of application
for the dc pulse was varied using a digital delay generator
(Stanford Research Systems DG535). The ions remaining in
the ion trap, after the application of the dc pulse, were ejected
using a forward rf amplitude scan and detected by the electron
multiplier.

Helium was used as the buffer gas for all experiments at a
pressure of 0.46 and 0.69 mTorr, measured with a Bayert-Alpert
type ionization gauge. All reported pressures are corrected for
gauge response.45 They are lower than the 1 mTorr of helium
that is normally used for mass-selective instability scans. The
decrease in buffer gas pressure was chosen to increase the
cooling time. Note that, although the pressure is given here to
two significant digits to allow an accurate relative comparison,
its absolute value is subject to a significantly larger uncertainty.
Krypton, benzene-d6, and 1-hexene, each of which gives an
abundant ion atm/z 84, were used for these experiments. The
corrected analyte pressure was 6× 10-7 Torr.

To accurately record the secular oscillations of the transla-
tionally excited ions moving in the axial direction in the ion
trap mass spectrometer, three consecutive secular cycles were
examined by dc tomography at a sampling rate of one point
every 500 ns. Then three cycles were again recorded but with
the delay increased by 1 ms, until the entire cooling curve had
been recorded. Ion abundance was measured using the peak
height as derived from the amplified electron multiplier output
recorded using a digital storage oscilloscope (Tektronix model
TDS 540). The oscilloscope was triggered prior to resonance
excitation by a digital pulse sent from the ITMS electronics.

Simulations

Simulations of ion motion were carried out using the ion trap
simulation program ITSIM 5.0.40 The program is designed to
calculate the trajectories of a large number of ions to obtain
qualitative and quantitative information about phenomena
connected with ion motion in rf ion traps. At the beginning of
the simulation, the ions (typically in numbers from 1 to 104)
are created with user-definable physical and chemical properties
and initial positions and velocities described by various distribu-
tion functions. In ITSIM trajectories are calculated using a
standard fourth-order Runge-Kutta method or fifth- or eighth-
order Runge-Kutta methods with error control and adaptive
step size. The electric field is determined either from a multipole
expansion or by field interpolation from an array of precalculated
electric potential values.11 For the particular simulations pre-
sented here, the fourth-order Runge-Kutta method with a fixed
stepsize of 10 ns and the multipole expansion method with
expansion coefficients28 appropriate for an Finnigan ITMS with

stretched electrode configuration was used. During the simula-
tion, ion motion can be displayed using various display modes.10

In addition, the trajectory data can be stored in memory or
processed while the simulation is running. In this way, oscil-
lation amplitudes and average kinetic energies can be calculated
for large sets of ions. Ions that leave the trapping volume may
hit the electrodes or a detector positioned behind the exit end-
cap electrode. According to the conditions during ion ejection
or at the end of the simulation, mass spectra and information
about the distribution of ion position, energy, collision count,
and phase relationships can be displayed. All data can be saved
or exported to other application programs.

The collision model used for these simulations determines
when a collision occurs between an ion and a buffer gas atom
from the collision probability

whereVr is the relative velocity between ion and neutral buffer
gas target,σ(Vr) is the velocity-dependent collision cross section,
p andT are the buffer gas pressure and temperature, respectively,
k is Boltzmann’s constant, and dt is the time interval considered.
At each time step, a buffer gas atom is assigned a random
velocity from a Maxwell-Boltzmann distribution corresponding
to the buffer gas temperature. The collision probability for the
time step interval is calculated and compared with a random
number generated from a uniform distribution. If a collision
occurs, the change in the ion’s velocity is determined using a
random scattering angle from an isotropic distribution of
scattering angles in the center-of-mass frame and assuming an
elastic collision process.

The assumption of isotropic scattering angles applies for the
classical scattering of smooth elastic spheres,46 but not neces-
sarily for ions with complex structures. Calculations and
experiments indicate that the differential collision cross section
is much larger for small scattering angles than is consistent with
the assumption of isotropic scattering.46 However, since colli-
sions with small scattering angles do not contribute significantly
to the average momentum transfer, underestimation of the
forward scattering does not seriously influence ion mobility
calculations. Moreover, it is advantageous to assume isotropic
scattering in the center-of-mass frame, since in that case the
total elastic scattering cross section and the momentum transfer
cross section are equal.46 This allows the use of momentum
transfer cross sections for determination of the collision prob-
ability rather than elastic scattering cross sections; one still
obtains the correct average momentum transfer, which primarily
determines the effects of collisions of ions in a light buffer gas
in the rf ion trap. Experimental momentum transfer cross
sections for a much larger range of compounds, target gases,
and collision energies are available47-51 than would be for the
case of elastic scattering cross sections.

In traditional drift-tube ion mobility experiments, the velocity
dependence of the collision cross section often can be ignored.
However, recently it has been observed that a change in buffer
gas temperature results in drastically different collision cross
sections, even for large polyatomic ions.52-54 Since ions in the
rf ion trap constantly change their velocity, velocity-dependent
cross sections have been used here. For krypton, momentum
transfer cross sections in a helium buffer gas obtained in
traditional ion mobility experiments by Johnsen and Biondi55,49

were used as collision cross sections. For benzene-d6 and
1-hexene ions in helium buffer gas, collision cross sections for
the energy range of interest were not available. They were

Figure 1. Timing diagram displaying the sequence of events used to
cause and then to probe the coherent oscillation of a cloud of mass-
selected ions in an ion trap mass spectrometer. The entire experiment
is repeated at various delay times between the pump and the probe
events in order to acquire the cooling data reported in this paper. (A)
Ionization for 20 ms atqz ) 0.22. (B) rf-dc apex isolation for 5 ms.
(C) Ion cooling for 20 ms atqz ) 0.278. (D) Scope trigger. (E) Pump
event, 250 mV(p-p) 110 kHz ac resonance excitation for 200µs. (F)
Probe event, 92 V monopolar dc ejection pulse applied for 1.2µs. (G)
Mass-selective instability scan.

P(Vr) ) σ(Vr)‚Vr
p
kT

dt (1)
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obtained by calculation. Following an approach developed by
Bowers et al.,54 the cross sections for the collision of the helium
buffer gas atom with either a hydrogen or carbon atom of the
molecular ion were taken from the literature assuming a (12, 6,
4) potential31 and using Lennard-Jones parameters reported by
Bowers et al.54 Then, the total cross section of the ion was
calculated56,57 as an orientationally averaged projection cross
section, assuming hard sphere interactions between each atom
of the ion and the buffer gas atom. While this method for
calculating collision cross sections has been shown to be less
accurate than rigorous trajectory calculations using the entire
ion-atom potential,39,58it was chosen for its simplicity. Values
for the behavior of the collision cross sections of benzene-d6

and 1-hexene for large relative velocities were taken from
experimental studies of Ring et al.59 and van Houte et al.60 After
the collision cross section values had been obtained for various
relative velocities, they were parametrized for each ion species
in terms of the relative velocityVr by fitting them to a function
of the form

The collision cross sections evaluated from these functions for
a collision energy in the center-of-mass frame of 0.04 eV are
given in Table 1.

In the simulations performed here, 1000 ions were generated
with positions chosen randomly from a Gaussian distribution
with a fwhm of 0.7 mm in the axial and 1.2 mm in the radial
dimensions and given 10 ms to achieve an equilibrium distribu-
tion at qz ) 0.278. The initial distribution widths were
equilibrium values obtained from preliminary simulations and
are consistent with experimentally determined values,16,19if the
somewhat different ion mass is taken into account. Subsequently,
the ions were subject to ac resonance excitation fields and dc
pulses using equivalent parameters to those used in the
experiment. After application of the dc pulse, the ion motion
was calculated for an additional period of 1 ms to determine
how many ions remained in stable trajectories. The signal
intensity for the simulation was calculated from the square root
of the ratio of the number of remaining ions to the original
number of ions. This was done since, provided the peak shape
in the experiment does not change significantly with ion number,
the peak area can be expected to scale with number of ions in
the peak, and the peak height with the square root of the number
of ions.

Results and Discussion

Preliminary experiments were carried out to optimize the
amplitude of the dc pulse used to probe the position of the
excited ion cloud. The voltage of this probe pulse was chosen
so that after the ions had cooled completely to the center of the

ion trap (20 ms after excitation) application of the dc pulse
reduced the ion signal to approximately one-half of its original
value. The results of a typical experiment, showing the effect
of the delay time between resonance excitation and application
of the dc probe pulse on the measured intensity of an ion
population are shown in Figure 2. Note the characteristic secular
oscillations, which in this experiment have a frequency of 110
kHz (qz ) 0.278). Data points were acquired at 500 ns intervals,
so that 18 data points were taken for each secular cycle. Three
cycles were recorded in this way, using increments of 500 ns
to investigate the quality of measurement of the individual
secular oscillations.

Figure 3 shows the corresponding simulation data recorded
using the collision cross section obtained as derived in the
previous section and given in Table 1. Apart from a small shift
in average intensity, which could be due to the difficulty of
accurately determining the maximum intensity of trapped ions
in the experiment, and to small differences in the actual and
simulated geometries and voltages, the agreement is satisfactory
and gives confidence in the quality of the experimental
data.

After recording three secular oscillations, the delay time was
increased by 1 ms and then again by 54 increments of 500 ns
each to record the next three cycles. This procedure was repeated
multiple times and used to minimize the total time taken for

TABLE 1: Cooling Times for Different Ions of m/z 84

cooling time
(ms)b

analyte
collision

cross section (Å2)a
helium buffer

gas press. (mTorr) expt simuln

krypton 28.6 0.46 12 13
benzene-d6 53.9 0.46 9.5 9
1-hexene 66.6 0.46 7 7
krypton 28.6 0.69 8 c

a Derived from the literature for a collision energy in the center-of-
mass frame of 0.04 eV, see text.b Time required for the signal amplitude
to decreases below 5% of its initial value.c Value was not obtained.

Figure 2. Secular oscillations of a population of krypton ions (m/z
84) moving in the ion trap mass spectrometer atqz ) 0.278 as
determined by the dc tomography experiment. The signal due to the
ions remaining trapped after the dc pulse is shown as a function of the
application time of the dc pulse. The timet ) 0 marks the start of the
resonance excitation. The helium pressure was 0.46 mTorr.

Figure 3. Simulation of the signal due to the ions remaining trapped
after the dc pulse as a function of the application time of the dc pulse.
The simulation conditions were chosen to match the experimental
conditions used to acquire the data shown in Figure 2.

σ(Vr) ) c0 +
c1/4

Vr
1/4

+
c1/2

Vr
1/2

+
c1

Vr
(2)
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the experiment. Typical experimental results are shown in Figure
4 for 1-hexene. Note that even with this procedure, the data
shown required about 10 h to acquire for each ionic species
and, during this time, conditions of ion production and helium
gas pressure had to be kept constant. As a check that this was
the case, the 1 ms steps were not taken sequentially, but in a
random fashion. The groups of secular oscillations were
collected in the order 245, 16 245, 8245, 4245, 12 245, 14 245,
2245, 10 245, 6245, 15 245, 9245, 13 245, 11 245, 1245, 7245,
3245, and 5245µs delays. This procedure allowed any
systematic errors, such as a change in pressure, to be detected
and corrected for, although, in fact, no such correction was
necessary. Note that the three-cycle data sets shown in Figure
4 are shown on a greatly expanded scale relative to the overall
delay period which is indicated on the abscissa. It is evident
from this data that the oscillations of the ion cloud become
damped with cooling time.

Figure 5 shows the average of the maxima and the average
of the minima of the three secular oscillations at each major
time increment for krypton. The reproducibility of this experi-
ment is reflected in the data shown in Figure 5 where trial 1
and trial 2 measurements were separated by a few weeks.

The results of the corresponding simulation are given in
Figure 6. The rate of damping in experiment and simulation is
very similar. Further investigation of the cooling process by
simulations shows that the damping in intensity is due to two
factors: (i) the oscillation amplitude of each individual ion is
reduced in collisions by momentum transfer to the buffer gas
atoms and (ii) the ion cloud loses its coherence because of the
stochastic nature of the scattering process. While the former
factor dominates in the early stages of the damping process, it
is the latter factor which finally brings the center of the ion
cloud to rest in the trap center, although each ion individually,
due to the thermal energy of the buffer gas, retains a finite
oscillation amplitude.

A striking observation is that the maxima and minima of the
signal intensity do not converge to the same value. This is due
to the rf phase dependence of the dc pulse excitation process,
which is investigated in detail in a separate publication.28 To
correct for this effect, all further plots are renormalized and show
only the difference between maxima and minima, reduced by
the equilibrium value. The unit intensity value corresponds to
the maximum ion signal observed over the total experiment for
each analyte, and the value of zero to that of the equilibrium
ion signal.

The fact that the average signal intensity converges to about
30% in the experiment, but about 50% in the simulation, could
be explained by small differences in the effective dc pulse
voltage, width, or pulse form, which determine how many ions
are ejected from the trap. Furthermore, the effect of the endcap
holes on the electric field inside the trap was neglected in these
simulations. The factor decreases the field strength close to the
electrodes and lead to ejection of the ions at somewhat lower
dc pulse voltages.28

The helium pressure dependence of the cooling time was
investigated by systematically changing the helium buffer gas
pressure. In the case of krypton, the experiment was performed
on two separate occasions, first with a helium pressure of 0.46
mTorr and second with a pressure of 0.69 mTorr. Both pressures
are corrected values. It can be seen from the data shown in
Figure 7 that there is a significant difference in the cooling times
using the two bath gas pressures. The cooling time for 0.69
mTorr is shorter by a factor of about2/3 compared to 0.46 mTorr.
To a good approximation, the cooling time should be inversely
proportional to the number of collisions and hence the buffer
gas pressure. Thus, the result agrees well with the pressure
difference of a factor of3/2.

Figure 4. Temporal dependence of the secular oscillations of a
population of 1-hexene ions moving in the ion trap mass spectrometer
at qz ) 0.278 as determined by the dc tomography experiment. The
time t ) 0 marks the start of the resonance excitation.The corrected
helium pressure is 0.46 mTorr. Note that the individual segments are
shown on a greatly expanded time axis in order to show the individual
secular oscillations as well as the long-term time dependence.

Figure 5. Average of the maxima and the average of the minima of
the three secular oscillations atqz ) 0.278 at each time step for krypton
ions during cooling as a function of the application time of the probe
dc pulse. The timet ) 0 marks the start of the resonance excitation.
The corrected helium pressure was 0.46 mTorr. Trial 1 and trial 2 were
separated by a few weeks to show the reproducibility of the experiment.

Figure 6. Simulation of the intensity extrema averages of three secular
cycles for krypton ions as a function of the application time of the dc
pulse. The simulation conditions were chosen to match the experimental
conditions used to acquire the data shown in Figure 5.
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The key experiment is the determination of whether ions with
different cross sections cool at different rates, as expected. To
investigate this point, krypton, benzene-d6, and 1-hexene at a
helium pressure of 0.46 mTorr were examined. Each of these
species yields an ion ofm/z84, and from traditional ion mobility
experiments and theoretical calculations it is known that these
ions have different collision cross sections (vide supra). Figure
8 presents ion mobility spectra for krypton, benzene-d6, and
1-hexene. The cooling curve for krypton is noticeably longer
than that for either benzene-d6 or 1-hexene. These data are
presented in tabular form in Table 1 with each cooling time
being compared with the calculated collision cross sections at
a collision energy in the center-of-mass frame of 0.04 eV. Here,
the cooling time is defined arbitrarily as the time taken for the
amplitude to decrease to below 5% of its initial value. The values
were determined from a polynomial fit to the data. Although
the number of data points is limited, the relative cooling times
decrease with increasing cross sections, as expected.

A more detailed comparison can be made with the results of
simulations, which are displayed in Figure 9. The cooling curves
for experiment and simulation are very similar. The cooling
times for all three compounds, which are given for simulation
and experiment in Table 1, agree well within the uncertainty of
the pressure measurement and the collision cross section

calculation. However, the initial cooling rate is different between
experiment and simulation. The reason for this is currently not
understood. Differences in intial conditions, such as the size of
the cooled ion cloud, and the neglect of space charge effects in
the simulations, might play a role. Collisions between the analyte
ions and their neutrals were not taken into account in the
simulation; these collisions, while rare, can be expected to be
especially effective in causing energy loss, both through elastic
collisions and by the charge exchange route.

The excitation time chosen for resonance excitation, and
hence the degree of translational excitation, was relatively small.
Simulations show that even directly after resonance excitation,
the oscillation amplitude of the coherent motion of the ion cloud
was about 1.2 mm, which is small compared to the distance of
7.83 mm between trap center and either end-cap electrode. Dc
tomography can only be used to observe ion oscillations
accurately over a limited range, which is of the order of the
width of the ion cloud.28 Larger oscillation amplitudes would
mean larger ion velocities, which would lead to a better
resolution of the ion mobility experiment. However, there are
three reasons why this is difficult: (i) the motion of the ion
cloud would then have to be observed at different positions,
viz., with different dc pulse voltages; (ii) inelastic collisions
could no longer be ignored for certain analytes; and (iii) the
effects of nonlinear field contributions would no longer be
negligible.

Conclusions

Dc tomography is a nonintrusive method for the investigation
of ion motion in the quadrupole ion trap. The technique can be
used to observe the helium collisional cooling of ions in the
quadrupole ion trap. The pump/probe technique used here
employs resonance excitation of the trapped ion cloud followed
by a fast dc pulse to examine the resulting ion motion. The
cooling behavior of them/z 84 ions formed from krypton,
benzene-d6, and 1-hexene, which are known from traditional
ion mobility experiments and calculations to have differing
collision cross sections, was found to be characteristically
different. A good correlation was shown between the cooling
curves for the ions determined experimentally by dc tomography
and those found by simulations which use the collision cross
sections obtained by traditional ion mobility experiments and
calculations. However, the precision of the experiment is not

Figure 7. Effect of changing the helium buffer gas pressure by a known
amount, on the cooling of ions moving in the quadrupole ion trap.
Krypton (m/z 84) was the analyte at a corrected pressure of 6× 10-7

Torr and a working point ofqz ) 0.278.

Figure 8. Experimentally determined cooling curves form/z 84
ions derived from krypton, benzene-d6 and 1-hexene. The amplitude
of the normalized signal intensity is shown as a function of the
application time of the dc pulse used to probe ion motion. The timet
) 0 marks the start of the resonance excitation. The ions were held at
a working point ofqz ) 0.278 and the helium buffer gas pressure was
0.46 mTorr.

Figure 9. Simulation of cooling curves form/z 84 ions derived from
krypton, benzene-d6 and 1-hexene. The amplitude of the normalized
signal intensity is shown as a function of the application time of the
dc pulse used to probe ion motion. The simulation conditions were
chosen to match the experimental conditions used to acquire the data
shown in Figure 8.
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high, and this offsets the convenience of being able to make
the valuable ion mobility measurement using a modified
commercial instrument.

More precise results might be obtained by exciting the ion
cloud to larger oscillation amplitudes and carefully monitoring
the ion oscillation using different dc pulse voltages. In this way,
the nonlinear relationship between oscillation amplitude and ion
signal could be removed. Dipolar dc pulses could be used instead
of monopolar dc pulses to further reduce the rf phase dependence
of the signal.28 Furthermore, dc pulses could be used instead of
resonance excitation to achieve coherent ion motion. The dc
pulse excitation process is very fast; it is hence independent of
collisions which otherwise could occur during the excitation.
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