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a b s t r a c t

In this work, we provide a comprehensive understanding of the radial ion focusing mechanism in the
periodic-focusing DC ion guide (PDC IG). The PDC IG was developed in our laboratory to improve the
sensitivity and throughput of ion mobility spectrometry (IMS) with respect to conventional uniform field
IMS. Radial ion focusing, which is responsible for the sensitivity improvement, is attributed to the pres-
ence of effective potentials created by the fringing electric fields of thick ring electrodes and collisional
eywords:
on mobility spectrometry
on guide
eriodic focusing
ffective ion temperature

cooling of the ions with the neutral buffer gas. The ion focusing mechanism is affirmed by investigat-
ing the variations in the effective ion temperature (Teff) which are dependent upon axial position in the
device. The concepts derived herein outline guidelines for the design of high performance PDC IG ion
mobility instruments and other ion optical devices such as periodic-focusing DC ion funnels.

© 2010 Elsevier B.V. All rights reserved.

ffective potential
seudopotential

. Introduction

Ion mobility spectrometry (IMS) is a gas-phase electrophoretic
eparation of ions carried out in the presence of a neutral gas, under
he influence of an electric field. In the past few decades, several
esearch groups have coupled IMS to mass spectrometry (MS) to
btain a separation dimension based on the ion-neutral collision
ross-section (�), which complements the mass-to-charge (m/z)
eparation of MS [1–4]. Ion mobility-mass spectrometry (IM-MS)
ffords several attractive analytical attributes including rapid sep-
rations of complex mixtures, isobars, and isomers, reduction of
hemical noise, and determination of ion size—all of which are
ifficult or impossible to achieve by MS alone. Moreover, IM-MS
as the capability of differentiating ions belonging to chemical
lasses along distinctive mobility-mass trendlines [5–7]. Although
relatively old technique, the aforementioned characteristics have
llowed IMS and IM-MS to emerge as a powerful analytical tool
ith a broad range of applications including the study of atmo-

pheric ions [8], aerosol particles [9], and ion cluster geometries
10–13], detection of airborne chemical agents [14,15], separation

f electronic isomeric forms of small molecules [16,17], assignment
f ground and excited states in transition metals [18], and char-
cterization of hydrocarbons in crude oils [19,20]. Additionally,
he separation speed and information-rich data have allowed for
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uilding, 3474 TAMU, College Station, TX 77843-3474, United States.
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E-mail address: russell@chem.tamu.edu (D.H. Russell).
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biological applications aimed at investigating molecular structure
[21,22] and/or carrying out high-throughput separations of com-
plex mixtures in the fields of proteomics [7,23], glycomics [24,25],
and metabolomics [26].

Owing to the versatility of IM-MS, the study of novel instru-
ment design platforms and applications continues to be one of
the most rapidly growing areas in the field. Moreover, several
research groups have focused on achieving high resolution (R > 50)
IMS separations as this factor chiefly limits overall IM-MS peak
capacity and the information content that can be experimentally
derived [2,27,28]. The resolution of the ion mobility measurement
is defined as the ratio between the average drift time, tD, and the
full width of the mobility peak at half-maximum height, �tFWHM.
Theoretically, resolution is limited by several factors, although for
a sufficiently small packet of ions, the dominant contribution is
longitudinal diffusional broadening in the drift tube. A practical def-
inition of resolution in terms of experimental parameters is given
by [29],

R = tD

�tFWHM
=

(
LEq

16 ln 2KBT

)1/2
(1)

where T is the temperature, q is the ion charge, KB is Boltzmann’s
constant, L is the length of the drift tube, E is the electric field, and
the product LE translates into the overall voltage drop, V, across the

drift tube. Hence, Jarrold and coworkers reported among the high-
est measured mobility resolution to date, 172, for singly charged
fullerene radical cations using 10,000 V applied across a 63 cm drift
tube maintained at a pressure of 500 Torr [28] while Clemmer and
coworkers recently achieved a mobility resolution of 345 for the

dx.doi.org/10.1016/j.ijms.2010.07.019
http://www.sciencedirect.com/science/journal/13873806
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ig. 1. Longitudinal cross-sections of uniform field (a) and periodic-focusing field
DC IG via the periodic-focusing mechanism which confines ions near the central d

+2) charge state of Substance P using a pulsed cyclic drift tube
esign [30].

Sensitivity, however, is the most sacrificed analytical figure of
erit in high resolution IM-MS, owing to the loss of radially-

iffuse ions at conductance limiting apertures required for efficient
ntegration of the relatively high pressure drift tube and the vac-
um region of the mass analyzer. Typically, ion transmission is

ncreased by coupling RF ion funnel interfaces at the front and/or
ack of uniform field drift tubes to increase ion introduction and
ollection efficiency prior to MS [31]. Conversely, the electrostatic
eriodic-focusing DC ion guide (PDC IG) incorporates two major
odifications to the uniform field IMS ring electrode geometry to

chieve radial confinement of ions during the IMS separation: (1) a
ecrease in the inner diameter and (2) an increase in the thickness
f the lens element with respect to the electrode spacing, while a
inear axial voltage drop is maintained across the electrode stack
32,33]. The novel geometry takes advantage of the fringing electric
elds created near the edges of thick electrodes that generate the
eriodic-focusing phenomenon. As a result, the PDC IG can operate

n the low pressure regime between 1 and 10 Torr to produce rapid
MS separations on the �s–ms timescale and allow for utilization
f kHz electronic pulsing and/or various multiplexing strategies for
on injection into the drift tube [34,35]; under these conditions, the
ignal-to-noise is greatly enhanced and the duty cycle of the IM-MS
nstrument can approach unity.

Fig. 1 contains simulated ion trajectories in the PDC IG and uni-
orm field IMS drift tubes. The ion trajectories illustrate that the PDC
G yields increased ion transmission compared to uniform field IMS
nd our most recent investigations show up to a 40-fold increase
n ion transmission with only a 10% decrease in resolution [36].
he PDC IG has been used for rapid IMS separations of fullerene
nd model peptides with mobility resolution up to 80 for a 1.25 m
ength drift tube [36]. Although excellent analytical figures of merit
ave been demonstrated, ion dynamics in the PDC IG have not been
escribed in detail. In the present work, we explain the role of elec-
rode geometry, compare radial ion confinement to the focusing

echanism in a stacked-ring DC ion guide (termed “DC IG” for sim-
licity), and briefly discuss the subsequent effects of radial focusing
n the analytical separation as compared to uniform field IMS.

.1. Uniform field IMS

Ion mobility separation in conventional uniform field IMS (also
ermed drift time IMS) occurs as ions traverse a drift tube contain-

ng an inert buffer gas under the influence of a low uniform electric
eld. The force exerted on the ion by the electric field is opposed by
he forces created by ion-neutral collisions resulting in an average
elocity for the ion, termed the drift velocity, VD. The mobility con-
tant, K, is the proportionality constant between the drift velocity
S drift tubes showing ion trajectories in black. Ion transmission is increased in the
is and maximizes ion transport through the exit of the drift tube.

and the electric field and is related to the collision cross-section by
the following relationship [37],

K = VD

E
=

(
3q

16N

)
·
(

1
m

+ 1
M

)1/2
·
(

2�

KBTeff

)1/2

·
(

1
�

)
(2)

The terms N, m, M and Teff represent particle number density of
the buffer gas, the mass of the ion, the mass of the buffer gas, and
the effective ion temperature, respectively. Eq. (2) is derived under
the assumption that interaction potentials between ions and gas
particles (i.e., ion-induced dipole) are negligible—a condition that
may be experimentally approached using helium as the buffer gas.
Additionally, Eq. (2) applies when the kinetic energy the ions gain in
the electric field ((1/2)mVD

2) is not significantly above the thermal
energy (KBT), defining a “low field limit” which can be attained for
atomic ions and IMS separations near atmospheric pressure.

Although it is generally assumed that IMS is carried out under
the “low field limit”, ions present in a drift tube can have a
different temperature than the buffer gas (Teff) owing to the elec-
tric field acting upon them [38]. Ion heating becomes significant
for IMS measurements of macromolecules at reduced pressures
(0.1–1 Torr). Under these conditions, Teff > T because the field contri-
bution to the ion kinetic energy is nonzero. That is, the translational
kinetic energy gained by a macromolecule from the electric field
between subsequent collisions cannot be completely quenched
by a single collision with the buffer gas; however, at sufficiently
low field strength, K remains independent of E/N defining an
“intermediate-field region” where Eq. (2) still applies [39,40]. In
this region, variations in Teff can be used to indicate fluctuations
in the electric field strength and the frequency of ion-neutral col-
lisions [41]. Here, we use Teff calculations in combination with
effective potentials to yield a comprehensive understanding of the
ion dynamics in a PDC IG under static pressure conditions.

1.2. The concept of effective potentials

In contrast to uniform field IMS, the PDC IG contains radial focus-
ing properties analogous to the effective potentials found in a DC
IG reported by Guan and Marshall [42]. The effective potential con-
cept, however, was originally derived to explain radial confinement
of gas-phase ions moving relatively slow (or at rest) with respect
to fast inhomogeneous RF (time-varying waveform) electric fields
[43]. The radial effective potential, V*(r), of a multipole ion guide
with an applied RF voltage is described by the relationship,

2 2

V∗(r) = q E0 (r)

4m�2
(3)

where E0(r) is the amplitude of the instantaneous electric field in
the radial direction and � is the frequency of the applied RF volt-
age. While V*(r) is well established for a number of electrodynamic
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evices including RF ion guides [44], quadrupole ion traps [45],
nd RF ion funnels [46], an analogous effect is achieved for an ion
oving across alternating high and low electrostatic fields, as in

he DC IG. In the DC IG, ions are radially focused as they traverse
hin electrodes that are alternately biased at positive and negative
C potentials. The electrostatic potentials create an effective RF
otential (position-varying waveform) in the inertial frame for an

on traveling with a given axial velocity, VZ. In a position-varying
aveform, ion motion tracks with the effective RF frequency, �eff,
hich is dependent upon the axial velocity of the ion and the spatial
eriodicity of the radial electric field, 2�z0, as follows [42],

eff = 2Vz

z0
(4)

ubstituting Eq. (4) into Eq. (3) and using the radial electric field,
(r), to represent the radial electric field amplitude yields,

∗(r) = q2E2(r)z0
2

16mVZ
2

(5)

n the present work, we derived effective potential profiles using
q. (5) to study the radial focusing mechanism in the PDC IG.

. Ion dynamics simulations

.1. Drift tube geometry

The PDC IG examined in this study consists of 26 ring electrodes
ith a width (w), spacing (s), and inner diameter (d) of 6 mm and

n overall length of 32 cm (w:s:d aspect ratio = 1:1:1). A potential
rop was applied across the electrode stack to establish a net field
trength of E/p 24 V cm−1 Torr−1 corresponding to 75 Td at 298 K,
nless otherwise noted.

.2. Determination of the effective potentials

Analogous to the DC IG, the effective potentials in the PDC IG are
reated by the radial variations in the electric field and are depen-
ent upon the axial velocity of the ion. The radial electric fields
ere determined using SIMION 8.0 (SIS, Ringoes, NJ). In SIMION,

lectrostatic potentials (and the electric fields) are determined by
olving the Laplace equation in three dimensions [47],

2V = ∇ · E = ∂Ex

∂x
+ ∂Ey

∂y
+ ∂Ez

∂z
= 0 (6)

here the electrodes serve as the boundary conditions. It should
e noted that the Laplace equation does not treat space-charge
ffects that may contribute to electric field variations; however,
pace–charge effects are minimized by performing experiments
here ion densities are low. To derive the effective potential pro-
les, SIMION was used to calculate the radial variations in the
lectric field and measure the average axial ion velocity at 0.25 mm
ntervals along the drift tube. Since q, z0, and m are constants in
q. (5), the quotient, E2(r)/Vz

2, is directly proportional to V*(r).
lthough the axial ion velocity values represent a radial aver-
ge, the standard deviation of the measurements was low (ca.
0.07 mm/�s) which implies that radial variations in the axial
elocity are minimal.

.3. Ion-neutral hard sphere collisional dynamics
Ion-neutral collisional dynamics were simulated for more
han 180 periodic-focusing subunits (electrode subunits × number
f ions) using C60

•+ ions (720m/z, � = 124 Å2) [48] and helium
uffer gas with the “collision hs1.lua” user program provided with
IMION to include ion-neutral hard sphere collisions. The effective
ass Spectrometry 296 (2010) 36–42

ion temperature was determined following a procedure previously
demonstrated by Fernandez-Lima et al. [41].

3. Results and discussion

3.1. Derivation of effective potentials

In our original work which first introduced the PDC IG, we
indicated that the device aided in the “stabilization of ions and
reduction of radial diffusion by collisional cooling in a static “pseu-
dopotential”” [32]. However, the radial focusing mechanism was
not studied in further detail. In the present work, the theoretical
basis for the aforementioned statement is illustrated by deriving
effective potential profiles and examining the effects of electrode
geometry on the electric fields and subsequent gas-phase ion
dynamics.

First, the axial (z) profile of the electrostatic potential at a con-
stant radial (r) position alternates between high and low field
regions (steep and shallow slopes, since the axial electric field is
the slope of the axial potential profile) as illustrated in Fig. 2(a).
Although an average electric field is applied across the entire PDC
IG, the local electric field oscillates above and below the central
value. The low field components are located in the middle region
of the electrode while the higher field components are located in
the gap between adjacent electrodes. This variation is a conse-
quence of the finite thickness of the electrodes and results in an
electric field with axial periodicity shown in Fig. 2(a). Similarly, the
electrostatic potential profile and electric field variations for a DC
IG at a fixed r position are shown in Fig. 2(b) [42]. Although the
electrostatic potentials are different in the DC IG and PDC IG, both
ultimately result in oscillating axial and radial electric fields. The
spatial periodicity of the radial field generates an effective RF for an
ion moving with a given axial velocity that tracks with V* (shown
later in Fig. 4). Furthermore, in the DC IG, three adjacent electrodes
comprise a single effective RF spatial period (wavelength) while a
single electrode and approximately half the distance to the adjacent
electrode on either side comprises two wavelengths in the PDC IG.
Nevertheless, �eff is remarkably similar as both devices operate in
the kHz range. Moreover, the absence of a net axial electric field
in the DC IG results in ion losses for ions without sufficient ini-
tial kinetic energy and for ions whose kinetic energy is quenched
by thermalizing collisions. On the other hand, Fig. 2(a) illustrates
that the net electric axial field in the PDC IG oscillates about a cen-
tral electric field (Ec) with an amplitude (E0) which allows for ion
transport at elevated pressures and IMS separation on the basis of �.
Initial ion kinetic energy is not critical in the PDC IG—so long as it is
not sufficiently high as to result in collision-induced dissociation or
structural rearrangement when determining �. Instead, ion kinetic
energy in the PDC IG is governed by E/N as in conventional IMS (see
Section 1.1).

Effective potentials created by the radial variations in the elec-
tric field at the electrode edges must be considered since an
effective RF alone cannot suppress radial diffusion. Fig. 3(a) illus-
trates that the instantaneous potential varies slightly from r = 0 to
r = 1 mm off-axis indicating only slight radial variations. The devi-
ation is more easily observed at r = 2 mm where the axial potential
profile shows a decreased slope at the edges of the electrode indi-
cating increased radial variations. Thus, the radial variations in
the electric field are not significant near the central drift axis, but
become increasingly important as |r| > 0. The radial variation of the

electric field is caused by the fringing fields extending from the
edges of the electrodes and is essential for producing the effective
potential barriers that radially confine ions.

The alternating high and low axial electric fields result in axial
ion velocities that vary with z-position in the drift tube. Compared
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ig. 2. Axial variations of the instantaneous voltage and the electric field shown for
he DC IG (dotted red lines) (b) at fixed radial position. In both the PDC IG and DC IG
f the references to color in the figure caption, the reader is referred to the web ver

o ions in the electrode gaps, ions inside the electrodes achieve a rel-
tively low axial velocity in a low electric field due to a decrease in
cceleration during the time period between successive ion-neutral
ollisions [40]. Fig. 3(b) illustrates the sinusoidal variation of the
verage axial ion velocity as a function of z-position across a sin-
le electrode subunit. It should be emphasized that the observed
deceleration” of the axial velocity is a net result of both the ion-
eutral collisions and the decreasing magnitude of the electric field;
herefore, for accuracy, we refer to “low axial ion velocities” rather
han “deceleration” [40]. As a consequence of the low axial ion
elocities, local residence time in the low electric field regions
ncreases, exposing the ion to more collisions with the neutral
uffer gas (see Section 3.2) resulting in further decreases in the ion
elocity (and ion kinetic energy). Furthermore, the axial velocity of
he ion at the leading edge of an electrode decreases until the ion
pproaches the tailing edge whereupon axial velocity increases as a
esult of the higher electric field that penetrates from the electrode

ap. Fig. 3(b) shows that the magnitude of the axial velocity fluctu-
tions for ions between and inside electrodes ranges from ∼1.1 to
.38 mm/�s, respectively, at Ec/N 75 Td.

The equipotential and effective potential contour profiles for
single electrode in the PDC IG are depicted in Fig. 4(a) and (b),

ig. 3. Normalized axial profile of the electrostatic potential at different radial positions:
xial velocity of the ions (b), each shown with respect to electrode position. (For interpre
eb version of the article.)
C IG (solid blue lines) with respect to the uniform field (dashed grey lines) (a), and
voltage profile results in a sinusoidally oscillating electric field. (For interpretation
f the article.)

respectively. When the axial ion velocity is considered constant,
the effective potential contours appear symmetric [36]. The differ-
ence in axial velocity of the ions at the leading and tailing edge
of the electrode (Fig. 3(b)) contributes to the asymmetry of the
effective potentials. That is, because ions are moving with rela-
tively lower axial velocities as they approach the tailing edge of
an electrode, the magnitude of the effective potential increases, as
predicted by Eq. (5). It is also important to note that the effective
potentials, although asymmetric, are centered on the edges of each
electrode and are negligible in the regions where the radial elec-
tric field variations are minimal viz. the midpoints between and
inside electrodes (see Fig. 3(a)). The discontinuity in the effective
potentials is a result of the thickness of the lens elements—since
radial variations only occur near the electrode edges via fringing
field effects—which has important consequences in terms of ion
losses (discussed later in the text, see Fig. 5(b)). Furthermore, the
effective potential profile at the edges of the electrode (without

considering variations due to Vz) shows exponential decay with
respect to radial position (V*˛er) as expected for V* derived for a
cylindrical potential profile [42,43]. It should be noted that an expo-
nential decay profile contains larger space–charge capacity than RF
multipole devices because it more closely approaches a particle in

r = 0 (solid black line), r = 1 (dotted red line), r = 2 (dashed blue line) (a), and average
tation of the references to color in the figure caption, the reader is referred to the
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ig. 4. “The anatomy of a periodic-focusing subunit”: equipotential lines shown in r
oordinates onto the plane of the paper and plotted with respect to electrode posi
ection 3.2. (For interpretation of the references to color in the figure caption, the r

box. That is, the radial field variations are minimal for ions on-
xis while ions that deviate off-axis (r > 0) are confined by a steep
arrier. Because the radial V* profile deviates from a cylindrical
rofile away from the electrode edges, the radial electric fields are
ore easily obtained using SIMION calculations as opposed to mod-

fication of analytical expressions derived for an ideal cylindrical
otential profile.

.2. Periodic-focusing mechanism

Ion transport dynamics near and within each of the PDC IG elec-
rodes appear similar, as indicated by our simulations in Fig. 1.
herefore, each electrode may be considered a single periodic-
ocusing subunit. To qualitatively describe the ion dynamics in the
DC IG, an electrode subunit of the drift region has been divided into
our sections labeled A, B1, C, and B2, as shown in Fig. 5. In region
, the axial electric field is relatively high owing to the electrostatic
otential drop from one electrode to the next. In this region, ion
eparation occurs on the basis of a positionally-dependent electric
eld where the amplitude of the axial profile of the electric field
xceeds the central field (Emax = Ec + E0). Although the ion swarm is

ubject to diffusional broadening in the radial and axial directions,
he length of region A is relatively short and radial diffusion is cor-
ected by the effective potentials in the subsequent regions. As ions
nter an electrode (region B1) their velocity decreases as a result
f the dampened electric field and ion-neutral collisions. In region

ig. 5. Ion trajectories showing periodic-focusing subunits at varied field strength: Ec/N 7
o the locally dampened electric field in region C.
and contour plot of effective potentials shown in blue (b) projected from cylindrical
he regions which are separated by dashed lines and labeled A–C are described in
is referred to the web version of the article.)

C, the axial electric field amplitude defines an electric field lower
than the central electric field (Emin = Ec − E0) where ion velocities
continue to decrease. The apparent radial defocusing of the ions
in region C (Fig. 5(a)) is due to diffusion of the ions under these
lower field conditions. It is also important to note that region C does
not contain effective potentials. Thus, if the electrode thickness is
increased significantly, or if E/N is decreased beyond a lower limit,
region C approaches field-free conditions where diffusion will dom-
inate. For example, in the simulation shown in Fig. 5(b), the overall
average Ec/N is decreased from 75 to 37 Td to achieve low local
field conditions in region C (Emin/N ∼ 12 Td), while still maintaining
sufficiently high field strengths for mobility separation in region
A (Emax/N ∼ 62 Td). In this case, thermalization may dominate for
ions in region C owing to very low local electric fields and increased
collisional cooling. Under these conditions some radially-diffuse
ions may not have sufficient axial kinetic energy to traverse region
C and/or overcome the effective potential barrier extending from
the tailing edge of the electrode. These ions may follow the effec-
tive potential barriers towards the electrode surface where they are
neutralized, as illustrated by the ion denoted † in Fig. 5(b). Due to
the presence of low local field conditions inside electrodes, Emin/N

is a critical parameter that affects radial focusing and ion transmis-
sion; however so long as the applied Ec/N is sufficiently large (�47
Td), the ion trajectory simulations for the PDC IG investigated in
this study suggest that nearly all ions (m/z = 720) are transmitted
across the device.

5 Td (a) and 37 Td (b). In (b), the radially-diffuse ion labeled † is thermalized owing
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ig. 6. Effective ion temperature of a single ion (represented with black dots) and th
ollisions in 0.25 mm bins is shown in blue (bottom trace) across three representativ
s referred to the web version of the article.)

.3. Effective ion temperature and collisional dynamics

The ion dynamics described in Sections 3.1 and 3.2 are rein-
orced by studying Teff in the PDC IG. Fig. 6 illustrates Teff and the
umber of ion-neutral collisions with respect to the axial position

or three representative electrode subunits. The observed variation
n Teff is a result of changes in ion velocity (or kinetic energy) initi-
ted by the periodicity of the electric fields (Fig. 2(a)) and enhanced
y subsequent collisional cooling at low axial velocities. Teff reaches
minimum in region B2 and a maximum in region A, and demon-

trates the periodic ion heating and cooling phenomenon inherent
n the device. Fig. 6 also illustrates the inverse relationship between
eff and the ion-neutral collision frequency. Although our simu-
ations suggest that local effective ion temperatures can be high,
he average Teff in the PDC IG oscillates above and below ∼421 K
t Ec/N 75 Td. It should also be noted that for reference purposes,
e also investigated the effective ion temperature in a 32 cm uni-

orm field IMS drift tube at the same field strength, which yielded a
imilar average Teff ∼ 438 K. Teff is expectedly greater than T (298 K)
ecause in this field, the translational kinetic energy of C60

•+ cannot
e entirely quenched by a single collision with a helium atom (see
ection 1.1). Moreover, as expected from uniform field IMS in the
intermediate field”, as E/N decreases, Teff decreases proportionally,
wing to a decrease in acceleration between subsequent collisions,
ltimately leveling off as Teff approaches T (data not shown).

.4. IMS resolution

A comprehensive discussion of resolution and ion transmission
n the PDC IG is provided by Blase et al. [36], nevertheless, sev-
ral key points are evident from the ion dynamics described in
his work. (1) Although the periodic-focusing field is comprised of
n oscillating axial electric field (position-varying waveform), ion
obility separation occurs in all regions for the simulated geome-

ries and local E/N values. Relatively high field IMS separation
ccurs in region A while regions B and C generate a combina-
ion of relatively lower field IMS separation and collisional cooling.
hese overall conditions produce an average drift velocity inte-
rated over all periodic-focusing subunits and provide an efficient

obility separation with high resolution, sensitivity and through-

ut. (2) Based on the ion dynamics described herein, the PDC IG
roduces slightly lower resolution relative to uniform field IMS,
wing to the radial variations in the axial electric field where the
ffective potentials exist leading to an increase in �tFWHM at the
rage of several ion trajectories (shown in red, top trace). The number of ion-neutral
trodes. (For interpretation of the references to color in the figure caption, the reader

detector. (3) Along with the terms in Eq. (1), mobility resolution in
the PDC IG is affected by the electrode inner diameter which posi-
tions the effective potentials in the radial dimension. For example,
ions traversing a PDC IG with a smaller inner diameter will be more
confined to the central drift axis (r = 0) which increases ion trans-
mission but decreases mobility resolution. On the other hand, the
converse is true for ions traversing a PDC IG with a larger electrode
inner diameter.

4. Conclusions

Ion dynamics in the PDC IG are described in terms of the axial
electric field variations, effective RF, discontinuous effective poten-
tials created at the edges of the thick periodic-focusing electrodes,
and the ion-neutral collisional dynamics under static pressure con-
ditions. Our results show that the PDC IG functions analogously to
a DC IG in terms of radial ion confinement, but the overall potential
drop allows for ion transport at elevated pressures and creates a
net electric field for IMS separation on the basis of collision cross-
section. The focusing mechanism is confirmed by examining the
effective ion temperature and velocity fluctuations which coincide
with the effective potentials. Moreover, the PDC IG can correct the
trajectory of radially-diffuse ions in one periodic-focusing subunit
(a single electrode) to transport nearly all ions across the device,
while a DC IG requires several effective RF cycles to obtain effi-
cient radial focusing. Previous experimental and simulation data
indicated only a small (∼10% at 1 Torr) decrease in terms of resolu-
tion with respect to the uniform field IMS [36]. Our ongoing work
is focused on deriving the comprehensive theory and function of
the PDC IG to quantitatively explain IMS separation in the device
[49].

The concepts derived to explain periodic-focusing ion dynamics
herein provide insight into factors related to resolution, sensitiv-
ity, and throughput of the ion mobility separation in a PDC IG and
can ultimately be used to guide future instrument development.
Because of the ability to transmit nearly all ions across the entire
drift length without radial broadening, we are currently investi-
gating an increased length PDC IG (>2 m) in order to achieve higher
resolution IMS separations as predicted by Eq. (1), whereas conven-

tional uniform field drift cells of the same length may not produce
an appreciable ion signal without a radial focusing mechanism.
Based on the principles derived in this work, we are also currently
investigating a periodic-focusing DC-only ion funnel for gas-phase
ion transport across differential pressure interfaces [50].
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