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Abstract. Ion trapping using radio-frequency (RF)
devices has been widely used in mass spectrom-
etry (MS). The pseudopotential well (PW) model
enables the use of a pseudopotential depth, D, to
evaluate the ion trapping capability of the RF
devices in the pure electric field. It remains un-
clear how gas pressures regulate the ion trapping
and D. Here, we calculated the D of a linear ion
trap (LIT) from 1mTorr to 2 Torr, a pressure range
critical for the operation of the RF devices,

through ion cloud simulations. Compared with the case of pure electric field, ion-neutral collision effects at
pressures of 1 to 100 mTorr were beneficial for the ion trapping and revealed an optimal trapping depth, D, at
around 10 mTorr. We explained the mechanism and validated the observation via ion trapping experiments
performed in a home-made dual LITmass spectrometer.We also showed that near the stability boundary, the RF
heating became comparable with theD, which led to the decrement of ion trapping capability characterized by the
available D.
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Introduction

Radio-frequency (RF) devices originated from the quadru-
pole ion trap are developed by Paul and Steinwedel in the

1950s [1]. They have been widely employed for ion trap-
ping in mass spectrometry (MS) [2, 3], including ion trap
[4–6], mass filter [4–6], ion guide [4–6], ion funnel [7], and
ion mobility analyzer [8]. In the RF devices, the RF field
varies with time periodically; the ions can be stably trapped
within one half of the RF cycle and become unstable in the
other half. To trap the ions in the entire RF cycle, the RF
phases should change timely before the ions escape from the

devices. Therefore, compared with that using direct current
(DC), ion motion in the RF field is more complex. It
includes a series of micro-harmonics which do not exist in
the DC trapping, other than the secular (or macro-) harmon-
ic. How to evaluate the ion trapping capability of the RF
devices, in analogy to the DC counterpart, is a fundamental
but very practical question.

The pseudopotential well (PW) model [9–11], which is
equivalent to the RF potential by an effective DC, can
provide a pseudopotential depth, D, to allow the evaluation
of ion trapping capability for the RF devices. It is generally
recognized that deeper trapping depths, D, should be bene-
ficial for ion trapping. Using the model, the D has a physical
meaning of the energy that an ion must acquire to leave the
trapping volume [12, 13]. For linear ion traps (LITs) and
linear quadrupoles, they have D = qVRF/4, where q is the
Mathieu parameter and VRF is the RF voltage applied to the
electrodes. The model was originally considered valid only
for q < 0.4; recent theoretical calculations showed that it
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was valid through the entire first stability region, i.e., q up
to 0.908 [12–14]; however, for q > 0.6, the model fails to
meet the experimental observation of decreased ion trapping
efficiencies [15, 16].

Furthermore, due to the development of ambient sam-
pling technologies [17, 18], the RF devices are increasingly
applied at elevated pressure ranges [19, 20]. Currently, in
most of the laboratory MS instruments with an atmospheric
pressure interface (API) [21, 22], ions are generated in
atmosphere (760 Torr), transferred by RF ion optics through
a differential pressure system (from 2 Torr to 1 mTorr), and
mass analyzed at 1 × 10−5 Torr. Mass analysis in miniature
mass spectrometers can even be performed at pressures
above 1 Torr [23, 24]. The classic PW model, based on
ion motion in the pure electric field, can hardly be applied
for these scenarios, where the ion motion is increasingly
regulated by the gas hydrodynamic field, rather than the
electric field [25]. This calls for new physics implemented
to allow the modeling and understanding of the classic ion
trapping problem.

Here, taking advantage of ion cloud simulations, we numer-
ically measured the pseudopotential depths, D, of a LIT
through the extraction of flow properties from an ion cloud at
thermal equilibrium. The D values in a pressure range from 1
mTorr to 2 Torr were explored. The RF heating of the ions was
also evaluated and used to explain the differences between the
numerically calculated trapping depth and experimentally mea-
sured ion trapping efficiency.

Method
The LIT used in this study had two, x and y, electrode pairs with
a field radius r0 = 4 mm, and the electrode pairs were applied
with a quadrupole RF, VRF = 300 V0-p, at a frequency Ω =
1 MHz (Figure 1a). The LIT can generate an electric trapping
potential ϕ for ion trapping [4], which yields

ϕ ¼ x2−y2

r20

� �
U−VRFcosΩtð Þ ð1Þ

where U is the DC trapping potential applied to the electrodes.
The ion motion in the pure electric field is described by the
Mathieu equation, characterized by the Mathieu parameters, au
and qu, which yield

ax ¼ −ay ¼ 8ZeU

mΩ2r20
; qx ¼ −qy ¼

4ZeVRF

mΩ2r20
ð2Þ

wherem is ion mass and e and Z are electron charge and charge
number of trapped ions, respectively. In the PWmodel, the RF
field can be equivalent to a DC, ϕeff, with a pseudopotential
depth, D [26], which yields

ϕeff ¼
x2

r20
U þ Dð Þ þ y2

r20
−U þ Dð Þ ð3Þ

The ϕeff should have the same ion trapping capability as ϕ.
In the LIT, due to the presence of background pressures, the ion
motion in the electric field is subjected to the stochastic ion-
neutral collisions, and the ion distribution, number density n,
within the trap follows the convection diffusion equation,
which yields

Ju ¼ nKEu−Ddiff ∇un u ¼ x or yð Þ ð4Þ

where u denotes x or y coordinate, Ju is the ion flux, and Eu is
the electric field strength.K andDdiff represent ion mobility and
ion diffusion coefficients, respectively, and they have
K = eDdiff/kbTion according to the Nernst-Townsend-Einstein
relation, where kb is the Boltzmann constant and Tion is the
ion temperature in the LIT. At equilibrium, the ion cloud has
J = 0; the Eq. (4) becomes

∇un ¼ −
eEu

kbT ion
n ð5Þ

ForU = 0, the ion distribution n in the pseudopotential well,
Eu ¼ −∇uϕeff ¼ 2D u

r20
, has

n ¼ n0exp −
1

2σ2u=r0

u2

r20

� �" #
u ¼ x or yð Þ ð6Þ

where σu=r0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kbT ion=2eD

p
, n0 is a coefficient determined

by the initial condition of the ions. Hence, from Eq. (6), the
pseudopotential depth, D, can be derived from the standard
deviation (SD) of ion coordinate σu, and the ion temperature
Tion. The pseudopotential depth, D, yields

D ¼ kbT ion=2eσ2u=r0 ð7Þ

The ion trapping radius, σu=r0 (Figure 1b), and ion temper-

ature, Tion ¼ mσ2ν=kb (Figure 1c), can be numerically obtained
from the ion spatial and velocity distributions of the simulated
ion cloud, respectively.

The ion trajectory simulations were performed by a home-
made electro-hydrodynamic simulation (EHS) package previ-
ously developed [27] and validated [28–30]. Five hundred ions
with an initial thermal (i.e., Gaussian) distribution,
σx=r0 ¼ 0:04 and Tion=300 K, were first placed in the trap
center; then, they were trapped for more than 10 ms to allow
the thermal equilibrium; finally, the properties, σu=r0
(Figure 1d) and Tion (Figure 1e), of the ion cloud at equilibrium,
which was achieved for ion cooling with t > 6 ms, was used for
calculating the pseudopotential depth, D (light blue region,
Figure 1f). For a single ion at 0 Torr, Eq. (7) is equivalent to
D = qVRF/4 (Supporting Information).

Ion trapping experiments for validation of the simulations
were performed in a home-made dual LIT mass spectrometer
developed in previous works [31, 32]. The operation parame-
ters of the LITs were as aforementioned unless otherwise

M. Li et al.: Collision Effects on Ion Trapping and Pseudopotential Depth 2751



stated. Reserpine ions, m/z 609, were generated by a
nanoelectrospray ionization (nanoESI) source, operated by a
high voltage of 1500 V at atmospheric pressure. The ions were
introduced by a discontinuous atmospheric pressure interface
of 15ms to the LIT1 in vacuum for cooling of 500 ms, and then
transferred to the LIT2 to measure its ion trapping efficiencies
under different background pressures.

Results and Discussion
Eq. (7) shows that the pseudopotential depth, D, of the LIT is
proportional to the ion temperature, Tion, and reversely propor-
tional to the square of the ion trapping radius, σu, for ion clouds
at equilibrium. Ion cloud simulation results showed that the
σx=r0 slowly decreased with q first, and then reversed sharply
after q = 0.6~0.8 depending on the background pressures
(Figure 2a). A more compact ion cloud at equilibrium should
have a lower σx=r0 value, and the most compact one was
observed at the pressures around 10 mTorr (green curve).
Meanwhile, the Tion increased along with q for all the simulated
pressures (Figure 2b), due to the increment of the secular
frequencies and kinetic energies of the ions, also known as
the RF heating effect. At lower q values, q < 0.4, the RF heating
effect was relatively weak; hence, for pressures above 10
mTorr, the ions were sufficiently cooled by the neutral buffers
to the room temperature of 300 K, corresponding to
1
2 kbT ion ¼ 0:013 eV for x ion motion (indicated by the black
arrow, Figure 2b). For higher q values, especially for q > 0.8,
RF heating dramatically increased, leading to a sharp increment
of Tion. Higher pressures were helpful for cooling the ions; the
transition point of q, therefore, delayed from q = 0.6 at 1 mTorr
(red curve) to 0.7 at 10~100 mTorr (green and blue curves) to
0.83 at 2 Torr (cyan curve).

Figure 2 c shows the calculated pseudopotential depth,D, of
the LIT. It was found that (1) at pressures between 1 and 100

mTorr (red, green, blue curves), the trapping depths, D, were
deeper than those at 0 Torr (black curve) and had optimal
pressures at around 10 Torr (green curve). For pressures lower
than 1 mTorr (red curve), the D would be close to the black
curve. For pressures higher than 2 Torr (cyan curve), the D
would decrease with pressure. (2) At lower q values, q < 0.4,
pressures showed little impacts on the trapping depths, D,
compared with those at 0 Torr. However, the pressure regula-
tion of D was evident for larger q values, due to the more
significant RF heating effect. For instance, at q = 0.8, the D at
10 mTorr had a 2-fold improvement compared with that at 0
Torr. Here, it is obvious that the physics of ion trapping with
the existence of pressures is strongly related to the flow prop-
erties in the vacuum chamber, which cannot be explained by a
model based on 0 Torr.

Figure 2 d shows the ion trajectories at q = 0.6 under differ-
ent gas flow regimes, characterized by the Knudson
number, Kn = λ/r0, where λ is the mean free path of the ions
depending on the background pressures. For pressures greater
than 100 mTorr in the continuum flow regime (Kn < 0.1), the
ion trajectory damped continuously with time (blue curve);
thus, the decreased trend of D after 100 mTorr could be
explained by the decreased effective q, qeff, with the pressure
increment [33, 34]. For pressures lower than 1 mTorr in the
molecular flow regime (Kn > 10), the ion trajectories are almost
collision free, like the case of 0 Torr, except for the occasional
ion-neutral collisions (black curve). For the pressures in be-
tween, the ion trajectory (red curve) was transitional, so as the
D. At lower q values, q < 0.4, they showed good similarities
with the results in the molecular flow (red and black curves in
Figure 2c, d); however, the similarity broke at higher q values.

The transitional pressure range of 1 to 100 mTorr is very
attractive for ion trap MS [19, 20], which has been widely used
for performing mass and tandemMS (MS/MS) analyses. It has
long been recognized that this pressure range has better ion
trapping efficiencies than the lower pressures, e.g., 10−5 Torr.
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Figure 1. (a) Schematic plot of an ion cloud in the LIT. (b) The spatial and (c) velocity distributions derived from a representative ion
cloud. (d) The dimensionless ion trapping radius in the x-direction, σx=r0 ; (e) ion temperature, Tion; and (f) calculated kbT ion=2eσ2x=r0
as a function of time, derived from an ion cloud simulated with q = 0.6 at the pressure of 1 mTorr. The error bars represent one
standard deviation (SD) for five replicates.
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The ion-neutral collisions might lead to the decrement of
effective q, and the decreased trapping depth; therefore, the
phenomenon was partially explained by the cooling of the ions,
rather than the increment of trapping depths, D [22, 34]. The
results of Figure 2c indicated that the improved D, together
with the buffer gas cooling effect, is attributable to the im-
proved ion trapping at pressures in the millitorr range. To
explore the reason why the D increased in this pressure range,
the two factors of D, i.e., σx=r0 and Tion, were analyzed.

The derivative of D with respect to the pressure, p, accord-

ing to Eq. (7), yields dD
dp ¼ kb

2eσ2
x=r0

dTion
dp − 2kbTion

σx=r0

dσx=r0
dp

� �
. Consid-

ering that the ion temperature, Tion, monotonically decreased

with pressures, i.e., dTion
dp < 0, due to the buffer gas cooling

(Figure 3b), the improved D, i.e., dD
dp > 0, was attributable to

the decreased ion trapping radius
dσx=r0
dp < 0 for p < 10 mTorr

(Figure 3a). For p > 100 mTorr, the σx=r0 became to increase

with pressures,
dσx=r0
dp > 0 (Figure 3a), giving rise to the drop of

D. Note that the σx=r0 and Tionwere more sensitive to pressures
at higher q values, e.g., q = 0.8 (blue curves), than the lower

ones, e.g., q = 0.2 (black curves in Figure 3a, b). This explained
the greater D that exceeded the black curve at higher q ob-
served in both the simulation and previous MS experiments
[15, 16, 32].

The existence of optimal D in the transitional pressures

matched with the ion trapping experiments performed in a dual
LIT mass spectrometer (see “Method” for description). Ions in
the LIT1 were trapped atVRF = 600 V, corresponding to q = 0.6
for 300 ms, and then ejected to the LIT2 at the same q with an

acceleration voltage of 100 V. Ion trapping efficiencies of the
LIT2 under different pressures were measured. It was found
that the calculated D could characterize the trend of measured
ion intensity in the LIT2 accurately, except that the optimal

pressure of 10 mTorr in the simulations shifted to 3 mTorr in
the experiments (Figure 3c). The powerful capability of the PW
model was the use ofD to predict the ion trapping efficiency in
the RF systems, as we demonstrated here.

At last, we explored theD and ion trapping near the stability
region, where a larger D found in theory, however, led to a
poorer ion trapping efficiency that was observed
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experimentally [15, 16, 32]. We discussed the difference be-
tween the RF and DC trapping and showed that it was the RF
heating of the ions that led to the decreased ion trapping
efficiencies at higher q values, especially for q > 0.86. In the
DC trapping, the ions can be ultimately cooled to the room
temperature, corresponding to 0.013 eV; however, this is not
true for RF trappings. In the LIT, the ions had a Tion close to
room temperature at q < 0.2; however, the Tion had a 10-fold
increment at around q = 0.8 and became comparable withD for
q > 0.86 (Figure 2b). Note the ion temperature here is due to the
RF heating, regardless of the initial ion energies. Hence, the
practical trapping depths available, Da, for ion trapping yields

Da ¼ D−
1

2
kbT ion ð8Þ

Figure 4 a shows the potential depths, D (black curve) and
Da (red curve), for q > 0.8 at 10 mTorr. For q < 0.85, the RF
heating, 1

2 kbT ion, was negligibly small. Due to the rapid in-
crement of RF heating to compete with D, a transition of Da

was observed at q = 0.865. Note that theD decreased for higher
pressures than 10 mTorr; hence, such a transition of Da at
higher pressures would have a shift to lower q values of 0.6–
0.8. Other than decreased Da, significant ion losses were ob-
served for q > 0.87 (Figure 4b). For instance, at q = 0.87 (red
curve) and 0.88 (blue curve), more than 10% and 50% of the
ions escaped from the LIT after 10 ms, respectively. The Da

and ion losses shown here matched well with experimental
observations previously and explained the poor ion trapping
efficiency near the stability boundary.

Conclusion
In conclusion, ion cloud simulation allowed the exploration of
the ion-neutral collision effects on the pseudopotential depth,
D, of a LIT under a pressure range of 1 mTorr to 2 Torr.
Compared with an absolute vacuum, proper pressures of 1 to
100 mTorr were beneficial for the D and ion trapping. An
optimal pressure of 10 mTorr was observed to have the most
compact ion cloud σx=r0 , and largest,D. The improvement ofD

due to pressures was evident for q > 0.6; however, the stronger
RF heating under ion-neutral collisions at q > 0.86 was harmful
for ion trapping, leading to the decrement ofDa. In practical ion
trap operations, the existence of the nonlinear electric field and
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space charge effect may lead to the shift of q, and the D can be
described by qeffVRF/4, where qeff is the effective q in the
nonlinear field. Previously, due to the partial or even incorrect
interpretations, the theoretical D mismatched with experimen-
tal observations at transitional pressures and near the stability
boundary. This study provided valuable evidences to support
the correctness of D on describing the RF trapping of ions,
demonstrated its universal reliability, and should be helpful for
the understanding and improvement of ion trapping in RF
devices for ion trap MS.
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