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Abstract Differential mobility spectrometer is a powerful
tool used for detection, filtration and characterization of ions
in gas-phase. DMS instrumentation analytical performance
is a matter of importance for practical application. This
paper is devoted to the improving of the planar DMS ana-
lytical characteristics. The goal is to optimize ion transmis-
sion and separation efficiency for the best possible DMS
performance, balanced between sensitivity and selectivity.
Analytical characteristics of the DMS instrument depend on
a number of interrelated parameters. Present paper focuses
on the sensor geometry and transport gas flow rate and its
influence on the DMS performance. To find optimal sensor
design parameters a systematic approach to the DMS per-
formance is provided and evaluated both theoretically and
experimentally. To facilitate DMS optimization special crite-
rion quantitatively describing DMS analytical quality is pro-
posed. DMS instrumental parameters maximizing analytical
quality are determined. Theoretical analysis is validated by
comparison with experimental data. Practical recommenda-
tions following from these finding are presented.
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Introduction

Differential Mobility Spectrometry (DMS) discovered in the
1980’s [1–3] can be applied to the separation and character-
ization of gas-phase ions from any type of ion source. Over

the past decades [4, 5] DMS analyzers (also known as Field-
Asymmetric Ion Mobility Spectrometry, FAIMS [6]) have
been applied for the analysis of a variety of chemicals at
trace levels including explosives [7], drugs, chemical war-
fare agents [8], toxic and industrial components, sulfur
contained chemicals, and other organic [9] and inorganic
[10] substances. Sensitive and rapid DMS provides a unique
type of selectivity that is largely orthogonal to other gas
analytical techniques such as Mass Spectrometry (MS), Gas
Chromatography (GC), and Ion Mobility Spectrometry
(IMS). As a result, adding DMS-based instrumentation to
other technologies can enhance separation, identification
and quantification, since distinct physical properties are
combined [11]. Hybrid DMS instruments DMS-MS [12],
GC-DMS [13], DMS-IMS [14] have been reported.

DMS is a method for the selective filtration of gas phase
ions according to the difference between the ion mobility at
high and low electric fields, exploiting the fact that ion
mobility values depend in a chemically-specific way on
the applied field strength. Under near-atmospheric pressure
conditions, ions in an electric field rapidly reach a limiting
velocity determined by the drag on ion motion caused by
scattering from the ion-neutral interaction potential. The
relationship between ion velocity and field, V(E)0K(E)E,
contains a proportionality constant, K(E), known as the ion
mobility coefficient, which is dependent on the field
strength at high fields. This effect is characterized by the
normalized field dependence of ion mobility, known as the
alpha function, α(E)0(K(E)-K(0))/K(0), a characteristic ion
property similar to the low field ion mobility in IMS or m/z
in mass spectrometry. DMS experimental data obtained and
reported during the last decade demonstrates that α(E),
determined by the interaction of the ion species with neu-
trals, is a unique ion property and therefore can be used for
ion separation and identification.
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A DMS-based instrument, the Differential Mobility
Spectrometer, is a tunable ion filter separating ions by their
trajectories in a narrow analytical channel. This analytical
channel is formed between two parallel electrodes, where
positive and negative ions are introduced continuously from
the ion source and drawn through by the gas flow. A
periodic strong asymmetric high frequency separation field
combined with a weak DC compensation field is applied
transverse to the flow direction. All ion species undergo an
oscillatory motion transverse to the flow due to the applied
field. Because of the waveform asymmetry, ions can also
acquire a net transverse velocity due to difference in field
strength for different parts of the waveform. Field de-
pendence of the ion mobility (alpha function) deter-
mines the rate at which ions move transverse to the
flow. A superimposed DC compensation field is tuned
to compensate for this transverse motion, allowing ion
species with a particular alpha dependence to be select-
ed. The selected ions pass through the DMS analytical
channel without being neutralized, and can be detected
in any detector type, including mass spectrometers. Net
transverse velocity of the other ion species will not be
compensated, so the ions will be neutralized on one of
the electrodes inside the analytical channel. Adjusting
the compensation field and the separation field magni-
tudes establishes conditions for filtration for all ion
species with different alpha parameters.

Analytical performance of the DMS instrument depends
on a number of interrelated parameters: height, width, and
length of the planar analytical channel; drift gas flow rate;
waveform frequency and shape, and amplitude of the sepa-
ration field, as well as temperature, pressure, and composi-
tion of the drift gas. Analytical channel and electric field
affect DMS separation, whereas the gas-phase environment
can modify the alpha parameter itself through the reversible
clustering [15].

DMS optimizations in terms of the separation field and
alpha modification have been the subject of previous pub-
lications [16, 17]. The present paper focuses on the DMS
analytical channel, and its influence on the DMS perfor-
mance. The challenge is to choose appropriate analytical
channel parameters optimally balanced between sensitivity
and selectivity. We aim here to provide a systematic ap-
proach to the DMS performance, to evaluate it both theoret-
ically and experimentally, and, furthermore, to find optimal
instrumental parameters maximizing it. Here we consider
only planar geometry of the DMS sensor.

To solve that optimization task we first propose optimi-
zation criterion quantitatively describing DMS analytical
quality. Then based on the DMS operation model we find
instrumental parameters to maximize the analytical quality.
And finally we present experimental data verifying our
theoretical analysis.

DMS analytical quality

In this section, we formalize DMS optimization task by
proposing a quantitative criterion of the DMS analytical
quality. As any spectrometer DMS provide information in
a form of a spectrum. DMS spectrum peak is characterized
by the peak intensity, peak position and peak width. Peak
position may vary within a certain range called the analyt-
ical space. DMS resolution is defined as the range of peak
positions divided by the peak width. Responsivity measures
the input–output gain of a detector system. In the case of
DMS, responsivity is the output ion current divided by the
input molecular flow.

To solve optimization task we suggest here general
criterion of the analytical quality equal to the product
of resolution and responsivity. This criterion reflects a
balanced trade-off between selectivity and sensitivity of
the DMS instrument and may serve as an optimization
objective.

Specifically for the optimization of the DMS analytical
channel analytical quality criterion should be narrowed.
Notice that peak position (for the same separation field
and alpha) and input ion flux (for the same ion source and
flow) are independent of the analytical channel parameters.
Analytical channel affects the resolution only through the
peak width and the responsivity only through the ion losses.
We characterize ion losses in the DMS analytical channel by
the ion transmission coefficient equal to the output ion flux
divided by the input ion flux. Thus modified DMS analyt-
ical quality in application to the analytical channel optimi-
zation is equal to the ratio of the ion transmission coefficient
and peak width.

At this point we can make the optimization task state-
ment: we are seeking for the DMS instrumental parameters
(namely height, width, length of the analytical channel and
drift gas flow rate) maximizing modified analytical quality.
To solve this optimization task we employed theoretical
approach validated by experimental data.

Theoretical optimization

The optimization defined in the previous section can be
achieved within the framework of the DMS operation model
[20–22] Below we use following terms and definitions: K
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Both resolution and responsivity (commonly called
selectivity and sensitivity) characterize DMS analytical
quality, but neither one nor another can serve as an optimi-
zation criterion. One characteristic can be improved at the
expense of another. For instance, DMS instrument of high
responsivity but low resolution had been reported in [18],
while the converse, resolution can be significantly increased
by sacrificing responsivity [19].



and D are the ion mobility and diffusion; S, F, and f are the
separation field amplitude, frequency, and waveform respec-
tively; H and W are the DMS peak height and width; d, l,
and c are the height, length and width of the DMS analytical
channel; Q is the drift gas flow rate; e is the base of the
natural logarithm. Separation field and alpha dependence
are considered fixed while geometric parameters and gas
flow rate are varied.

Two parameters are important for optimization of the
analytical channel: effective gap g and residence time tres.
The effective gap between electrodes is smaller then the
physical gap because the ions, approaching electrodes to a
distance equal to the amplitude of their fast oscillations,
neutralize.

g ¼ d � SK

2F
fj jh i ð1Þ

Average time ions spend in the analytical channel is called
residence time.

tres ¼ ldc

Q
ð2Þ

For the Ion transmission coefficient G and DMS peak
width W we provide here only the final expressions
necessary for the solution without details which can be
found in the DMS-model papers. Ion transmission coef-
ficient, G, is a ratio of the ion flux at input and output
of the analytical channel. G00 corresponds to total ions
loss; G01 corresponds to lossless passage through the
analytical channel. For planar DMS ion transmission
coefficient is

G ¼ exp � tresDp2

g2

� �
ð3Þ

Equating the ion displacement during the residence time
to the effective gap yields DMS peak width

W ¼ g

Ktres
ð4Þ

Combining the last two equations yields modified DMS
analytical quality A0G/W as a function of the residence
time.

A ¼ Ktres
g

exp � tresDp2

g2

� �
ð5Þ

In Fig. 1 DMS analytical quality is plotted against the
residence time for a) different distances between the
separation electrodes (ion mobility 2 cm2/Vs) and b)
for different mobilities (distance between the separation
electrodes 0.75 mm). Separation field amplitude 45 Td;
frequency 1.25 MHz; fly back waveform were used for
the calculations. This dependence has clear extreme at

residence time topt

topt ¼ g2

Dp2
ð6Þ

where DMS analytical quality reaches the maximum
Amax.

Amax ¼ Kg

eDp2
ð7Þ

For the same ion, analytical quality appears to be pro-
portional to the effective gap. That is consistent with
modern trend of increasing distance between the sepa-
ration electrodes up to 1 mm [23]. Given effective gap
determines optimal residence time. Both effective gap
and residence time determines optimal dimensions of
the DMS analytical channel and gas flow rate according
to Eq. 2.

The ion transmission coefficient at maximum analytical
quality is equal 1/e≈0.368 (by substituting Eq. 6 into Eq. 3).
Substituting Eq. 6 into Eq. 4 yields DMS peak width at
maximum analytical quality

W ¼ Dp2

Kg
ð8Þ

Taking into account Generalized Einstein Relation Eqs. 7
and 8 can be simplified as

Amax � qi
kTeff

g

ep2
ð7aÞ

W ¼ kTeff
qi

p2

g
ð8aÞ

where qi is ion charge; Teff is average effective ion
temperature.

Experimental

Thus theory predicts existing of the maximum DMS analyt-
ical quality and its dependence on the residence time, effec-
tive gap and ion properties. To validate our theoretical
findings we conducted laboratory experiments involving
three DMS sensors and two ion species. The goal was to
measure actual DMS analytical quality in a wide range of
the experimental conditions and to compare experimental
data and theory. We measured height and width of single
DMS peak in dependence of the gas flow rate for different
distances between separation electrodes. Raw data (gas flow
rate, distance between separation electrodes, peak height
and width) then had been processed to compare with the
theoretical values (analytical quality, residence time, and
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effective gap). Gas flow rate and distance between separa-
tion electrodes govern the residence time and effective gap.
DMS peak height and width can be used to calculate DMS
analytical quality. To test effect of the ion diffusion the same
measurements were repeated for the ions of different
mobility.

The ion species under investigation were: positive reac-
tant ions identified as (H2O)nH

+, and positive Methyl Salic-
ylate ions MH+ ionized by 63Ni beta-source in clean air of
temperature 60 C. For the ion identification DMS analyzer
was joined to the Waters Micromass ZQ single-quadrupole
system in a way described previously [24]. Air was purified
by a Drierite Gas Purifier (W.A. Hammond Drierite Co.,

Ltd., Xenia, OH) and used as a transport gas to move ions
through the DMS analytical channel. Standard Sionex DMS
(model SVAC-G) was modified to drive custom sensors
distinguished only by the distance between the separation
electrodes: 0.5, 0.75, and 1 mm. Other dimensions of the
analytical channels were the same: length 10 mm and width
4 mm. Separation voltage amplitude was 500 V, 750 V, and
1000 V for 0.5 mm, 0.75 mm, and 1.0 mm separation gaps
respectively. Drift gas flow rate was scanned in a range from
60 to 500 cm3/min. Diffusion limit of the DMS peak width
determines the lower flow rate value. Ionization source
saturation determines upper flow rate value. Origin 7.5
(OriginLab Corporation, Northampton, MA) was used to
extract peak heights and widths from the DMS spectra.
Least-squares-optimized values for the peak intensities and
peak widths are plotted in Fig. 2 against the gas flow rate.

To obtain the ion transmission coefficient DMS peak
height should be normalized to the input ion flux. Positive
reactant ions (H2O)nH

+ appears to be the most suitable
object for the experimental measurement of the ion trans-
mission coefficient. It was found that experimental function
Qln(H/Q) is linear in respect to the gas flow rate. It means
that under present experimental conditions input reactant ion
flux is proportional to the gas flow rate. Ion transmission
coefficient and Input ion flux determine the line slopes and
axe intersections respectively. This fact allows accurate
calculation of the ion transmission coefficient (see Fig. 3).
For the correct comparison of the ion transmission coeffi-
cients for different sensors the same ion source was used for
all three DMS sensors.

DMS peak width (see Fig. 2b) depends linearly on the
gas flow rate in agreement with Eq. 4. Poorer agreement was
observed between the experimental peak width value and
predictions of Eq. 4: The DMS peak was observed to be
wider than expected. This means that simple DMS peak
width expression should be refined for better quantitative
agreement with experimental data, although it is out of
scope of this article. However all conclusions related to
the DMS sensor optimization remain valid because DMS
peak width depends linearly on the gas flow rate.

Combining experimentally obtained ion transmission co-
efficient and peak width yields analytical quality depen-
dence on the residence time (see Fig. 4). Experimentally
measured analytical quality appears to be in a satisfactory
agreement with theoretical predictions. Optimal residence
time for positive reactant ions was 3, 7, and 12 ms for 0.5,
0.75, and 1 mm separation gaps respectively.

Optimal residence time is expected to depend on the ion
mobility (see Fig. 1b). To verify this effect, positive reactant
ions and positive Methyl Salicylate ions had been com-
pared. A stable flow of vapor samples of methyl salicylate
was provided by model 190 Dynacalibrator calibration gas
generators (VICI Metronics Inc., Poulsbo, WA). A flow of

Fig. 1 Modified DMS analytical quality defined as ratio of the ion
transmission coefficient and peak width in dependence of the residence
time for a) different distances between the separation electrodes (ion
mobility 2 cm2/Vs) and b) for different mobilities (distance between
the separation electrodes 0.75 mm). Separation field amplitude 45 Td;
frequency 1.25 MHz; fly back waveform were used for the calculations
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chamber was at 80 °C. A small portion (3–35 mL/min) of
total gas flow from the gas generator was introduced into the
DMS analyzer. The concentration of sample vapors after
dilution in transport gas was about 0.5 ppbv. Due to charge
transfer reactions with reactant ions, analyte molecules form
ions MH+(H2O)n. Experiment confirms small shift of the
optimal residence time attributed to the difference in mobi-
lities of the reactant and methyl salicylate ions. For methyl
salicylate ions optimal residence time appears to be 4, 10,
and 16 ms for 0.5, 0.75, and 1 mm separation gaps respec-
tively. That is about 30 % higher than for the reactant ions
(see Fig. 4).

Conclusion

An analytical quality criterion reflecting a balanced trade-off
between DMS selectivity and sensitivity has been proposed.
The proposed criterion was utilized for the optimization of
DMS performance. Analytical quality was found to have
maxima at certain DMS parameters. For the same ion,
analytical quality is proportional to the effective filter gap.
So, in general, increasing of the distance between the sepa-
ration electrodes results in the increasing of the DMS ana-
lytical quality. It should be noted that some applications may

Fig. 2 Experimental a) height and b) widths of the DMS peaks of
positive reactant ions identified as (H2O)nH

+, vs. gas flow rate for
different distance between the separation electrodes (dots—experimen-
tal points; solid lines—b-spline approximation)

Fig.3 Experimental ion transmission coefficient for positive reactant
ions identified as (H2O)nH

+ vs. residence time for different distances
between the separation electrodes (separation field amplitude 45 Td)

Fig. 4 Experimental DMS analytical quality for positive reactant ions
identified as (H2O)nH

+ defined as ratio of the ion transmission coeffi-
cient and peak width in dependence of the residence time for different
distances between the separation electrodes and separation field am-
plitude 45 Td
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dry nitrogen at 5 L/min was passed through the permeation
tube chamber containing permeation tubes supplied by
Kin-Tek Laboratories, Inc. (LaMarque, TX). The generator



require elevated sensitivity or selectivity. Therefore the best
DMS parameters for that application may differ from the
ones proposed here. But in any case, the relations between
the DMS parameters given here can be recommended as a
good starting point. Small variation of the gas flow rate and/
or DMS analytical channel dimensions around the optimal
values would likely satisfy any reasonable requirements to
the DMS performance.
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