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a b s t r a c t

The purpose of this work is to expand on the theory presented by Silveira et al. [Silveira et al., Interna-
tional Journal of Mass Spectrometry 296 (2010) 36–42], to include a detailed discussion of discrete ion
transport properties in the periodic-focusing DC ion guide (PDC IG) that result in radial ion focusing and
ion mobility. We previously noted that although the PDC IG utilizes only electrostatic fields, ions are sub-
jected to an effective RF as they traverse the device in the axial (z) direction. Here, the radial electric field
(Er) oscillations generating the effective RF are investigated in detail. Equations of motion are derived
to explain ion movement in the radial (r) direction. The results suggest that a collisionally dampened
effective potential (V*) model can explain the observed radial ion confinement. Furthermore, a mathe-
matical explanation regarding the effects of the non-uniform axial electric field and periodic collisional
on guide

eriodic focusing
ffective potential
seudopotential

cooling phenomena generated in the PDC IG is presented in the context of ion mobility spectrometry
(IMS). Included is a detailed discussion of the ion mobility coefficient (K), ion mobility resolution (R), and
subsequent determination of the ion-neutral collision cross section (˝) using the PDC IG. The results
indicate that the PDC IG affords straightforward and accurate determination of K and ˝ via incorporation
of a mobility damping coefficient (˛) which is easily derived based upon the operating conditions and
the electrode geometry.
. Introduction

Radial diffusion adversely affects the analytical figures-of-
erits in ion mobility spectrometry (IMS), specifically ion

ransmission, which imposes severe limitations on the overall
nstrument sensitivity. Several approaches which correct for radial
iffusion have been attempted including positioning the drift tube

n a strong magnetic field [1], incorporating RF ion funnels [2],
eriodic-focusing DC ion guides (PDC IGs) [3,4], RF stacked ring drift
ubes [5] and traveling wave devices [6,7]. Although each of these
pproaches has demonstrated increased ion transmission, all come
t the expense of other analytical figures-of-merit, such as exten-
ive calibration methods, decreased IMS resolution, uncertainty
n the effective ion temperature (Teff), and decreased accuracy of

ollision cross section (˝) measurements.

In this work, we expand upon the gas-phase ion dynamics of the
DC IG presented in reference [8] to include a detailed description
f the radial (r) and axial (z) ion transport properties that result in
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ion focusing and ion mobility separation, respectively. Previously,
we demonstrated that the PDC IG contains the properties of an ion
guide and an ion mobility spectrometer yielding high ion transmis-
sion and high resolution (R ∼ 50–120 for singly charged ions) IMS
separations [4,9]. In terms of radial ion focusing, several key fea-
tures of the PDC IG have been realized: (1) ions with a given axial
velocity (Vz) are subjected to an effective RF as they traverse the
device owing to the spatial periodicity of the radial electric field,
Er, (2) the magnitude of Er varies as a function of the r-dimension,
(3) under stable operating conditions, compensation for radial dif-
fusion is indicative of a focusing mechanism operating on the basis
of effective potentials analogous to RF devices [10,11], and (4) Teff
varies as a function of z-position initiated by the variations in the
axial electric field (Ez) [8]. Results (1–3) are analogous to the focus-
ing properties of a stacked-ring DC ion guide (DC IG) reported by
Guan and Marshall [12], whereas property (4) remains unique to
the PDC IG operating at elevated pressures ∼1–5 Torr.

The term effective RF refers to the spatial changes of the static Er

encountered by an ion traversing the PDC IG in the z-direction with

a given velocity. This scenario is inverse to traditional RF but ulti-
mately creates an analogous effect. While the effective RF generates
an apparent defocusing and a subsequent focusing effect in a single
electrode subunit, the net drift of an ion trajectory towards the cen-
tral r = 0 position over several RF cycles is attributed to the presence

dx.doi.org/10.1016/j.ijms.2011.01.025
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
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f effective potentials. Moreover, the middle region of the PDC IG
lectrodes acts as a collisional cooling region owing to an increase
n the number of ion-neutral collisions per unit z-displacement (n)
nitiated by the axial electric field, Ez, oscillations. Collisional cool-
ng assists the effective potentials at the tailing edge of the electrode
y slowly focusing ions towards the central drift axis. Compared to
onventional drift time based uniform field IMS (DT IMS) coupled
o mass spectrometry (MS), the PDC IG-MS design allows for a sub-
tantial (up to 40-fold) increase in ion transmission accompanied
y a modest (∼10%) decrease in the IMS resolving power, depend-

ng on the experimental conditions and the drift tube design [9].
ere, the discussion of radial motion is extended with an empha-

is on clarifying the role of effective RF which facilitates radial ion
ocusing and utilization of the PDC IG as a high transmission ion

obility spectrometer. A mathematical treatment for effective RF
on motion is presented and the generation of effective potentials
rom radial variations of the effective RF is discussed along with
ollisional damping effects.

In addition, the axial ion transport mode is investigated in
erms of ion mobility separation. Recently, IMS has become an
mportant platform for the elucidation of 3D structures and
heir changes in polyatomic frameworks including ionic clusters
13–17], metal–ligand complexes [18,19], peptide ions [20–22] as
ell as protein ions [23–27]. Traditionally, the ion-neutral cross

ection (˝) is obtained by DT IMS whereby ions traverse a drift
ube of length L filled with a neutral buffer gas under the influence
f a uniform electric field (E) such that the mobility coefficient (K)
s given by [28],

= L

tdE
(1)

here td is the drift time of the ion in the drift tube. K may also be
xpressed as the reduced ion mobility coefficient, K0, obtained by
tandardizing K to standard temperature and pressure,

0 = K
P

P0

T0

T
(2)

here P is the drift gas pressure, P0 is the standard pressure, T
s the drift gas temperature, and T0 is the standard temperature.
tructural features may be deduced using the parameters K0 and ˝
xpressed in the relationship [28,29],

0 =
(

3q

16N0

)(
2�

�KBT

)1/2 (
1
˝

)
(3)

here,

= mM

m + M
(4)

he terms N0, m, M, q and � represent the standard particle number
ensity of the buffer gas, the mass of the ion, the mass of the buffer
as, the charge of the ion and the reduced mass, respectively. While
offers information on relative differences between structures, ˝

rovides additional detail on the overall size and shape of the ions.
rom Eqs. (1)–(3), ˝ can be obtained from the expression,

=
(

3q

16N0

)(
2�

�KBT

)1/2 (
tDE

L

)(
P0T

PT0

)
(5)

The accuracy of K measured by DT IMS for the subsequent cal-
ulation of ˝ using Eq. (5) depends critically on the experimental
nd instrumental parameters employed, viz. E, P, T and other fac-

ors which affect the arrival time distribution. In addition, while tD

easured at the peak centroid (assuming a single conformation)
s sufficient for obtaining K and ˝, the resolution of the technique
R) becomes increasingly important when multiple analytes and/or
tructural conformations with similar mobility are present. In DT
ass Spectrometry 303 (2011) 154–163 155

IMS, the diffusion-limited resolution (R) is given by,

R = td

�td
= 1

4

(
qLE

KBT ln 2

)1/2
(6)

where �td is the full width of the mobility peak at half maximum
height. Previous IMS-MS studies by Sawyer et al. on the structure
of gas-phase bradykinin fragment 1-5 revealed three distinct con-
formations of the peptide via IMS measurement with a PDC IG and
calibration procedures assuming first-order IMS principles [30]. In
this work, we also provide theoretical validation for the aforemen-
tioned method and discuss the specific impacts of instrumental
parameters including the spatial variations of the axial electric field,
Ez, and the periodic collisional cooling effects represented by n, the
number of ion-neutral collisions per unit z-displacement, for the
determination of K, R, and ˝ in the PDC IG.

2. Experimental

2.1. Chemicals and samples

A fullerene mixture (C60 and C70) and benzene were purchased
from Sigma–Aldrich (St. Louis, MO). A suspension of fullerene in
benzene was deposited on a stainless steel sample probe and
allowed to dry prior to analysis.

2.2. Instrumentation

Instrumentation used in this study has been described previ-
ously [9]. Briefly, two L = 63 cm PDC IG designs were constructed
with different electrode geometries. The ratio between electrode
spacing (s), electrode width (w) was kept constant while the inner
diameter (d) of the electrode was varied. Specifically, both designs
utilized s = w = 6 mm while d was varied: 6 mm (s:w:d ratio = 1:1:1)
and 8 mm (s:w:d ratio = 3:3:4). A voltage drop was established
with a series of 1 M� resistors connecting adjacent electrodes. The
maximum voltage drop (V) across both designs was ∼3500 V. Sam-
ples were spotted on a stainless steel probe and inserted into the
drift cell between the first and second electrode. A nitrogen laser,
� = 337 nm (Stanford Research Systems, Sunnyvale, CA), was used
to create ions via laser desorption ionization. The drift tube pressure
was maintained between 1 and 3 Torr with He buffer gas. A 500 �m
aperture was placed at the exit of each PDC IG to aid in differen-
tial pumping for ion detection with a Galileo Channeltron electron
multiplier (CEM) detector (Burle Electro-Optics, Inc.; Lancaster, PA).

2.3. Ion optics simulations

For detailed descriptions of the methods used in the deriva-
tion of electric fields or simulation of ion trajectories, the reader is
referred to reference [8]. Briefly, ion-neutral collisional dynamics
were simulated for both periodic-focusing lens geometries using
C60

•+ ions (720 m/z, ˝ = 124 Å2) and He buffer gas with a user
program provided with SIMION 8.0 (collision hs1.lua) to include
ion-neutral hard sphere elastic collisions at 300 K.

2.4. Drift time measurements

For the experimental determination of drift times, ion mobil-
ity spectra were obtained at varied applied electric field conditions
(15–30 V cm−1) at a fixed pressure between 1 and 2.5 Torr to con-
struct arrival time (y-axis) versus 1/E (x-axis) plots. Each plot

displayed a linear trendline with R2 > 0.99. The y-intercept of the
plot provided the time offset (equivalent to the time ions spend
outside of the drift cell) that was subtracted from the observed
arrival time in order to obtain the drift time used in the collision
cross section calculations.
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ig. 1. Two adjacent PDC IG electrodes showing the variables that define the aspect
atio (s:w:d) and the radial (r) and axial (z) dimensions. The location of electric field
oundary conditions, r = 0 and r = rsurface , are also indicated.

. Results and discussion

.1. Ion transport modes

We previously proposed an ion focusing mechanism by which
he PDC IG operates and compared the properties of the device
o the DC IG [8]. However, the DC IG and PDC IG differ in terms
f optimum operating conditions. That is, the PDC IG contains an
dditional superimposed potential drop to allow for ion transport
t elevated pressure and IMS separation on the basis of collision
ross section. Conversely, stable operation of the DC IG requires
ow pressure or vacuum conditions as ion focusing resembles an
xtended Einzel lens system. In this work, we seek to elucidate the
pecific relationships between electric field profiles and radial ion
ocusing in PDC IG.

Fig. 1 contains a schematic representation of two lens elements
n a PDC IG, including labels of the geometric variables and the

ylindrical coordinate system referred to in this discussion. Fig. 2
epicts the representative trajectory of a single off-axis ion demon-
trating that under stable operating conditions, overall ion motion
an be decoupled into three separate channels: (1) axial drift, (2)

ig. 2. Equipotential lines (shown in red) for three representative electrodes and the thr
adial ripple, and (3) central drift motion about the r = 0 axis (blue dashed line). In the si
emperature was 300 K yielding Ec/N 75 Td. (For interpretation of the references to color
ass Spectrometry 303 (2011) 154–163

radial ripple, and (3) central drift about r = 0. Axial drift motion is a
result of the overall potential drop across the device giving rise to Ez

which oscillates about a central value (Ec). Axial drift motion is gov-
erned by IMS relationships as discussed later in Sections 3.5 and 3.6.
Moreover, our previous work introduced the concept of effective
RF caused by the radial electric field variation for an ion travel-
ing with a given Vz. While RF in multipolar ion guides and traps
traditionally consider an ion at rest with respect to fast RF electro-
dynamic fields, an effective RF is generated by the inverse scenario:
an ion moving relatively fast with respect to position-dependent
electrostatic waveforms which is the case for ions traversing the
PDC IG. Ion motion due to effective RF is observed as an appar-
ent defocusing ((+) r-direction) followed by a subsequent focusing
((−) r-direction) effect within one electrode subunit which we term
radial ripple. Consequently, the variations in the magnitude of the
effective RF in the r-direction give rise to the third transport chan-
nel observed as superimposed slow central drift acting in the (−)
r-direction which we previously attributed to effective potentials
(V*). In Sections 3.2–3.4, we mathematically describe the effective
RF, derive equations of motion for the boundary conditions of the
radial ripple motion, and evaluate a representative V* model for a
general device operating at pressures ∼ 1–5 Torr.

3.2. Mathematical description of the effective RF

In this section, we will only consider a PDC IG design with an
aspect ratio s:w = 1 for description of the electric fields as sinusoidal
functions; this treatment is optimum at an r-position < 0.25d where
ions typically reside under stable operating conditions. Fig. 3 shows
the spatial oscillations along the z-dimension for the axial electric
field (Ez(z)) and radial electric field (Er(z)) at discrete r-positions for
a single electrode subunit. It is important to note that |Ez(z)| oscilla-
tions are dominant compared to |Er(z)| – especially at small r values.
Let us initially assume a constant Vz as changes in this variable will
be considered later. For these parameters, Ez(z) at constant r may
be described by the time-dependent expression,

Ez(z) = E0,z cos(˝eff t) + Ec (7)

where E0,z is the axial electric field amplitude, ˝eff is the effective
larly, Er(z) is 90◦ out-of-phase from the Ez(z) waveform and may be
approximated by the smooth curve given by,

Er(z) = E0,r sin(˝eff t) (8)

ee major transport modes of the ion trajectory (shown in black): (1) axial drift, (2)
mulation, the net electric field was 24 V cm−1, the He pressure was 1 Torr, and the
in this figure legend, the reader is referred to the web version of the article.)
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Fig. 3. Electric fields as a function of the z-dimension in a PDC IG: (a) axial elec-
tric field oscillations at varied r-position and (b) radial electric field oscillations at
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aried r-position shown for one electrode subunit. Ez directs axial ion drift while Er

enerates an effective RF in the inertial frame of an ion with a given axial velocity.
nalogous to RF devices, |Er| increases as r-position increases as illustrated in (b).

or variable radial positions with changing radial electric field
mplitude, E0,r. For the waveforms described by Eqs. (7) and (8),
he wavelength (�) is equivalent to,

= w + s (9)

here w and s are the thickness and spacing of the electrodes,
espectively.1

Moreover, the effective RF is given by,

eff = 2�Vz

�
(10)

n radians [8,12]. The average effective RF ( ¯̋
eff ) may be calculated

onsidering the ion depicted in Fig. 2. At E/N 75 Td the average axial
on velocity for C60

•+ in He is V̄z∼0.83 mm �s−1 corresponding to

n average drift time ∼380 �s over a 32 cm drift length. For 26 elec-

rodes of dimensions s = w = 6 mm (� = 12 mm),
¯̋

eff
2� = 70 kHz. Thus,

lthough not intuitively obvious, ions in the PDC IG experience an

1 Reference [8] contains a typographical error in discussion of the effective RF
avelength. In the PDC IG, a single electrode subunit represents one effective RF
avelength, as depicted here in Fig. 3(b).
ass Spectrometry 303 (2011) 154–163 157

effective RF with an average frequency in the kHz range comparable
to conventional RF multipole ion guides and traps [31].

3.3. Equations of radial ion motion

The radial electric force, Fr, generating the radial ripple can be
derived considering a system with constant amplitude E0,r (fixed
r-position), and constant axial velocity (V̄z). Let us also initially
assume vacuum conditions since this is defined as one boundary
condition to describe the radial ion motion. Considering the har-
monic field changes as a function in time,

Fr = mar = qEr = qE0,r sin(˝eff t) (11)

where ar is the radial acceleration of the ion. Rearranging Eq. (11)
and substituting Eq. (10), the radial acceleration of the ion becomes,

ar = q

m
E0,r sin

(
2�Vz

�
t
)

(12)

Under vacuum conditions, the radial velocity component (Vr,v) due
to the effective RF motion can be obtained by integrating Eq. (12)
with respect to t yielding,

Vr,v = − q

m
E0,r

(
�

2�Vz

)
cos

(
2�Vz

�
t
)

+ Vr,v,i (13)

where Vr,v,i is the initial radial velocity in vacuum. Accordingly, dis-
placement in the r-direction for vacuum conditions is obtained via
integration of Eq. (13) with respect to t yielding,

rv = − q

m
E0,r

(
�

2�Vz

)2

sin
(

2�Vz

�
t
)

+ Vr,v,it + rv,i (14)

where rv,i is the initial r-displacement.
However, since stable operating conditions of the PDC IG

requires the presence of collisional cooling, low-field IMS theory
must also be considered. In this case, macroscopic radial drift is
induced by microscopic collision events such that the radial veloc-
ity component is reset to Vr = 0 following each ion-neutral collision
[32]. In this case, if a constant electric field is present, the net
velocity (or drift velocity) that arises from the microscale events
is constant while changes in the magnitude of the drift velocity
are directly proportional to the changes in the magnitude of the
electric field (when other variables such as P and q are constant).
Furthermore, the drift velocity and electric field vectors are in the
same direction for a positively charged ion. Mathematically, for the
sinusoidally changing acceleration caused by the force in Eq. (11),
the radial velocity, Vr, profile in the low-field collisional regime may
be obtained by the drift velocity as,

Vr = KE0,r sin
2�Vz

�
t (15)

where K is the ion mobility coefficient.
By integrating Eq. (15) with respect to t, the radial displacement,

r, can be obtained,

r = −KE0,r
�

2�Vz
cos

2�Vz

�
t + ri (16)

where ri is the initial r-position. It is important to note that
Eq. (16) describes the effective RF motion in the presence of
ion-neutral collisions assuming constant E0,r and Vz. However, as r-
position increases, E0,r increases as shown in Fig. 3(b). As z-position
increases, Vz oscillates according to Ez and n [8]. Each effect induces
changes in both the amplitude and the frequency of the motion

described by Eq. (16). The amplitude changes may be considered
symmetric in the (+) and (−) r segments of the radial ripple motion
while the frequency changes are not observed in the final ion tra-
jectory traces since they are displayed in the space domain with
fixed �.
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Fig. 4. Left panel: Ion motion in the radial direction for vacuum (dotted grey line) and in the presence of thermalizing collisions (dashed black line) for one periodic focusing
subunit as predicted by Eqs. (14) and (16), respectively for the static radial electric field represented below by the solid blue line. Motion due to initial radial velocity is
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ollisional boundary regimes. Right panel: Simulation of an ion trajectory starting
odes described in Section 3.1 are present. Maximum r-displacement occurs betwe

nd (16), respectively. (For interpretation of the references to color in this figure leg

More importantly, Eq. (16) assumes that ion kinetic energy is
eset to zero following subsequent collision events. In other words,
he radial momentum of the ion is completely damped during the
ollisions. However, reference [8] clearly demonstrates that Teff
scillates about an average value greater than the temperature of
he bath gas, T. Therefore, under stable operating conditions, ions
n the PDC IG maintain a fraction of their initial radial momentum
fter a collision event with a neutral gas molecule which is con-
istent with IMS in an intermediate field. Thus, the results of the
revious derivation (Eqs. (14) and (16)) represent the two bound-
ry conditions for the PDC IG and are depicted in Fig. 4 (left panel).
he inclusion of K in Eq. (16) indicates that the amplitude of radial
otion has a dependency on mobility and may contribute to defin-

ng a low-mobility limit for PDC IG. However, further investigation
nto this phenomenon is outside of the scope of this work, but is
urrently being investigated.

During stable operation of the PDC IG, maximum radial displace-
ent (corresponding to the ion turnaround point) is dependent

pon E/N as depicted by the simulations shown in Fig. 4 (right panel)
or several conditions obtained by varied pressure. Note that the left
anel in Fig. 4 shows boundary-condition ion motions in the upper

alf of the PDC IG while the simulations in the right panel shows

on trajectories in the bottom half (inverted across the r = 0 plane
ith respect to the former). Fig. 4 shows that at higher E/N, ion

urnaround point resembles the vacuum expression given by Eq.
14) which predicts that the ion turnaround point is at the tailing
ent in the r-dimension is shifted in phase by 90◦ between collisional and non-
.5 mm at Ec/N 150 (a), 75 (b), and 37 (c) Td. In each case, three discrete transport
tailing electrode edge and the midpoint inside electrodes as predicted by Eqs. (14)

he reader is referred to the web version of the article.)

edge of the electrode. Conversely, at lower E/N, the ion turnaround
point occurs near the midpoint of the electrode which is predicted
by Eq. (16). Thus, the simulations contained in the right panel of
Fig. 4 are in agreement with the concept that the radial ion motion
predicted by Eqs. (14) and (16) represent the two boundary condi-
tions where the radial momentum of the ion is conserved (Eq. (14))
and completely damped (Eq. (16)).

3.4. The effective potential model

Although the radial ripple motion is clear from Fig. 2, slow drift
about r = 0 is slightly less obvious in a single periodic-focusing sub-
unit, though easily observed after several effective RF cycles. In
reference [8], we attributed this central drift motion phenomenon
to effective potentials created by the electric field variations and
collisional cooling. The theoretical basis for the estimation of effec-
tive potentials is provided by the presence of fast (kHz) and
continuous effective RF with increasing amplitude in the (+) r-
direction as shown in Fig. 3(b). Without considering the damping
effects by the buffer gas (and the changes in Er(r) or V* decay pro-
files in the z-dimension as discussed later), the effective potentials

in a PDC IG, V*, may be represented by the expression [8]:

V∗ = q2E0,r(r)2

4m˝eff
2

(17)
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The conservation of the radial momentum, at least to some
xtent, is vital for the effective potential concept. Let us first con-
ider an undamped effective potential model as represented by
q. (17). While the mathematical treatment for the undamped
ffective potential model is well established, a qualitative physi-
al description of the origin of effective potentials in the PDC IG
considering no damping) may be presented contemplating the
onserved momentum of a positively charged ion. Consider an
on initially residing at a certain r-position and traveling in the
-direction. During its z-motion, the ion is subjected to different
hases of the Er(z) waveforms, i.e., the ion sees an effective RF. When
he phase is (+), the ion is subjected to a force in the (+) r-direction
away from r = 0, (+) force), while the (−) phase applies a force in the
−) r-direction (towards r = 0, (−) force). Consider an ion moving in
he (+) r-direction under the influence of a (+) phase. Consequently,
he ion is subjected to waveforms having higher amplitudes that
mpart progressively higher (+) force. After the ion reaches the z
osition where the waveforms switch to (−) phase, a (−) force is
xerted on the ion. However, at the transition point, the ion has
lready acquired a momentum in the (+) r-direction and thus the
on has to be decelerated by the (−) force before it turns around.
hus, a certain turnaround time results in the ion traveling an addi-
ional distance in (+) r-direction from the time it is subjected to the
aveform phase change. Let us term this extra displacement in

he r-direction the turnaround displacement. After turning around,
he ion travels in the (−) r-direction and is subjected to (−) phase
aveforms that apply progressively lower (−) force due to decreas-

ng amplitudes. Subsequently, the ion reaches the z-position where
he waveforms change phase to (+) again, applying a (+) force on
he ion. By this time, the ion has acquired momentum in the (−)
-direction. However, unlike in the previous turnaround event, the
aveforms have lower amplitudes and do not apply a force as high

s the previous scenario during deceleration. This causes the ion to
ave a longer turnaround displacement in the (−) r-direction than

n the previous scenario. Due to this, the ion also displaces in the (−)
-direction beyond the initial r-position. Over several RF cycles, the
et effect of this displacement is seen as an apparent drift towards
he r = 0 position, which is here suggested as the physical origin of
he effective potentials.

Since the effective RF motion of the ions under stable operat-
ng parameters in a PDC IG represents an intermediate situation
etween the completely conserved radial momentum (Eq. (14)) and
ompletely damped radial momentum (Eq. (16)), the central drift
otion may be explained using a damped effective potential model.

o a first approximation, the damping of V* with respect to Eq. (17)
ay considered to be by a uniform factor throughout the device

ince the number density of the buffer gas, N, is uniform under con-
tant static pressure conditions. In other words, although a finite
ortion of the ion radial momentum is damped, an undamped por-
ion remains conserved, defining an adiabatic total energy. This may
ive rise to effective potentials damped by a factor with respect to
he magnitudes predicted by Eq. (17). According to this approxi-

ation, the relative magnitudes of the effective potential profiles
emain the same as presented in reference [8] with relatively higher
agnitudes towards the tailing edge of the electrode as a result of

he low axial ion velocities in that region. Accordingly, Fig. 5 con-
ains a flowchart of the proposed PDC IG focusing mechanism on
he basis of a damped V*. The bottom panel of Fig. 5 contains a 3D
rofile of effective potentials that result in the radial ion confine-
ent.
Although the ion-neutral collisions damp the effective poten-
ials, the presence of collisions is vital for the focusing mechanism
o take effect. This is illustrated by the fact that the radial ripple and
entral drift motion are largely absent under vacuum conditions
simulation not shown) or dominant axial electric field conditions
n the presence of collisions, i.e.: the gap between adjacent elec-
Fig. 5. Flowchart diagram of the proposed radial focusing mechanism in the PDC IG.

trodes. The latter is demonstrated by the fact that detailed motion
due to the radial electric field is not observed in Fig. 4 (right panel)
near the leading and tailing edges of the electrodes and in the
spacing between the electrodes because the axial electric field is
dominant in these regions. Under these conditions, the ions are
mainly influenced by the larger axial fields acquiring a relatively
large Vz. In this case, ions do not spend sufficient time inside the
electrodes to follow a well-defined radial ripple motion under the
influence of the radial fields. More specifically, an increase in the
axial ion velocity increases ˝eff (Eq. (10)) causing an instantaneous
decrease in the amplitude of the radial ripple motion (Eqs. (14)
and (16)). In the presence of collisions, ion momentum is damp-
ened such that ion axial velocity decreases inside the electrodes
and ion motion may be influenced by the relatively weak radial
electric fields to follow the radial effective RF motion, giving rise
to damped effective potentials. In other words, collisional damp-
ing is vital in radial focusing. Our simulations also indicated a low
molecular weight inert gas such as He produces smoother effective
RF trajectories in contrast to higher molecular weight gases such as
N2 that cause scattering. This phenomenon is similar to the trap-
ping of ions by means of smooth secular motion in a quadrupolar
ion trap where the optimum performance in terms of resolution is
obtained when He is used for collisional damping [33].

Unlike in traditional RF devices, V*(r) profiles are composed of
a combination of multipole terms that are different for each z-
position. The exponentially decaying V*(r) profile expected for a
thin ring electrode is observed only at the edges of the electrodes [8]
while the fringing fields create different combinations of multipole
V*(r) profiles at other z-positions. However, our modeling of Er(z)
waveforms as sinusoidal functions presumably already takes into
account the said variations. The 1/˝eff term signifies the amount of
time the ion spends at each z-position. For example, the middle of
the electrode (region C, as denoted in reference [8]) contains very
small Er(r) variations while the 1/˝eff term is relatively large. These
conditions create a region where the effective potentials are mini-
mal or absent. The incorporation of an n-dependent damping factor
into Eq. (17) may explain this phenomenon. We previously showed
that for relatively low E/N conditions (<37 Td), ion losses may occur
in the middle of each electrode, supporting the adopted V* repre-
sentation. In this region, V* creates a potential well in the axial
dimension (Fig. 5, bottom panel) and ions without sufficient axial

velocity may be lost towards the electrode walls by either diffusion
or radial electric fields. Increasing w beyond a certain limit will
convert this region to a field-free diffusing region. Similar poten-
tial wells have been reported by Giles et al. for a traveling wave
ion mobility spectrometer with an RF applied 180◦ out-of-phase to
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djacent electrodes and a superimposed DC pulse that travels in
he z-dimension [7].

The fast effective RF motion can be decoupled from the slower
entral drift motion as shown in the simulations, suggesting that
he first order adiabatic approximation [11] used in deriving Eq.
17) may still be used for the estimation of V*. Additionally, the fact
hat the magnitude of radial electric field variations (dEr/dr) during
ne effective RF cycle is small compared to the magnitude of the
adial electric field, provides justification for the use of an adiabatic
pproximation. However, the presence of collisional damping and
he z-dependence of the V*(r) profiles complicate a quantitative cal-
ulation or validation of the effective potentials for PDC IG. In other
ords, the use of adiabatic approximations to validate a V* model
amped with respect to Eq. (17) or a model that incorporates the
-dependence of V*(r) is beyond the scope of the current study.
he model is presented in order to provide a semi-quantitative
nderstanding of the effective potentials in a PDC IG and an exact
athematical treatment of V* is not intended.

.5. Axial ion transport: ion mobility in a periodic-focusing
lectric field

IMS separation in the PDC IG is affected by two different phe-
omena: (1) periodic changes in the electric field and (2) periodic
hanges in the number of collisions per unit z-displacement, n, initi-
ted by the electric field variations [8]. In this section, ion mobility
eparation in a periodic-focusing electric field is discussed while
he effect of n is addressed in the subsequent section.

It is important to realize that a potential drop across a thick
eriodic-focusing electrodes of aspect ratio s:w:d gives rise to a
on-linear axial electric field (Ez). In this section, only the varia-
ions in the axial electric field in the axial direction (Ez(z)) and radial
irection (Ez(r)) are considered since only Ez is relevant to the dis-
ussion of IMS separation. Let us also consider PDC IG designs with
wo different aspect ratios: PDC IG1:1:1 and PDC IG3:3:4. Fig. 6(a) con-
ains plots of (Ez(z)) at r = 0 for both geometries normalized to the
DC IG1:1:1. For each lens configuration Ez(z) closely approximates
sinusoidal function. Thus, as ions traverse the device in the z-

irection at a constant r-position, the electric field oscillates about
central electric field, Ec, where the amplitude of the sinusoidal

unction is denoted as E0. The maximum Ez(z) at r = 0 (equivalent
o Ec + E0) is located at the midpoint between adjacent electrodes
hereas the minimum Ez(z) (equivalent to Ec − E0) is located at the
id-point inside electrodes. The value of Ec may be obtained from,

c = 1
2 (Emax + Emin) (18)

Fig. 3(a) shows that in the (+) r-direction, the shape of Ez(z)
eviates from the sinusoidal waveform observed at r = 0, while
he spatial periodicity (wavelength) and phase of the electric field
emain constant. At the electrode inner surface (rsurface) Ez(z) may be
pproximated by a square wave, although variations are observed
ear the electrode inner edges. For the approximated Ez(z) square
aveform at rsurface, the maximum value is located in the gap

etween adjacent electrodes which approximates the maximum
lectric field that exists between the walls of two adjacent elec-
rodes beyond the central orifice (r > rsurface). However, for the
pproximated Ez(z) square waveform at rsurface, the minimum value
s located on the inner electrode surface and is always zero. These
utcomes imply that rsurface contains the boundary conditions for
max and Emin values. Fig. 3(a) also demonstrates that in the (+)
-direction, Emin shifts towards the minimum boundary condition

ore rapidly than Emax shifts towards the maximum boundary con-

ition. Mathematically, this outcome may be stated,

d(Emax)
dr

∣∣∣ <
∣∣∣d(Emin)

dr

∣∣∣ (19)
ass Spectrometry 303 (2011) 154–163

which is a consequence of the fact that while the boundary condi-
tion for Emax is determined only by the voltage difference between
adjacent electrodes of spacing s, the boundary condition for Emin is
always fixed at zero. As a result of Eq. (19), Ec, decreases in the (+)
r-direction as reflected in Fig. 6(b) for PDC IG1:1:1 and PDC IG3:3:4
configurations. The importance of Ec(r) is considered later in the
context of diffusion-limited IMS expressions.

Nevertheless, in any IMS separation, if the required low- or
intermediate-field conditions [28] are maintained, the changes in
the electric field do not change K since the drift time in Eq. (1) is
inversely proportional to E. For the PDC IG, the position-varying
electric field conditions may also be represented by a net electric
field (Ē) obtained by integrating over the periodic axial electric field
profile. That is, for a fixed r position, the axial mobility separation
can be described by replacing E in Eqs. (1) and (6) with Ē. In order
to derive an expression for Ē, let us consider an ion traveling in the
(+) z-direction at the r = 0 position. The spatial periodicity (wave-
length) of the axial electric field is given by � in Eq. (9). The spatial
variation of the axial electric field may be described by,

Ez(z) = E0 cos(ωzz) + Ec (20)

where,

ωz = 2�

�
(21)

such that,

Ez(z) = E0 cos
(

2�z

�

)
+ Ec (22)

Owing to the periodicity of the Ez(z) waveform, the net electric field
resulting at r = 0 can be obtained by integrating over one wave-
length,

Ē =
2�∫

0

[
E0 cos

(
2�z

�

)
+ Ec

]
dz (23)

yielding,

Ē = Ec (24)

Thus, for ions traveling in the (+) z-direction at constant r position,
the net electric field that contributes to the overall mobility sep-
aration is identical to a uniform electric field with the magnitude
Ec. In this case, the mobility coefficient and the resolution in the
PDC IG are explained by Eqs. (1) and (6) with E substituted by Ec as
follows,

K = L

tdEc
(25)

R = td

�td
= 1

4

(
qLEc

KBT ln 2

)1/2
(26)

Eqs. (25) and (26) accurately provide the mobility coefficient
and the diffusion-limited resolution for ions traveling along the z-
dimension at r = 0 position in the PDC IG. However, ions traversing
in the PDC IG drift to different radial positions (owing to radial
ripple motion and diffusion) although being periodically refocused
towards the r = 0 position (by effective potentials). Ion optics simu-
lations [8,9] suggest that ions at initial r /= 0 positions are focused
to the r = 0 position after traversing a few electrodes (∼1–4, depend-
ing on the initial ion position, E/N, and w:s:d), and that overall
ion migration to r-positions exceeding half the value of the radius

(r = 0.25d) is extremely rare. For both electrode configurations, at
r < 0.25d, the deviation in Ec from Ec (r = 0) is minimal (<2%), as
shown in Fig. 6(b). Thus, assuming Ec (r < 0.25d) ≈ Ec(r = 0), Eqs. (25)
and (26) can still provide a practical estimate of the overall theo-
retical (diffusion-limited) K and R in the PDC IG. Moreover, Fig. 6(b)
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Fig. 6. (a) Axial electric field at the r = 0 position for the PDC IG1:1:1 (blue, curve with larger E0) and PDC IG3:3:4 (tan) electrode configurations. The electric field is shown with
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tan �). Data is shown normalized to the PDC IG3:3:4 Ec (r = 0) curve. The vertical dot
n each case, Ec (r = 0.25d) corresponds to <2% decrease from Ec (r = 0) as indicated b
egend, the reader is referred to the web version of the article.)

hows that as d is increased, Ec(r = 0) increases which is accompa-
ied by a decrease in the amplitude of the Ec waveform shown in
ig. 6(a). In this case, the resulting electric field near the central z
xis exhibits fewer r- and z-variation which ultimately increases
he measurement resolution as observed in the experimental data
iscussed below. Finally, as d becomes sufficiently large, the elec-
ric field near the z-axis approaches a uniform electric field with
he magnitude of the applied electric field, E, as in DT IMS. In other
ords, for large d values, the amplitude term of the Ez(z) at r = 0
aveform approaches zero while Ec approaches E. Therefore, as d is

ncreased, the resolution of the IMS measurement increases; how-
ver, as detailed in references [8,9], the ion transmission through
he device will decrease. Moreover, R in the PDC IG can be increased
ithout affecting ion transmission by simply increasing the length

L) while keeping the applied electric field constant according to Eq.
26) and data presented in reference [9]. Thus, PDC IG has utility as a
igh ion transmission and high resolution gas phase ion separation
evice that is based on first-order IMS principles.

.6. “Mobility Damping” approach

Apart from the unique electric field, PDC IG has several other
ovel features-one being the number of ion neutral collisions
er unit z-displacement (n). In the PDC IG, n oscillates in the z-
imension, initiated by low axial electric fields inside of electrodes.
s explained earlier, when the axial electric field is low inside of
lectrodes, the radial electric fields influence ion motion to a greater
xtent which increases the amplitude of the radial ripple motion
nd thus, the distance traversed inside of an electrode. The overall
esult is that n increases inside of electrodes even though the colli-
ion frequency has decreased (owing to low Vz) while the number
ensity of the buffer gas, N, remains constant. In this section, the
ollective effects of E and n variations on ion mobility in the PDC IG
re discussed.

When the calculation of ˝ is desired, the measurement accuracy
f K becomes increasingly important. The K value obtained by Eq.

25) approaches the best case scenario according to the assump-
ion that the damping in the net electric field with reference to the
pplied electric field caused by the ion migration to different radial
ositions is negligible and that the changes to the measured drift
ime caused by periodic increases in n are negligible. However, the
field as a function of r-position shown for both PDC IG1:1:1 (blue �) and PDC IG3:3:4

es denote the r-position at half-radius (r = 0.25d) for both electrode configurations.
horizontal dotted lines. (For interpretation of the references to color in this figure

periodic increases to n (with respect to uniform field conditions
where n is constant) increases the drift time causing the measured
apparent mobility to be lower than the actual K. The overall effect of
ions being subjected to varying electric field and n may be described
as if an ion subjected to a net E/n ratio that is lower with respect to a
uniform electric field where the ratio E/n is constant. Note that the
term E/n is used here in place of more common term E/N since the
periodic changes of n are initiated by changing electric fields, and
are not due to changes in N which is constant. With this approach, a
more accurate description of mobility in a PDC IG may be presented
by assuming that the net apparent mobility decrease can be quan-
tified by using a correction term with reference to uniform electric
field conditions. The correction term, termed the mobility damping
coefficient, ˛, is introduced into Eq. (1) such that,

K = L

tD˛E
(27)

and the collision cross section may be obtained by,

˝ =
(

3q

16N0

)(
2�

�KBT

)1/2 (
tD˛E

L

)(
P0T

PT0

)
(28)

Note that Eqs. (27) and (28) are equivalent to Eqs. (1) and (5),
respectively, for ˛ = 1, which corresponds to the absence of mobility
damping (or more simply, DT IMS conditions). In deriving Eq. (28),
potential impacts on the ion 3D structure due to periodic annealing
and cooling introduced by the variation of Teff is assumed to be neg-
ligible. Moreover, for a given drift tube design, and N, determination
of ˛ yields a constant value neglecting a potential analyte depen-
dence (which is currently being investigated). That is, at constant
N for a given electrode geometry, the net electric field ions are sub-
jected to is damped by a constant factor with respect to the applied
field. Thus, ˛ can be defined as:

˛ = KPDC IG

KDT IMS
= K0,PDC IG

K0,DT IMS
(29)
Furthermore, as d is increased, ˛ increases and approaches unity
(DT IMS conditions). In this respect, the electric field damping
approach underscores the relationship between the PDC IG vari-
ables and DT IMS.
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Fig. 7. Drift time spectra for fullerenes on 63 cm PDC IG drift tubes with two elec-
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rode configurations: (a) in PDC IG1:1:1 (s:w:d = 6 mm), (b) in PDC IG3:3:4 (s:w = 6 mm,
= 8 mm). Data were obtained ∼1.5 Torr. Measured resolutions for C60 and C70 for

a) are 39 and 32 while those for (b) are 49 and 46, respectively.

.7. Experimental IMS resolution and determination of collision
ross section

Ion mobility spectra obtained for fullerenes for two different
DC IG electrode configurations are shown in Fig. 7. Experimental
onditions and the measured quantities such as the drift times and
he mobility resolution are reported in the figure and the exper-
mental section. The data indicates that the measured resolution
btained for the PDC IG3:3:4 is higher than the PDC IG1:1:1 under
constant set of experimental conditions and in good agreement
ith the theoretical explanation provided above, where higher

esolution is expected when d is increased. Maximum resolu-
ion obtained in these experiments is ∼50 for the PDC IG1:1:1
nd ∼60 for the PDC IG3:3:4, although calculation of diffusion-
imited resolution by Eq. (26) predicts an upper limit of ∼100 for
oth designs for the experimental conditions employed. Although

he experimental resolutions reported here are high relative to
alues routinely reported for IMS, they are considerably lower
han the theoretical upper limit predicted by Eq. (26) for several
easons including differences in the initial kinetic energy and spa-
ass Spectrometry 303 (2011) 154–163

tial spreads of the ions as well as radial motion contributing to
˛.

For the determination of accurate collision cross section, ˛
can be determined using a compound of known ˝ (calibrant) for
the subsequent calculation of ˝ for an unknown analyte under
the same experimental conditions. Considering potential analyte
effects, the calibrant may be chosen so that it belongs to the same
chemical class and is similar to the analyte in terms of ˝ and m.
However, when ˛/P is not known, it is also possible to empiri-
cally determine the ratio ˛/P using a calibrant for the calculation
of unknown ˝ under the same experimental conditions. In other
words, a simple calibration method yields accurate ˝ following
DT IMS principles. Here, the ˝ for C60

•+ (124 Å2) [34,35] was used
to calculate a calibration constant, ˛/P yielding ˝ = 134 ± 5 Å2 for
C70

•+ which is in agreement with our DT IMS measurements that
provided ˝ = 138 ± 1 Å2 for C70

•+ [36]. Sawyer et al. obtained ˝
values for the conformations of bradykinin fragment 1-5 using a
similar calibration procedure for PDC IG assuming first-order IMS
principles using bradykinin as a calibrant [30]. The results were
in agreement with theoretically obtained ˝ values. More experi-
ments are currently underway to study the dependence of ˛ on N
and the analyte, to produce collision cross section values for pep-
tides using PDC IG and evaluate the accuracy of the measurements
with respect to DT IMS using the principles derived herein.

4. Conclusions

Under stable operation of the PDC IG, three dominant ion
motions are observed: axial motion, radial ripple, and a central
drift motion. The overall radial ion confinement is a result of the
central drift motion which acts in the (−) r-direction. However,
under vacuum conditions, axial motion dominates which suggests
that collisional cooling is required for ions to access weaker radial
field components that give rise to radial ripple (due to effective RF)
and central drift motion (due to a damped effective potential). This
result leads to a convoluted interpretation of the adiabatic approx-
imation since the criteria are interpreted under vacuum conditions
while commonly used under pressure conditions for RF devices.
Although all three drift motions are clearly observed for all stable
E/N conditions, a limitation of the current effective potential theory
is that a straightforward mathematical means of first-order verifi-
cation is not provided in the presence of collisional cooling. While
this outcome complicates the theoretical treatment for adiabatic-
ity, herein lies one of several unique analytical advantages of the
PDC IG: the periodic-focusing field generates the radial ion con-
finement which conventionally requires superimposed DC and RF
potentials.

Moreover, ion mobility expressions for the PDC IG yield results
similar to DT IMS via calculation of a mobility damping coefficient
˛, which can be readily determined for a fixed PDC IG design. While
the PDC IG produces high ion transmission, a modest decrease in
resolution is observed compared to DT IMS; however, the decrease
in resolution can be overcome by simply increasing the drift length
without affecting ion transmission. Note that under stable operat-
ing conditions, ions are not lost at the electrode surface and ion
transmission through the device is only governed by the size of the
exit aperture to the detector or MS analysis stage. Finally, calcula-
tion of K and ˝ in the PDC IG can be achieved through first-order
expressions similar to DT IMS.
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