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Abstract

A method for the confinement of ions at 760 Torr and room temperature is described. We have recently shown that :
cylindrical-geometry high-field asymmetric waveform ion mobility spectrometer (FAIMS), which utilizes an ion separation
technique based on the change in ion mobility at high electric fields, focuses ions in two dimensions. This article describes
FAIMS device in which the focusing is extended to three dimensions (i.e. ion trap). Characterization of the ion trap was carriec
out using a laboratory-constructed time-of-flight mass spectrometer. The half-lifex#380 ion in the trap was determined
to be 5 ms. (Int J Mass Spectrom 193 (1999) 45-56) © 1999 Elsevier Science B.V.
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1. Introduction [6], and up to nine consecutive collisional dissociation
reactions starting with a single ion species [7]. The rf
The radio-frequency (rf) quadrupole ion trap was quadrupole ion trap, despite these capabilities, cannot
invented by Paul and Steinwedel in 1953 and de- operate at a pressure of 760 Torr because the ion
scribed in the patent of the quadrupole ion filter [1]. In  motion in these devices [8,9] requires a long mean-
1989, the Royal Swedish Academy of Sciences free path, hence reduced operating pressure. Further-
awarded half of the Nobel Prize in Physics [2] jointly more, all existing ion optical devices capable of
to Paul [3], and to Dehmelt [4], for their pioneering confining, or trapping ions, including the rf quadru-
work with the ion trap. Since then, the ion trap has pole ion trap, fail to function at atmospheric pressure
been developed into commercial mass spectrometric (760 Torr).
systems, and ion traps have been reported with im-  lons at atmospheric pressure are routinely sepa-
pressive capabilities including mass resolution ex- rated with ion mobility spectrometry (IMS) [10-12],
ceeding 10 [5], mass ranges in excess of 50 000 Da a technique also known as plasma chromatography
[11]. With IMS, the ions are gated into a flight tube
consisting of several conductive rings that are held at
* Corresponding author. E-mail: roger.guevremont@nrc.ca a series of linearly varying voltages, to form a
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uniform electric field along the length of the flight A
tube. Thus, ions are separated in the flight tube as a
function of time. The ion cloud, which is drifting
through the flight tube of an IMS instrument, is
subject to spreading by diffusion, ion—ion repulsion,
and gas turbulence. There is no known method to
reduce the expansion of the ion cloud. Consequently,
the resolution and sensitivity of IMS is limited by the Fig. 1. Hypothetical dependence of ion mobility on electric field for
physics, and kinetics, of these processes. three types of ions.

Modern mass spectrometric instrumentation is rou-
tinely used to detect ions that are formed at atmo- field, Ky, relative to the mobility at low electric field,
spheric pressure, via techniques including atmo- K, for some hypothetical ions A, B, and C. For
spheric pressure ionization (API) [13], and example, the ratio oK,/K for a type A ion increases
electrospray ionization (ESI) [14—17]. Electrospray With electric field, a behavior which is typical of small
ionization is possibly the most important method that ions. Several examples are discussed by Mason and
has been developed to date for producing gas-phaseMcDaniel [12].
ions of biochemical, and pharmaceutical interest, for ~ Fig. 2 illustrates the motion of an ion between two
introduction into a mass spectrometer. parallel plates, as used in the first version of FAIMS

Despite the existence of ion focusing and trapping described by Buryakov et al. [18]. The ion is trans-
devices suitable for operation at reduced pressures,ported along the space between the plates by a gas
the ions formed at 760 Torr by API and ESI sources flow (not to scale). The lower plate is at ground
have been transported, at atmospheric pressure, to thgpotential whereas the upper plate has a high voltage
orifice of the mass spectrometer without the benefit of asymmetric waveformy(t), applied to it. A (simpli-
an instrumental method for ion focusing. Conse- fied) version of the waveform consisting of a high
quently, the ions produced by these sources will voltage period,y, and a low voltage periot,,,, is
disperse in space due to a combination of divergent shown at the bottom of the figure. The peak voltage of
electric fields (ESI), gas turbulence, ion—ion repul- the waveform is called the dispersion voltage, DV.
sion, and diffusion. The waveform is synthesized With,ignthigh + Viow

The newly developed technique of high-field to, = O, whereV,y, andV,,, are the applied voltages
asymmetric waveform ion mobility spectrometry

Kn (High Field )
K (Low Field)

Increasing Electric Field Strength —>»

(FAIMS), has been shown to be capable of ion Vi)

separation [18,19] and focusing [19,20] in two dimen- @_‘

sions at atmospheric pressure and room temperature. - Z

In this article, we describe the extension of the ion Ga% @ . \ .

focusing capability of FAIMS, and the development — 7T e N

of a three-dimensional ion trap which operates at 760 vzz e 4

Torr and room temperature. I_—'_—
Eé_t’””_ﬁ Dispersion

2. Introduction to high-field asymmetric - et Vonage(DV)

waveform ion mobility spectrometry (G TP R B D _____ [L--—L-t-

Time
FAIMS is a technique that exploits the change of _ . . . )
Fig. 2. Schematic of the ion motion between parallel plates during

Fhe mobility of an_ ion ‘?‘t high e_l_eCtriC figlds. Fig. _1 the application of an asymmetric waveform showrVgs; the ion
illustrates the ratio of ion mobility at high electric is transported horizontally by a gas flow (distance not to scale).
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during the high and low voltage periods. During the
high electric field period o¥/(t), the distance the ion
travels away from the upper plateK$,Epigrthign The
distance traveled toward the upper plate during the
low field portion of V(t) is KEgutiow: Thus, the
distances traveled during the low and high voltage
periods of the waveform are equal if the ion mobility
Ky, is equal toK. If E,yy is strong enough to cau$g,

to differ from K, then the ion migrates toward one of
the plates, as illustrated in Fig. 2 for a type A ion
(from Fig. 1). A low voltage dc offset, called the
compensation voltage, CV, can be applied to the
plates to stop the net migration toward either plate.
Experimentally, the value of CV is typically between
—50 and +50 V when DV is 3300 V. Since the
mobility of an ion at high field is dependent on
(unknown) properties of the compound, only those
ions with a particular ratio oK,/K will successfully
travel parallel to the plates at a given CV. FAIMS is
therefore capable of ion separation.

Carnahan and Tarassov [21] designed a FAIMS
system using cylindrical electrodes, rather than the
plates described by Buryakov et al. [18]. The asym-
metric waveform is applied to the inner of two
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of an ESI system [22] and application to separation of
structural isomers of amino acids (leucine and isoleu-
cine, bothm/z — 130) has been demonstrated [23].

A consequence of the ion focusing phenomenon in
FAIMS is a significant change in the motion of an ion
when the waveform voltage polarity is reversed. If
V(t) is inverted, the trajectory of an ion, which was
focused in the FAIMS analyzer, will become unstable,
and the ion will be lost from the analyzer. As a
simplification, upon application of the mirror image
of V(t), the fields in the FAIMS analyzer also are
mirrored, and the focusing fields are replaced by
defocusing fields. Thus, the application of the two
waveforms are considered separately, as mode 1 and
mode 2. When considering positive ions, these are
abbreviated to mode P1 and P2, and similarly, modes
N1 and N2 refer to negative ions [22]. In general, an
ion whose mobility increases with electric field ap-
pears in spectra in modes P1. Usually these ions have
m/z below about 300. These are only guidelines,
because (1) there are exceptions, and (2) an ion can
(in principle) be detected in both modes [22].

concentric cylinders, and the annular space between3. Theory: ion trajectory calculations for the
the cylinders corresponds to the space between theFAIMS ion trap

parallel plates described by Buryaket al. This
FAIMS, with cylindrical geometry formed the basis
of a new instrument called a Field lon Spectrom@ter
(FIS®), built by Mine Safety Appliances Company,
Pittsburgh, PA.

The cylindrical geometry provided considerable
improvement in sensitivity over the flat plate design
because an ion focusing region was formed in the
annular space between the cylinders [20]. At an
appropriate combination of DV and CV, an ion will
travel with the gas flow along the length of the
FAIMS device, but because of the focusing effect the
ion will be unable to travel in either direction radially.
This focusing decreases ion loss to the walls, and
therefore the ion transmission through the device can
be high. This high ion transmission, combined with
ion separation, suggests that FAIMS is an ideal
interface between an API or ESI ion source at atmo-

The physics of the two-dimensional focusing of
ions in FAIMS was considered previously [20]. In this
article, the ion trajectory calculations, which show the
ion behavior in the three-dimensional FAIMS ion
trap, will be described and the experimental verifica-
tion of this phenomenon will follow.

The trajectories of ions moving within the FAIMS
ion trap was calculated in two phases. The first phase
established the electric fields within a cylindrical
structure containing three electrodes, the inner and
outer FAIMS cylinders, and a sampler cone, shown in
Fig. 3(a). This electric field calculation was performed
using the “relaxation” technique often used in fluid
dynamics [24]. The second phase was the calculation
of ion trajectories by breaking down the ion motion
into a series of small translational steps based on the
local electric fields due to the asymmetric waveform,

spheric pressure, and a mass spectrometer. The desigand the dc voltages on the electrodes and the sampler
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lon Trajectory
Outer Cylindrical Electrode  Start Location ——,
z=0.49cm
r=0.28 cm
Sampler Cone
(Flat front surface)

Voltage = OR
Exit Orifice
(100 um)
Cylindrical Inner Electrode
with a Spherical End,
Applied CV and DV
A B

Fig. 3. (a) and (b) Calculated ion trajectories begin-
ning at several starting locations in the FAIMS ion
trap, I-IV. The ions are carried by a simulated gas
flow from right to left. The calculation parameters
appear in Table 1. (c) Calculated ion trajectories after
"""""""""""""""""""" stepping the sampler cone t620 V. The ions were
initially within the trapping region shown in (a) and

(b).

cone. The details of the parameters used for this orifice voltage) both held at ground potential. For the
calculation appear in Table 1. Fig. 3(a) and (b) include calculations described here, a gas flow was simulated
calculated ion trajectories starting at four different as a constant translation of the ion from right to left in
locations (i.e. locations marked I-1V) with the outer the figures, and did not include turbulence or changes
cylindrical electrode, and the sampler cone (OR, in gas velocity near surfaces. In addition, the trajec-



Table 1

Parameters used in ion trajectory calculations

Scale 200 points/cm
Axial, number of points 100 points
Radial, number of points 62 points
Inner electrode, o.d. 2.0 mm
Outer electrode, i.d. 6.0 mm
FAIMS analyzer region width 2.0 mm
Inner-sampler distance 2.2 mm
Starting location (radial) r varied
Starting location (axial) z varied

DV 2500 V

Ccv -19V
Outer electrode offset ov
Sampler cone (storage) oV
Sampler cone (extraction) -20V
Waveform frequency 200 kHz

Waveform, square

2:1 high/low voltage

Calculation: steps/waveform 200 steps
Applied axial velocity —50 cm/s

R. Guevremont et al./International Journal of Mass Spectrometry 193 (1999) 45-56 49

when using the conditions shown for Fig. 3(a) and (b),
are extracted from the trap and travel toward the
sampler cone as shown in Fig. 3(c). A 1@t orifice
leading into the vacuum of a mass spectrometer is
located at the center of the sampler cone.

4. Instrumentation
4.1. FAIMS-TOFMS

The experimental setup for the time-of-flight mass
spectrometric evaluation of the FAIMS ion trap is
shown in Fig. 4(a). The FAIMS ion trap operates at
atmospheric pressure and is located to the left of the
sampler cone in Fig. 4(a). The vacuum components of

the low resolution, linear time-of-flight mass spec-
trometer (TOFMS) are shown to the right of the
sampler cone in Fig. 4(a). These components include
a differentially pumped interface, an octopole ion
tory calculations did not include the effects of space— guide, ion acceleration grids, and an electron multi-
charge or ion—ion repulsion. plier detector. Typical operating parameters for the
The motion of the ions in FAIMS, shown in Fig. system are reported in Table 2. The timing diagram
3(a) and (b), can be described as the superposition offor control of the FAIMS offset voltageMgams)s
several independent motions. First, the ion oscillates DV, CV, sampler cone voltage (OR), and the TOFMS
back and forth along a direction approximately per- acceleration pulse appear in Fig. 4(b).
pendicular to the nearest surface of the inner electrode  The FAIMS ion trap is composed of two concen-
due to the~200 kHz asymmetric waveform. These tric cylinders shown in cross section. The outer
oscillations are “blurred” into what appears to be a electrode is approximately 7 cm in length, has a 0.6
wide “band” in Fig. 3. Second, the ion falls into the cm inner diameter, and is mounted 0.5 mm from the
two-dimensional trapping region along the length of front surface of a sampler cone. The inner electrode
the inner electrode. Finally, the ion is carried along has a 0.2 cm outer diameter, terminating in a spherical
the electrode by the “synthetic” application of trans- surface about 0.3 cm from the sampler cone. The
lation representing the flow of gas. The calculation of inner electrode is held within the outer electrode by an
the ion trajectory was continued until the final loca- insulating Torlon (DSM Engineering Plastic Products
tion of the ion was unambiguous. In all examples, the Inc., Reading, PA, USA) spacer. A port in the outer
ion traveled to the spherical terminus of the FAIMS electrode permits entry of a carrier g&3,{) at about
inner electrode, and was unable to proceed further, 1.2 L/min. This carrier gas flows along the annular
even with the flow of gas. As shown in Fig. 3(a) and space between the outer and inner electrodes (FAIMS
(b), the final location of the ion was independent of analyzer region), and exits through three vents which
the starting location. include: the gap between the outer electrode and the
Fig. 3(c) illustrates the motion of ions from near sampler cone, the ion inlet port;() communicating
the trapping region when the voltage of the sampler with the ionization chamber, and the 1@0n orifice
cone (OR, orifice voltage) is decreased stepwise from in the sampler cone. The portion &%, which flows
0to—20 V. The ions, which were captured in the trap out throughl;, serves as a “curtain gas” flow to ensure

2 Assumed ion mobility at high fieldK,) for trajectory calcula
tions: K, =23 (1+ 1.1X 1077 E + 1.29x 10°° E?),
whereE is the field at 760 Torr (V/cm).
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Fig. 4. (a) Schematic of the combined atmospheric pressure FAIMS ion trap, and a linear time-of-flight mass spectrometer (TOFMS). (b
Timing diagram of the electronics of the FAIMS-TOFMS system.

that the gas flowing along the FAIMS analyzer region cal power sources. First, the asymmetric waveform
is free of impurities. and CV are both applied to the inner electrode.
A corona discharge needle is supported about 1 cm Second, the FAIMS is held at a dc offset voltage
from I;,, within an ionization chamber that is about 4 (Veaums), a@llowing a voltage difference to be estab
cm in diameter. The ionization chamber is flushed lished between the FAIMS unit and the sampler cone.

with purified gas (purge gas inP;,). This gas, Finally, a pulsed power supply is used to set the
combined with the carrier gas that enters the chamber sampler cone voltage (OR) in two possible states; one
throughl;,, exits through a purge gas oW () port. for storage of ions, and the second for extraction of

The FAIMS ion trap is operated with three electri- ions from FAIMS. In a typical experiment, the OR is
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Table 2

Summary of typical instrumental operating conditions of FAIMS-TOFMS for ion trapping experiments
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FAIMS conditions
lonization method
Discharge voltage
Discharge current
Inner electrode radius
Outer electrode radius
FAIMS dc offset: VEams
Inner electrode dc
Compensation voltage (CV):
Dispersion voltage (DV)
Asymmetric waveform frequency
Asymmetric waveform
Bath gas
Bath gas pressure
Sample compounds
Carrier gas in
Purge gas in

Interface conditions
Sampler cone (OR)
Sampler cone (OR) high
Sampler cone (OR) low
Time OR high
Time OR low
Skimmer cone
Interface vacuum

Octopole ion guide conditions
Frequency
Voltage
Octopole DC offset
Octopole AC setting
Octopole exit lens
Octopole vacuum chamber

TOFMS conditions
Acceleration high grid on
Acceleration low grid on
Acceleration high grid off
Acceleration low grid off
Acceleration pulse width
Flight tube offset
Multiplier acceleration
Multiplier
Vacuum chamber
Flight tube length
Acquisition average
lon peak width at 27us

System timing
Repeat frequency
Cycle time
Time A
Time B
Time C
Time D
Sampler cone control
TOFMS acceleration control

corona discharge
+5 kV
3.LA
1 mm
3 mm
+20 V
+17 V
-3V
—3500 V (P2 mode)
210 kHz
g DV sin (0) + g DV sin (20 — m/2)
nitrogen, purified
770 Torr (approx)
trace impurities
1.2 L/min
1.5 L/min

pulsed
+40 V
+1V

30 ms
10 ms
ov

0.7 Torr

1.2 MHz
+700 V
-4V

200n/z
—-55V

9 10 ° Torr

+1500 V
+450 V
-55V
-55V

5@s

oV
—5000 V
—-1800 V

X 10 ¢ Torr
62 cm

5000 cycles
0.2us

20 Hz

50 ms

0ms

40 ms

44.55 ms

44.60 ms
A-B time window
C-D time window
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+40 V for 30 ms during trapping of the ions and at
+1 V for 10 ms during ion extraction (i.e. with
Veavs T 20V, and CV—3 V). After the initiation
of the ion extraction by lowering OR, the cloud of

R. Guevremont et al./International Journal of Mass Spectrometry 193 (1999) 45-56

pulsed at a series of selected delay times relative to
the pulse applied to the sampler cone. At each delay
time, a mass spectrum, which was an average of a
minimum of 2000 repeat pulse sequences, was col-

ions, which was located near the terminus of the inner lected. In this way a series of TOFMS spectra, which
electrode, moves towards the orifice in the sampler cone, monitored the arrival time versus intensity profile of

as shown in the simulation illustrated in Fig. 3(c).

A pulse of ions from FAIMS enters the TOFMS
through a differentially pumped interface, and into a
custom-made octopole ion guide (ABB Extrel, Pitts-
burgh, PA, USA). The octopole ion guide is operated
at low pressure (X 10 ° Torr) so that the transit
time, and thus broadening of the pulse of ions inside
the octopole, is minimized. The ions pass from the

the ions relative to the application of the pulse applied
to the sampler cone, were acquired. If an assembly of
ions has been trapped at the spherical terminus of the
FAIMS inner electrode, the pulse of ions should be
characterized by the appearance of a strong, transient
signal, at some delay time after the sampler cone was
stepped to a low voltage. This signal would then
decay to a constant value that would be detected if the

octopole, through an exit lens, and into the accelera- sampler cone was held at the low voltage (e-d.V)

tion grids of the TOFMS. The acceleration region of
the TOFMS is composed of 3 fine mesh metal grids
(Buckbee Mears, St. Paul, MN). The grid, which is

state continuously. The trapping phenomenon was
further investigated by varying the time during which
the sampler cone was held in the high voltage state,

located closest to the flight tube, is held at constant thus varying the “trapping time.” The number of ions

ground potential. The other two grids [i.e., “high grid”

and “low grid” in Fig. 4(a)] are each connected to a
high voltage pulse generator (GRX-2.0K-H, Directed
Energy, Inc., CO). The grids are set at low and high

trapped should be a combination of an input flux of

ions (constant), and an ion loss mechanism wherein
(for example) the rate of loss is proportional to the

density of ions in the FAIMS ion trap. This kinetic

voltage states, controlled by external pulse generator evaluation of the ion storage in FAIMS is described in

digital logic. In the low voltage state, i.e:5.5 V, the
ions travel from the exit lens of the octopole ion guide

through the grids. The grids are then rapidly stepped

(less than 0.1us risetime) to high voltage, and held
constant for about 5@us. The acceleration region is

Sec. 5.4.

5. Results and discussion

designed so that the ions have energy (in part) dictated5.1. TOFMS and compensation voltage spectra

by their starting location between the two pulsed
acceleration grids. This difference in energy gives the
device a capability for “spatial” focusing, which
means that all of the ions with a givem'z regardless

of their starting position in this region, will reach the
detector simultaneously. Even with spatial focusing,
the linear TOFMS has limited resolution because the
ions (in this system) enter the acceleration region with
a range of kinetic energies.

4.2. Operation of the FAIMS ion trap—TOFMS

The FAIMS ion trap—TOFMS includes two pulsed

components, the sampler cone and the TOFMS accel-

eration grids. The TOFMS acceleration region was

Several preliminary experiments were conducted
to establish practical conditions that would demon-
strate ion trapping with FAIMS. Protonated water
cluster ions are easily detected when using a corona
discharge ionization source. However, these ions are
at very high density, and therefore would be expected
to either fill the ion trap too rapidly, or have lifetimes
too short for the present study. Therefore, higher mass
ions observed in P2 mode [19] were investigated. The
abundance of the high mass ions was low since they
were formed from trace impurities in the carrier gas.
As previously reported [19], P2 mode is much less
susceptible to contaminants than P1 mode, and the
lifetimes of these ions are expected to be maximized
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Fig. 5. Typical TOFMS spectrum of the ions used to evaluate the Fig. 6. Compensation voltage spectra of thkz380 ion. Repeat CV
FAIMS ion trap (DV —3500 V, CV =3 V, P2 mode). scans were collected using OR pulsed, or held constantl&tor
+1V.

since loss to the walls of the FAIMS device through
changes in chemical structure (e.g. changes in level of
hydration) would be minimized.

Fig. 5 illustrates an example of a FAIMS-TOFMS
spectrum acquired with DV*-3500 V and CV—-3.0
V. The mass-to-charge ratio of the trace contaminant 0 ) .
with a flight time of 27.0us [m/z 380 (+10)] was tal point in Fig. 6 was acquired by averaging the
determined using a calibration based on the flight spectra recorded from 5000 .repeat TOFMS accglera'
times of some lower mass ions including the proto- tI-OI’.l pulses. The CV Wa-s adjusted manually, using a
nated water cluster ions. Several impurity ions appear digital voItmet.er t.o m_onltor the applied voltage. The
in the spectrum, however only the ion of highest traces appearing in Fig. 6 correspond to three methods

abundance (flight time 27.us) was used in the for thg collectlgn of CV scans including: (.1) pulsed
OR with detection at 4.5 ms after the reduction of OR;
present study.

- . . continuous ion transport from FAIMS through to the
The mass spectrum in Fig. 5 is not a conventional i
. . : TOFMS with (2) OR of+15 V and (3) OR of+1 V.
API spectrum. The low mass ions, including proto- ) . . .
. . The CV corresponding to the maximum ion transmis-
nated water cluster ions, are conspicuously absent.

The spectrum in Fig. 5 was collected in P2 mode, and sion of them/z380 ion was comparable for these three
the low mass ions have been filtered out by FAIMS.

methods of data acquisition (C¥ —3 V).
Moreover, recall that only those ions with approxi-
mately the correct ratio d,/K can be transmitted at  5.2. lon transport delays within the ion optics of the
a particular combination of DV and CV; the spectrum FAIMS-TOFMS
in Fig. 5 therefore displays a small subset of the
mixture of ions delivered from the ionization chamber Fig. 7 illustrates the results of an experiment
into the FAIMS device. designed to determine the response time of the com-

The separation of ions in FAIMS is controlled by
CV [19]. The optimum CV of transmission of the/z
380 ion through FAIMS at a DV 0f-3500 V (P2
mode) was experimentally determined, and the results
shown in Fig. 6. The ion intensity at each experimen-
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sions with the residual gas, will remain contained
within the octopole.

The “up” voltage transition of OR from low to high
voltage occurs at time 0 ms in Fig. 7, and the time
required for the intensity of the TOFMS spectra to
reach a plateau is about 10 ms. At the low state of OR,
relatively few ions are located near the end of the
inner FAIMS electrode because an electric field pulls
the ions against the sampler coné-{,us + 20 V,

OR —10 V). When OR s raised tot15 V, the
relatively low density of ions which was located in
front of the terminus of the inner electrode of FAIMS

_ is augmented by newly arriving ions which have been
OR Step to +15V ORStepto-10V passing along the annular region of the FAIMS
cylinders. The ion density increases until ions pass to
the sampler cone, and through the orifice. From the
discussion of the down edge of the OR voltage pulse,
Fig. 7. Evaluation of the response time of the FAIMS-TOFMS. At it requires a minimum of 2 ms for changes in ion
t = 0, OR was pulsed te-15 V (start ion transmission), and at 30 density to be transmitted through the octopole. The
ms, OR was stepped 1010 V (stop ion transmission). remaining 8 ms delay is attributed to the increase of
ion density in the FAIMS trapping region.

lon Abundance (normalized)

AN

T T T T T T T
0 5 10 15 20 25 30 35

Delay Between OR and TOFMS Pulse (msec)

bined FAIMS ion trap-TOFMS system. The OR Was 5.3. Experimental verification of ion trapping in
stepped between two values, one which was suitable FAIMS
for ion transmission through the FAIMS and into the

vacuum system« 15 V), and a second voltage, which Fig. 8 shows the measured intensity of the ioiZ
was unsuitable for either trapping or ion transmission 380) collected at various times after the down transi-
(=10 V). Fig. 7 illustrates the TOFMS intensity of the 5, (t = 0) of the sampler cone. The sampler cone

m/z 380 ion at a series of times relative to the OR |55 pulsed from the high voltage state (GRA0 V)
transitions of both high to low, and low to high \yhich was suitable for ion trapping, to the low voltage
voltages. state (OR+ 1 V), thereby extracting ions from the
The “down” transition of OR occurs at 30 ms in FA|MS jon trap. The ions require about 5 ms to travel
Fig. 7. After this transition, the electric field will  through the system to the TOFMS acceleration re-
prevent any (positively charged) ions from passing gion. The pulse of ions is widened during passage,
between the sampler cone (GR—-10 V) and the  and appears to be about 3 ms wide (half-height) when
skimmer cone (0 V). This down transition should detected. This peak delay time, and peak width is
create an extremely abrupt decrease in ion flux to the consistent with the response times determined by the
octopole ion guide. Experimentally, the decrease in experiments described in Sec. 5.2, and shown in Fig.
ion density lasted about 2 ms. This delay is attributed 7. A more intense pulse of ions might be observed
to (1) the range of kinetic energies of the ions entering using a detection system with faster response.
the octopole and (2) reduction in the kinetic energies  Fig. 8 also includes two horizontal lines corre-
of some fraction of the ions through collisions with sponding to collection of continuous mode data at two
the residual gas within the octopole. Since the octo- different settings of OR. The lower intensity data was
pole is an ion guide, this longitudinal spreading will collected with OR= +1 V, which corresponds to the
be accentuated as ions, which have undergone colli- low state of OR when operating in pulsed mode. The
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— Pulsed Sampler Cone

lon Abundance (normalized)

Continuous +15 volts

/

/ L Continuous +1 volt

0 2 4 6 8 10 12 14 16
Delay (msec)

Fig. 8. TOFMS detection of the pulse of ion®/z 380) after a 40

ms ion storage period in FAIMS. At= 0, OR was stepped down
to +1 V to extract the trapped ions into the TOFMS. The
acceleration grids of the TOFMS were activated after the delay
times shown. The intensity of the/z 380 ion measured with
constant (no trapping) OR +1 and +15 V, is shown for
comparison.

higher intensity, horizontal trace, was collected at an
experimentally optimized setting of OR +15 V.
The enhanced signal intensity at OR15 V has been
determined [25] to be the result of “focusing” of ions
into the orifice of the sampler cone by the cylindrical
inner electrode of FAIMS. lon trajectory modeling

144 CV -3 volts

o

CV -3.5 volts

CV -4.0 volts

lon Intensity (arbitrary units)

lon Storage Time (msec)

Fig. 9. Intensity of the pulse of ionsn(z380) extracted from the
FAIMS ion trap after ion trapping periods of duration up to 60 ms.
The solid traces are least squares fits to the data based on a simple
kinetic model of the trappingZ(t) = (X/k)(1 — e Y.

intensity of the pulse of ions extracted from the
trapping zone near the end of the inner FAIMS
electrode. The intensity of the TOFMS peak for the
ion atm/z380 is plotted as a function of the storage
period in Fig. 9, at Cv= —3, —3.5, and—4 V. The
pulses applied to the sampler cone consisted of a
variable period at high voltage (OR +40 V) during
which ions were trapped in FAIMS, and a constant
time (10 ms) at low voltage (OR= +1 V) to extract
ions from FAIMS. The ion storage time appears on
the x axis of Fig. 9. The signal intensity for tha/z
380 ion was measured by pulsing the TOFMS accel-
eration grids 4.5 ms after OR was lowered. At each of

has shown that the ions passing around the sphericalthe Cvs shown in Fig. 9, the ion intensity rises for

terminus of the inner electrode will be focused to-

over 30 ms. At times in excess of 30 ms, the trap has

wards the center channel as they pass by the end of thereached a steady state, wherein the influx of ions via

electrode, with a concomitant increase in sensitivity.

the gas flow is balanced by ion losses through

For the purposes of establishing the existence of a gjffusion, ion-ion repulsion and gas flows.

cloud of trapped ions in a region near the spherical
terminus of the inner FAIMS electrode, the results
shown in Fig. 8 are unambiguous. If the cloud did not
exist, there could be no high intensity pulse of ions
extracted after an ion storage period.

5.4. lon storage time

An experiment was performed to determine the
effect of the length of the ion storage period on the

The trapping experiment can be considered to be a
kinetics problem. The influx of ions iX ions/s. The
loss of ions,Y ions/s, is proportional to the number of
ions in the trap. The increase in the number of ions in
the trap,Z ions total, will continue until steady state is
reached anK = Y = kZ, wherek is the rate con-
stant for the function describing the rate of ion loss
from the trap. At a short delay timé,is small anckZ
is small. It therefore can be assumed tFat Xt
wheret is the time. The solution to the differential
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equation dz/dt = X — kZ is Z(t) = (X/IK)(1 —
e " + Z,e ¥ whereZ, is the ion intensity present
in the trap att = 0. The solid curves in Fig. 9 are
based on the values of andk, which were deter-
mined from a fit to the data points. Tlkevalues were
0.13, 0.15, and 0.09 m$ for the CV curves—3,
—3.5, and—4 V, respectively. The lifetimes (half-
life) of the ions in the trap are therefore about 5 ms
near CV—3.5 V and about 8 ms at C¥4 V. The
correspondingX values were 1.7, 1.6, and 0.35
(intensity/ms), respectively.

The two most important indicators of the three
dimensional trapping of ions in the FAIMS ion trap

have been demonstrated: first, the existence of a pulse

of ions detected via extraction from the trap, and
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