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Overview

* The ion funnel trap accumulates ions and forms a
compact ion packet, which can then be injected, e.g.,
into the drift region of an IMS

» An improved computer model of the ion funnel trap
includes realistic simulations of ion-neutral and
Coulomb interactions, and provides flexibility in
specifying various RF and DC electrode
configurations

» We report on new ion funnel trap designs that
provide potential further improvements in IMS
resolution, sensitivity and dynamic range

Introduction

The electrodynamic ion funnel greatly improves performance
of the ion mobility spectrometer (IMS) [1-3]. The ion funnel
trap accumulates ions and forms a compact ion packet, which
is then injected into the IMS drift region. We recently
developed a new generation IMS platform that is
characterized by improved resolution, sensitivity and dynamic
range. A critical component of the new IMS platform is an
improved IF trap, which operates efficiently in a wide range of
m/z, ion populations and gas pressures, and ejects ions fast
enough to enable high resolution IMS. Here, we report results
from a computer modeling of the ion funnel traps of various
configurations.

Methods

The computer model was based upon theoretical approaches
and algorithms developed previously for the simulation-based
design and optimization of the ion funnel and the IF trap [4].
The model was extended to facilitate consideration of various
profiles of RF ring electrodes and designs that incorporate RF
and DC grids and DC-focusing electrodes. The ion trajectory
calculations take into account time-resolved RF and DC
electric fields and the bath gas influence. The model is
capable of realistically describing the random (i.e., diffusion)
component of the ion motion, collisional damping of the ion
kinetic energy, effective focusing of ions in the RF fields, ion
motion in the DC fields, and drag forces due to gas flows.

Results

The model was used to review various configurations of the ion
funnel trap, to study operation under a range of conditions. The ion
capacity of the trap was evaluated using the multi-particle
simulation approach. A primary objective was to achieve efficient
operation under conditions of the bath gas pressure increased to
>~10 Torr, where RF focusing efficiency is reduced and higher
ejection fields are needed to provide fast enough ejection. lon
accumulation, storage, and ejection into the IMS drift region were
studied for three types of trap configuration.

Configuration 1

The first configuration modeled an experimentally studied design [1,
2] that included three grids and a converging section that focused
ejected ions into radially compact packets. The modeling results
were consistent with experimental observations that showed
efficient operation in a 1 - 4 Torr pressure range.
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Fig.1. Configuration 1, simulation screen shot. (a) The axial ion
density of trapped ions is defined by the DC potentials applied to 3
grids and ion funnel ring electrodes, left axial view. (b) Coulombic
repulsion results in the radial expansion of the ion packet, with ion
number density maximum developing close to RF ring electrode
inner radius, and the number density approaching zero at lower
radii, seen in the right cross-section view.
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Fig.2. lon ejection at increased pressure, 10 Torr. lon losses in the
steep converging section are minimized, when increased RF
voltages are used, here 400 Vpp, RF 525 MHz. Decreased axial DC
gradient further improved the ion transmission, but resulted in ion
packets extended axially.

Configuration 2

Configuration 2 was aimed at increased ion accumulation and
ejection efficiency, for pressure up to 10 Torr. The “flat” trapping
section consisted of 11 RF/DC ring electrodes, 19 mm ID, 11 mm
long. The converging section and the three grids were removed;
the stopping barrier for ion accumulation was generated by two
DC-only circular lenses downstream from the ion funnel trap.
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Fig. 3. (a) The gridless configuration is capable of creating axially
compact ion packets; because the ion losses on grids are not an
issue, weaker radial DC fields can be used, which increases the
trap capacity at increased pressure (10 Torr).

(b) The ion ejection is triggered by negative voltages applied to
the two exit DC circular lenses.

(c) The ion packet is focused radially upon ejection; the axial
spread is adequate for the high resolution IMS measurements.
Both axial and radial dimensions are close to optimal for reduced
space charge effects [5].

In summary, Configuration 2 has shown a highly efficient ion
accumulation, storage, and ejection in a range of pressure up to ~10
Torr; Axially compact packets of ejected ions provided conditions for
high resolution IMS in this pressure range.

Configuration 3

A third configuration was designed specifically for fast ion ejection
under conditions of increased pressure (>10 Torr) and also
considered the multiplexed IMS regime [6,7], where fast ejection
fronts and distinct boundaries of ion packets are required. The
pusher grid has been added to help create higher extraction
fields; the “flat” trapping section has been shortened to 7 mm, 6
RF ring electrode, followed by one DC-only ring.
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Fig. 4. lon accumulation at increased pressure; accumulation
time reduced to 1 ms (for multiplexed IMS). Coulombic
expansion is not fully established, even for high levels of space
charge, 1 Me (a), 10 Me (b).
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Fig. 5. lon ejection is triggered by raising the grid potential to 25 V
and dropping potentials on the two DC rings to -1 and -20 V (a).
The ion packet is axially compact, temporal spread of 0.09 ms is
sufficiently small for a high resolution multiplexed IMS (b).

Conclusions

» The new ion funnel trap model is capable of realistic
simulations of ion accumulation and ejection; the
program has an interactive user interface, allowing
rapid analysis of various configurations

* Improved ion funnel trap configurations have been
designed with the aim of more efficient operation
over a wide range of ion charge and pressure

* Both conventional and multiplexed IMS modes
modeled with the new ion funnel trap have
demonstrated improved performance in an extended
range of pressure
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