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Abstract. The ion enhanced activation and collision-induced dissociation (CID) by
simultaneous dipolar excitation of ions in the two radial directions of linear ion trap
(LIT) have been recently developed and tested by experiment. In this work, its
detailed properties were further studied by theoretical simulation. The effects of some
experimental parameters such as the buffer gas pressure, the dipolar excitation
signal phases, power amplitudes, and frequencies on the ion trajectory and energy
were carefully investigated. The results show that the ion activation energy can be
significantly increased by dual-direction excitation using two identical dipolar excita-
tion signals because of the addition of an excitation dimension and the fact that the
ionmotion radius related to ion kinetic energy can be greater than the field radius. The

effects of higher-order field components, such as dodecapole field on the performance of this method are also
revealed. They mainly cause ion motion frequency shift as ion motion amplitude increases. Because of the
frequency shift, there are different optimized excitation frequencies in different LITs. At the optimized frequency,
ion average energy is improved significantly with relatively few ions lost. The results show that thismethod can be
used in different kinds of LITs such as LIT with 4-fold symmetric stretch, linear quadrupole ion trap, and standard
hyperbolic LIT, which can significantly increase the ion activation energy and CID efficiency, compared with the
conventional method.
Keywords: Linear ion trap, Ion activation, Dual-direction dipolar excitation, Two identical excitation signals,
Higher-order fields
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Introduction

Collision-induced dissociation (CID) is the most commonly
employed method for structural elucidation of various

compounds ranging from small organic molecules to large
biomolecules in mass spectrometry [1, 2]. CID is usually
accomplished by ion activation with electric fields and then
ion energetic collisions with a neutral gas followed by chemical

bond dissociation and ion fragmentation [3]. Because of the
ease of implementation, multiple tandem mass spectrometers
with CID have been developed, including magnetic-sector
mass spectrometer [4], time-of-flight/time-of-flight mass spec-
trometer [5], triple quadrupole mass spectrometer [6], Fourier
transform-ion cyclotron resonance mass spectrometer [7],
Orbitrap-based instrument [8], and quadrupole ion trap (QIT)
mass spectrometer [9]. The different ion activation process in
different mass spectrometry platforms will result in different
collision energy and thus different activation time scale span-
ning from the order of a few microseconds to hundreds of
milliseconds, which gives rise to different behavior, such as
dissociation channel and efficiency [2]. For example, the ions
in QIT can be trapped for a long time, so multistage tandem
mass analysis can be realized in a single chamber, and the
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access to very slow dissociation channel and very high disso-
ciation efficiency (up to 100%) can be obtained [2, 10]. These
are also the unique advantages for QIT in performing CID and
tandem mass spectrometry analysis.

CID in a QIT is usually implemented by applying a supple-
mentary direct current (DC) potential [11–13] or alternating
current (AC) potential [9, 14, 15] between a pair of trap elec-
trodes and an auxiliary electric field is produced by the above
potential. The mass-selected ions are excited by absorbing ener-
gy from the electric field and thus move close to the electrodes;
therefore, the ion kinetic energy is increased [16]. Collisions of
the high kinetic energy ion with the buffer gas will convert the
kinetic energy into ion internal energy. The ion could be
fragmented if the deposited internal energy is greater than the
bond dissociation energy. As single collision can only deposit a
small amount of internal energy into the ion, tens to hundreds of
collisions are required to eventually overcome the bond energy
barriers for ion dissociation. Moreover, there is competition
between ion activation and deactivation, for the reason that
collisions can also lead to the dissipation of the internal energy
and kinetic energy, particularly in the case where the ion with
high internal energy undergoes relatively low kinetic energy
collisions [17]. As a result, the internal energy deposited into
the ions is limited and it usually takes a relatively long time to
perform CID. Additionally, a very significant shortage of CID in
QIT is the low mass cut-off (LMCO) effect, which is referred to
as the fact that product ions below a certain mass-to-charge ratio
determined by the Mathieu parameter qu [where u = x, y for
linear ion traps (LITs) and u = z for three-dimensional ion traps
(ITs)] value of parent ions cannot be detected [18]. Generally,
the smaller the qu value, the lower the mass-to-charge ions that
can be trapped. However, the maximum ion kinetic energy will
decrease with the decreasing Mathieu parameter qu value, which
cannot exceed the potential well of the trap. As a consequence, at
small qu value, the internal energy is always insufficient to break
chemical bond for dissociation [19].

To address the above issues, several methods for increasing
the ion internal energy in ITs have been investigated and report-
ed over the past decades [20–24]. The first method is to increase
the ion kinetic energy, which is achieved by employing a high-
amplitude AC signal at relatively high qu value for ion activation
with a short time followed by an ion trapping period at a low qu
value, such as pulsed Q dissociation (PQD) [20], high amplitude
short time excitation (HASTE) [21] and pulsed q dynamic CID
[22]. The second is to increase the ion initial kinetic energy by
heating the buffer gas, termed as thermally assisted collision-
induced dissociation (TA-CID) [23]. The third is to improve the
conversion efficiency of ion kinetic energy to the ion internal
energy, which is accomplished by increasing the mass of the
buffer gas, e.g., the use of argon as buffer gas [24].

In the conventional CID process in a LIT, ions are generally
excited in only one direction by applying one dipolar AC signal
to one pair of electrodes. Wells [25] described a rotating
excitation method in linear ion processing apparatus, such as
LIT, in which two mutually orthogonal dipoles could be

applied in phase quadrature (90° out of phase). The ion circulates
about central axis of the trapping field because of the rotating
supplemental resonant field and the ion kinetic energy can be
increased by this method. Dang et al. [26] recently introduced a
method that can enhance the ion activation and CID in a LIT by
employing two identical dipolar AC signals. In this method, ions
are excited in two radial coordinate directions simultaneously
and mainly move along the diagonal direction of the trapping
region. It has been found that more energy could be deposited
into the mass-selected precursor ions, and therefore the ion
dissociation rate constant and fragmentation efficiency were all
increased in the experiment using triangular-electrode linear ion
trap (TeLIT) by this method. In addition, the LMCO was
redeemed and some lower mass fragment ions could be detected.

In this paper, detailed simulations were performed to further
investigate the dual-direction dipolar excitation properties by
using different shape LITs and experimental conditions.

Simulations
Theoretical Method

In an ideal quadrupole field in the absence of collisions, ion
motion in the x- or y-direction are uncoupled, which can be
described by the Mathieu equation:

d2u

dε2
þ a − 2q cos 2εð Þu ¼ 0 ð1Þ

where u = x, y.
Baranov [27] implemented an analytical method of the solu-

tion of the above equation in conjunction with algebraic presen-
tation ofMathieu functions. By this analytical approach, the time
and phase averaged radial ion energy can be described [28]:

Er ¼ mw2

8
r 2
i v

2
21 0; quð Þ þ m

2γ2⊥
v 2
22 0; quð Þ ð2Þ

r 2i ¼ x2i þ y2i ð3Þ
where m is the ion mass, w2 is the main radio frequency (rf)
power angular frequency, ri is the initial radial position, 1

γ⊥
is the

most probable ion thermal speed in the radial direction, and
v221 0; quð Þ and v222 0; quð Þ are the dimensionless parameters that
depend only on the field properties. The second term is very
small and can usually be neglected.

As previously reported [16], the major contributor to the
increase in effective temperature during resonance excitation is
the power absorption from the main rf trapping field rather than
from the dipolar excitation signal. The main role of the dipolar
excitation signal is to move ions into regions of the trap where
the rf electric field is stronger than the trap center [16]. There-
fore, Equation 2 can approximately represent the ion energy
with excitation by auxiliary AC or DC signals.
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It has been recognized that the ion moving radius (i.e., the ri
value) by dual-direction excitation method is greater than that
by conventional single-direction excitation method [26]. This
also can be seen from Supplementary Figure S1 (see Supple-
mental Information), which shows the comparison of ion tra-
jectory with the above two methods by direct numerical simu-
lations (the simulation method is described in the following
section). As a consequence, the ion average energy is improved
(the average energy with single-direction and dual-direction
excitation method are 1.7eV and 2.8 eV, respectively). Because
the well depth in the xy plane is greater than that in either x- or
y-direction [26], ions can still be trapped.

Numerical Simulation

It is well known that the details of ion motion can be calculated
directly at any time with great accuracy by numerical simula-
tions, and the effects of several significant factors, such as
collisions with the buffer gas, higher-order fields can be in-
cluded. Here, simulations of ion motion were performed using
AXSIM software [29].The model LITs, which were 2D slices
for the radial cross section in the center of the trap, were
prepared using SIMION 8.1 (Scientific Instrument Services,
Ringoes, NJ, USA) with a potential grid unit of 0.025 mm. A
hard sphere collision model was used at a pressure of 1 mTorr
with helium as buffer gas and a temperature of 300 K, unless
otherwise noted. The main rf voltage with a frequency of 768
kHz was applied in the quadrupolar fashion. The AC and rf
signals are defined by the following equation:

V ¼ V 0−pcos 2π f t þ φð Þ ð4Þ
where V 0�p is the zero-to-peak amplitude, f is the frequency,
and φ is the initial phase.

The multipole expansion coefficients were calculated using
the previously reported method [30], and were seen as the
Fourier components of potential distribution at a circle with
the radius of 5 mm in different LITs with quadrupole supply.
The normalization radius for all LITs is 5 mm.

It has been shown that there is a competition between
activation and deactivation for resonance excitation under con-
ditions of multiple ion-neutral collisions in the trap, which
leads to a steady-state internal energy. The internal energy of
ions in the trap can be characterized by a Boltzmann distribu-
tion and effective ion temperature [31]. Here the following
equation was used to calculate the effective temperature [31]:

Teff ¼ mr

mg
T þ mr

mi

2 < Ki >

3k
ð5Þ

wheremr,mg, andmi are the reduced mass, the buffer gas mass,
and the ion mass, respectively; <Ki> is the average laboratory
frame ion kinetic energy.

Ion Trap Model

Four different IT models, including pure LIT, LIT with stan-
dard hyperbolic geometry, LIT with 4-fold symmetric stretch

(4FSS), and linear quadrupole ion trap (LQIT) were used in this
simulation. The field radius of all ITs is 5 mm and they all have
no slots on the electrodes. The trapping field in the pure LIT is a
pure quadrupole field calculated according to Equation

Φ x; y; tð Þ ¼ x2−y2

25

� �
Vt ð6Þ

while the AC auxiliary fields were calculated using the follow-
ing standard hyperbolic LIT model. The point (x,y) = (0,0) is
the center of the LITmodel and Vt is the applied rf signal. In the
standard hyperbolic LIT, four hyperbolic electrodes were trun-
cated at distances of 2r0 (r0 is the field radius) from the field
center. The multipole expansion coefficients in this trap are as
follows: A0 = 0.0000, A2 = 1.0015, A6 = –0.0006, A10 = –
0.0000, A14 = 0.0001, A18 = –0.0001. The LITs with 4FSS
have been widely used in commercial instruments [32].They
have some significant advantages over the LITs with 2-fold
symmetric stretch, such as zero axial potential at the field
center, and thereby allow efficient ion injection at a wide range
of qu value [33]. Here the LIT with 4FSS is composed of four
identical electrodes and the cross section of each electrode is an
equilateral hyperbola with a semi-major axis of 4.2 mm. They
were also truncated at distances of 2r0.The multipole expansion
coefficients in this trap are as follows: A0 = 0.0000, A2 =
0.9901, A6 = 0.0094, A10 = 0.00098, A14 = 0.0001, A18 = –
0.0000. In LQIT, the ratio of the rod radius to the field radius is
about 1.126 [34, 35].The multipole expansion coefficients in
this trap are as follows: A0 = 0.0000, A2 = 1.0027, A6 = 0.0010,
A10 = –0.0024, A14 = –0.0002, A18 = –0.0001.

Initial Conditions

All simulations were performed using ions of m/z 556 with a
cross section of 160 A2, which correspond to the leucine en-
kephalin molecule ions [36]. Ion coordinates and energy were
randomly chosen from a Gaussian distribution around the center
of the trap with a 0.1 mm standard deviation and around 0 eV
with a 0.07 eV deviation, respectively. Then they were subjected
to a collision cooling period of 10 ms. The initial phases of the
dipolar AC signals and the rf signals were set at zero.

Results and Discussion
Ion Trajectory Analysis

It is well known that ion motion in the trap is composed of a
low-frequency secular motion and a superimposed high-
frequency rf-ripple or micromotion [18, 37]. Figure 1 shows
the ion motion in response to dual-direction dipolar excitation
without and with random collisions in the pure quadrupole
field. As can be seen from Figure 1a, even though the ion
initial conditions in the x- and y-directions and two AC dipolar
signals are the same, ion motion between x- and y-directions is
different and this difference becomes more obvious as the
amplitude of the ion motion increases (Figure 1b), which
results in the ion lost after 5.3 ms excitation. This is because
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the ion displacement difference between the two directions
should be smaller to ensure ions cannot strike the electrodes,
when the ion moving radius increases (Supplementary
Figure S2). Since the amplitude, phase, and frequency of the
secular motion in the two directions are almost the same, this
difference mainly arises from the difference in micromotion
between the two directions (Figure 1a). At 5.3 ms, the ampli-
tude in each direction is more than 7.0 mm and the displace-
ment difference is about 1.8 mm (Figure 1a). If the ion initial
conditions in the x- and y-directions are different, for example,
x = 0.2 mm, y = –0.3 mm, Ex = 0.01eV, Ey = –0.02 eV
(negative signal represents –x-direction), the frequency and
phase of the secular motion in x- and y-directions are signifi-
cantly different at the beginning but converge quickly, whereas
the amplitude in the y-direction is always slightly greater than
that in the x-direction (Supplementary Figure S3a and b).

The above is the result under condition of no buffer gas.
Figure 1c and d show the ion motion in the presence of helium
gas at 1 mTorr. The amplitude of oscillation initially increases
with time, just like the situation without buffer gas. But a steady
state is finally reached because of collisions of the ion with
buffer gas. The two amplitudes of the secular motion in the x-
and y-directions are different and this difference that changes
randomly (but always small) is mainly caused by the random
collisions, whereas the frequency and phase in the two direc-
tions are almost the same. Compared with the multiple colli-
sions, the effect of the initial conditions on the ion motion can
be neglected (Supplementary Figure S3). In particular, ions
always experience a period of cooling stage before ion
excitation.

The maximum average energy of the ion in Figure 1 during
the initial 5 ms excitation period that can be reached by the
dual-direction method with buffer gas is about 21.34 eV (ex-
citation amplitude 220 mV0-p), compared with about 5.97 eV
(excitation amplitude 95 mV0-p) by the conventional method
under the same condition. At this point, the maximum moving
radius for dual-direction excitation is 7.36 mm (Xmax = 6.16
mm, Ymax = 5.79mm), whereas it is 4.98mm (Xmax = 4.98mm,
Ymax = 0.62 mm) for the conventional single-direction method.
From Figure 1a, it can be seen that the maximum displacement
in either x-direction or y-direction is about 7.5 mm and the
moving radius is about 9.61mm in the absence of gas. They are
much greater than that in the presence of buffer gas. This is
consistent with the above analysis of the ion trajectory. That is
to say, collisions enlarge the difference of the amplitudes of ion
motion in the x- and y-direction and lead to the decrease of ion
maximum moving radius. From the above we can see that the
increment of the ion average energy is 257%, more than once
(the addition of one excitation dimension), compared with the
conventional method. So, larger moving radius in each direc-
tion (greater than the radius of the LIT or the maximum
excursion with excitation only in one direction) makes a great
contribution to the improvement of the ion energy by the dual-
direction excitation method.

Two Different AC Signals

The dual-direction excitation can be accomplished with two
identical dipolar AC signals, which were produced by only one
AC power. It can also be performed with two separate power

Figure 1. Simulation of dual-direction dipolar excitation ofm/z 556 ionwith the following initial condition: x = 0.2mm, y = 0.2mm, Ex

= 0.01 eV, Ey = 0.01 eV at qu = 0.25 in the pure quadrupole field. The excitation amplitude is 50mV0-p, and the excitation frequency is
68.85 kHz. (a) Temporal variation of ion displacement in the x- and y-directions during 0–0.3 ms and 5.0–5.3 ms; and (b) ion
trajectory over a period of 5 ms, no buffer gas. (c) Temporal variation of ion displacement in the x- and y-directions during 0–0.3 ms
and 5.0–5.3 ms; and (d) ion trajectory over a period of 5 ms, in the presence of 1 mTorr helium buffer gas
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supplies. So the two AC excitation signals can have different
phases, amplitudes, and frequencies. To further investigate the
properties of dual-direction excitation method, the ion motion
using two different AC excitation signals with different phase,
amplitude, and frequency was simulated. The pure LIT was
used in the simulation.

Figures 2a, 3, and Supplementary Figure S4 show the
simulation results of ion motion and energy using two AC
signals with same amplitude and frequency but different phase.
In Figure 2a, it is observed that the phase difference of the ion
secular motion between x- and y-directions is around π

2 (small
variation is caused by random collisions), which is equal to that
of the two AC signals. The two amplitudes of the secular
motion at the stable state in the x- and y-directions are very

close and the small difference should be attributed to the
random collisions. The two secular frequencies in the two
directions are the same, 68.85 kHz. One circle of the ion
trajectory is like an ellipse. Generally these conclusions are
also valid for the two AC signals with other phase differences
in the pure LIT.

The comparisons of the ion effective temperature and the
corresponding ion survival number of 200 ions among five
different phase differences are illustrated in Figure 3. It can be
seen that the effective temperature by dual-direction excitation
method is always higher than that by single-direction excitation
method, whatever the phase difference between the two AC
signals is. However, the highest AC amplitude without

Figure 2. Temporal variation of the displacement (during 5.0–
5.15 ms and 9.0–9.15 ms) and ion trajectory [during 5.0–5.05
ms (green) and 9.0–9.05 ms (red)] of m/z 556 ion (initial condi-
tion: x = 0.2mm, y = 0.2mm, Ex = 0.01 eV, Ey = 0.01 eV) in the x-
and y-directions with dual-direction dipolar excitation at qu =
0.25 at helium gas pressure of 1 mTorr using two different AC
signals in the pure quadrupole field. (a) different phase:
φx ¼ φRF ¼ 0; φy ¼ π

2, AC amplitude Vx=Vy=50 mV0-p, AC
frequency fx = fy = 68.85 kHz; (b) different amplitude: Vx = 60
mV0-p, Vy = 40 mV0-p, φx ¼ φy ¼ φRF ¼ 0; fx = fy = 68.85
kHz; (c) different frequency: fx = 68.9 kHz, fy = 68.7 kHz,
φx ¼ φy ¼ φRF ¼ 0; Vx=Vy=50 mV0-p

Figure 3. Simulations in the pure quadrupole field by single-
direction excitation and dual-direction excitations with phases
of 0, 45, 90, 135, and 180°, respectively. (a) The effective ion
temperature which corresponds to 200 survival ions atm/z 556.
(b) Ion survival number as a function of the AC amplitude over a
excitation period of 30 ms at qu = 0.25 (secular frequency 68.85
kHz) in the presence of helium gas at 1 mTorr
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significant ion loss is dramatically different at different phase
differences. The amplitude under conditions of the phase dif-
ferences of 0 and 180° can even reach 110 mV0-p, whereas it is
only about 60mV0-p for 90°. As a result, the attainable effective
temperature at phase differences of 0 and 180° is much higher
than that at other phase differences. This is due to the fact that
the phase difference of two AC excitation signals does affect
the ion trajectories in the IT region (Supplementary Figure S4).
At 0° and 180°, ions approximately move along the diagonal
direction, which allows more room for ion excitation. In the
case of two AC signals with a phase difference of 90°, ion
trajectory is close to a circle. The maximum moving radius in
either x- or y-direction is the same as that with excitation in one
direction. Under the same conditions, the maximum excitation
amplitude using two different AC signals with 90° phase
difference is close to that with excitation in one direction,
whereas it is much less than that using two identical excitation
signals. Owing to the excitation in another dimension, the
average kinetic energy can be increased, but the increment is
much smaller. Moreover, as the room for ion motion gets
smaller, ions are easier to be lost. But at the same AC ampli-
tude, the phase difference will not obviously affect the ion
average kinetic energy (Figure 3). It should be noted that the
variation of the effective temperature and ion survival number
for the two pairs: 0 and 180, 45 and 135 is almost the same. As
can be seen fromSupplementary Figure S4, the main difference
of the ion trajectory between these pairs is the direction and the
shapes are identical. This situation also exists in the pairs: 90
and 270, 45 and 225, 225 and 315.

Figure 2b shows the ion motion using two AC signals with
different amplitudes. The amplitude of the secular motion in the
y-direction is smaller, which corresponds to the smaller ampli-
tude of dipolar AC signal, whereas there is no difference of the
phase and frequency of the secular motion in the two directions.
It is apparent from Supplementary Figure S5 that compared with
single-direction excitation, dual-direction excitation at all volt-
age ratios can enhance the ion activation energy. However,
different voltage ratios show different performance and the
available effective ion temperature at the voltage ratio of 1.0 is
the highest. It is understandable that if two identical AC signals
are employed, ions mainly move along the line y = x and in this
instance there is enough space for ions to avoid the neutralization
on the rods. For the ratios of 1.2 and 1.5, although the ion
trajectory is still approximately along a line, the line is biased
towards the electrodes (Figure 2b). That is why ions are easier to
be lost as the amplitude increases.

For two AC signals with different frequencies, the relation
between the secular motion in x- and y-directions is more
complicated (Figure 2c). At the steady state, the frequency of
the secular motion in each direction is equal to that of the
dipolar AC signal applied in the corresponding direction. Ow-
ing to different frequencies in the two directions, the phase
difference between the two directions changes over time. It has
been reported that the slow ion motion in the IT in response to
dipolar AC excitation consists of a frequency component at the
excitation frequency (fac) and at the secular frequency (f0) under

off-resonance excitation (fac ≠ f0) [38]. Under the damping
effect of the buffer gas, the motion at the secular frequency is
decayed, whereas the ion motion at the excitation frequency is
stable. Therefore, it can be seen that ion motion amplitude in
the y-direction at the beginning of the excitation ismuch greater
than that at steady state (the inset in Figure 2c). Xu et al. [38]
introduced the expression of the ion motion amplitude at the
excitation frequency:

Aωac ¼
Pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2ω2
ac þ ω2

ac−ω2
0

� �2q ð7Þ

where P ¼ a Uac=u0Þðe=mð Þ withUac defined as the amplitude
of the applied AC signal, u0 as the ion trap dimension in the
direction of the dipolar AC excitation, and a is a constant. The
smaller the difference between the AC frequency and the
secular frequency is, the bigger the amplitude. The frequency
69.0 kHz is much closer to the secular frequency 68.85 kHz.
This is why the amplitude of the secular motion in x-direction at
the steady state is much greater than that in y-direction. The ion
trajectory (Figure 2c) always changes dramatically over time
because of the variation of the phase and amplitude. It can be
inferred that the performance cannot be better than that using
identical AC signals.

In conclusion, if two different AC signals are employed, ion
average energy or effective temperature can be improved because
of the addition of another excitation dimension compared with
single-direction excitation method. However, its performance is
worse than that using identical AC signals because the ion motion
amplitude is smaller and ions are easier to strike the rods.

The Effects of Higher-Order Fields

In practical LITs, higher-order fields are inevitable for many
reasons, such as the truncation of the electrodes, the use of
simplified electrodes, and the existence of the ion ejection slots
[30, 33–35, 39–42]. Moreover, it is well known that ITs with
some positive even-order fields might improve performance
[33, 39–45]. For example, the addition of octopole [40–45] or
dodecapole fields [30, 33, 39] can compensate for the detri-
mental field caused by the slot and, therefore, the mass resolu-
tion and mass accuracy are enhanced.

In this paper, the effects of the dodecapole field component on
the dual-direction excitation were investigated. In some conven-
tional LITs (i.e., LQIT and LITwith 4FSS), which are rotationally
symmetric with respect to 90°, the dodecapole components play a
significant role and the amplitudes of other higher-order terms are
usually relatively small. In the simulation, The LIT with 4FSS
(A6/A2 = 0.95%, A10/A2 = 0.1%) was used as an example.

Frequency shift is an important phenomenon induced by the
higher-order fields. Supplementary Figure S6 shows the secular
frequency as a function of the ion amplitude. The ion amplitude
was calculated by direct simulations in the LIT with 4FSS (no
buffer gas) using an m/z 556 ion with zero velocity and different
initial positions. For the ion with amplitude of 0.2 mm in the x-
direction, the amplitude in the y-direction is equal to the initial y-
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position. For the ion with the same x- and y-position, the ion
amplitudes in the two directions are equivalent and usually larger
than the initial position. It can be seen that there is a shift to higher
frequency in the y-direction, which is proportional to the ion
amplitude in the y-direction when the amplitude in the x-direction
is very small (i.e. 0.2 mm). This is consistent with the previous
result that positive even-order fields cause a blue frequency shift
[46, 47]. However, in spite of no variation of the amplitude in x-
direction, there is a shift to lower frequency in the x-direction. A
similar phenomenon was observed when the amplitudes in the x-
and y-directions were equivalent.

In the previous study, because ions are excited in only one
direction (e.g., y-direction), the amplitude in the x-direction is
very small and can be neglected. Thus, the cross term xnym is
neglected. It will not be reasonable when the amplitude in the x-
direction is large. The potential of a LIT with an added
dodecapole field and no other multipoles can be described as:

ϕ ¼ A2
x2−y2

r20

� �
þ A6

x6−15x4y2 þ 15x2y4−y6

r60

� �
ð8Þ

Equation 8 can be rewritten as

ϕy ¼ − A2 þ 15A6
x4

r40

� �
y2

r20

� �
− 15A6

x2

r20

� �
y4

r40

� �
þ A6

y6

r60

� �
−A2

x2

r20

� �( )

ð9Þ

The multipole coefficients can be defined as

A′
0 ¼ −A2

x2

r20

� �
ð10Þ

A′
2 ¼ A2 þ 15A6

x4

r40
ð11Þ

A′
4 ¼ − 15A6

x2

r20

� �
ð12Þ

A′
6 ¼ A6 ð13Þ

All the above coefficients except the dodecapole term
vary with the x value. To estimate approximately their
magnitude, pseudo-potential well model (q < 0.4) is
employed here and the x-motion is regarded as a simple
harmonic motion:

xt ¼ x0sinωxt ð14Þ
where ωx/2 π is the so-called secular frequency in the
units of hertz and x0 is the ion motion amplitude. The

multipole coefficients averaged over a period of the
secular motion in y-direction is

Anh i ¼ 1

2π=ωy

Z 2π=ωy

0
Andt ð15Þ

Making the assumption that ωx≈ωy, substituting for x from
Equation 14 and integration of Equation 15 gives

A′
0 ¼ −0:5A2

x20
r20

ð16Þ

A′
2 ¼ A2 þ 5:625A6

x40
r40

ð17Þ

A′
4 ¼ −7:5A6

x20
r20

ð18Þ

Taking x0/r0 = 1.5/5 for example, the multipole coefficients

are as follows:A
0
2 ¼ 0:9905,A

0
4 ¼ �0:0063,A

0
6 ¼ 0:0094. The

magnitude of the negative octopole term is comparable to that of
positive dodecapole. If x0/r0 increases to 4/5, the multipole

coefficients: A
0
2 ¼ 1:0118, A

0
4 ¼ –0:04512, A

0
6 ¼ 0:0094. It

can be concluded that it is analogous to adding a negative
octopole component in the y-direction for excitation in the x-
direction. This is why a shift to lower frequency is observed
(Supplementary Figure S6). Similarly, if there are some negative
dodecapole components, a shift to higher frequency will occur,
contrary to the excitation in one direction. In the truncated
standard hyperbolic LIT, the higher-order field components are
negative, and the secular frequency as a function of the ion
amplitude is shown in the Supplementary Figure S7.

Frequency shift greatly affects the performance of dual-
direction excitation method in the nonlinear IT. In Figure 4a,
although there is no difference between the two AC signals
applied in the x- and y-directions, an obvious phase shift and
amplitude difference occur after 1.9 ms excitation, which
causes the ion to be lost after 2.05 ms excitation. As a result,
the maximum displacement (determine the energy) in the two
directions during 0–2.05 ms is 4.5 mm, which is relatively
small compared with that of 7.5 mm in the pure LIT. This
phenomenon can be regarded as the effect of the frequency
shift on the beat motion. It can be seen from the inset to Figure
4a the ion beat motion is formed in both directions. As previ-
ously reported [38], the beat motion is mainly caused by the
off-resonance excitation and the beat frequency is the differ-
ence between the excitation and secular frequency (fac–f0).
Initially, the beat motion between x- and y-direction is almost
the same but collisions will induce the two amplitudes in the
two directions to be different. As the secular frequency depends
on the amplitude of oscillation, the amplitude difference will

602 Q. Dang et al.: Dual-Direction Dipolar Excitation in LITs



produce the frequency difference of the beat motion. This
frequency difference will exacerbate the amplitude difference.

As the ion motion in the x- and y- directions fall out of step, ion
is easy to strike the electrode under action of relatively high AC
amplitude. In order to prove the above explanation, the ion
trajectory without collisions was simulated (Figure 4c). The ion
follows a stable beat-like oscillation. In addition, as mentioned
previously [38], the decay of the secular motion attributable to
the damping effect of the buffer gas will suppress the beat
motion. High pressure will help to rapidly decay the motion.
Therefore, the beat motion disappears quickly and the ion
motion remains stable when the pressure is increased to 10
mTorr (Figure 4b).

Figure 4. Temporal variation of the displacement of m/z 556
ion (initial condition: x = 0.2 mm, y = 0.2 mm, Ex = 0.01 eV, Ey =
0.01 eV) in the x- and y-directions with dual-direction dipolar
excitation during 1.7–2.1ms at qu = 0.25 at helium gas pressure
of 1mTorr (a), 10mTorr (b), and 0mTorr (c) in the LIT with 4FSS
(A6/A2 = 0.95%, A10/A2 = 0.1%), excitation amplitude1100 mV0-p,
excitation frequency 69.0 kHz

Figure 5. Simulations in the LIT with 4FSS showing the effec-
tive ion temperature at different frequencies (a) and the corre-
sponding ion survival number of 200 m/z 556 ions (b) as a
function of the AC amplitude over a excitation period of 30 ms
at qu = 0.25 (secular frequency 68.85 kHz) in the presence of
helium gas at 1 mTorr. Circles, upright triangles, and inverted
triangles represent the effective temperature with the dual-
direction excitation frequencies of 69.0, 67.0, and 65.0 kHz,
respectively. Squares represent the effective temperature with
the single-direction excitation frequency of 69.0 kHz
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Figure 5a shows the relationship between the effective
temperature and the AC amplitude at different frequencies. It
can be seen that there is a sudden jump of the effective tem-
perature when the amplitude reaches 400 mV at 67.0 kHz.
Then the temperature increases smoothly with increasing AC
voltage amplitudes. A similar situation also prevails at 65.0 and
69.0 kHz (single-direction excitation). The corresponding ion
displacement also soars around the critical point (i.e., 400 mV0-

p for 67.0 kHz). For example, the maximum excursions of the
m/z 556 ion in x- and y- directions (x = 0.2 mm, y = 0.2 mm, Ex

= 0.01 eV, Ey = 0.01 eV) are 2.73 and 2.77 mm at amplitude of
400 mV0-p, respectively, while they increase to 5.06 and 4.88
mm at 410 mV0-p. This also can be explained by the frequency
shift. Because of the decay of the secular motion, the amplitude
of the ionmotion at the steady state is mainly determined by the
amplitude of the motion at the excitation frequency. From
Equation 7, the amplitude at the excitation frequency is depen-
dent upon the difference between the secular frequency and
excitation frequency. Supplementary Figure S6 shows that the
secular frequency decreases with increasing ion motion ampli-
tude in the dual-direction excitation method. Hence as the
excitation frequency is lower than the secular frequency and
the amplitude of the ion motion increases, the frequency

difference reduces. This will lead to a further increase of the
amplitude. Higher amplitude in turn further narrows the fre-
quency gap. This cycling effect significantly promotes the
increase of the ion motion amplitude and therefore the ion
energy (i.e., effective temperature), which leads to the sudden
jump at certain excitation amplitude. However, the ion motion
amplitude cannot infinitely increase, because when the ampli-
tude continues to increase, the secular frequency is less than the
excitation frequency and becomes smaller and smaller, which
enlarges the frequency difference and, consequently, leads the
decrease of the amplitude. As a result, the ion finally reaches a
steady state. When the excitation amplitude is over the critical
point, increasing the AC amplitude will increase the P value
but also enlarge the frequency difference (Equation 7). Hence,
the ion energy increases slowly with increasing the AC ampli-
tude. From Figure 5a, another phenomenon is that the smaller
the excitation frequency (for example, 65.0 kHz) is, the higher
the effective temperature after the jumping point is. This is due
to the fact that larger frequency shift requires higher ion motion
amplitude. The maximum excursion of the above m/z 556 ion
in the x- and y-directions is about 6.0 mm at the excitation
amplitude of 1200mV0-p, comparedwith 5.06mm at 67.0 kHz.
However, as the maximum excursion is larger at smaller

Figure 6. Simulations showing the effective ion temperature and the corresponding ion survival number of 200 m/z 556 ions as a
function of the AC amplitude over a excitation period of 30 ms at qu = 0.25, using LQIT by single-direction excitationmethod (a)with
excitation frequency of 69.0 kHz, and dual-direction method (b) with excitation frequency of 67.0 kHz, and standard hyperbolic LIT
by single-direction excitation method (c) with excitation frequency of 69.0 kHz, and dual-direction method (d) with excitation
frequency of 69.1 kHz
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frequency after the jumping point, the amplitude range during
which ions are not significantly lost becomes narrower.

For excitation only in one direction, there is a shift to higher
frequency and a sudden jump is observed at 69.0 kHz (during
the amplitude from 30 to 40 mV0-p), which is consistent with
the previous study [48]. An interesting phenomenon is that at
the same frequency (i.e., 69.0 kHz) by dual-direction method,
there is a rapid rise of the effective temperature as the amplitude
increases from 50 to 150mV0-p. This is because ions are greatly
excited in one-direction while de-excited in the other direction,
like the single-direction excitation, but it only occurs for a short
period during the excitation time (Supplementary Figure S8a).
It almost disappears when the amplitude reaches 150 mV0-p

(Supplementary Figure S8b).
Compared with the single-direction excitation method, there

is no obvious increase in the effective temperature at 69.0 kHz
by dual-direction excitation method. The main reason is that
ions are easily lost as the amplitude increases (Figure 5b),
which has been explained before (Figure 4). At 67.0 and 65.0
kHz, the effective temperature is dramatically improved and
the ion survival number is large (Figure 5b). This may be due to
the fact that the secular frequency at the steady state is lower
than the excitation frequency. If the amplitude in one direction
decreases, the secular frequency in this direction increases,
which reduces the frequency difference between the secular
frequency and excitation frequency. This will increase the
amplitude in turn. Similarly, if the amplitude in one direction
increases, the secular frequency will decrease and thus the
frequency gap enlarges, which decrease the amplitude in turn.
As a consequence, the amplitude difference between x- and y-
directions is relatively small and ions follow a stable motion.

It can be concluded that the excitation frequency is critical
for dual-direction excitation method. The optimized frequency
is dependent upon the field distribution. For the LIT with
positive dodecapole component, the frequency less than the
secular frequency without consideration of the higher-order
fields components (unperturbed frequency) is preferred.

The Dual-Direction Excitation Applied in Different
Types of LIT

As we discussed before, several kinds of ITs were developed
and used commercially, such as LIT with standard hyperbolic
geometry, LITwith 4FSS, and LQIT and so on. All of them can
be applied with dual-direction excitation method. Their perfor-
mance was simulated and Figure 6 shows the comparison of the
effective temperature and ion survival number by single-
direction excitation method and dual-direction method in LQIT
and standard hyperbolic LIT. In LQIT, the effective tempera-
ture can reach 900°, which is about 1.6 times greater than that
by single-direction method (550°), while the ion survival num-
ber is about 140 out of 200 ions. In standard hyperbolic LIT,
with the survival number of 100, the effective temperature is
about 1050° by dual-direction excitation method, compared
with 600° by single-direction excitation method. The unper-
turbed secular frequency at qu = 0.25 in standard hyperbolic

LIT is about 68.85 kHz. The excitation frequency employed in
the dual-direction method is a little more than 68.85 because of
the negative dodecapole field components.

Conclusion
Simulations have been performed to investigate the ion motion
in response to dual-direction dipolar excitation in LITs. Com-
pared with the conventional one-direction excitation, ion aver-
age energy can be increased significantly, which arises from
the following two factors: the addition of an excitation dimen-
sion and larger ion motion amplitude in either x- or y-direction.
The basic effect of higher-order field components is the fre-
quency shift. Contrary to the excitation in one-direction, posi-
tive dodecapole components bring about a red frequency shift.
In the LIT with such higher-order components, the excitation
frequency less than the unperturbed frequency of the ion mo-
tion is preferred, where the effective temperature is dramatical-
ly increased while the ions have relatively less to lose. The
dual-direction dipolar excitation can be applied in most LQITs
and standard hyperbolic LITs, and the CID efficiency can be
obviously improved.

References
1. McLafferty, F.W., Bente, P.F.I., Kornfeld, R., Tsai, S.C., Howe, I.: Colli-

sional activation spectra of organic ions. J. Am. Chem. Soc. 95, 2120–2129
(1973)

2. Wells, J.M., McLuckey, S.A.: Collision-induced dissociation (CID) of
peptides and proteins. Methods Enzymol. 402, 148–185 (2005)

3. McLuckey, S.A.: Principles of collisional activation in analytical mass-
spectrometry. J. Am. Soc. Mass Spectrom. 3, 599–614 (1992)

4. Beynon, J.H., Cooks, R.G., Amy, J.W., Baitinge, W., Ridley, T.Y.: Design
and performance of a mass analyzed ion kinetic-energy (MIKE) spectrom-
eter. Anal. Chem. 45, 1023A–1031A (1973)

5. Vestal, M.L., Campbell, J.M.: Tandem time-of-flight mass spectrometry.
Methods Enzymol. 402, 79–108 (2005)

6. Yost, R.A., Enke, C.G.: Selected ion fragmentation with a tandem quadru-
pole mass-spectrometer. J. Am. Chem. Soc. 100, 2274–2275 (1978)

7. Gauthier, J.W., Trautman, T.R., Jacobson, D.B.: Sustained off-resonance
irradiation for collision-activated dissociation involving Fourier transform
mass-spectrometry-collision-activated dissociation technique that emulates
infrared multiphoton dissociation. Anal. Chim. Acta 246, 211–225 (1991)

8. Olsen, J.V., Macek, B., Lange, O., Makarov, A., Horning, S., Mann, M.:
Higher-energy C-trap dissociation for peptide modification analysis. Nat.
Methods 4, 709–712 (2007)

9. Louris, J.N., Cooks, R.G., Syka, J.E.P., Kelley, P.E., Stafford, G.C., Todd,
J.F.J.: Instrumentation, applications, and energy deposition in quadrupole
ion-trap tandem mass spectrometry. Anal. Chem. 59, 1677–1685 (1987)

10. McLuckey, S.A., Goeringer, D.E.: Slow heating methods in tandem mass
spectrometry. J. Mass Spectrom. 32, 461–474 (1997)

11. Paradisi, C., Todd, J.F.J., Traldi, P., Vettori, U.: Boundary effects and
collisional activation in a quadrupole ion trap. Org. Mass Spectrom. 27,
251–254 (1992)

12. Wang, M.D., Schachterle, S., Wells, G.: Application of nonresonance
excitation to ion trap tandem mass spectrometry and selected ejection
chemical ionization. J. Am. Soc. Mass Spectrom. 7, 668–676 (1996)

13. Prentice, B.M., Santini, R.E., McLuckey, S.A.: Adaptation of a 3-D quad-
rupole ion trap for dipolar DC collisional activation. J. Am. Soc. Mass
Spectrom. 22, 1486–1492 (2011)

14. Louris, J.N., Brodbeltlustig, J.S., Cooks, R.G., Glish, G.L., Vanberkel, G.J.,
McLuckey, S.A.: Ion isolation and sequential stages of mass spectrometry

Q. Dang et al.: Dual-Direction Dipolar Excitation in LITs 605



in a quadrupole ion trapmass-spectrometer. Int. J. Mass Spectrom. 96, 117–
137 (1990)

15. Wang, M., George III, J.E.: Technology progress and application in GC/
MS and GC/MS/MS. In: March, R.E., Todd, J.F.J. (eds.) Practical Aspects
of Trapped Ion Mass Spectrometry, vol. 5, pp. 439–490. CRC Press, Boca
Raton (2009)

16. Goeringer, D.E., Viehland, L.A., Danailov, D.M.: Prediction of collective
characteristics for ion ensembles in quadrupole ion traps without trajectory
simulations. J. Am. Soc. Mass Spectrom. 17, 889–902 (2006)

17. Remes P.M., Glish G.L.: Collisional cooling in the quadrupole ion trap
mass spectrometer (QITMS). In: March, R.E., Todd, J.F.J. (Eds.) Practical
Aspects of Trapped Ion Mass Spectrometry, Vol. 4. pp. 739–767. CRC
Press: Boca Raton, FL (2010)

18. March, R.E., Huges, R.J., Todd, F.J.: Quadrupole Storage Mass Spectrom-
etry. Wiley, New York (1989)

19. Charles, M.J., Mcluckey, S.A., Glish, G.L.: Competition between reso-
nance ejection and ion dissociation during resonant excitation in a quadru-
pole ion trap. J. Am. Soc. Mass Spectrom. 5, 1031–1041 (1994)

20. Schwartz, J.C., Syka, J.E.P., Quarmby, S.T.: Proceedings of 53rd ASMS
Conference on Mass Spectrometry and Allied Topics, San Antonio, TX,
June 5–9 (2005)

21. Cunningham Jr., C., Glish, G.L., Burinsky, D.J.: High amplitude short time
excitation: a method to form and detect low mass product ions in a
quadrupole ion trap mass spectrometer. J. Am. Soc. Mass Spectrom. 17,
81–84 (2006)

22. Laskay, U.A., Jackson, G.P.: Resonance excitation and dynamic collision-
induced dissociation in quadrupole ion traps using higher order excitation
frequencies. Rapid Commun. Mass Spectrom. 22, 2342–2348 (2008)

23. Racine, A.H., Payne, A.H., Remes, P.M., Glish, G.L.: Thermally assisted
collision-induced dissociation in a quadrupole ion trap mass spectrometer.
Anal. Chem. 78, 4609–4614 (2006)

24. Danell, R.M., Danell, A.S., Glish, G.L., Vachet, R.W.: The use of static
pressures of heavy gases within a quadrupole ion trap. J. Am. Soc. Mass
Spectrom. 14, 1099–1109 (2003)

25. Wells, G.J.: Rotating excitation field in linear ion processing apparatus. US
Patent 7351965 (2008)

26. Dang, Q., Xu, F., Xie, X., Xu, C., Dai, X., Fang, X., Ding, L., Ding, C.:
Enhancement of ion activation and collision-induced dissociation by simul-
taneous dipolar excitation of ions in x-direction and y-directions in a linear
ion trap. Anal. Chem. 87, 5561–5567 (2015)

27. Baranov, V.: Analytical approach for description of an ion motion in
quadrupole mass spectrometry. J. Am. Soc. Mass Spectrom. 14, 818–824
(2003)

28. Baranov, V.: Ion energy in quadrupole mass spectrometry. J. Am. Soc.
Mass Spectrom. 15, 48–54 (2004)

29. Sudakov, M.: Proceedings of 7th International conference on charged
particle optics, Cambridge, UK, July 24–28 (2006)

30. Sudakov, M.Y., Apatskaya, M.V., Vitukhin, V.V., Trubitsyn, A.A.: A new
linear ion trap with simple electrodes. J. Anal. Chem. 47, 1057–1065
(2012)

31. Tolmachev, A.V., Vilkov, A.N., Bogdanov, B., Păsa-Tolić, L., Masselon,
C.D., Smith, R.D.: Collisional activation of ions in rf ion traps and ion

guides: the effective ion temperature treatment. J. Am. Soc.Mass Spectrom.
15, 1616–1628 (2004)

32. Second, T.P., Blethrow, J.D., Schwartz, J.C., Merrihew, G.E., Maccoss,
M.J., Swaney, D.L., Russell, J.D., Coon, J.J., Zabrouskov, V.: Dual-
pressure linear ion trap mass spectrometer improving the analysis of com-
plex protein mixtures. Anal. Chem. 81, 7757–7765 (2009)

33. Remes, P.M., Schwartz, J.C.: Proceedings of 57th ASMS Conference on
Mass Spectrometry and Allied Topics, Denver, CO, May 31–June 4 (2008)

34. Douglas, D.J.: Linear quadrupoles in mass spectrometry. Mass Spectrom.
Rev. 28, 937–960 (2009)

35. Collings, B.A., Stott, W.R., Londry, F.A.: Resonant excitation in a low-
pressure linear ion trap. J. Am. Soc. Mass Spectrom. 14, 622–634 (2003)

36. Polfer, N.C., Bohrer, B.C., Plasencia, M.D., Paizs, B., Clemmer, D.E.: On
the dynamics of fragment isomerization in collision-induced dissociation of
peptides. J. Phys. Chem. A 112, 1286–1293 (2008)

37. Dawson, P.H.: Quadrupole Mass Spectrometry and its applications.
Elsevier, Amsterdam (1976)

38. Xu, W., Chappell, W.J., Ouyang, Z.: Modeling of ion transient response to
dipolar ac excitation in a quadrupole ion trap. Int. J. Mass Spectrom. 308,
49–55 (2011)

39. Franzen, J., Gabling, R.H., Schubert, M., Wang, Y.: Nonlinear Ion Traps.
In: March, R.E., Todd, J.F.J. (Eds.) Practical Aspects of Trapped Ion Mass
Spectrometry, Vol. 1. pp. 49–167. CRC Press: Boca Raton, FL (1995)

40. Wells, J.M., Badman, E.R., Cooks, R.G.: A quadrupole ion trap with
cylindrical geometry operated in the mass selective instability mode. Anal.
Chem. 70, 438–444 (1998)

41. Ouyang, Z., Wu, G.X., Song, Y.S., Li, H.Y., Plass, W.R., Cooks, R.G.:
Rectilinear ion trap: concepts, calculations, and analytical performance of a
new mass analyzer. Anal. Chem. 76, 4595–4605 (2004)

42. Makarov, A.A.: Resonance ejection from the Paul trap: a theoretical treat-
ment incorporating a weak octopole field. Anal. Chem. 68, 4257–4263
(1996)

43. Syka, J.E.P.: Commercialization of the Quadrupole Ion Trap. In: March,
R.E., Todd, J.F.J. (Eds.) Practical Aspects of Trapped Ion Mass Spectrom-
etry, Vol. 1. pp. 169–205. CRC Press: Boca Raton, FL (1995)

44. Plass, W.R., Li, H., Cooks, R.G.: Theory, simulation and measurement of
chemical mass shifts in rf quadrupole ion traps. Int. J. Mass Spectrom. 228,
237–267 (2003)

45. Wang, Y., Huang, Z., Jiang, Y., Xiong, X., Deng, Y., Fang, X., Xu, W.:
The coupling effects of hexapole and octopole fields in quadrupole ion
traps: a theoretical study. J. Mass Spectrom. 48, 937–944 (2013)

46. Zhao, X.Z., Douglas, D.J.: Dipole excitation of ions in linear radio frequen-
cy quadrupole ion traps with added multipole fields. Int. J. Mass Spectrom.
275, 91–103 (2008)

47. Michaud, A.L., Frank, A.J., Ding, C.F., Zhao, X.Z., Douglas, D.J.: Ion
excitation in a linear quadrupole ion trap with an added octopole field. J.
Am. Soc. Mass Spectrom. 16, 835–849 (2005)

48. Splendore, M., Londry, F.A., March, R.E., Morrison, R.J.S., Perrier, P.,
André, J.: A simulation study of ion kinetic energies during resonant
excitation in a stretched ion trap. Int. J. Mass Spectrom. Ion Process. 156,
11–29 (1996)

606 Q. Dang et al.: Dual-Direction Dipolar Excitation in LITs


	 Dipolar Excitation of Ions in Linear Ion Traps
	Abstract
	Section12
	Section13
	Section24
	Section25
	Section26
	Section27

	Section18
	Section29
	Section210
	Section211
	Section212

	Section113
	References


