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Devices based on differential mobility spectrometry (DMS) are used in a number of ways, including
applications as ion prefilters for API-MS systems, as detectors or selectors in hybrid instruments
(GC-DMS, DMS-IMS), and in standalone systems for chemical detection and identification. DMS
ion separation is based on the relative difference between high field and low field ion mobility
known as the alpha dependence, and requires the application of an intense asymmetric electric field
known as the DMS separation field, typically in the megahertz frequency range. DMS performance
depends on the waveform and on the magnitude of this separation field. In this paper, we analyze
the relationship between separation waveform and DMS resolution and consider feasible separation
field generators. We examine ideal and practical DMS separation field waveforms and discuss
separation field generator circuit types and their implementations. To facilitate optimization of the
generator designs, we present a set of relations that connect ion alpha dependence to DMS
separation fields. Using these relationships we evaluate the DMS separation power of common
generator types as a function of their waveform parameters. Optimal waveforms for the major types
of DMS separation generators are determined for ions with various alpha dependences. These
calculations are validated by comparison with experimental data. © 2010 American Institute of

Physics. [doi:10.1063/1.3284507]

I. INTRODUCTION

Since its discovery and initial application in the 1980s
and 1990s, the method of differential mobility spectrometry
(DMS) described in Refs. 1-3 has been developed as a field
and laboratory tool for detection and identification of trace
chemicals and as a prefilter for atmospheric pressure ioniza-
tion mass spectrometry (API-MS). DMS is sensitive, rapid,
and provides a unique type of selectivity that is largely or-
thogonal to many other techniques. It is a flexible system that
can be applied to the separation and characterization of gas-
phase ions from any type of ion source. Developed and re-
fined over the past decade™’ by multiple groups, DMS is also
known as field-asymmetric waveform ion mobility
spectrometry.6 DMS analyzers have been applied for the
analysis of a variety of chemicals at trace levels.” These ap-
plications include explosives,8 drugs, chemical warfare
agents,9 toxic and industrial components, sulfur contained
chemicals, and other organic10 and inorganic11 substances.
Hybrid DMS techniques such as miniature gas chromato-
graph with DMS (GC-DMS), DMS with ion mobility spec-
trometer (DMS-IMS), and electrospray ionization DMS-MS
have also been reported.

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)=K(E)E, contains a proportionality
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constant, K(E), known as the ion mobility coefficient, which
is dependent on the field strength at high fields and forms the
basis of the DMS technique. The IMS technique measures
the low field ion mobility, K(0), usually by determining the
ion drift time in a gated drift tube. IMS is approximately
related to the ion mass-to-charge (m/z), but also retains
enough sensitivity to structure and to chemical family that
IMS has been added to mass spectrometry in commercial
systems,12 and in academic research. In contrast to IMS
based on low field mobility, DMS devices are sensitive to the
difference between high field and low field ion mobility co-
efficients. This mobility difference is characterized by the
normalized field dependence of ion mobility, known as the
alpha function, a(E)=[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 demonstrate that a(E), determined by the inter-
action of each ion species with neutrals,'3 can be used for ion
separation and identification. Since DMS is sensitive to mo-
lecular conformation, rigidity, polarity, and clustering affin-
ity, many compounds are resolved by DMS properties, often
including even compounds of similar or identical m/z. As a
result, adding mobility-based instrumentation to other tech-
nologies can enhance separation, identification, and quantifi-
cation, since distinct physical properties are combined."
DMS works well in combination with mass spectrometry
because alpha separations are largely orthogonal to m/z sepa-
rations. Other types of hybrid technologies include DMS
with IMS," and GC with DMS."°
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In DMS, ion species are separated according to 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 the analytical channel by
gas flow. A field is applied transverse to the flow direction
that includes a periodic strong asymmetric high frequency
separation field combined with a weak dc compensation
field. All ion species move through the analytical channel
carried by the transport gas. The ions also undergo an oscil-
latory 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. The rate at which ions move
transverse to the flow depends on the ion mobility field de-
pendence. The alpha parameter mentioned above, a(E)
=K(E)/K(0)—1, is a unitless measure of the change in mo-
bility coefficient between strong field and weak field condi-
tions. A superimposed dc field, the compensation field, is
tuned to compensate for this transverse motion, allowing ion
species with a particular alpha curve to be selected. The se-
lected ions pass through the DMS analytical region without
being neutralized, and can be detected in any detector type,
including mass spectrometric detectors and others. Trajecto-
ries of the other ion species present in the transport gas will
not be correctly compensated, and will be neutralized on one
of the electrodes inside the analytical gap. Adjusting the
compensation field establishes conditions for filtration for
other ion species with different alpha parameters.

DMS-MS implementations on lab-scale mass spectrom-
eters have been the subject of previous papers.”_20 These
papers provide a great deal of background material on DMS
usage as a prefilter for mass spectrometry. The present paper
focuses on the instrumental basis of DMS technology,
namely, the separation electric field and methods for its gen-
eration, and on its influence on DMS performance. This as-
pect has received attention in the literature;‘z’21 however,
there is no previous consideration of the different implemen-
tations of separation voltage generators for DMS and their
optimization in terms of DMS separation.

From the point of view of instrumental properties, per-
formance of the DMS method for ion separation depends on
a number of interconnected sensor parameters (height, width,
and length of the analytical gap), experimental conditions
(drift gas composition and flow rate), separation field (fre-
quency, waveform, amplitude), and gas phase chemistry con-
ditions (temperature, pressure, moisture). DMS geometry
and electronics affect DMS separation and performance,
while the gas-phase environment can modify the alpha pa-
rameter itself through reversible clustering.20 The quality of a
DMS analysis is determined by sensor and separation gen-
erator properties, but also by the alpha parameter, so there
may be different optimal designs for different ion species.

Typically, for laboratory conditions operation, the major
requirement is to get the best possible DMS performance,
balanced between sensitivity and selectivity, without regard
for power consumption or size. For field applications of
DMS analyzers, additional critical requirements appear that
must be considered by designers at the system level. The
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challenge is to choose an appropriate sensor design with
minimum analyzer size and power consumption, low flow
rate, wide temperature range, and relying on simpler and
more efficient sample handling systems and electronics.

This paper is intended to provide a systematic classifica-
tion and analysis of existing DMS separation generators, to
evaluate performance both theoretically and in comparison
with existing experimental data, and, furthermore, to evalu-
ate the sensitivity of DMS performance to variations of
waveform away from the optimum shape. To develop the
tools for the analysis, we first describe DMS operation and
derive the relationship between alpha dependence, separation
field, and DMS peak positions (compensation field). Then we
consider possible circuit designs for separation field genera-
tion, identifying those which are practical and in common
use. Finally, we answer the following questions: (1) which
feasible separation waveform provides the best ion separa-
tion, and (2) what are the best parameters for each separation
voltage waveform type? Experimental data are available that
allow us to verify the theoretical results.

The structure of the article is as follows. Section II
sketches DMS theory in application to the separation wave-
form. The algorithm that allows calculation of the DMS peak
position for any separation waveforms and for any ion spe-
cies is described. Section II surveys and discusses the fea-
sible methods for generating the separation voltage (SV).
Separation waveform optimization is presented in Section IV.
Section V contains experimental data for a range of wave-
form shapes that support and reinforce our general results.

Il. DMS SEPARATION

For ions to pass the DMS analytical region without con-
tacting the walls and being neutralized, the net transverse
motion of the ion during a period of DMS field [Eq. (1a)]
should be zero. This is the DMS filter condition. It is usually
represented in terms of the period average transverse speed,
(V(1)), [Eq. (1b)]. The expressions for the field ion mobility
dependence are required for the transverse speed evaluation
and are also given in the following equation:

DMS field

Epys(t) = Sf(t) - C. (1a)

Filter condition

T
f EppsK(Epps)dt = (V(1)) = 0. (1b)
0

Field mobility dependence
K(E)=K©)[1+ «(E)]. (1c)

Alpha expansion

m

a(E) = 2, ayEY. (1d)

j=1
In this set of expressions, T is the waveform period, f(z)
is the separation field waveform, S is the separation field
amplitude, and C is the compensation field. Conditions on
f(¢) are described below. Only even terms appear in the poly-
nomial expansion of the alpha dependence.22 With f(z) de-
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fined as a zero-mean waveform, it is readily found that the
compensation field, C, depends only on «(E) not on the low
field mobility K(0). Phenomenological aspects of the ion al-
pha dependence as a characteristic ion property utilized for
the ion separation and identification in DMS are further dis-
cussed in Ref. 13.

DMS is implemented by passing a gas stream containing
ions through a gap between two electrodes (filter gap) where
the superimposed separation (S) and compensation (C) fields
affect the ions. The trajectory of each ion species is deter-
mined by the drift gas flow, alpha parameter, and DMS field
[Eq. (1a)]. Certain combination of § and C allows the target
ions to pass through the filter gap without colliding with the
electrodes and being neutralized, according to the DMS filter
condition [Eq. (1b)].

The high frequency part of the DMS field [Sf(7), the
separation field] must satisfy the following conditions [Eq.
(2)]. Tts average period value is zero (zero offset condition),
separating the separation field from the quasistatic compen-
sation field. The peak amplitude of the positive portion is
greater than the peak amplitude of the negative portion (en-
forcing the asymmetry condition, and defining field polarity).
Under the influence of the DMS field, ions oscillate perpen-
dicular to the carrier gas flow. The amplitude of the ion os-
cillation must be smaller than the filter gap or the ions will
be neutralized on the electrodes (high frequency condition).
In addition, the maximum separation field strength should be
high enough to exploit the greatest possible range of the ion
mobility field dependence without electrical discharge in the
sensor (high strength condition).

Zero offset

T
1/Tf Sf(t)dt = S(f(1)) = 0. (2a)
0
Asymmetry
T
= f F(0)drt # 0. (2b)
0
High frequency
SK
ps WDSK o)
2d
High strength
Epp/2 < S < Egp, (2d)

where f(7) is a periodic normalized {max[f(s)]=1} function
describing the separation waveform, S is the separation field
peak amplitude, Egp is the break down electric field strength,
T and F are separation field period and frequency, d is the
distance between DMS electrodes, K is the approximate ion
mobility coefficient for the analyte, and triangular brackets
denote averaging over one period of separation field.

Tons drifting due to the separation field would eventually
reach one of the electrodes and be neutralized; however, the
deviation of the drift trajectory can be corrected by a com-
pensation field that is specific to a given ion in the particular
separation field. The compensation field produces an offset-
ting drift, allowing ions to remain in equilibrium inside the
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filter gap. Only compensated ions pass through the filter gap
with gas flow while other ion species are filtered. Every ion
species appears as a spectrum peak at a certain value of the
compensation field that depends on the separation field and
the ion’s alpha dependence. The filter condition [see Eq.
(Ib)] results in the following expression for the compensa-
tion field, C, in terms of the alpha dependence, the separation
field magnitude, S, and waveform, f(t),3’13

__ Sap)
- 1 +{a)+S{a’f)

The compensation field is expanded as odd powers of
the separation field. When the polynomial expansion for the
alpha function inserted into this expression, this equation
takes the form of a ratio of series in which the separation
waveform is represented by its moments, (f*), that is, by the
averaged powers of the normalized waveform,

=3P +esS + 8T+ L. (3)

w ;az 52n+1<fzn+]>

n=1 "
2 C2n+152”+1 = © . 4)
n=l 1+ 2 2n+1)ay,S¥{(")

n=1

Matching the powers of S in this expression, term by
term through the number of terms selected for use in the C
and « expansions, allows the compensation field coefficients
to be related to the expansion coefficients for the alpha func-
tion and the separation waveform moments, with the follow-
ing result for three terms in both C and «,

C3= a2<fS>,
C5= a4<fs> - 3c3a2(fz>,
7= ag(f7) = Scsau(Fh) = 3esan(f?). (5)

These expressions can be used in either direction, either
as shown to determine C coefficients from those of «, or
with a little rearrangement, to determine « coefficients from
C coefficients. The effects of the separation field amplitude
and the waveform are separately represented in the expres-
sion for the coefficients: the amplitude appears as powers of
S in the expansion of C and the waveform appears as the
moments of f(¢). Changing the separation field amplitude
with the same waveform changes the peak position (compen-
sation field for certain ion) as given by the Eq. (3). This
representation allows us to consider the influence on com-
pensation field of the separation field waveform at fixed
separation field amplitude. We see that changing the
separation waveform at the same field amplitude affects
DMS peak position. The waveform moments, U"), can be
obtained analytically for idealized waveforms, or by numeri-
cal integration for experimentally measured waveforms.
Such an approach provides a basis for waveform optimiza-
tion.

lll. SEPARATION VOLTAGE GENERATORS

In this section we consider feasible DMS separation
waveforms, survey, and discuss practical ways to generate
them. We shall begin with a few general considerations. It is
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intuitively clear that the longer time ions spend under the
influence of high field, the better the DMS separation. In
other words shortening the front edges of the separation
waveform improves DMS separation. The ideal rectangular
(IR) pulse can be strictly proven to be the best possible
waveform for DMS. However, duty cycle of the rectangular
waveform is still an object for optimization. Both very short
pulses (duty cycle—0) and symmetrical pulses (duty cycle
—0.5) nullify DMS separation, so the optimal value, which
provides the highest compensation field, C, for a given ion
lies somewhere in between. The optimal duty cycle depends
on the alpha function for the ion of interest, and it will be
shown that different ions require different waveforms to
maximize the compensation field. It is important to empha-
size here that an IR waveform is unreachable for practical
DMS. However, the IR waveform is useful as a “gold stan-
dard” for rating real separation waveforms.

One more general conclusion can be made for the output
parameters of the separation waveform generator. To create
separation field inside the filter gap, a high frequency, high
amplitude separation voltage (SV) is applied to the filter gap
electrodes. High frequency requirement [Eq. (2¢)] results in a
criterion for the product of SV amplitude (U) and frequency
(F). To derive this criterion, the filter gap height, d, is re-
placed in Eq. (2¢) by U/S,

UF> SzK@. (6)

Reasonable values (S=30 kV/cm, K=1 cm?/V s) yield
estimations of UF>0.25 [kV MHz]. All SV generators must
satisfy this criterion to ensure that the ion oscillation is
smaller than the gap.

There are a few ways to implement a SV generator. All
practical high voltage and high frequency asymmetric wave-
form generators known today can be reduced to three main
types proposed in Ref. 23. A fourth method mentioned there,
nonlinear capacitance in resonant LC circuit did not find
practical application and will be ignored in this paper. So we
classify SV generators by output waveform as follows:

(1) Pulse amplifier, PA,
24,25

waveform;

(2) Flyback generator, FB, semiresonant circuit;%’2

(3) Two-harmonics generator, H2, resonant circuit distin-
guished by the type of the coupling:

28,29

30,31

an attempt to approach IR

7

(a) Inductive coupling
(b) Capacitive coupling.

Block schemes of these generators are presented in Fig.
1, with the advantages and disadvantages discussed below.

A PA [Fig. 1(1)] operates by power amplification, with
the required (rectangular) waveform amplified up to neces-
sary magnitude. PA output waveform repeats to some extent
the input waveform, so potentially PA is able to provide the
best DMS separation. However, if the PA output deviates
from the IR waveform, the effectiveness of the DMS wave-
form is reduced. For example, we found that, if the front
edge duration equals 0.1 of the separation waveform period,
the resolving power of the DMS instrument is reduced by

Rev. Sci. Instrum. 81, 024101 (2010)

2)

SW
UV A
1)

M G

M T4

NI
C1 (\ ce C1
py =ic e f—
L1 L2 3a) 3b) (L2 L1

FIG. 1. Implementation of the SV generators. (1) Pulse amplifier, PA; (2)
Flyback generator, FB; (3) Two-harmonics generator, H2 (a) inductive cou-
pling and (b) capacitive coupling.

about 15% in comparison with the IR waveform (front edge
duration 0).

Along with providing the highest resolving power, PA
has some drawbacks. Since the DMS filter gap is a capacitive
load for the SV generator, forced driving of such load results
in significant power consumption. A lower estimate for
power consumption for a PA can be calculated as

P = UCF. (7)

Actual power consumption significantly exceeds this es-
timation because of the internal power dissipation and para-
sitic capacitance within the PA. Combining Egs. (7) and (6)
allows numerical evaluation of the PA power consumption.
Assuming the capacitive load and parasitic capacitance to be
about 40 pF yields P>0.01U [W]. High power consump-
tion may be unacceptable, particularly for portable field
analyzers.

As we discussed above for the best DMS separation
front edges of the waveform should be as short as possible.
To shorten pulse rise times, PA must provide extremely high
output peak current. For example, if the front edge duration
is 0.1 of the SV period, the output pulse current of the PA
generator can be determined from Eq. (8),

I=5UCF. (8)

Under the same assumptions as above PA output current
can be evaluated as I>50 mA. Such high output current
along with high output voltage may cause electric shock, and
therefore special safety measures need to be provided.

Another disadvantage of the PA generator is related to
reliability. DMS separation gap is a subject of various exter-
nal factors, which can lead to shorting or arcing. Without
special protective measures consequences of such event may
be devastating for the PA circuit.

Resonant circuit designs provide an alternate way to cre-
ate SVs. In general, power consumption is reduced by a
Q-factor of the resonant system, which can be as high as 100.
Risk of electric shock is significantly reduced in comparison
with PA because contact with the high voltage output results
in termination of SV generation. Resonant systems are toler-
ant to shorting and continue working after the normal load is
restored. The main challenge for the design of resonant gen-
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erators in DMS is the creation of an asymmetrical waveform.
FB and H2 generators are two main ways to reach asymme-
try.

FB generator [Fig. 1(2)] consists of a resonant LC cir-
cuit and a switch connected to the circuit directly or through
a transformer. The basic operation is as follows.

During the on-time of the switch, a linearly rising cur-
rent flows through the inductor and energy is stored in the
inductance as current. When the voltage across the inductor
reverses, the stored energy will charge the capacitor up to a
high voltage as the inductor current decreases as shown in

Eq. (9),
Vit

U: ”=’
LC

)
where U is amplitude of the output voltage on the load ca-
pacitor; V is power supply voltage; ¢ is switch on-time; L is
inductance; and C is load capacitance.

The capacitor then discharges through the inductor. The
system behaves like a regular LC circuit but only for the
positive half-period of the harmonic waveform. As soon as
the voltage across the capacitor becomes negative the diode
opens and energy circulating in the resonant circuit returns
back to the power supply. Thus the output waveform of the
FB generator is a sinusoidal pulse of duration 7(LC)"? and
amplitude given by Eq. (9), and pulse frequency is equal to
the switch frequency. If a step-up transformer is used to in-
crease output voltage, the calculation is based on the load
capacitance reduced to the primary winding.

Power consumption is determined by the Q-factor of the
resonant circuit and can be very low. FB generator waveform
is relatively stable because the inductor and capacitor insta-
bilities affect the output pulse duration and amplitude as a
square root. As for most resonant systems, FB generators are
safe, reliable, and will resume operation after a shorting
when its cause is eliminated.

H2 generator [Fig. 1(3)] is a resonant system with two
resonant frequencies of ratio 2. The H2 generator output
waveform is the sum of two harmonics,

U(t) = S[a Cos(wt) + b Cos(wt + ¢)], (10)

where a, b are the amplitude of harmonics (a+b=1 by defi-
nition); ¢ is the phase shift between harmonics; w is the
main (lowest) resonant frequency. The phase shift is zero in
most configurations. For ¢=0, the H2 waveform moments
of Eq. (5) necessary to relate ion mobility and waveform
shape to DMS separation can be obtained analytically
({(fi;,) moments for the H2 waveforms for powers j=2—7
are given by (a’+b?)/2, (3a’b)/4, 3(a*+4a’b’+b%)/8,
5(2aa*b+3a%b%)/8, 5(2a°+21a*b?+18a%b*+2b%)/32, and
105a%b(a*+4a’b%>+2b*)/64. Numerically, for a=2/3 and
b=1/3, (fj;,)={0.277 778,0.111 111,0.152 778,0.113 169,
0.115 312,0.102 023}. Integrations performed using Wol-
fram Mathematica 7.0, Wolfram Research, Champaign,
Illinois.).

To create such a waveform, two regular LC resonant
circuits are to be coupled. The LC circuits are characterized
by the resonant frequency v=2(LC)~"2. Coupling is char-
acterized by the coefficient k=Z,, (Z,Z,)""?, where Z,, is
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Coupling coefficient

0.5 1.0 1.5 2.0

Initial frequencics ratio

FIG. 2. Coupling coefficient as a function of the initial resonant frequencies
ratio.

coupling impedance; Z; and Z, are corresponding imped-
ances of the circuits. Coupling can be achieved in different
ways, and the H2 generators may be distinguished by the
type of coupling, inductive or capacitive. Capacitive cou-
pling also can be implemented in different ways, so a few
configurations (internal, external, and simplified coupling)
are possible.

To illustrate the notion of the coupled resonant circuits
we consider two inductively coupled resonant circuits of
resonant frequencies v; and v,. Coupling coefficient is k
=M(L,L,)~"2, where M is mutual inductance. Active resis-
tances are assumed to be negligible. Uncoupled two-circuits
resonant system (k=0) has two resonant frequencies w;=v,
and w,=v,. Increasing k results in a shift of resonant fre-
quencies. The characteristic equation relating initial resonant
frequencies, resulting resonant frequencies, and coupling co-
efficient is Eq. (11),

(1—k2)w4—(1/%+ V%)W2+ V%V%=0. (11)

Twofold condition for the resulting resonant frequencies
of the resonant system (w,=2w,) yields the relation between
the coupling coefficient and initial resonant frequencies ratio,

— v Vv

25V1-k2=—+ 2

v

(12)

Analysis of Eq. (12) reveals that a H2 generator can be
implemented only within the limited range of parameters.
Initial resonant frequencies ratio should be in a range 0.5-2
and the coupling coefficient should be smaller than 0.6 (see
Fig. 2). Typically H2 generators use coupling values of
0.3-0.6.* Inductor and capacitor instabilities directly affects
the output waveform, and it is critical to account for this>’
when designing a stable H2 generator. Features of the opera-
tion at low coupling (<0.05) will be discussed in
Sec. V.

Power consumption is determined by the Q-factor of the
resonant circuit and can be very low. Alternatively, output
voltage and frequency can be very high. Similar to the dis-
cussion regarding FB resonant systems, H2 generators are
safe and reliable.

IV. SEPARATION WAVEFORM OPTIMIZATION

In this section, we determine the waveform that provides
best DMS separation for feasible DMS generators. To for-
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FIG. 3. Variation of the waveform shape with form parameter for different
SV generators (a) ideal rectangular, IR; (b) flyback, FB; (c) two harmonics,
H2, (zero phase shift); (d) H2, phase shift (0.66 form parameter).

malize our task we assume that in general the highest com-
pensation field corresponds to the highest resolving power of
the DMS. Therefore we are seeking to maximize compensa-
tion field for certain ion species with feasible separation
waveforms. Separation field amplitude and alpha are consid-
ered as independent parameters of the optimization task.
Theoretical solution will be verified and confirmed experi-
mentally in Section V.

Thus we have sorted out three classes of DMS separa-
tion waveforms of practical value: quasirectangular, semi-
resonant, and two harmonic. However, inside of each class,
waveforms can vary as shown in Fig. 3. For the optimization
these variations should be characterized by numerical param-
eters describing the waveform. We define the term ‘“form
parameter” (FP) for this purpose (see text in Fig. 3). For IR
generators, the FP is the duty cycle, pulse duration divided
by pulse period. For FB generators, the FP is a ratio of the
sinusoidal pulse duration divided by the pulse period. For
two harmonic generators, FP is first harmonic amplitude di-
vided by pulse amplitude, FP=a/(a+b). Since a+b=1 by
definition FP=a [see Eq. (10)]. Frequently used ratio of har-
monic amplitudes, a/b, is related to our form parameter as
a/b=FP/(1-FP). Phase shift of the two harmonics also af-
fects DMS separation, so strictly speaking it should be opti-
mized as well. However, from the consideration of symmetry
we expect that zero phase shift provides the best DMS sepa-
ration as will be experimentally confirmed in Section V.

Notice that DMS separation takes place within a limited
range of the form parameter values. The range of the DMS
separation for IR generators is 0-0.5; for H2 generators is
0-1; and for FB generators is 0-0.742. Both extremes give
no DMS separation because they correspond to either a sym-
metrical waveform or infinitely sharp pulse. Form param-
eters in-between the extremes are known to provide DMS
separation. Therefore we may expect the following FP de-
pendence: DMS separation increases with increasing FP
from zero, reaches a maximum, then decreases. This simple

Rev. Sci. Instrum. 81, 024101 (2010)

0.15 . i . : . .
——RIP
---- Glutamic

010F ... Estradiol ]

alpha

-0.05 L 1 L L 1 L
0 20 40 60 80 100 120 140

Electric field, Td

FIG. 4. Examples of the three main types of alpha functions behavior with
field: monotonic increasing alpha-A (positive reactant ion); monotonic de-
creasing alpha-C (estradiol sulfate), and max-type alpha-B (glutamic acid).

consideration verifies the correctness of the optimization
task: the solution of the optimization task exists and lies
within the range specified.

Here one important detail must be clarified. Analysis of
Eq. (3) reveals that optimal separation waveforms are differ-
ent for different ions distinguished by their alpha depen-
dences. To evaluate the difference, alpha functions should be
classified as follows. Two alpha function patterns are typi-
cally observed for ions within a dry transport gas. These are
a monotonically decreasing alpha and an alpha function that
increase with the field up to a maximum value and then
decrease; however, monotonically increasing alpha is also
possible. The variety of possible alpha functions can be re-
duced to three main types: monotonic increasing, monotonic
decreasing, and so-called max-type alpha function (increas-
ing then decreasing). All three typical alpha functions for
real ions™ are shown in Fig. 4. Below these three types of
the alpha function will be traditionally34 referred to as
alpha-A, alpha-C, and alpha-B, correspondingly. Notice that
min-type alpha function (decreasing then increasing) does
not exist for reasons related to the physical basis of the alpha
function.™

At this point we can make the optimization task state-
ment. We are seeking for the form parameter maximizing the
compensation voltage for three types of alpha functions and
three types of separation waveforms corresponding to three
types of SV generators. To solve this optimization task we
employed two main approaches: computer simulation and
theoretical calculation. Theoretical calculations were princi-
pally carried out and a computer simulation with SIONEX DMx
software®® was utilized for an independent check.

A. Procedures

Our theory is based on Egs. (3)-(5) relating DMS peak
position, ion field mobility dependence, separation field am-
plitude, and separation waveform. For alpha-A mobility be-
havior, approximated by a quadratic function, an analytical
solution is possible. Substituting quadratic alpha in Eq. (5)
and truncating the series yields the compensation field as a
cubic function of the separation field amplitude,

C(S) = oS3 (). (13)
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tions: (a) monotonic increasing alpha-A (positive reactant ion); (b) max-type
alpha-B (glutamic acid) and (c) monotonic decreasing alpha-C (estradiol
sulfate).

Compensation field under the same conditions will be
proportional to the averaged cube of the normalized wave-
form, (f°). Therefore the optimal waveform for alpha-A cor-
responds to maximum (f), and the following values can be
calculated. For an IR waveform, the optimal duty cycle is
0.333 and (f*)=0.25. For a two-harmonics waveform the op-
timal form parameter is 0.667 (harmonics ratio 2), phase
shift is 0, and (f*)=0.111. For a FB waveform the optimal
duty cycle is 0.447 and (f*)=0.123. Comparative DMS res-
olution under the same conditions will be 100%, 44%, and
49% for IR, H2, and FB waveforms, correspondingly. This
result is accurate for relatively low separation field where
any alpha function can be approximated as positive or nega-
tive quadratic functions. However, in the absence of cluster-
ing modifiers,” the majority of ions display alpha-C or
alpha-B mobility behavior. Optimization of the separation
waveform for these types of ions requires extended calcula-
tions.

We have calculated dispersion plots, C(S), for different
alpha functions and different SV generators (see Fig. 5).
Form parameters for these calculations correspond to typical
experimental conditions and the resulting dispersion plots are
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similar to the experimentally observed ones. Notice that
compensation field for max-type alpha-B ions cannot be
more than a certain value, and the DMS resolution reaches
maximum at a certain separation field (usually about 80—110
Td).

Form parameter variation for a particular generator type
shifts the compensation field curves up and down. We can
calculate compensation field (peak position at certain SV
value) in dependence on the form parameter, C(FP), for dif-
ferent alphas and separation waveforms (see Fig. 6). As ex-
pected C(FP) curves attain a clear maxima, and the assump-
tion is that the maxima correspond to optimal waveforms.

To generalize our finding we have regrouped and nor-
malized form parameter dependencies (see Fig. 7). Data
analysis reveals that optimal form parameter values differ for
different ions. To maximize compensation field for different
types of ion species, the form parameters should be tuned in
a range of about 12%, 13%, and 3.5% for the IR, FB, and H2
waveforms, correspondingly. Accurate FP tuning can provide
as much as 10%, 8%, and 2% better DMS resolution for the
IR, FB, and H2 waveforms, correspondingly.
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A summary of our optimization results is presented in
Table I. Numerical values for three types of the alpha func-
tions and three types of the SV generators are divided into
nine groups of similar structure. Optimal form parameter val-
ues are presented in the first row. Resolving power estimated
as a compensation field for real generator divided by the
maximum possible compensation field reachable with IR
waveform is presented in the second row. Compensation
field for the test chemical is presented in the third row. For
monotonic alpha functions (A and C) separation field was
equal to 80 Td. For max-type alpha-B separation field was
chosen to reach absolute maximum of the compensation field
(80, 90, and 85 Td correspondingly for IR, FB, and H2).

Finally we should discuss stability aspect of the form
parameter. From a practical point of view it is important to
know how fluctuation of the form parameter affects the peak
position. We present stability estimation in the fourth row.
Waveform stability is characterized by a magnitude of the
form parameter fluctuation corresponding to 1% stability of
the DMS peak position (compensation voltage value).
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TABLE I. Optimal waveform.

Alpha-A Alpha-B Alpha-C

Positive reactant ion  Glutamic acid ion  Estradiol sulfate ion

Ideal Rectangular waveform

Optimal FP 0.323 0.275 0.337
Resolving power 100 % 100 % 100 %
Experimental C(80)=2.099 Td C(80)=0.286 Td C(80)=0.159 Td
Stability 7.2% 7.9%. 6.5%

Flyback generator waveform

Optimal FP 0.443 0.361 0.457
Resolving power 51% 69% 47%
Experimental C(80)=1.067 Td C(90)=0.198 Td C(90)=0.075 Td
Stability 8.2% 8.6% 7.4%

Two harmonics generator waveform

Optimal FP 0.661 0.632 0.667
Resolving power 46% 56% 43%
Experimental C(80)=0.961 Td C(85)=0.160 Td C(80)=0.068 Td

Stability 6.0% 4.8% 6.0%

V. EXPERIMENTAL

To validate our theoretical findings series of experiments
had been conducted to observe how the waveform variation
affects DMS peak position.

A. FB generator

The FB DMS experiments were conducted with the
SVAC (Ref. 27) (Sionex Corp. Bedford, MA) electronics and
a custom DMS sensor. The dimensions of the electrodes in
the DMS analyzer were the following: length 15.0 mm,
width 1.5 mm, and gap 0.50 mm. The transport gas flow rate
was 0.3 L min~! and the SV amplitude was 800 V (corre-
sponding electric field in the analytical gap was 65 Td) with
frequency of 1.18 MHz. The ionization source was “Ni of
2 mCi. All experiments were carried out in purified nitrogen
at ambient pressure and temperature with a moisture level
below 5 ppmv. Test ions were positive reactant ions in nitro-
gen to improve accuracy of the peak position measurements.

Additional capacitance connected in parallel with the fil-
ter gap capacitance allows waveform variation over a small
range of form parameter (0.33-0.43). Separation waveforms
acquired with digital oscilloscope (Tektronix TDS 3014B)
were integrated to calculate form parameter moments, (f7).
Experimental f-moments appear to be slightly different than
the theoretical ones calculated for ideal FB waveforms.
Known alpha function and calculated f-moments yield posi-
tive reactant ion peak positions to compare with experimen-
tally measured ones. Theoretical calculation appears to be in
a good agreement with experiment (see Fig. 8).

B. Pulse amplifier

DMS separation with PA was experimentally and theo-
retically investigated in Ref. 25. Two 2 kV, 300 W power
supplies drive the high voltage switch together with a input
pulse signal that controls frequency and duty cycle. The SV
amplitude and frequency were 1 kV and 0.8 MHz, respec-
tively, delivered to the DMS electrode. The higher frequency
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necessary for improving ion transmission limits the pulse
amplitude and distorts the rectangular waveform. Air was
purified through a molecular sieve and served as the carrier
gas at flows of 1 L min~!. The DMS filter gap was 0.5X5
X 15 mm and the ion source was 63Ni of 1 mCi. All experi-
ments were carried out in air at ambient pressure and tem-
perature with moisture levels of 0.150 ppmv.

DMS peak position was analytically calculated in depen-
dence of the duty cycle for the IR waveform under assump-
tion of two-term approximation of the alpha function. Theo-
retical curves presented in Figs. 9 and 10 of Ref. 25 are
exactly the same as ours shown in Fig. 7(a) for an IR gen-
erator. If two independent approaches yield the same result it
may serve as a validation for both calculation procedures.

Experimental compensation voltages for alpha-A ions
were in good agreement with theory. However, alpha-B ions
fit the theoretical curve not so good. This illustrates the limi-
tations of the purely analytical approach. Real waveforms do
not have an IR shape and real alpha-B function cannot be
accurately approximated by the two term expansion, which
was used in that publication.

We believe that most of the discrepancies in the Ref. 25
can be eliminated by using a three terms approximation for
alpha-B function and accounting for the waveform nonideal-
ity. The algorithm described above provides better agreement
with experimental data reported in cited reference. The non-
ideal waveform shown in Fig. 2 of Ref. 25 allows calculation
of the f-moments, and they appear to be quite different than
the moments for the IR waveform used for the analytical
calculation in the cited reference. A three-term approxima-
tion for alpha-B functions and calculation with real wave-
form coefficients results in acceptable agreement of the the-
oretical curve and experimental data (see Fig. 9).

Analysis of the PA-DMS experiments reveals some
problem with alpha data compatibility. PA separation wave-
forms at low and high output voltages are different, as dis-
played in Fig. 2 of Ref. 25 and confirmed by accurate calcu-
lation. At 500 V the quasirectangular waveform provides 5%
lower DMS resolution than the ideal one, and at 1000 V the
resolution is 15% lower. Higher output voltages are also ex-
pected to obey this trend. Such behavior results in the lower
accuracy of the alpha calculation and therefore makes experi-
mental data incompatible with other types of SV generators.
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T
il &) |
g (CO) :
S
>
! -
g
5
g- theory
8 1+ © experiment 4
0 1
0.00 0.25 0.50
Duty cycle

FIG. 9. Compensation voltage for two pentanone plotted against duty cycle
for a real PA generator. Experimental data are from Ref. 25. Theoretical
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C. H2 generator

H2-DMS separation was studied with a generator devel-
oped by MDS Sciex.’” The main feature of this generator is
very low coupling (see Fig. 2 for operation mode). Both
resonant circuits work almost independently driven by inde-
pendent circuits with the two synchronized harmonics ap-
plied to opposing electrodes. Such a mode of operation al-
lows instrumental stabilization of the harmonics amplitude
and phase shift, resulting in excellent separation field stabil-
ity (better than 1%) in long and short terms. High Q resonant
coils provide high output voltage and frequency.

Experiments were conducted in ESI-DMS-MS configu-
ration. The details of the electrospray ionization source, pla-
nar DMS, mass spectrometer, and the means utilized to in-
terface them have been described previously.w’zo Briefly, a
planar DMS was interfaced to an API 4000™ instrument by
sealing the DMS cell to the inlet orifice of the mass spec-
trometer. The dimensions of the DMS cell were 15 mm long,
10 mm wide with a 1 mm gap between the electrodes. The
transport gas was nitrogen provided at 0.8 L/min. The tem-
perature of the transport gas was approximately 100 °C. The
SV generator was operated at 3 MHz, providing SV with
peak magnitude from 0—4000 V peak-to-peak. Correspond-
ing maximum electric field amplitude was 128 Td. The com-
pensation voltages could be scanned =100 V or set to a
particular value within that range. A high precision barom-
eter (Setra Model 276 with 0.1% accuracy, Setra, Boxbor-
ough, MA) was used to track the barometric pressure in the
DMS cell® and feedback this information to the SV genera-
tor controller. The standard TurboV™ ESI source was used
with an extension flange to adjust the position of the source
relative to the extended protrusion of the curtain plate when
the DMS was installed. Samples were infused at 10 uL./min
from a syringe pump (Harvard Apparatus, Syringe Infusion
22, South Natick, MA).

Stable experimental conditions and a wide range of the
separation waveform variation allowed experiments of high
accuracy. Reserpine ions (alpha-C) were used for testing.
Data were acquired at SV 3500 V peak-to peak (112 Td). The
harmonics amplitude ratio (second harmonic amplitude di-
vided by the fundamental amplitude) was investigated in a
range of 0.15-0.1 (corresponding form parameter is equal to
0.87-0.5), and the phase shift in a range of 0°-45° [see Figs.
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3(c) and 3(d) for corresponding waveforms]. Theory appears
to be in good agreement with the experimental data (see
Fig. 10).

VI. CONCLUSION

Formulas allowing calculation of the DMS peak position
for any separation field waveform and any alpha dependence
have been given. These expressions have been validated ex-
perimentally and by comparison with an independent
method.

Three main feasible methods of DMS separation field
generation were reviewed and separation waveform optimi-
zation has been conducted. Optimal waveforms were found
to be dependent on the type of ions (alpha functions). Our
finding can be summarized as follows:

* Ideal rectangular (IR) waveform provides maximum pos-
sible DMS separation (MPS);

 Pulse amplifiers (PA) do not provide IR waveform, con-
sume a lot of power, and are not safe;

e Two harmonics (H2) generators are able to reach 43%-—
56% of MPS, are stable, and safe; and

 Flyback (FB) generators are able to reach 47%-69% of
MPS, are stable, and safe.

Comparing the two resonant circuit generators, the ad-
vantages of the FB generator lies slightly improved reso-
lution and small size, while the principal advantage of the H2
generator is its ability to operate effectively under conditions
of high SV amplitudes, high frequency, and high capacitive

Rev. Sci. Instrum. 81, 024101 (2010)

load. The desirable attributes of the FB generator make it
ideal for portable field applications, whereas the H2 genera-
tor is ideal for laboratory applications.
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