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It has been shown that through the process of resonant excitation the fragmentation of ions
confined in a low-pressure (<0.05 mTorr) linear ion trap (LIT) can be accomplished while
maintaining both high fragmentation efficiency and high resolution of excitation. The ion
reserpine, 609.23 Da, has been fragmented with efficiencies greater than 90% while a higher
mass ion, a homogeneously substituted triazatriphosphorine of mass 2721.89 Da, has been
fragmented with 48% efficiency. This was accomplished by extended resonant excitation by
low-amplitude auxiliary RF signals. Computer modelling of ion trajectories and analysis of the
trapping potentials have demonstrated that a reduction in neutralization of ions on the rods (or
losses on the rods) and increased fragmentation is a consequence of higher order terms in the

potential introduced by the round-rod geometry of the LIT.
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esonance excitation of ions in a linear ion trap
R(LIT), leading to neutralization on the rods
and/or fragmentation, has been demonstrated
previously using both quadrupolar and dipolar auxil-
iary RF signals [1-4]. Typically, these experiments were
carried out using nitrogen collision gas, at pressures
ranging from 1.5 to 7 mTorr, with exposures to resonant
excitation of a few milliseconds. At these pressures and
exposures it was possible to obtain increased resolu-
tions of excitation from 75 to 250 as the pressure in the
LIT was decreased [3]. In those experiments, resolution
decreased as the amplitude of the auxiliary signal was
increased. However, the auxiliary amplitude required
for either neutralization on the rods or fragmentation
was dependent upon the pressure of the buffer gas.
When the auxiliary amplitude was too low, thermaliz-
ing collisions reduced ion energies, both translational
and internal, at a rate greater than energy was added by
the auxiliary signal. In consequence, there existed a
threshold for the auxiliary amplitude below which
neutralization/fragmentation did not occur [5, 6].
When the auxiliary amplitude was only slightly above
this threshold, resolution of excitation was high, but the
degree of neutralization/fragmentation was low [3]. In
order to achieve a high degree of neutralization/frag-
mentation, it was necessary to increase the auxiliary
amplitude and suffer the decreased resolution.
The range of frequencies, about the secular fre-
quency, to which ions respond (frequency response)
increases with pressure. This behavior is predicted by
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the theory of a forced damped harmonic oscillator
(FDHO). Models based on the FDHO theory have been
used to describe the behavior of ions confined in a Paul
trap at pressures in the mTorr regime [7, 8]. However,
when excited on-resonance at pressures below one
mTorr, it has been assumed generally that ions would
be lost on the rods before significant fragmentation
occurred. In contrast, it is well known that effective
fragmentation at low pressures (1 X 10™* to 1 X 107°
torr) can be achieved through the use of off-resonance
excitation, as demonstrated in sustained off-resonance
irradiation (SORI) experiments in FT-ICR [9-11].

In the work reported here, ions confined in a LIT
(mass range m/z 100 to 2800), were excited resonantly
using a dipolar auxiliary signal in a low-pressure (<0.05
mTorr) environment. Results show that resolution of
fragmentation greater than one thousand for mass
609.23 can be obtained. In addition, high fragmentation
efficiency is demonstrated for the ions reserpine (609.23
m/z) and a homogeneously substituted triazatriphos-
phorine (2721.89 m/z). The ability to excite ions with
both high resolution of excitation and high fragmenta-
tion efficiency is explained with the aid of ion-trajectory
simulations and analysis of the higher order terms
added to the quadrupolar trapping potential by the
round-rod geometry of the LIT.

The ability to fragment ions at pressures typical of
the analyzing stage of a triple quadrupole mass spec-
trometer, allows the analyzing quadrupole to be used in
its traditional mode of operation as either a mass filter,
or as a LIT with MS" capability, combining the quanti-
tative characteristics of a triple quadrupole mass spec-
trometer and the qualitative characteristics of an ion
trap on the same platform [12].
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Figure 1. Schematic representation of the LIT. Dipolar excitation was applied across one pair of

poles.

Experimental

Experiments were carried out on a modified triple
quadrupole mass spectrometer (API 4000, MDS Sciex,
Concord, Ontario, Canada) consisting of an atmo-
spheric pressure ionization (API) source, an atmo-
spheric pressure to vacuum interface, a collisional cool-
ing region containing a radio frequency (RF) only
quadrupole (QO0) for increased ion transmission and a
high vacuum stage. The high vacuum stage contained
three quadrupoles in series, an analyzing quadrupole
(Q1), a collision cell containing an RF-only quadrupole
(Q2), and an additional analyzing quadrupole (Q3),
which also served as the LIT. Each of the quadrupoles
was 200 mm in length with a field radius of 4.17 mm
and was operated at a drive frequency of 816 kHz. The
Q3 quadrupole was constructed from round gold-
coated ceramic rods. The section of the instrument in
which the LIT was located is shown in Figure 1. In these
experiments, the mass spectrometer was operated in the
LIT mode with the Ql-resolution set to transmit the
entire isotopic cluster of the parent ion. Either ions were
transmitted through the Q2 collision cell, containing
5-10 mTorr of nitrogen, at low energy, which avoided
fragmentation of the parent; or at high energy, which
caused the parent ion to fragment through the process
of collisionally activated dissociation (CAD). Ions exited
the Q2 collision cell through the aperture 1Q3, passed
through the Brubaker lens ST3 and entered the Q3
quadrupole, which was operated in RF-only mode.
Typically, ions were injected into the LIT (Q3) at g-
values ranging from 0.09 to 0.21. The exit lens was
raised to a high DC potential to contain the ions in Q3.
Typically the Q3 quadrupole was held at a DC offset
potential 5 to 10 V below that of the Q2 collision cell
with the ST3 lens at some intermediate value. While
traversing Q3, ions lose sufficient translational energy
through collisions with the background nitrogen so that
few are lost when they return to the entrance fringing-

field after reflecting from the exit lens potential barrier.
Typically, the pressure in the vacuum chamber was
between 2.7 X 107° to 4.5 X 107° torr, measured at the
vacuum chamber wall. On average, an ion such as
reserpine, with a collision cross-section of 280 A? with
nitrogen [13], will suffer one or more collisions two-
thirds of the time when travelling twice the length of Q3
(a total distance of 400 mm). Even more collisions will
be suffered near the exit of the collision cell where the
pressure is expected to be higher. After a fill-time of 2 to
50 ms determined by the ion beam intensity, the poten-
tial on the ST3 lens was increased to prevent additional
ions from entering the Q3 quadrupole.

In the LIT, isolation of a specific ion was accom-
plished by mass-resolving in Q1 and bringing ions into
Q2 at sufficiently low axial energy to minimize frag-
mentation. Alternately, resolving DC can be applied to
the Q3 quadrupole to isolate ions of interest in the apex
of the first stability region [14]; however, this technique
was not used in these experiments.

Using a dipolar auxiliary signal, ions were excited at
their fundamental secular frequency

Q
wOZBE 1)

where () is the angular frequency of the RF drive and 8
is a function of the Mathieu stability parameters a and g.
When a << g and g < 0.4, that function, a continued
fraction expression [15], can be approximated with
reasonable accuracy by
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When no resolving DC is applied to the rods, a = 0, and
egs 1 and 2 can be combined to obtain an approximation
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of the fundamental secular frequency in terms of the
stability parameter g as

Wy == 3)

Typically, ions were excited at low g by an auxiliary
signal supplied by an Agilent 33120A arbitrary wave-
form generator. To isolate the auxiliary waveforms
from the RF drive, the auxiliary signal was coupled to
one pole of the LIT through a toroidal bipolar trans-
former, as shown in Figure 1. This set-up was detailed
in reference [1]. A second auxiliary signal, at 312 kHz,
used for the purpose of mass selective axial ejection
(MSAE) [Londry, F. A.; Hager, J]. W. Mass-Selective
Axial Ejection (in preparation)] at g4 = 0.846, was sup-
plied by a module constructed in-house. Using MSAE,
ions were scanned out of the LIT at 1000 Da/s.
Frequency response curves were obtained by collecting
mass spectra as a function of auxiliary frequency. Spectra
were collected at regular intervals over a range that
spanned the resonance. In the work presented here, ions
were excited resonantly with the RF amplitude, Vi ~ 150
V, corresponding to g ~ 0.21 for m/z 609. This setting
offered a good compromise between a radial potential
well, sufficiently deep to reduce losses from scattering [16,
17], while retaining an acceptable mass range of fragment
ions. That is, the lowest stable mass is determined by the
ratio of the g, which corresponds to the auxiliary fre-
quency, and the low-mass cut-off at g = 0.908. In this case,
fragment ions whose mass was less than 0.23 times that of
the 609 Da parent would fall outside the region of stability.

lon-Trajectory Simulations

Ion trajectories were simulated using a modelling pro-
gramme developed in-house [simulator code written by
F. A. Londry]. These were used to study the response of
ions to an auxiliary dipolar signal. The differences in the
behavior of ions in pure-hyperbolic and round-rod qua-
drupolar fields illustrate how the higher-order terms
(above quadrupolar), introduced by the round-rod geom-
etry, resulted in fewer losses on the rods and increased
fragmentation in a low-pressure environment. Inelastic
collisions with nitrogen gas were simulated using the hard
sphere model. The initial starting coordinates, initial ther-
mal kinetic energy, time between collisions, scattering
angle, and initial RF phase were all chosen randomly. To
limit the size of the trajectory files spanning 50 ms to a
manageable number of points, output was averaged over
intervals of two RF cycles. Consequently, micromotion is
not visible in the trajectory plots.

Each ion trajectory was calculated incrementally,
twenty times each RF cycle, for 50 ms, or until the ion
was neutralized on a rod, by integrating the equation of
motion. For a singly charged positive ion
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Figure 2. Mass spectra of reserpine: (a) No excitation, (b) frag-
mented by an auxiliary signal of frequency 60.380 kHz and
amplitude 50 mV applied for 100 ms. The inset in the upper frame
shows the non-excited and excited precursor isotopic distributions
overlapped using the same scale.

E 4)

where T is the position vector of the ion, e is the
electronic charge, m is the mass of the ion, and E is the
electric field. Eq 4 was integrated numerically using
Richardson extrapolation and the Bulirsch-Stoer method
with adaptive step-size and error control [18]. With the
exception of the pure hyperbolic case, for which an
analytic expression exists, the electric field was obtained
by interpolating tabulated numerical solutions to the
Laplace equation. The numerical solutions were obtained
using a relaxation solver developed in-house.

Results and Discussion
Resonance Excitation versus High Energy CAD

Figure 2 shows the fragment-ion spectrum of reserpine,
m/z 609.23, over the mass range 150 to 620 Da. The
isotopic cluster of reserpine was selected in the first
analyzing quadrupole (Q1), transmitted through the Q2
collision cell at low energy to avoid fragmentation, and
accumulated in Q3, from which ions were scanned via
MSAE at 1000 Da/s.

The upper frame in Figure 2 shows a spectrum
obtained in the absence of resonant excitation in Q3.
The lower frame shows the fragment-ion spectrum,
which obtained after a dipolar auxiliary signal of am-
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Figure 3. Product ion spectrum of reserpine injected into the Q2

collision cell (5 mTorr N,) at 37 eV.

plitude 50 mV and frequency 60.380 kHz was applied
for 100 ms. In this case, the excitation frequency was
tuned to maximize fragmentation of the 609.23 isotope.
The insets in each frame show the isotopic distributions
of the parent ion and selected fragment ions. The
precursor isotopic distribution in Figure 2b has been
overlaid upon the precursor isotopic distribution of
Figure 2a. Notice that the 609.23 isotope undergoes
significant depletion while no depletion of 610.23 ion
has occurred. Integrating the area under the 609.23
isotopic peak and the associated fragment peaks indi-
cates that 41% of the 609.23 ion was converted into
fragments and 21% was neutralized on the rods.

Shown in Figure 3 for comparison, is a fragment-ion
spectrum obtained by selecting the parent ion isotopic
cluster in Q1 and injecting it into the Q2 collision cell,
containing 5 mTorr N,, at 37 eV. At this collision energy,
the distribution of fragment ions is biased towards low
mass when compared to the fragment-ion spectrum of
Figure 2. The fragmentation efficiency is greater than 85%
for this spectrum. This comparison illustrates that signif-
icantly more energy is available for fragmentation when
the parent ion is injected into the Q2 collision cell than
when resonant excitation is applied in Q3. In addition,
collision-cell fragmentation is non-selective: all isotopes
undergo CAD simultaneously. This is shown by the inset
in Figure 3 where all of the isotopes of the parent ion have
decreased in intensity.

Auxiliary Frequency

Figure 4 shows the frequency response of the 609.23 and
610.23 isotopes to an auxiliary dipolar signal of ampli-
tude 50 mV, applied for 100 ms. Included is the integral
of the fragment-ion spectra over the range 150 to 600
Da. The depletion curves for both 609.23 and 610.23
exhibit full widths at half minimum (FWHM) of about
50 Hz, yielding a resolution of excitation of about 60,000
Hz/50 Hz = 1200. Resolution of excitation is defined as
the mass of the subject ion divided by the half-width of
its frequency response curve, transposed to the mass
domain. At low g, dividing the auxiliary frequency by
the half-width of the frequency response curve can be
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Figure4. Frequency response of the 609.23 and 610.23 isotopes of
reserpine to an auxiliary signal of amplitude 50 mV applied for
100 ms.

used to approximate this prescription. Clearly, a reso-
lution of 1200 is adequate to resolve the 609.23 and
610.23 isotopes, which are separated in frequency-space
by only 100 Hz.

Auxiliary Amplitude

Figure 5 shows the integrated intensities of reserpine
parent and fragment ions as a function of the amplitude
of an auxiliary signal applied at 60.380 kHz for 100 ms.
This data was collected with the Q1 transmitting quad-
rupole set at unit resolution to transmit only the 609.23
isotope into the LIT. Unit resolution was used because
of the high selectivity of the excitation process which
excites only one isotope at lower excitation amplitudes.
Notice that the intensity of the fragment ions reaches a
maximum near 90 mV and then decreases steadily with
increasing amplitude. The degree of fragmentation, at
this excitation amplitude, is estimated to be greater than
90%. In addition, the total intensity, including both
parent and fragments, begins to decrease beyond am-
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Figure 5. Intensity of the 609.23 isotope of reserpine and associ-
ated fragment-ions as a function of the amplitude of an auxiliary
signal applied for 100 ms at 60.380 kHz.
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Figure 6. Intensity of the 609.23 isotope of reserpine and associ-
ated fragment-ions as a function of exposure to an auxiliary signal
of frequency 60.380 kHz and amplitude 50 mV.

plitude 90 mV and decreases steadily thereafter: Evi-
dence that the onset of ejection occurs at a low ampli-
tude.

Duration of Exposure

The effects of varying the excitation period were exam-
ined and the results are shown in Figure 6. In this
experiment, the auxiliary amplitude and frequency
were held constant at 50 mV and 60.380 kHz respec-
tively. Under these conditions the onset of fragmenta-
tion occurred after an exposure of about 25 ms with the
degree of fragmentation increasing rapidly with expo-
sure to near the 200 ms mark; after that, the increase
was more gradual. When the total charge remains
constant, the explanation for this behavior is not obvi-
ous. However, one aspect of the decrease in precursor
ion intensity can be understood by considering that the
bandwidth of the auxiliary signal (the inverse of its
duration) diminishes with exposure [19]. Each collision
disrupts the phase relationship between an ion’s secular
motion and the auxiliary signal. As the bandwidth of
the auxiliary signal narrows with increasing duration,
the probability of adequate phase continuity, for con-
tinued excitation following a collision, is reduced. In
consequence of a collision-induced phase disruption, a
narrow-band auxiliary signal is as likely to dampen an
ion’s secular motion as continue to excite. Another
aspect which may contribute to the gradual increase in
total ion intensity of Figure 6 is a slightly higher
detection efficiency for low mass ions. The parameters
affecting the relative detection efficiency of ions of
differing masses is the subject of further detailed inves-
tigations.

Unimolecular Dissociation

Another mechanism which can lead to a continuing
decrease in the intensity of the 609.23 isotope is the rate
of unimolecular dissociation. In this work, the dissoci-
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Figure 7. Intensity of the 609.23 isotope of reserpine as a function
of excitation period (open circles) and storage period (solid
circles). The storage period was the duration of the pause follow-
ing a 100 ms exposure to resonant excitation before scanning out.
In both cases the auxiliary signal was applied at a frequency of
60.380 kHz and an amplitude of 50 mV.

ation mechanism was assumed to be fast on the time
scale of the excitation and this is confirmed by the data
of Figure 7. Represented by open circles is data for the
609.23 isotope, from Figure 6, where intensity is plotted
as a function of exposure. The second set of data in
Figure 7, solid circles, shows the intensity of the 609.23
isotope, excited resonantly for 100 ms, and then stored
for periods ranging from 30 to 1000 ms. Note that the
x-axis represents two different parameters: Exposure
for the first data set and storage time for the second.
Clearly, the storage period has no effect on the intensity
of the 609.23 ion, confirming that 609.23 dissociates
rapidly on the time scale of these experiments and that
the decrease in 609.23 with increased exposure is due to
resonant excitation and not unimolecular dissociation.

The Consequences of Higher Order Fields in the
Trapping Potential

Based on the theory of forced damped harmonic oscil-
lations, it was expected that exciting an ion for extended
periods of time would lead to substantial losses on the
rods. However, in the low-pressure environment of the
LIT, this theory has limited application for two reasons.
The first and most obvious is the discrete nature of
collisions. The ion-trajectory simulations, detailed in the
next section, indicate that the collision frequency for
reserpine with thermal N, is about 3.6 kHz during the
excitation process, one-seventeenth the secular fre-
quency at g = 0.2. In the FDHO model, damping is a
continuous function, not representative of collisions in
the LIT, where the phase discontinuities caused by
discrete, infrequent collisions play a significant role.

A second limitation relates to the form of the radial
trapping potential. Implicit in its name, the FDHO
model assumes a harmonic potential for which the
restoring force is linear with displacement. However,
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the round-rod geometry of the LIT introduces higher
order terms, whose contribution to the potential in-
creases with radial displacement [20, 21]. In conse-
quence of these higher order terms, the frequency of an
ion’s motion varies with its radial displacement [22, 23].
Accordingly, an ion can go off-resonance at higher
radial amplitudes, to the extent that its radial motion is
damped rather than excited. The result is alternating
cycles of excitation and damping as the frequency of the
ion’s secular motion goes in and out of resonance with
the auxiliary signal. This behavior is contrary to FDHO
theory wherein secular frequency is independent of
amplitude. These effects are illustrated clearly by ion-
trajectory simulations in pure-quadrupolar and round-
rod-generated fields (vide infra, Figures 10 and 11).

Ion-Trajectory Simulations

Ion-trajectory simulations were used to study the re-
sponse of ions to an auxiliary dipolar signal, in general,
and, in particular, to observe differences in the behavior
of ions in pure-quadrupolar and round-rod-generated
fields. In the simulations described below, the mini-
mum distance between opposing rods, whether hyper-
bolic or round, was 2r,, with r, = 4.170 mm. The radius
of round rods was 4.695 mm, yielding an r/r, ratio of
1.126. The drive frequency was 1.0 MHz and the pole-
to-ground amplitude of the RF drive was 2253 V
corresponding, in a pure quadrupole field, to g = 0.2077
and secular frequency 74.07 kHz. In all cases, the mass
of the singly charged ion was 609.23 Da. Although the
drive frequency, and hence the nominal secular fre-
quency, of these simulations does not match the exper-
imental value of 816 kHz, the principles elucidated are
unaffected by this discrepancy.

Computer Simulations of Resonant Excitation

Simulations were used to measure the frequency re-
sponse of m/z 609.23 during a 50 ms exposure to a
dipolar auxiliary signal of amplitude 25 mV, in a
round-rod-generated field, in the presence of 0.03
mTorr N,. The duration of the exposure, number of
collisions and the total energy loss experienced by each
of 100 ions were averaged for specific auxiliary frequen-
cies over a range of frequencies between 73.3 and 75.1
kHz. These data, presented in Figure 8, show that
response was strongest at 74.225 kHz. This value differs
little from the theoretical prediction for a pure quadru-
pole field of 74.067 kHz. Near the resonant frequency,
some ions were lost on the rods before the 50 ms
exposure was complete. Under normal experimental
conditions, it is probable that these ions would have
fragmented before being lost.

The total energy loss plotted as a function of fre-
quency in Figure 8 is the sum of the kinetic energy that
an ion loses during each collision event over the course
of the trajectory. In some instances, when their pre-
collision kinetic energy is relatively low, ions can gain
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Figure 8. Simulated frequency response of mass 609.23 at q =
0.2077 (/27 = 1.0 MHz) to an auxiliary signal of amplitude 25
mV for 50 ms in 0.03 mTorr N,: (a) Average total energy loss and
(b) trajectory duration (solid circles) and number of collisions
(open circles).

kinetic energy from a neutral, resulting in negative
contributions to total energy loss. Even so, more fre-
quently the loss is positive and the energy available for
transfer from kinetic to internal energy of the ion is
equal to the centre of mass collision energy—approxi-
mately half of the total energy loss. When ions were on or
near resonance, the average energy loss (total energy
loss/number of collisions) was 0.57 eV, compared to
0.0023 eV when there was no excitation.

It was evident from the fragmentation observed
experimentally that the energy stored internally in the
ion had sufficient time to accumulate and cause disso-
ciation. This is an indication that the dissipation rate of
internal energy through thermalizing collisions and
radiative cooling was low compared to the dissociation
rate. This was not the case for low-amplitude excitation
of ions at higher pressures where high rates of thermal-
ization resulted in significant thresholds for auxiliary
amplitude, below which fragmentation was not ob-
served [3].

An interesting feature of Figure 8 is the increase in
the number of collisions when the auxiliary signal was
on, or near, resonance. In the absence of excitation, the
average number of collisions was 68, compared to 135
for the on-resonance condition. This increase was a
consequence of the increased path length of higher-
amplitude ions. For example, the total path length of the
ion trajectory shown in Figure 9 was 50.38 m, while that
of an unexcited thermal trajectory was only 7.17 m.

The disproportionate increase in path length, a factor
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Figure 9. The displacement and kinetic energy of mass 609.23 in the x and y directions as a function
of time. The ion was excited by an auxiliary signal of frequency 74.225 kHz and amplitude 25 mV in
0.03 mTorr N,. Electric potentials were applied to round rods.

of 7, compared to the increase in number of collisions, a
factor of 2, is a result of the inclusion of the thermal
motion of the collision gas. For example, if the collision
gas was assumed to be stationary, the number of
collisions suffered by the ion would be dependent
solely upon the collision cross section times the path
length that the ion sweeps out during a period of time,
T. If the ion has zero kinetic energy, the path length
would equal zero and the number of collisions in time
period T would also be equal to zero. However, the
inclusion of the thermal energy for the collision gas
ensures that the ion undergoes a minimum number of
collisions during the time period T even if the ion were
stationary. The number of collisions is then propor-
tional to the relative velocity of the ion and neutral
where the magnitude of the relative velocity is defined
as [24]

VZ,=V?+ U?*—-2VU cos 6 (5)
where V is the thermal velocity of the collision gas, U is
the velocity of the ion and 6 is the centre of mass
scattering angle. The average centre of mass scattering
angle can be taken as 90° [25]. At low ion kinetic energy
the thermal motion of the gas becomes significant
whereas at high kinetic energies (>1-2 eV in the case of
the ion reserpine and nitrogen as the collision gas) the
gas thermal velocity becomes insignificant.

The ion trajectories shown in Figures 9 and 10 were
obtained using auxiliary amplitude 25 mV, applied at

the resonant frequency of 74.225 kHz, with N, pressures
of 0.03 and 0 mTorr, respectively. Note that the radial
components of the ion’s velocity are expressed in units
of eV. In Figure 10, the trajectory displays a complicated
beat pattern in both the x and y directions even though
the dipolar auxiliary signal was applied between the x
poles only. This behavior is a consequence of the
round-rod geometry, which superposes with the quad-
rupole potential higher-order terms whose significance
increases with radial amplitude. The origin of the beat
pattern can be distinguished from a beat pattern arising
from exciting off-resonance by the existence of the
growth in the ion trajectory amplitude in the y-direction
while exciting in the x-direction. This arises from the
existence of higher order terms in the trapping poten-
tial. Off-resonance excitation in the x-direction does not
lead to growth in the y-direction. Comparison of Fig-
ures 9 and 10 shows that neither radial amplitude nor
radial energy was reduced significantly by the addition
of 0.03 mTorr N,. This is because the collision frequency
was low relative to the resonant frequency. Specifically,
the ion of Figure 9 suffered a total of only 178 collisions
during the 50 ms exposure, corresponding to an aver-
age of 20.8 secular cycles between collisions. As a result
of this relatively low collision frequency of 3.6 kHz, the
ion accumulated radial kinetic energy of nearly 10 eV.
Collisions suffered at this energy would impart signif-
icant internal energy to an ion.

Of significance in Figures 9 and 10 is the extent to
which motion in the y-direction was excited by a
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Figure 10. The displacement and kinetic energy of mass 609.23 in the x and y directions as a function
of time. The ion was excited by an auxiliary signal of frequency 74.225 kHz and amplitude 25 mV in
the absence of any buffer gas. Electric potentials were applied to round rods.

dipolar signal applied between the x-rods. As men-
tioned above, this is a consequence of higher terms in
the drive potential introduced by round-rod electrodes.

A general expression for a two-dimensional multi-
pole field can be written as

o0

O(x,y) =

n=

S A Re(x : iy>n ©6)

0

dnlx, y) =
0

n=0

where 2n is the number of poles in a particular term. For
example, A, is the amplitude of the quadrupole contri-
bution. In the work presented here, both experimental
and simulated, the r/ry ratio was 1.126. In a previous
publication [20], it was shown that the coefficients
obtained from this ratio are A, = 1.001462, A, =
0.001292, Ay = —0.002431 and A, = —0.0002975 with
all other terms for which n < 14 equal to zero. The
resulting electric potential is given by

2 — yz
(br/r0:1.126 =A, 2
0
x® — 15x%2% + 15x%y* — ¢/°
+ Aq Y 3 Y Y +
7o
x0 — 45x%y% + 210x%y*
— 210x°y* + 45x%y® — y1°
AlO rl()
0
+... (7)

Several features of eq 7 are relevant to this discussion.
Only in the case of a pure quadrupole potential, for
which the restoring force is both proportional to the
displacement and decoupled in the two coordinate
directions, is ion-motion harmonic. Furthermore, the
significance of the higher order terms, and therefore the
strength of the x-iy coupling, increases dramatically with
radial displacement. As a result, the frequency of an
ion’s secular motion in one coordinate direction be-
comes a function of amplitude in both coordinate
directions. As demonstrated in Figure 10, the strength
of this effect is sufficient for ions to go out of phase with
the auxiliary signal at high radial amplitude resulting in
alternating periods of resonant excitation and resonant
de-excitation.

Figure 11 shows the trajectory of an ion moving in
response to a pure quadrupolar RF potential, g =
0.2077, and a 25 mV dipolar auxiliary signal applied
between the x-rods at the theoretical secular frequency
of 74.067 kHz. In this instance, the secular frequency
was calculated using the continued fraction expression
for B [15]. The left and right frames correspond to
nitrogen pressures of zero and 0.03 mTorr, respectively.
In both cases, the ion was lost on a rod within 6 ms. The
low-pressure buffer gas resulted in 12 collisions, which
impacted the trajectory minimally, extending the dura-
tion by only 0.8 ms. The effects of the collisions are
visible as slight discontinuities in the envelopes of both
coordinate components of the trajectory. Furthermore,
in the absence of collisions, there was no coupling of
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Figure 11. The displacement and kinetic energy of mass 609.23 in the x and y directions as a function
of time. The ion was excited by an auxiliary signal of frequency 74.067 kHz and amplitude 25 mV. The
left and right frames correspond to N, pressures of 0 and 0.03 mTorr, respectively. The RF potential
was applied to hyperbolic rods to obtain a pure quadrupolar field.

motion in the two coordinate directions and the ion
remained on-resonance with the auxiliary signal until it
was neutralized on the rods.

Figures 8 to 11 demonstrate clearly the advantages of
round-rod generated fields over pure quadrupole ge-
ometries for the purpose of ion-fragmentation via res-
onant excitation at low pressures. In the absence of the
higher order terms in eq 7, only the most labile ions
would be confined sufficiently long to fragment before
being lost on the rods.

Fragmentation of Higher Mass Ions

Consideration was given to fragmentation of a higher
mass ion. The ion chosen for this study was a homoge-
neously substituted triazatriphosphorine of mass of
2721.89 Da [26]. Larger ions contain significantly more
internal degrees of freedom than smaller ions and
consequently must gain more internal energy to disso-
ciate. Additional energy can be made available to an ion
by increasing either the auxiliary amplitude or the
excitation period. Figure 12 shows mass spectra of the
2722 ion before and after resonant excitation by a
dipolar auxiliary signal amplitude of 400 mV applied
for 200 ms. Insets show the isotopic distributions of the
parent and its 2290 Da fragment. The lower frame
shows the fragmentation of the 2722 isotope at a fre-
quency of 59.800 kHz with g = 0.207. Under these

8.0e+7
a
S tor7 27219
Ue b
27229
4.0e+7 A -
‘2 2.0e+7 A Excitation on
=
<
E 00 ; . . ,
z b 2289.8 27219 27229
=
Q
2 30047 JW\//\
2.0e+7 2289.8
1053.9 \
1.0e+7 1 18779
1466.0
0.0 i I |

800 1200 1600 2000 2400 2800
m/z

Figure 12. The upper frame (a) shows the mass spectrum of a
homogeneously substituted triazatriphosphorine (m/z 2721.89)
with no excitation applied. The lower frame (b) shows the
fragmentation pattern that results when a 400 mV auxiliary signal
is applied at 59.800 kHz for a period of 200 ms. The insets show the
isotopic patterns of some selected peaks. The pressure in the LIT
was 0.045 mTorr N,. The inset in the upper frame shows the
non-excited and excited precursor isotopic distributions over-
lapped using the same scale.
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Figure 13. Abundance of the 2721.89 isotopic cluster and its
associated fragment-ions in response to a 200 ms exposure to an
auxiliary signal of amplitude 400 mV. The vertical bars indicate
the experimentally measured intensities of the isotopes at their
theoretically predicted secular frequencies. Note that the highest
frequency corresponds to the lightest ion.

conditions the integrated area of the fragments indi-
cates that 48% of the m/z 2722 isotopic cluster was
fragmented in the excitation process, while 25% was
neutralized on the rods.

Figure 13 shows the frequency response of the iso-
topic cluster to an auxiliary signal of amplitude 400 mV
applied for 200 ms. Under these conditions, the re-
sponses of individual isotopes were not resolved. The
response curve shows a sharp edge on the high fre-
quency side (low mass), which then tails off towards
lower frequency (high mass). The secular frequencies
predicted by eq 3 of the first four isotopes, 2722 to 2725,
are shown as vertical bars in the lower frame. The value
of g was calculated for each isotope using

_ 4eVge
1= mrgQ?

®)

where Vi is the pole to ground RF amplitude, 7, is the
field radius, ) is the drive frequency and m is the mass
of the ion. During the excitation process Vi is constant
for all ions within the LIT. This results in a frequency
spacing of ~22 Hz between neighbouring isotopes. The
heights of the vertical bars correspond to the experi-
mental intensities of the unexcited isotopic cluster.

It should be noted that the frequency response curve
appears to be distorted on the low frequency side. The
response curves for the 2722 Da parent and its 2290 Da
fragment, Figure 14, exhibit asymmetries similar to the
response curves for the entire isotropic cluster, Figure
13, demonstrating that asymmetry is a consequence of
the excitation process and not a convolution of isotopic
contributions. An explanation of the factors which
determine the shape of frequency-response curves re-
quires further investigation and falls outside the scope
of this paper, although it should be noted that inaccu-
racies in the rod alignment [27], the existence of non-
uniformities in the surface potential of the rods [22],
and as well the presence of the higher order fields [28]
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Figure 14. Abundance of the 2721.89 isotope and its 2290 Da
fragment in response to a 200 ms exposure to an auxiliary signal
of amplitude 400 mV.

could lead to potential distortions of the frequency-
response curves.

The degree of excitation is a function of the ampli-
tude and duration of the auxiliary signal. Figure 15
shows the effects of varying the auxiliary amplitude for
exposures of 100 and 200 ms. In both cases, losses on the
rods were similar. Even so, increasing the exposure
from 100 to 200 ms led to an increase in the production
of fragment ions with a concomitant decrease in the
intensity of the parent ion cluster. However, the in-
crease in exposure did not influence the proportion in
which isotopes were excited (data not shown). By
contrast, increasing the auxiliary amplitude broadens
the frequency response, increasing the range of isotopes
that respond at a specific frequency. This behavior is a
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Figure 15. Abundance of the 2721.89 isotopic cluster and its
associated fragment-ions as a function of the amplitude of a 59.800
kHz auxiliary signal for exposures of (a) 100 ms and (b) 200 ms.
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Figure 16. The isotopic distributions of the 2721.89 and 2290
clusters following 200 ms exposure to 59.800 kHz auxiliary signal
for amplitudes of (a) 200 mV, (b) 300 mV, and (c) 400 mV.

function of the bandwidth of the auxiliary waveform
and the critical energy that must be absorbed by an
isotope before fragmentation or neutralisation can oc-
cur [3]. The effect is illustrated by Figure 16, which
shows the 2290 Da fragment-ion cluster obtained with
auxiliary amplitudes 200, 300, and 400 mV, each applied
for 200 ms. Clearly, as the amplitude increased, frag-
mentation of the second (2723 Da) and third (2724 Da)
isotopes led to the increased intensities of the second
(2291 Da) and third (2292 Da) fragment isotopes.

Figure 17 displays the integrated intensities of frag-
ment and parent ions as a function of exposure for
auxiliary amplitudes 200 and 400 mV. In each case, the
degree of fragmentation increased for a few hundred
ms and then remained constant. At the higher ampli-
tude of 400 mV, the plateau occurred at greater relative
intensity and was attained more quickly. As noted
previously, increased auxiliary amplitude led to in-
creased losses on the rods. This is evident in the
reduction in total integrated intensity at the higher
amplitude. The plateau is a consequence of the com-
plete depletion of responsive ions.

Comparison of the 2290 and 2722 isotopic clusters
after exposures of 200 and 1000 ms to an auxiliary signal
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Figure 17. Abundance of the 2721.89 isotopic cluster and its
associated fragment-ions as a function of exposure to an auxiliary
signal of 59.800 kHz of amplitude (a) 200 mV and (b) 400 mV.

of amplitude 200 mV is shown in Figure 18. These
spectra reveal that the 2722 isotope was excited prefer-
entially. Even so, increased excitation periods were
unable to remove completely the 2722 Da isotope; 13%
remained after 1000 ms. This curiosity is speculated to
arise from non-uniformities in the surface potential of

4.0e+7 55

T,,. =200 ms a
3.0e+7 A
2.0e+7 -

1.0e+7 A
0.0 L

Signal Intensity (arb. units)

1 b
3.0e47 - T,,. = 1000 ms
2.0e+7 A
1.0e+7 A /\
0.0 Ak § T
2289 2292 2724 2727
m/z

Figure 18. The isotopic distributions of the 2721.89 and 2290
clusters following irradiation by an auxiliary signal of frequency
59.800 kHz and amplitude 200 mV for exposures of (a) 200 ms and
(b) 1000 ms.



J Am Soc Mass Spectrom 2003, 14, 622-634

the rods [22]. It is suggested that micro-potential wells
could localize groups of ions in regions where the
effective RF level was sufficiently different that their
secular frequency would be off-resonance with the
auxiliary signal. For example, a shift of 50 Hz in secular
frequency at g ~ 0.21 would require a shift in RF level
of about 0.54 V for m/z 2722, but only 0.12 V for m/z 609.
Following the same reasoning, micro-potentials would
cause broadening of frequency response data.

Resolution of Resonant Excitation

It was noted above that the strongest response to the
auxiliary signal of the first and second isotopes of
reserpine, 609.23 Da, occurred at frequencies separated
by 100 Hz. In contrast, it was calculated that only 22 Hz
separated the frequencies of maximum response, of the
first two isotopes of triazatriphosphorine, 2722 Da. This
difference can be understood by considering the rela-
tionship between secular frequency and the stability
parameter ¢, defined in eq 8.

Combining eqs 3 and 8 gives the following expres-
sion for wy(m),

Re v
ao(m) = o5 ©)

In these experiments, Vi was held constant at a value,
such that g = 0.21 for the parent ion and the auxiliary
frequency was varied to obtain the frequency response.
Combining the constant terms on the r.h.s. of eq 9 into
a single parameter, C, fundamental secular frequency is
directly proportional to the RF level and inversely
proportional to mass as

VRF

wo(m) = C (10)

Using eq 10, the difference in the fundamental secular
frequency of two masses, m; and m,, at RF amplitudes
V, and V, can be written

myVy — myV,

Ao = wo(mq) — wg(m,) = C( ) (11)

mqy

In the case of the first and second isotopes of the ions
used in this study, V, = V,, m, = my + 1, and m, ~ m; =
m, so eq 11 can be simplified to

Ve
Ao=C—5 (12)

Eq 12 predicts differences in the fundamental secular
frequencies of the first and second isotopes of reserpine
and triazatriphosphorine of 98.9 and 22.0 Hz, respec-
tively. The predicted value for reserpine is in good
agreement with the experimental value of 100 Hz.

RESONANT EXCITATION IN A LINEAR ION TRAP 633

More generally, while the relationship between sec-
ular frequency and the stability parameter g remains
fixed, the density of masses on the g-axis increases with
Ve As a result, the separation between the fundamen-
tal secular frequencies of adjacent isotopes, and conse-
quently the ability to excite individual isotopes exclu-
sively, decreases with increasing mass. This condition
can be appreciated quantitatively by differentiating eq 9
with respect to mass and using eq 8 to write Vir in
terms of g as

_ﬂ l (13)

dwg
om 2\2m

Eq 13 shows that the change in fundamental secular
frequency per unit mass decreases with increasing
mass, but increases with the stability parameter 4.
Accordingly, the ability to excite individual isotopes
exclusively increases with 4.

Conclusions

Contrary to initial expectations, it has been shown that
ions can be fragmented via resonant excitation with
high efficiency and high resolution in a low-pressure
LIT. To be effective, this technique requires extended
excitation by a low amplitude auxiliary signal and
higher order terms in the essentially quadrupolar trap-
ping potential to reduce losses on the rods.
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