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Abstract A micro Planar high-Field Asymmetric waveform Ion Mobility
Spectrometer (P-FAIMS) operating at ambient pressure and temperature has been
simulated using COMSOL Multiphysics software. P-FAIMS is based on ion gas-
phase separation due to the dependence of ion mobility with electric field. Ions are
selected by a DC voltage characteristic of each ion kind. Physics of ion behaviour in
high electric fields conditions is well known but not the chemistry behind ion reac-
tions and kinetics. The aim of this work is the modelling of different kind of ions in a
P-FAIMS having account of the main factors involved in their movement in the drift
tube. Simulations of vapour phase ions of three compounds have been studied for
different values of drift electric field amplitude to gas number density (E/N ) ratio:
protonated water clusters H+(H2O)n and O−

2 (H2O)n ions obtained in air, and a chem-
ical warfare agent simulant DMMPH+ that emulates gas sarin. Ions were selected due
to simulation needs of experimental data of the main quantities involved in the defini-
tion of ions mobilities. Results show that simulations of ions behaviour in a P-FAIMS
are possible with COMSOL Multiphysics software and that the time and intensity at
which ions are detected are in good agreement with experimental data from literature.
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Fig. 1 Diagrams of ions and electric field E application in (a) conventional and (b) differential IMS

1 Introduction

Ion Mobility Spectrometry (IMS) is an analytical technique based on ion separation
in gaseous phase due to an electric field. The science and technology of IMS has
been developing rapidly over the last decades and now branches in two subfields:
conventional and differential IMS. The fundamental distinction between them is in
the physical quantity underlying the separation (the separation parameter):

(1) Conventional IMS includes methods based on the different mobility values of
ions and uses electric fields (E) on the same direction that ions displacement
(shown in Fig. 1), so that ions entering at the same time are separated according
to their mobility reaching the detector at different times [1].

(2) Differential IMS uses an E field perpendicular to ions displacement to sepa-
rate and select them (shown in Fig. 1). This is allowed taking advantage of
the slightly dependence of the ion mobility with strong fields. Using an ade-
quate AC E field the ions are displaced of their main path depending of their
mobility dependence to the E field, and only one type can reach the detec-
tor [2–4]. Due to the novelty of this technique, it has received multiplicity of
names, as is common for emerging technologies, but the prevailing one today
is (high) Field Asymmetric waveform IMS (FAIMS), indicating the imple-
mentation of a strong time-dependent electric field as a periodic asymmetric
waveform.

FAIMS technology uses two main electrodes configurations: cylindrical or planar.
In this work we focus on the planar configuration as it is going to be easier to fabricate
the device once simulated.

2 Theory

2.1 Ion dynamics

Ions moving in a gas-phase medium and in presence of an electric field E , are accel-
erated due to coulomb forces and slowed due to collisions with molecules of the gas
medium. As a result, the ions move in average at a constant velocity v, proportional
to the electric field and in the same direction [5].
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The proportional factor is call mobility, K , and usually is expressed in cm2/V s:

K = v/E (1)

And also, ion mobilities depend on E/N , where N is the number density (the num-
ber of molecules per unit volume), as it was demonstrated in the earliest studies of ions
in gases at the beginning of 20th century [6]. The parameter E/N was introduced due
to the need to extend the comparison of results. E/N is expressed in V cm2, but for
convenience, it was resolved to adopt the unit Townsend: 1 Td = 10−21 V m2 [7,8].

Mobility is usually considered constant in front of E . That can be assumed as
true for almost all the practice cases, particularly in the design of conventional IMS.
However, for high values of E, K varies.

The mobility (K ) and the diffusion coefficient (D) of an ion are connected by the
Nernst-Townsend-Einstein relationship [5]:

K = Dq

kB T
(2)

where q is the ion charge, kB is the Boltzmann constant, and T is the gas temperature.
A molecule will diffuse differently in different media; hence D is a property of

the pair of diffusing and media molecules. For diffusion in gases, D is determined by
[5]:

D = 3

16

(
2πkB T

μ

)1/2 1

N�
(3)

where N is the number density (the number of molecules per unit volume), μ =
m M/(m + M) is the reduced mass of the pair of diffusing ion and carrier gas mol-
ecule (with respective masses of m and M), and � is the collision cross section (the
first-order binary collision integral of the pair ion-neutral, from an infinite number of
collision integrals defined in the transport theory).

Hence, the mobility of an ion also depends on �, according to the theory of
Chapman-Enskog, we obtain the Mason-Champ equation:

K = 3

16

(
2π

μkB T

)1/2 ze

N�
(4)

Equations 2 and 4 apply only for low E/N and need amendments at higher E/N .
The mobility of an ion under the effects of high electrical fields can be expressed
empirically by [5]:

K

(
E

N

)
= K (0)

[
1 + α

(
E

N

)]
(5)

where K (0) = K (E)|E=0 is the mobility of the ion for a low electrical field as
defined by Eq. 4. The function α(E/N ) takes account of the dependence of the
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ion mobility with the electrical field for a constant gas density, at ambient pres-
sure and temperature. The term, α(E/N ) can be negative, positive or null for an
ion (indifferently of its polarity), and it describes the slope and the direction of the
graph of K (E) as a function of E/N [9], as shown in Fig. 2. For physical reasons
K (E/N ) must be always positive (K > 0). That means that in any case alpha must
be greater than −1. The experimental data gives values of alpha in the range [−0,01,
+0,30].

When the electrical field exceeds the ∼10.000 V/cm (equivalent to 40 Td for
N = 2.687×1025 m−3) the coefficient of mobility of some ions is increased, reduced
or is kept unchanged. At present there is no model that explains correctly the depen-
dence of the coefficient of mobility with the electrical field, there are only certain
models of hypotheses that are based in the equation of Mason Schamp (4).

The approximation for the function α(E/N ) corresponds to a Taylor’s series, where
for its definition it has to accomplish that it is equal to 0 for low E , and that it has to
have the same value for E than for −E , so the terms of odd powers have to be zero,

Fig. 2 Plots of alpha parameter related to the electric field drift to gas number density ratio. Top frame is
for monomers and bottom frame is for dimers of some compounds: 2-propanone or acetone (Ac), 2,4,6-tri-
nitrotoluene (TNT) and dimethylmethyl phosphonate (DMMP) that emulates the gas sarin
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or almost their sum. K (E/N ) expanded into infinite series of powers of E/N , since
only even powers may be present:

K

(
E

N

)
= K (0)

(
1 +

∞∑
n=1

α2n ·
(

E

N

)2n
)

= K (0)

[
1 + α2 ·

(
E

N

)2

+ α4 ·
(

E

N

)4

+ · · ·
]

(6)

where experimental measurements have shown that α2 is three to five orders of mag-
nitude smaller than one and α4 is two orders of magnitude smaller than α2. So, in
practice, with only two factors is enough to calculate the dependence of the mobility
with the electric field.

All α2n values may be positive and/or negative depending on the ion-neutral poten-
tial � among other factors. However, none is null and α(E/N ) is never exactly zero,
though can be near-zero over a broad range of E/N . The n coefficients could, in
principle, be derived [5] from higher-order collision integrals of � using elaborated
formalisms that will not be reported here.

2.2 Optimum FAIMS separation

In conventional IMS, different species have different v and are separated by the mobil-
ity coefficient [5]:

v = K E (7)

Ions in a fixed E have a constant v and the displacement d is proportional to time:

d = K Et (8)

For high electric fields in differential IMS, v and d only depends on mobility on
y-axe, for x-axe v and d depend only of the drift gas flow, normally air or N2:

vy (t) = K

(
E (t)

N

)
E (t) = ∂y

∂t
(9)

dy∫
d0

dy =
t∫

0

K

(
E (t)

N

)
E (t) dt (10)

dy = K (0) · N ×
⎡
⎣ 1

N

t∫
0

E (t) dt + α2

N 3

t∫
0

E3 (t) dt + α4

N 5

t∫
0

E5 (t) dt

⎤
⎦ (11)

The first term of Eq. 11 does not take account of the differences of mobility due
to electric field for the different ions and experimentally it is know that α2 and α4 are
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smaller than 1 [5,10]. So, the only way to take advantage of the dependence of K with
E is that the integral of E along t must be zero but not so E3 and E5. That implies an
asymmetric AC voltage.

Our focus will be on the form of E(t), so it is convenient to normalize [11–13]:

E (t) = ED F (t) (12)

where ED is the amplitude of E(t) also called dispersion field, and F(t) defines the
profile.

To measure the difference between K at two values of E , one must send ions on
paths where, for a period tC of the asymmetric AC voltage, the first but not the second
or the third term on the right hand side of Eq. 11 cancels. To nullify the first term,
F(t) in the range 0 to tC , must nullify [11–13]:

tC∫
0

F (t) dt = 0 (13)

Equation 13 is trivially met when F+(t) = −F−(t + const), an harmonic with tC
period is one example. Formally, at least some odd momenta of F+(t) and F−(t) must
be unequal [10], i.e.:

〈
F2n+1

〉 = 1

tC

tC∫
0

F2n+1 (t) dt �= 0 (14)

for at least one integer n ≥ 1. The value of n that controls the separation in some
regime is the separation order. FAIMS must be viewed as a differential IMS employ-
ing primarily n = 1 [10,12], while higher-order methods based on n ≥ 2 were
recently conceptualized [11–13]. The quantity 〈F2n+1〉 characterizing the asymmetry
of a particular waveform profile is called the form-factor of order n.

An F(t) that meets Eqs. 13 and 14 comprises two rectangular fragments [14–16].
But this waveform does not consider engineering aspects. An exact rectangular profile
cannot be implemented with electrical circuitry. All commercial and most research
instruments thus far have used F(t) based on harmonics: bisinuoidal, clipped-sinu-
soidal forms, etc.

In this work, we focus on bisinusoidal F(t), that is a sinusoidal plus its second
overtone phase-shifted by 90◦C.

F (t) = 1

f + 1

[
f sin (wt) + sin

(
2wt − π

2

)]
(15)

where w = 2π/tC and f is the ratio of amplitudes of first and second harmonics vary-
ing from 0 to ∞. Both f = 0 and f = ∞ converts Eq. 15 to a symmetric sinusoid.
Being fopt = 2 [3,10]. In Fig. 3 the waveforms generated by Eq. 15 for some values
of f are shown.
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Fig. 3 Bisinusoidal waveforms by Eq. 15 with f = 0.5, 1, 2, 3, 4 and 6

2.3 FAIMS filtering using compensation field

The FAIMS filtering is allowed when �d 	 dmax, where �d is the displacement over
one oscillation and dmax is the maximum (accumulative) displacement at the end of
the FAIMS electrodes. That implies that the gap g between electrodes has to accom-
plish �d < g 	 dmax. If an E(t) is applied between to plates separated by a gap g
and ionic species are placed inside, species with d = 0 will remain balanced (oscil-
lating around initial positions) whereas the others will drift to one of the boundaries
and be destroyed by neutralization. Such device will filter only the ions with d = 0,
but we can superpose on E(t) a DC voltage or ‘compensation voltage’ of intensity
field EC that during the period tC of the asymmetric AC voltage, displaces the ions
by:

dC =
tC∫

0

K [E (t) + EC ] EC dt (16)

For a particular K (E)—a particular ion–, one can tune EC to achieve dC = −d
being the ion is stable in the gap (Fig. 4). The trajectories of ions with unequal K (E)

will also change, but the dC and d values will differ and those ions will still migrate
towards their destruction at gap boundaries. Hence, in principle, any species can be
uniquely selected using a proper EC value, and a scanning on EC would produce the
spectrum of present species.
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Fig. 4 Schematic of a drift channel defined by P-FAIMS and detector electrodes. Ion paths are schema-
tized under the influence of AC (VD) and DC (VC ) fields for the filtering region and the detector fields for
detection region

2.4 Experimental data

The absolute mobility scale enabling comparisons between IMS data at different N is
established by introducing the reduced mobility:

K0 = K
P

P0

T0

T
= K

N

N0
(17)

where the mobility is normalized to pressure P and temperature T for the value for
standard conditions for temperature and pressure (STP): T0 = 298 K and P0 = 760
Torr; or to the gas number density (the number of molecules per unit volume), for the
value of the Loschmidt constant: N0 = 2.687 × 1025 m−3.

Simulations have been done with experimental data available at the literature
[12,17], and the main properties needed: K (0), α2 and α4, are summarized in Table 1.

3 Two dimensional modelling for Planar-FAIMS

3.1 Model definition

COMSOL Multiphysics software is used to simulate the behaviour of three
different compound ions in a P-FAIMS. The software takes into account nonlinear
combined effects of different forces and concentration gradients. Created model com-
bines fluid dynamics and electric field which have been found to be the most sig-
nificant effects. Other effects such as electric repulsion in ion cloud due to space

Table 1 Parameters used in simulations for studied compounds [12,17]

Chemical Ion acronym K (0) α2

(
Td−2

)
α4

(
Td−4

)
(

10−4m2 V−1 s−1
)

Positive reactant ion H+ (H2O) 2.34 1.78 × 10−5 −4.91 × 10−10

Negative reactant ion O−
2 (H2O) 2.13 1.93 × 10−5 −4.30 × 10−10

Dimethyl methylphosphonate DMMPH+ 1.94 5.09 × 10−6 −1.58 × 10−10
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charge have been found to be considerably less significant (for the low concentration
level simulated, 1ppm) and thus were not included in the simulations presented
[18].

Model assumptions are summarized in Fig. 5. Drift gas velocity in the P-FAIMS
gap has been calculated using the Navier-Stokes module for air. Electric potentials
applied to the P-FAIMS and detector electrodes are calculated using the conductive
media DC module and, the movement of ions are calculated with electrokinetic flow
module, which takes into account of ions behaviour.

A 2D approximation of Fig. 4 is done considering that all the effects do not vary
along the electrodes width l. Simulations are done considering two electrode regions
as shown in Fig. 4: (1) P-FAIMS or filtering electrodes where the AC and DC voltages
needed to filter the different ionic species are applied, of 13 × 5 mm2 separated by 0.5
mm gap, (2) detector electrodes (charge collectors) of 5×5 mm2 that are placed 1 mm
after P-FAIMS electrodes to collect ions and generate the VC spectrum. Drift gas and
ions enter the P-FAIMS from the left, passes through the P-FAIMS electrodes and only
‘selected’ ions reach the detector electrodes. Ions are introduced from the centre of the
channel high at the beginning of the P-FAIMS electrodes with a spatial distribution
specified as �y = 0.02 mm, while air gas flows over all the channel height.

3.2 Electric fields

Detector electrodes have been biased at ± 5V and total electric voltage applied at the
P-FAIMS electrodes has been defined as: VT = VD − VC . Applied dispersion voltage
VD accomplish Eq. 15 with f = 2 [10]:

Fig. 5 Block diagram of key computational steps involved in modelling P-FAIMS with COMSOL Mul-
tiphysics software. Straight squares indicate main modules and dashed squares indicate variables needed
for the modules
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VD (t) = Vi D

3

[
2 sin (wt) + sin

(
2wt − π

2

)]
(18)

where for all simulations, the frequency of the waveform applied has been set to
νRF = 2 MHz [1–3], and is shown in Fig. 6.

It is needed to achieve a compromise between frequency and gap. A low frequency
implies that the positive high-voltage Vmax is applied for a longer time and ions will
travel a longer distance toward the P-FAIMS electrodes and eventually they will be
lost before reaching the detector.

3.3 Fluid dynamics

Air flow modelling is determined by the incompressible Navier-Stokes equations. Even
though a detailed analysis of fluid flow can be extremely difficult, the basic concepts
involved in fluid flow problems are fairly straightforward. These basic concepts can
be applied in solving fluid flow problems through the use of simplifying assumptions
and average values, where appropriate.

To solve Navier-Stokes module, COMSOL software uses the equations:

ρ
∂u
∂t

− ∇ · η
(
∇u + (∇u)T

)
+ ρu · ∇u + ∇ p = F (19)

where ρ is the fluid density, u is the velocity vector, η is the dynamic viscosity, T is
the temperature, p is the pressure and F is the term of forces actuating on the body.

Gas flow in pipes or between parallel plates is in a either laminar or turbulent regime
and is determined by the dimensionless Reynolds number. In our case, for an inlet gas
flow of Q = 1 l/ min, Reynolds number obtained is Re ∼ 400, this value is 10 times

Fig. 6 Dispersion voltage as applied to the modelled P-FAIMS with COMSOL Multiphysics software
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lower than the turbulence onset threshold (Re ∼ 4.000), so the gas flow is considered
to be laminar.

Air simulations have been operated at a temperature of 298 K and a pressure of
760 Torr and number density of air is N = 2.5 × 1025m−3, and considering that the
pressure of air and the ions is the same, so air do not vary its pressure as it is confined
between two parallel plates and because the sample enters for the centre of the gap
and has no expansion due to the pressure.

3.4 Ion concentration

Flow of charged ions subject to an electric field verifies the mass conservation law
defined from Nernst-Planck equation that takes into account diffusion, convection and
migration flows:

∇ · (−D∇c + uc − zion K c∇V ) = R = 0 (20)

where D is ion diffusion
(
m2/s

)
, c is ion concentration

(
mol/m3

)
, zion is ions charge

number (adim.), K is ion mobility coefficient
(
cm2/V s

)
, V (V) is the voltage affect-

ing the ion, R
(
mol/

(
m3 s

))
is reaction rate that is supposed to be zero-Ions do not

interact with one another- and u is the air velocity (m/s) affecting ion species. Previous
equation is mass conservation for the total flow of the ionic specie, the electrokinetic
flow: ∇ · (�E K ) = 0, where �E K = �D + �C + �M is the electrokinetic flow and
is the sum of: (1) diffusion flow expressed by Fick’s law: �D = −D∇c that takes
account of ion random movements; (2) convection flow: �C = uc that takes account
of gas drift velocity; (3) migration flow: �M = −zion K c∇V that takes account of
flow variations due to applied voltages. Concentrations of ions modelled have been
fixed to 1 ppm in all studied cases.

3.5 Ion detection

The local concentration of ions within the drift region and its dependence from the
parameters above mentioned allows computing the ion current at the collector. Inte-
grating the normal component of ions flux per unit area A

(
mm2

)
of the collector with

normal vector n yields the ion current [19]:

I =
∫
A

nFzionΦE K d A =
∫

x,z

nFzionΦE K dxdz
2D aprox= d

∫
x

FzionΦE K dx (21)

where F (=96.485 C/mol) is the Faraday constant [20]. As considering 2D simulations
we are assuming that z-intensity is uniform for the whole detectors width. This inte-
gral has been defined by ‘integration coupling variables’ option from the COMSOL
software, before performing the simulations.
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3.6 Simulation simplifications

Modelled ions are analyzed once inside the P-FAIMS, and non-ionized molecules
form part of the drift gas. To simplify numerical simulations, following assumptions
are made: (1) All ions are singly charged; (2) Ions are assumed to be free from clusters
-from water vapour and nitrogen in the ionization process-; (3) Ions do not interact
with one another, so that interactions resulting from space charging do not occur; (4)
Ions do not have dipolar moment.

4 Results and discussion

The modelled ions correspond to vapour phase compounds of protonated water clus-
ters H+(H2O)n and O−

2 (H2O)n ions obtained in air, and a chemical warfare agent
simulant positive ion monomer: DMMPH+ that emulates gas sarin. Ions modelled are
listed in Table 1 and have been selected because the parameters K0, α2 and α4 that
define their movement in high electric fields are available in the literature [12].

In Fig. 7 the modelled velocity field in the drift channel is shown in grey scale and
the graphic of the x-velocity of air for an arbitrary x-scale, is superimposed. It can be
seen the laminar behaviour of the drift gas flow for an inlet gas flow of Q = 1 l/ min,
with a maximum x-velocity of 10 m/s.

For low RF electric fields (E/N < 40 Td, equivalent to an electric field of 10.000
V/cm in air at ambient pressure and temperature) there is no dependence of mobility
with electric field, therefore VC = 0 V for all ions. Increasing electric field they can
be separated due to their differences on mobility coefficients.

Fig. 7 Velocity field of air at the drift channel obtained with Navier-Stokes module for an inlet gas flow
of Q = 1 l/ min. Superimposed is shown the laminar behaviour of x-velocity of air in an arbitrary x
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In Fig. 8, the results for the simulated compounds in air are showed. For E/N < 40
Td, is not possible to differentiate the ions and all are detected at the same time, but
from E/N ≥ 40 Td, DMMPH+ ions are differentiated from reactant ions; and for
E/N ≥ 70 Td, also reactant ions H+(H2O) and O−

2 (H2O) are differentiated. What
is really interesting is that one can separate accurately a mixture of ionic species just
scanning the compensation voltage.

An example of obtained intensity for the different ionic species simulated is shown
in Fig. 9 for a E/N = 70 Td. Showing that with the proper selection of the applied
compensation voltage VC it is possible to obtain a good separation. Obtained inten-
sities are in the range of experimental ones [11,13]. One has to have really clear that
these results have been done for a drift gas of air. If the drift gas is different, obtained
compensation voltages will differ from those reported here.

Fig. 8 Obtained compensation fields for simulated compounds

Fig. 9 Obtained intensities for a separation field of E/N = 70 Td for simulated compounds. Differentiation
is achieved
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In Fig. 10, concentrations of the H+(H2O) and DMMPH+ ions are presented for
an E/N = 60 Td. As could be seen in this case of DMMPH+, ion reach the detector
for a VC = −1.35 V. For the same compensation voltage, the positive reactant ion
peak H+(H2O) ion dose not reach the detector. For this E/N the positive reactant
ion H+(H2O) is detected for VC = −4.6 V, and the negative reactant ion O−

2 (H2O)

is detected for VC = −5.5 V. Therefore, differentiation is also obtained for the three
compounds studied.

Results obtained from simulations showed that ion detection could be achieved
with COMSOL software and that it is a good platform for this kind of simulations.

Fig. 10 Concentrations for a separation field of E/N = 60 Td, of TOP) DMMPH+ ions and BOTTOM)
H+(H2O)n ions; showing that for the same VC = −1, 35 V only the DMMPH+ ion reaches the detector
electrode. Differentiation is achieved
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Obtained intensities for initial concentrations of 1ppm, are in all cases of the order of
nA in accord with experimental ones. For concentrations of 1ppb is expected to obtain
intensities of the order of pA.

5 Conclusions and prospect

Simulations of a P-FAIMS have been done with COMSOL Multiphysics software for
three compounds in vapour phase. Values of E/N have been studied from 0 to 120
Td, showing that for E/N < 40 Td, is not possible to differentiate the ions, in good
agreement with experimental data. And from E/N ≥ 40 Td it is possible to differen-
tiate DMMPH+ ion from reactant ions, and that for E/N ≥ 70 Td also reactant ions
H+(H2O) and O−

2 (H2O) are differentiated.
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