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Abstract

High-field asymmetric waveform ion mobility spectrometry (FAIMS) separates ions by application of a high-voltage
asymmetric waveform to closely spaced electrodes such that ions experience (transient) electric fields that are sufficiently high
that the mobility deviates from its low field limit. We describe the use of FAIMS to determine the mobility of the chloride ion,
m/z235, at;760 Torr and;300 K in fields up to;65 Td. The high-field mobility of chloride was determined from FAIMS
data using linear and nonlinear least squares techniques, and was found to agree well with published values of mobility
determined by drift tube systems up to 50 Td. (Int J Mass Spectrom 197 (2000) 123–130) © 2000 Elsevier Science B.V.
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1. Introduction

Ion mobility spectrometry (IMS) has become an
important technique for the analysis of many com-
pounds, due to high sensitivity, amenability to minia-
turization, and ruggedness in operation. A conven-
tional IMS provides ion mobility values in the limit of
low E/N, the ratio of the electric field strength (E) to
the gas number density (N). Most commercial IMS
systems are not designed to operate at higherE/N
values in which the ion mobility deviates measurably
from the low-field limit.

The dependence of ion mobility onE/N provides

important information about the ion-neutral interac-
tion potential. To obtain such information, IMS tech-
niques have recently been extended [1–4] to incorpo-
rate a pair of cylindrical plates creating a nonuniform
electric field that can operate at highE/N, and a
transverse, variable electric field to achieve separation
of the ions. This technique is referred to as high-field
asymmetric waveform ion mobility spectrometry or
FAIMS. Recently, a FAIMS device was characterized
using mass spectrometric detection (FAIMS-MS) [2].

2. Instrumentation

Electrospray ionization-FAIMS-mass spectrome-
try (ESI-FAIMS-MS) experiments were performed
using a PE Sciex API 300 triple quadrupole mass
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spectrometer (PE Sciex, Concord, ON). A three-
dimensional view of the ESI-FAIMS-MS instrument
used in this study is shown in Fig. 1 and in cross
section in Fig. 2. Ions were transferred to the vacuum
chamber of the mass spectrometer through a “sampler
cone” placed at the end of the FAIMS analyzer at a
45 ° angle relative to the axis of the FAIMS cylinders.
(For clarity, the ESI-FAIMS-MS shown schemati-

cally in Fig. 1 shows the ions exiting the FAIMS at a
90° angle.) The diameter of the orifice in the sampler
cone was;260 mm.

The FAIMS ion filter shown in Fig. 1 was com-
posed of two inner cylinders, which were axially
aligned and positioned;5 mm apart, and an outer
cylinder that surrounded the two inner cylinders [2].
The outer cylinder and the short inner cylinder of the

Fig. 1. Three-dimensional schematic of the ESI-FAIMS-MS system. Gaseous chloride ions are generated in the short inner cylinder via
electrospray ionization of a dilute methanolic solution of NaCl.

Fig. 2. Cross section of the ESI-FAIMS-MS system. The gas flows are adjusted such that a portion of the “Carrier In” flow acts as a “curtain”
gas to assist in ion desolvation and to prevent contamination of the analyzer region.
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FAIMS instrument were held at the same electrical
potential. The long inner cylinder had a high fre-
quency (210 kHz), high voltage (up to 4950 Vp-p),
asymmetric waveform applied to it, thereby establish-
ing the electric field between the inner and outer
tubes. The peak voltage during this waveform is
called the “dispersion voltage” (D). In addition to this
high frequency waveform, a low dc voltage, called the
“compensation voltage” (C) was also applied to the
long inner cylinder.

The electrospray needle was placed on the center
axis of the short inner cylinder, terminating;5 mm
short of the gap between the two inner cylinders. ESI
generated ions were driven radially outward by the
electric field to the analyzer region through the 5 mm
gap between the two inner cylinders. For the genera-
tion of chloride ions, the electrospray needle was held
at ; 21950 V, giving an electrospray current of
; 245 nA.

Gas connections to the FAIMS system are also
shown in Figs. 1 and 2. Compressed air was passed
through a gas purification cylinder (charcoal/molecu-
lar sieve) and introduced into the FAIMS device. Gas
entered through the Carrier In (Cin) port, and exited
via the Carrier Out (Cout) and Sample Out (Sout) ports.
All three flows could be adjusted independently. In
this study, the gas was introduced through Cin at a
flow rate of 5 L/min. The gas exited through Sout at 1
L/min and through Cout at 4 L/min. A fraction of the
input flow, directed radially inward through the 5 mm
gap between the inner cylinders, shown in Fig. 2,
acted as a curtain gas. While the ions formed by ESI
were driven radially outward through the gap by the
electric field, the curtain gas prevented neutrals from
entering the annular analyzer region. The curtain gas
is particularly important for FAIMS separation of low
mass ions (whose mobilities increase at high field)
because the separation of these ions is very suscepti-
ble to the effects of carrier gas contamination [2,4].
The curtain gas portion of the input flow, along with
the neutrals, exited the FAIMS device via Sout. The
remainder of the gas flow carried the electrospray ions
along the length of the annular space between the
outer cylinder and the long inner cylinder.

The mass spectrometer orifice was electrically

insulated from the FAIMS device and a separate
voltage of224 V was applied to it. An offset voltage
of 249 V was applied to the entire FAIMS unit to
enhance the sensitivity of the FAIMS-MS.

The pressure in the FAIMS system was measured
using a MKS Baratron Model 170M-6B and pressure
sensing head type 3TOBJ-1000 connected to the
Sample In (Sin) port (MKS Instruments, Boulder,
CO). There was no gas flow through the Sin port in
this study. The reference inlet to the differential
pressure sensing head was at atmospheric pressure.
Atmospheric pressure was measured with a mercury
barometer.

3. Results and discussion

3.1. The ideal square wave asymmetric waveform

The principles of operation of FAIMS have been
described by Buryakov et al. [5] for a device consist-
ing of two parallel plates, with one kept at ground
potential while an asymmetric waveform was applied
to the other. The waveformV(t) was composed of a
brief high voltage component lasting for timethigh,
and a low voltage component of opposite polarity
lasting for a longer period of timet low. The integrated
voltage-time product of one complete cycle of the
waveform was equal to zero.

An anion (e.g., chloride ion) that is transported by
a gas stream between the two parallel plates will
oscillate between the plates as illustrated in Fig. 3.
During the high-field portion of the waveformV(t)
the field will cause the ion to move with velocity

vhigh 5 K0Ehigh (1)

whereEhigh is the applied field andK0 is the high-field
ion mobility. The distance traveled by the ion during
application of the field is

dhigh 5 vhighthigh 5 K0Ehighthigh (2)

Similarly the ion travels a distance of

dlow 5 vlowt low 5 K0
(low)Elowt low (3)
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during the longer portion of the waveform at which
time the opposite polarity electric field is weak
enough that the ion mobilityK0

(low) is closer to its
zero-field limiting valueK0

(0). If Ehigh is sufficiently
strong such thatK0 is appreciably higher thanK0

(low),
the distance traveled by the ion duringthigh is then
greater than the distance traveled duringt low. The ion,
therefore, experiences a net displacement toward the
lower plate as illustrated by the dashed line in Fig. 3.

If a negative ion such as chloride experiences a net
migration way from the upper plate, a constant posi-
tive dc voltage may be applied to this plate to reverse
or “compensate” for the drift so that the ion has no net
motion toward either plate. This dc voltage is referred
to as the compensation voltage (C). If two ionic
species respond differently to the applied electric field
(i.e., theirK0 to K0

(low) ratios are not identical) theC
required to prevent their drift toward either plate will
also differ, thereby allowing selective transport of one
ion over the other.

At theC andD of optimum transmission of an ion,
the magnitude of the distancesdhigh and dlow de-
scribed by Eqs. (2) and (3) will be equal. The ratio of
K0 to K0

(low) can therefore be determined from the
electric fields and the time periods of the asymmetric
waveform. If during the high and low voltage portion

of V(t), the mobility is K0 and K0
(low), respectively,

then:

K0

K0
(low) 5

D 2 C~t low/thigh!

D 1 C
(4)

whereC andD correspond to conditions of maximum
ion transmission. For chloride ions,D is negative and
C is positive, and the ratio described by Eq. (4) is.1.

Some analysis of Eq. (4) is necessary to evaluate
the possible use of a square wave asymmetric wave-
form in the FAIMS apparatus for determination of the
ratio of high- to low-field mobility of an ion. The
conditions of large and small ratios oft low to thigh are
quite distinct.

A large ratio of t low to thigh would seem, intu-
itively, to maximize the difference in electric field
conditions during the high- and low-field portions of
the square-wave asymmetric waveform, making
K0

(low) equal toK0
(0) and maximizing the difference

betweenK0 and K0
(0). Unfortunately, Eq. (4) also

suggests that increasing the ratio oft low to thigh has the
undesirable side effect of decreasing the experimen-
tally observed compensation voltageC.

A small ratio of tlow to thigh (i.e., ratio of t low to
thigh approaches 1:1) means that the high and low
voltage periods of the waveform converge to equal
voltage, and therefore the value ofK0

(low) approaches
K0 rather thanK0

(0). Since the difference in mobility
between the high- and low-voltage periods of the
waveform disappears, the experimentally measuredC
approaches zero. The highestC that is experimentally
observed falls between these extremes of large and
small ratio oft low to thigh. Numerical modeling of the
ion trajectory indicates the maximum measured com-
pensation voltage occurs when thet low to thigh ratio is
;2:1.

3.2. Transient effects

The previous section ignored the effects that will
occur during the time it takes for the ion to respond to
the idealized square-wave asymmetric waveform. The
equations assumed that the ion has reached “steady
state” drift velocity immediately after the abrupt

Fig. 3. Motion of a negatively charged ion in a flat-plate FAIMS
during application of a hypothetical asymmetric square wave
having low and high voltage time periodst low andthigh, with a ratio
t low/thigh of ;4. The peak voltageD is approximately23000 V,
with plate spacing;2 mm. The motion of a negative ion whose
mobility increases at high electric field is illustrated by the dashed
line.
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change in the applied electric field. Fortunately, ve-
locity and energy relaxation of ions in drift tubes has
been studied by Lin et al. [6] in the context of
“ping-pong” experiments [7,8]. This theory showed
that, to first order, the time for reaching terminal
velocity could be neglected ift is small relative to the
total drift time t. This ratio of t/t can be estimated
using:

2mvd

qEt
5

2mK

qt
§

t

t
(5)

where m and q are the ion mass and charge. Long
after the transients have died out and the electric field
intensity has stabilized atE, the ion drift velocity,vd,
is related to the ion mobilityK by

vd 5 KE 5 N0K0~E/N! (6)

whereN0 is Loschmidt’s constant, the number density
of a gas at STP. A worst case estimate of the
relaxation time may be calculated by choosingq 5
1.6023 10219 C, m 5 1 3 10226 kg, K 5 3
cm2/V s, which gives

t < 4 3 10211 s (7)

Since the field reversals in a FAIMS experiment occur
within a time frame of 1–20ms, the relaxation time is
sufficiently short that the fractional error due to the
neglect of transients can be ignored.

3.3. The actual asymmetric waveform

The constraints placed on power consumption of
the electronic circuitry force existing FAIMS instru-
ments to operate using waveforms synthesized by
summation of a sine (or cosine) wave and a harmonic,
rather than the ideal square-wave asymmetric wave-
form described above. The total electric field as a
function of time at a location equidistant between the
plates is approximated by:

E~t! 5
3C 1 2D sin~vt! 1 D sin~2vt 2 p/ 2!

3d
(8)

whered is the distance between the cylindrical plates,
C is the compensation voltage,D is the dispersion
high voltage, andv is the angular frequency.

During application of the waveform the mobility of
the ion responds to the changing electric fields, when
E/N is not too large andN is constant, as:

K0~t! 5 K0
~0! O

k50

`

ckE
2k~t! (9)

wherec0 5 1. We letu 5 vt and note that the drift
velocity is the product of the ion mobility and the
electric field. Therefore the criterion that the ions
experience no net motion during one full cycle of the
waveform reduces to the requirement that

O
k50

`

ck E
0

2p

E2k11~u ! du 5 0 (10)

Note that it is this criterion of no net ionic motion that
justifies, to first order, the neglect in Eq. (8) of a
possible dependence of the electric field on radial
location.

It can be shown from Eq. (8) that Eq. (10) is
equivalent to the requirement that

O
k50

` ck

d2k O
l50

2k11

GlS2k 1 1
l DC2k112lDl 5 0 (11)

where the parentheses represent a binomial coefficient
and where

Gl 5
1

3l O
m50

l

~21! l2m2mS l
mD O

n50

m9 1

2m1n Sm
nD

z S m 1 n
~m 1 n!/ 2D (12)

The prime in this equation indicates that the only
terms retained in the sum havem 1 n even.

3.4. Power series for the mobility

Use of Eq. (11) involves the least-squares deter-
mination of the coefficientsck for systematically
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larger values ofk. It is analogous therefore, to using
equation-of-state data to determine successively
higher virial coefficients. To illustrate this method,
we will consider experimental results for35Cl2 ions
in air (pressure of 760 Torr, temperature of 300 K,
and number density of 2.453 1019 cm23) obtained
with an annular space ofd 5 2.0 mm in the FAIMS
apparatus. The valueC of the compensation volt-
age needed to prevent ion motion at each valueD of
the high-voltage portion of the asymmetric wave-
form is given in Table 1, along with the maximum
value of the reduced field strengthE/N obtained

from Eq. (8) and the known number density of the
gas.

If we keep only thek # 2 terms in Eq. (11), we can
rearrange the resulting equation as

y 5 c1 1 mc2 (13)

with

y 5
2Cd2

C3 1
5
6

CD2 1
1
9

D3
(14)

and

m 5
C5 1 ~25/9!C3D2 1 ~10/9!C2D3 1 ~55/72!CD4 1 ~55/486! D5

d2~C3 1 ~5/6!CD2 1 ~1/9! D3!
(15)

A linear least-squares fit can be used to estimatec1

and c2. In practice, however, the results depend
sensitively upon whether all or only a subset of the
data in Table 1 is analyzed. This is because of the
limited number of significant figures available forC at
low D and because of the influence of terms withk .

2 in Eq. (11) at highD. Consequently, low and high
D values are systematically removed until a situation
is reached where the least-squares fit gives a mini-
mum 95% confidence interval for the intercept. In this
case data fromD 5 2900 to 23100 V gavec1 5

(1.87 6 0.09) 3 1025 (cm/V)2.
To obtainc2, the terms withk # 3 are retained in

Eq. (11), and it is assumed thatc1 has the value just
determined. The equation is rearranged such thatc2 is
the intercept of a linear least-squares plot while lowD
and highD values are again systematically removed
to minimize the 95% confidence interval for the
intercept. This approach gavec2 5 (6.44 6

0.46) 3 1029 (cm/V)4. Repeating this process a
third time gave c3 5 (23.80 6 4.45) 3 10213

(cm/V)6. The high uncertainty associated with this
value indicates that it would be pointless to proceed to
higherk values in Eq. (11).

Fig. 4 shows a comparison between the ESI-
FAIMS-MS values (dashed curves) obtained in the

Table 1
ESI-FAIMS-MS data for35Cl2 ions in air

D (V) C (V)
Maximum
E/N (Td) D (V) C (V)

Maximum
E/N (Td)

0 20.03 0.00 21700 5.80 34.60
2500 0.04 10.21 21800 7.20 36.62
2600 0.11 12.25 21900 8.80 38.63
2700 0.25 14.29 22000 10.60 40.63
2800 0.50 16.33 22100 13.00 42.63
2900 0.67 18.37 22200 15.60 44.62
21000 1.00 20.40 22300 18.70 46.60
21100 1.36 22.44 22500 25.20 50.55
21200 1.78 24.47 22700 34.00 54.45
21300 2.33 26.50 22900 42.50 58.36
21400 3.00 28.53 23100 52.40 62.25
21500 3.75 30.56 23300 61.20 66.15
21600 4.70 32.58
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manner just described, with successively higherk
terms retained in Eq. (11), and the values (squares) of
the mobility of chloride ions in air at 295.5 K obtained
by conventional drift-tube methods [9]. The agree-
ment with k 5 3 is excellent up to 50 Td, i.e.,
approximately the highestE/N value probed by the
FAIMS experiments. However, it must be noted that
when using the coefficientsck in Eq. (9) to obtainK0,
it was necessary to assume that the zero-field mobility
had the value 2.875 cm2/V s. Although it is possible in
principle to obtainK0

(0) from an ESI-FAIMS-MS
experiment with a real asymmetric waveform (but not
an ideal one! [10]), accurate values are unlikely to be
realized unless more data is taken at lowD values and
unless the correspondingC values can be determined
with higher precision.

3.5. Nonlinear functional form for the mobility

An alternative way to analyze the FAIMS data is to
match it to a nonlinear functional form for the

mobility, one that applies to higherE/N than the
power series expansion presented above, even if it is
not as theoretically well-founded. Although it has not
been used much in recent years, such a functional
form does exist [11,12]. It is

K0SE

ND 5 K0
~0!F1 1 b1SE

ND
2G1/4

3 F1 1 b2SE

ND
2

1 b3SE

ND
4G21/4

3 F1 1 a1SE

ND
2

1 a2SE

ND
4G21/8

(16)

The criterion that the ions will experience no net
motion during one full cycle of the FAIMS waveform
is that

E
0

2p

K0@E~u !#E~u ! du 5 0 (17)

where the electric field is given by Eq. (8) and where
E(u ) is used as the argument in Eq. (16) rather than
E/N. The nonlinear least-squares problem is to choose
the five parameters in Eq. (16) so that

S0 § O
i
E

0

2p

K0@Ei~u !#Ei~u ! du (18)

has a minimum value; the subscripti on the electric
field indicates that a particular pair of experimental
values are used forC andD in Eq. (8). The necessary
five nonlinear equations are obtained by differentiat-
ing Eq. (18) with respect to each of the five unknowns
successively, and setting the partial derivatives equal
to zero. A computer program (Fortran-90, Visual
Basic) has been written to implement this nonlinear,
least-squares procedure and was used to analyze the
data in Table 1. To six significant figures, the param-
eters of Eq. (16) obtained in this way are given in
Table 2. The mobilities obtained by using these
parameters in Eq. (16) are shown in Fig. 4 (solid line)
to be in excellent agreement with both the values from
Ref. 9 and with the values obtained by assuming a
power series expansion forK0.

Fig. 4. Mobilities, K0 in cm2/V s as a function of the reduced
electric field strength,E/N in Td, for 35Cl2 in air at 300 K and 760
Torr. The solid curve is obtained using a nonlinear function forK0

(E/N) and adjusting the parameters to match the FAIMS data. The
dashed curves were obtained from the FAIMS data using an
expansion ofK0 in powers of (E/N)2, truncated to the number of
coefficientsck indicated by the label on the curve. The points are
values from Ref. 9 that were obtained by conventional drift-tube
techniques.
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4. Summary

The ESI-FAIMS-MS apparatus has been demon-
strated to be an accurate way of determining the
high-field mobility of ions in gases. Although it uses
atmospheric pressure gases rather than the low pressures
used in conventional drift tubes, theE/N range covered
by this apparatus reaches to at least 50 Td. Moreover,
mobility data can be obtained quickly for a wide array of
ions because the apparatus is easily coupled to a corona
discharge or electrospray ion source and because a mass
spectrometer can be used as the ion detector.
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