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ABSTRACT: A linearly decreasing electric field has been previously
proven to be effective for diffusional correction of ions in a varying field
drift tube (VFDT) system, leading to higher resolving powers compared
to a conventional drift tube due to its capacity to narrow distributions
midflight. However, the theoretical predictions in resolving power of the
VFDT were much higher than what was observed experimentally. The
reason behind this discrepancy has been identified as the difference
between the theoretically calculated resolving power (spatial) and the
experimental one (time). To match the high spatial resolving power
experimentally, a secondary high voltage pulse (HVP) at a properly
adjusted time is used to provide the ions with enough momentum to
increase their drift velocity and hence their time-resolving power. A series
of systematic numerical simulations and experimental tests have been
designed to corroborate our theoretical findings. The HVP-VFDT
atmospheric pressure portable system improves the resolving power from the maximum expected of 60−80 for a regular drift
tube to 250 in just 21 cm in length and 7kV, an unprecedent accomplishment.

1. INTRODUCTION

Ion mobility spectrometry (IMS) is an effective and well-
established technology for the detection and identification of
ions in the gas phase. In traditional IMS, particles are separated
under the influence of a homogeneous electric field through a
buffer gas environment according to their individual mobilities,
which is related to the size, shape, charge, and collision cross
section (CCS) of the ions. The characteristics of IMS
instruments, like fast response (milliseconds), excellent
detection limit (at ppb levels), low cost, and high sensitivity,1

have made the technology widely applicable in analytical
chemistry.2 In recent decades, the increasing interest has led to
thorough research dedicated to combine IMS with mass
spectrometry (MS).3,4 IMS-MS is unique at providing a second
dimension of separation, which is beneficial to characterizing
and identifying the structure of isomers and improves the
capability of the system to analyze and quantify the
compounds in complicated mixtures.
The conventional drift tube systems have a simple working

principle. A nearly uniform electric field is introduced by a
series of stacked ring electrodes, and a swarm of ions in the
drift region are propagated by the combination of electrical
field and the drag force of the buffer gas, yielding an
equilibrium velocity, normally referred to as the drift velocity.
The distribution of the analyte ion is measured when the ions
reach a detector and is given as an arrival time distribution

(ATD). In recent decades, much work has been done by
researchers to improve the implementation of the DTIMS
instruments. To improve the simplicity and portability, a
number of nontraditional materials have been investigated for
their construction, including resistive glass,5−7 printed circuit
boards,8 and 3D-printed IMS.9 Besides, inverse ion mobility
spectrometry10 and flowing atmospheric-pressure afterglow
(FAPA) technology11 were used to improve the transmission.
Compared with congeneric products, for example, the
differential mobility analyzer (DMA),12,13 the prominent
features of simplicity, faster scanning, and relatively higher
resolving power of a drift tube (DT) system make it a practical
consideration also in aerosol science.9,14,15 The DT does suffer
some deficiencies such as low transmission (low duty cycle)
and a limited measurement range of a few nanometers in
diameter or less.16,17

With the DT development, there has been an increasing
need to improve its resolving power and sensitivity, that is, a
set of criteria used to evaluate the importance of drift versus
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diffusion of the ions in the separation process. In the axial
direction, the resolving power of the DTIMS can be defined in
either the length scale or time scale:18
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where L is the length of the drift region, ΔL is the width of the
ion distribution in the axial direction, t is the drift time to the
detector, Δtfwhm is the full width at half-maximum of the time
distribution, q is the charge, E is the constant electric field, kb is
the Boltzmann constant, and T is the temperature. In eq 1,
tpulse is the initial pulse time required for the ions to traverse
the gate, which increases the breadth of the initial distribution,
decreasing resolving power. Given eq 1, there are a few
possibilities that may increase the resolving power of the
system. Typical approaches would include increasing the
electric field and the length of the instrument. The first of such
choices has an electrical breakdown limitation, while the
second is somewhat restricted, in particular at atmospheric
pressure due to losses through diffusion. Other possibilities are
to decrease the pulse time, lowering the overall transmission,
or to decrease the temperature, but maintain a low temperature
system is costly.
An interesting alternative to the above is to modify the way

the electric field behaves in the system. This can be done in the
radial direction, to improve transmission and sensitivity, and in
the axial direction, to increase resolving power. In the radial
direction, the constriction of ions has been almost exclusively
done using radio frequency (RF) technology at low pressure,
which confines the ions in a central region and increases the
transmission of the system. This has been ubiquitously applied
commercially in systems such as lossless ion manipulation
(SLIM),19,20 trapped ion mobility spectrometers (TIMS),21 T-
Wave, and partially in long drift tube ion mobility spectrometry
(DTIMS) combined with ion funnels.17,22 Although RF
technology can be implemented at atmospheric pressure,23,24

there is not substantial experimental evidence of providing
transmission benefits. Radial constriction may be implemented
through DC/RF fields, as shown by Cooks et al.25,26

In the axial direction, there have been recent attempts at
diffusion correction. Nonconstant fields may be used to correct
diffusion in the axial direction, and there is almost no
limitation on the working pressures. It has been widely used
on TIMS systems (by trapping the ions) and in drift tube
(DT) systems, such as the inverted drift tube (IDT)27,28 and
the varying field drift tube (VFDT).29 The VFDT is an
atmospheric pressure instrument that employs a linearly
decreasing electric field. The decreasing field constrains the
ions in the axial direction through the ion’s mobility
interaction with the field. For a distribution of ions that are
at an equilibrium point, ions that diffuse upstream, will be
pushed forward due to the increase in the field and ions that
diffuse downstream, will be pushed backward due to the
decrease in the observed field. The VFDT can also correct the
initial distribution, improving sensitivity for the same initial
pulse and has been previously shown to have theoretical spatial
resolving powers that are significantly higher than those of
regular DTIMS under similar considerations.29 When the
instrument was tested experimentally, its time-resolving power
was only marginally higher than that of the DTIMS.

In this work, we show that the spatial resolving power in the
VFDT is different from its time counterpart due to the large
disparity in drift velocities at the beginning and at the end of
the drift tube which is believed to be the culprit of the loss in
expected performance with respect to theory. In particular, the
slow drift velocity at the end of the tube (due to the decreasing
electric field) is detrimental. To increase this drift velocity and
hence increase the resolving power, a high voltage pulse
(HVP) is employed at a properly adjusted time to provide a
high uniform electric field for the second portion of the tube.
The new system is termed HVP-VFDT. The HVP-VFDT
benefits from the diffusion constriction as well as the high time
resolving power. We have tested this combination exper-
imentally and numerically, showing experimental resolving
powers of over 250 on atmospheric pressure DTs of 21 cm in
length and 7kV, an unprecedented accomplishment. We also
show that the chromatographic resolution is still high.

2. MATERIALS AND METHODS

2.1. HVP-VFDT Construction. The construction of the
HVP-VFDT is mainly based on the conventional DT from
Kanomax (Osaka, Japan). Its complete design is illustrated
elsewhere29 and will only be described briefly here. As depicted
in Figure 1a, the drift region is separated from the ionization
region by three metallic grids (red color dotted lines).

Figure 1. (a) Experimental sketch of the HVP-VFDT with
electrospray ionization source. (b) The pulse time and voltage on
the gate and the high field pulsing region, the pulser time is
synchronized with the gate and is adjustable to pulse when the ions of
interest pass through into this region. (c) Electric field inside the drift
tube at different position and time.
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The ionization region corresponds to the first 35 mm,
followed by a Tyndall gate and a drift region from 42 to 255
mm. The improvement here consists of two parts: an initial
linear field (LF) region (from 42 to 157 mm) and a high field
pulsing (HFP) region (from 157 to 255 mm). In the LF
region, a series of resistors of varying resistances were
connected to the electrodes, and a HV power supply
(EMCO HV, Now Spellman, E121) was applied to generate
a linearly decreasing electric filed, where diffusion autocorrec-
tion helps constrict ions from diffusion in the axial direction
and narrow the ion distributions. In the HFP region, the
electrodes were connected by a series of resistors with identical
resistance, which would produce a nearly uniform electric field.
The voltage in this region was controlled by a HV Behlke
pulser (HTS 111-03-GSM, Germany), offering a high voltage
square wave by means of a Siglent wave generator (Model
SDG 2042 X, OH, U.S.A.), where the signal is synchronized
with the pulser time at the gate. The high voltage is adjustable
to pulse at a specific time tHVP, when the ions of interest come
inside the HFP region, as shown in Figure 1b. Figure 1c shows
the corresponding electric field inside both the LF and HFP
regions before and after the pulse. When t < tHVP (purple solid
line), the increase in the electric field followed by a sharp
decrease is due to a large voltage difference between two close
electrodes (e.g., change from 2.2 to 1 kV). While this could be
avoided, it may be used to constrict the ions radially right
before the large pulse, increasing sensitivity. Once the HVP
occurs, t > tHVP (red dashed line), ions that are in the HFP
region will arrive at the detector, the rest will be lost.
2.2. Chemicals and Reagents. Tetraalkylammonium

bromide salts were purchased from Sigma (Sigma-Aldrich,
MO, U.S.A.), including tetrabutylammonium bromide (TBA,
C4), tetrapentylammonium bromide (TPA, C5), tetrahexylam-
monium bromide (TXA, C6), and tetraheptylammonium
bromide (THA, C7). These salts were mixed at 15 mM each
in 50:50 methanol and H2O solution. The analytes were
pushed into the ionization region through a silica capillary (ID:
40 μm, OD: 360 μm, Polymicro Technologies) and an
electrospray ionization (ESI) method was applied at the tip.

3. RESULTS AND DISCUSSION
3.1. Theoretical Discussion on the Resolving Power

of the System and the Secondary Pulse. In a previous
work describing the VFDT, the Nernst−Planck equation was
solved for the linear region.28,29 In it we assumed that a linearly
decreasing field E = A(LE − z) was present, where A is the
slope of the field and LE > L is the distance at which the field
would become zero, being L the length of the drift region. The
derivation of the ion distribution has been added to the
Supporting Information. The spatial resolving power for the
linear varying field portion of the system was given as
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Here q is the charge, Emax = ALE is the maximum electric field
at the beginning of the linear field region, K is the mobility of
the ion of interest, t is the arrival time, kb is the Boltzmann
constant, T is the temperature, and −∞ < czσ ≤ 1 is a constant

so that c(1 )k T
qA z
b − σ is the square of the standard deviation of

the initial distribution.28,29 The overall spatial resolving power
is significantly higher than that of a constant electric field DT
and spatial resolving powers over 200 under regular operation
were expected theoretically.29 The experimental results did
show a slightly higher resolving power than that of the regular
DT, but not as high as expected.
The reason behind this difference stems from the fact that

the spatial resolving power in the VFDT is quite different from
the time resolving power. The change in eq 2 from the average
position z ̅ to the average arrival time t is given through the
average drift velocity v̅d as z ̅ = v̅dt. However, for Δz, the drift
velocity at the end of the VFDT, vdf, is much smaller than the
average. So when transforming z/̅Δz into t/Δt, the conversion
requires:

z
z

v t
v t

d

df

̅
Δ

= ̅
Δ (3)

This is not the case for a regular constant field DT, where v̅d
and vdf are the same. As such, when changing from space-
resolving power to time-resolving power, the difference in
spatial resolving power between DT and VFDT is reduced by
the factor v̅d/vdf when changed to time-resolving power, a
factor that could be quite significant. Therefore, the resolving
power in time for the VFDT RVFDTt = vdf/v̅dRVFDTz. Figure 2 is

used here to illustrate the idea. The left portion represents a
regular DT with a constant field. The spatial and time
distributions below it agree with each other since the drift
velocity is constant throughout the whole drift region. On the
other hand, when applying a linearly varying field, shown to the
right of Figure 2, the spatial resolving power is given by eq 2
and is theoretically expected to be higher than its DT
counterpart. However, when it is transformed into a time-

Figure 2. Comparison between spatial and time resolving powers for
the constant field and varying field cases.
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resolving power through eq 3, spectra at the bottom right, the
resolving power is decreased due to the low vdf.
3.2. Simulation Results of the HFP-VFDT. Given the

theoretical discussion above, one can attempt to test the
viability of the high voltage pulse. The SIMION software
(version 8.1.1.32, Scientific Instrument Services, Ringoes, NJ)
was used to simulate the ion distribution under the influence of
the combination of the electric fields presented in Figure 1.
The DT model dimensions constructed for the simulation are
the same as those of the experimental setup and the
tetraalkylammonium bromides salts, C4

+ (black), C5
+ (red), C6

+

(blue), and C7
+ (green) were mimicked as singly charged

spherical ions with equivalent mobility to the experimental
counterpart. In the simulation, a statistical diffusion simulation
(SDS) collision model was implemented to simulate the
interactions between the ions and the background gas
molecules at the standard environment conditions (1 atm,
293 K).
Figure 3a shows the simulation domain and results of ion

distributions at the initial position t0 as well as at four different

instances in time. The voltages applied on the electrodes
before and after the pulse are given above and below the DT
3D model, respectively. Initially, the ions with different
mobilities are mixed inside a limited area after the third grid,
and they are accelerated by the linearly decreasing electric field
inside the LF region. Similar to the case of uniform electric
field, higher mobility ions travel faster than their lower mobility
counterparts separating the ions, as shown at time t1. At time t2
< tHVP, the ions pass through the sharp peak in the field
(middle of the purple curve in Figure 1c). The rise portion
accelerates the ion distributions causing the opposite effect of
axial constriction, broadening the ion distributions. After the
increase, the drop in field once again constricts the ions in the
axial direction. In Figure 3a, at t2, C4

+ (black) is already past the
peak in the field, while C5

+ (red) close to the summit of the
peak and C6

+ (blue) and C7
+ (green) are starting the rising

portion (see Figure 1c for approximate locations). The fast
decrease of the field after the rise narrows the ion distributions
substantially, and the ion distribution becomes axially narrower
than the initial distribution (something that cannot be
accomplished with a constant field drift tube). When t ⩾

tHVP, a high electric field is generated inside the HFP region,
increasing the total drift velocity of the ions. Time t3 is right
after tHVP, where the distributions can be observed to be quite
narrow. While the autocorrection effect is no longer present,
the ions will have an increased final drift velocity which will
significantly improve the time resolving power as predicted by
eq 3. The spatial distribution right before the arrival to the
detector is given at t4. A zoom-in of the distributions for C5

+ is
provided in Figure 3b to exemplify the process.
To study the ion radial movement close to the center of the

tube, the effect of the peak in the field, and the effect of the
pulse in the HFP region, the electric fields in the radial
direction are plotted in Figure 4. The voltage on the electrodes

in the LF region (which extends from 42 mm to 145 mm of the
drift tube) are fixed, ranging from 4.5 to 2.2 kV. When t < tHVP,
a low voltage of ∼1 kV is applied at the electrode (at 157 mm)
which establishes the separation point between the LF and the
HFP region, where the pulsing will occur. The radial electric
field after 135 mm before the pulse time is depicted in Figure
4a. It is negligible in the center of the tube. In the region from
2.2 to 1 kV (from 145 to 157 mm), the sharp increase in the
field in the axial direction, pulls the ions inward in the radial
direction due to the solenoidal aspect of the field (∇·E = 0),
while it broadens the distribution axially (see t2 for Figure 3b).
This is followed by a decrease in the axial field which has the
opposite effect and extends the ions outward radially while
having a constricting effect in the axial direction. The radial
field agrees with what is observed in the SIMION simulation,
at times t2 and t3.
When t > tHVP, a high pulsing voltage of 7 kV is applied to

the electrode at the beginning of the HFP region (157 mm) so

Figure 3. (a) Simulation results of ion distributions for C4
+, C5

+, C6
+,

and C7
+ ions at the initial position and four different times. (b)

Zoomed-in distribution of C5
+ at corresponding times.

Figure 4. Radial electric field of the conjunction area inside the drift
tube as a function of axial and radial coordinates at two different times
and regions of interest: (a) Radial electric field right before the pulse
when t < tHVP, and (b) radial electric field after the pulse when t >
tHVP. The color bar is redundant with the z axis. Ions may be assumed
to be rolling through the surface so that their distributions are
narrowed radially when Er is positive and broadened when negative.
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that a linear voltage drop affects the ions that have entered the
HFP region. The radial electric field for this region is shown in
Figure 4b. Since the voltage prior to the 7 kV electrode is
smaller (2.2 kV), the initial portion of the field region does not
correspond to a constant electric field but an increasing axial
field. As such, the radial field has a constricting effect on the
ions as observed in the Figure. However, the field becomes
constant after the constriction and most of the ions are subject
to negligible radial electric fields in the HFP region while
having a constant electrical field in the axial direction. The
initial constricting effect in the radial direction may be used to
our advantage if necessary to increase the sensitivity of the
instrument.
3.3. Experimental Results and Discussion. To test the

performance of the VFDT-HFP system, a series of experiments
have been conducted. When the ions of interest move into the
HFP region, a high pulsing electric field is applied in all cases
to increase the drift velocity and narrow the arriving time
distribution that is observed at the detector. The signal
intensity and resolving power were studied as a function of the
pulse start time and voltage, which are the main factors that
affect the final signal. The initial voltage at the pulsing
electrode was also varied to check its effect on the total
resolving power. To fairly compare the different results below,
the initial gate pulse time was kept fixed at 390 μs for all the
experiments, providing similar initial distributions for all cases.
Note that reducing the initial gate time would allow us to
improve the resolving power even further while affecting signal
intensity.
To observe the effect of the high voltage pulse on the

resolving power, Figure 5 shows four cases ranging from 3 to 6
kV and produced at tHVP = 55 ms after the closing of the gate.
In principle, one would expect that a higher pulsing voltage
would yield a higher resolving power. However, the fact that
the axial field close to the pulsing electrode is not flat (see
Figure 1) has an important role in the overall resolving power.
This could be fixed by applying the voltage pulse at an
electrode closer to the gate, but it was not pursued here due to
voltage limitations of the pulser. The electrode used for pulsing
(157 mm) is kept at 1.3 kV prior to the pulse. Figure 5a shows
the intensity of the peaks (C4

+, C5
+, C6

+, and C7
+) as a function of

the arrival time for high pulsing voltages of 3, 4, 5, and 6 kV,
respectively. As the high pulsing voltage increases, the final
drift velocity of ions increases while the arriving time of all the
ions inside the HFP region is reduced. The effect is more
noticeable for the lower mobility ions as they are subject to the
high field for a longer period. Figure 5b shows the calculated
resolving power of all four monomers at different high pulsing
voltages. The resolving power increases with the voltage as
expected. The lower resolving power of the C7

+ peak maybe due
to the nonconstant field section after the pulse and will affect
the low mobility ions that are closer to the pulsing electrode at
tHVP. In all, it seems like the optimal high pulsing voltage found
here is around 6 kV with resolving powers for all the
monomers over 190 and reaching close to 220. However, given
that the distance between peaks is reduced as the voltage is
increased, it is possible that the chromatographic resolution
has a different optimal voltage that is more suited for peak
capacity. The chromatographic resolution may be defined as
and is shown in Figure 5b for the first and second monomers:

R
t t

t t0.5( )
1peak2 peak1

1 2
=

−
Δ + Δ

−
(4)

While the resolution is high, it seems that 4 kV is the best
compromise between resolving power and resolution.
To test how the drift velocity and distributions vary due to

the initial voltage applied on the pulsing electrode (157 mm),

Figure 5. (a) Intensity as a function of the arrival time for C4
+, C5

+, C6
+,

and C7
+ ions for different high voltage pulses, while fixing the pulsing

voltage at 0.7 kV and the pulsing start time at 55 ms. (b) Resolving
power of the monomers (C4

+, C5
+, C6

+, and C7
+) as a function of high

pulsing voltage. The right y-axis shows the resolution as a function of
the voltage (purple dashed line).
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Figure 6 shows the intensity as a function of arrival time for
different initial voltages while fixing the pulsing voltage at 5 kV
and at tHVP = 55 ms. In Figure 6a, the intensities of the peaks
(C4

+, C5
+, C6

+, and C7
+) are shown for an initial electrode voltage

of 2, 1.7, 1.3, 1, and 0.7 kV. Note that the field after the pulse
remains unchanged, so the difference in results can be
attributed to the speed, position, and width of the distribution
right before the pulse. For example, the case at 2 kV does not
have a large increase in the field initially (drop from 2.2 to 2
kV), and the field before the pulse in the region (from 145
mm) is the highest of all the cases studied. The distribution at
tHVP is therefore considered to be that with the highest initial
drift velocity, but it is also the one with the largest initial
separation. This separation causes the lower ion mobility ions
to be in the ramping portion of the field after the pulse causing
further separation as well as slightly lower resolving power. The
1.7 kV case is somewhat similar. The lower voltage cases, 0.7−
1.3 kV, create the peak as shown in Figure 1c. The field right
before tHVP is the lowest, and therefore, it is expected that the
ion drift velocity before the pulse is the lowest. However, it is
also expected to have gone through a larger axial correction
making the peaks narrower, increasing resolving power. Figure
6b shows the resolving power of the monomers at different
initial voltages as well as the resolution. At 0.7 kV, the resolving
power of the peaks ranges from 180 to 210. However, the best
resolution occurs for the 2 kV case which still has resolving
powers of around 140−150.
The resolving power and intensity of the signal are also

affected by the pulsing time tHVP, as shown in Figure 7. Here,
the pulsing high and low voltages are fixed at 5 and 0.7 kV,
respectively, and the pulsing start time is decreased from 75 to
51 ms. Figure 7a shows the signal intensity as a function of the
arriving time with pulsing start time at 75, 68, 59, 55 (in
Figures 5 and 6), and 51 ms, respectively. The initial pulsing
time affects how long the ions remain under the high field as
well as what is the lowest and highest mobility ion that can be
studied. For example, for a pulse starting at tHVP = 51 ms, the
C7
+ ion has barely entered the HFP region and hence is barely

visible. As tHVP increases, lower mobility ions are let into the
HFP region and dimers start to be observed. Finally, at tHVP =
75 ms, the pulse is very close to the arrival time of the C4

+

monomer without pulsing. This affects the overall resolving
power of the C4

+ monomer, but keeps the resolving power of
the other monomers over 220 and is able to reach over 250.
The two intermediate cases will have all the monomers well

inside the pulsing region, and as such, the resolving power is
similar for all and around 220, but increases with slower
pulsing times. The reason for the increase in resolving power is
the most important feature of this system. It shows that the
ion’s distribution in the axial direction is not broadening,
despite the ions staying almost 20 ms longer inside the drift
region. This suggests that resolving powers of several thousand
could be reached in longer DTs as long as the ions are
contained radially, such as under vacuum using RF.
The overall resolution in Figure 7 also stays rather constant

for the first three cases slightly decreasing as the pulsing
starting time increases. The large drop in resolution for 75 ms
is only attributed to the broadening of the first peak. If the
resolution was calculated for peaks 2 and 3, it would be
significantly higher. The resolution could also be significantly
improved in longer systems, but it is restricted here due to the
small length of the DT.

Figure 6. (a) Intensity as a function of the arrival time for C4
+, C5

+, C6
+,

and C7
+ ions and clusters for different pulsing electrode voltages

ranging between 0.7 and 2 kV while maintaining the high pulsing
voltage at 5 kV and pulsing start time to 55 ms. (b) Resolving power
of the monomers (C4

+, C5
+, C6

+, and C7
+) as a function of low electrode

voltage. The right y-axis shows the resolution as a function of the
voltage (purple dashed line).
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To show the importance of the HVP on the resolving power,
one can attempt to pulse right after the first monomer has
arrived at the detector. Figure 8 shows a case with a pulsing
start time of 83 ms with high and low pulsing voltages of 5 and
0.7 kV. The higher low pulsing voltage (vs 0.7 kV in Figure 7)

allows the ions to arrive earlier to the detector and hence 80
ms is sufficient for the C4

+ monomer to fully reach the detector.
One can easily see the effect that the HVP has on the time
resolving power of the system and confirms the theory of
varying linear field autocorrection.
A final noteworthy discussion revolves around the

calculation of ion mobility values given the nature of the
secondary pulse. Since this system is a nonlinear low field
system, the average field must be obtained for a particular ion
to calculate its mobility. Therefore, a calibration at different
voltages and pulsing times will be needed to obtain reliable
mobility values. Regarding space charge effects, they are
expected to be no different from those of regular DTs given
that if the ion packet is radially focused, then it is broadened
axially in a “squeeze−stretch” pattern.

4. CONCLUSION
A HVP has been applied to a recently developed VFDT. The
theory of the VFDT has been shown and proven in an earlier
work, where the ions are shown to be constricted
(autocorrected) in the axial direction. While the resolving
power obtained was higher than that of a regular DT, the
experimental results showed a lower resolving power than the
theory. Here we show that the discrepancy is due to the
differences in spatial and time distribution, being the latter
what is observed experimentally. To take advantage of the
existing high spatial resolving power, one can attempt to
increase the final drift velocity of the ions. One possibility is to
create a HV step pulse (HVP) inside the drift region that
sharply increases the final drift velocity of the ions, with the
corresponding increase in resolving power.
The theory is tested numerically and experimentally.

Numerically, the effect of the autocorrection in the axial
direction (constriction of the ions) may be visualized in the
regions where the linear electric field is decreasing. On the
other hand, radial constriction is apparent where the electric
field increases with a corresponding broadening of the
distribution in the axial direction. What is more notable is
that the distributions at the end of the decreasing linear field
are narrower than the initial distribution, something not
possible in a constant field DT.
To test the resolving power and resolution of the system, a

set of experiments were designed to investigate the effects of
the pulse on the resolving power and resolution. The high and
low voltages at the pulsing electrode were varied, as well as the
pulse time tHVP. Consistent resolving powers between 100 and
250 were obtained for the different cases, reaching

Figure 7. (a) Intensity as a function of the arrival time for C4
+, C5

+, C6
+,

and C7
+ ions and their clusters for different high voltage pulsing times

while maintaining the high pulsing voltage at 5 kV and the low voltage
at 0.7 kV. (b) Resolving power of the monomers (C4

+, C5
+, C6

+, and C7
+)

as a function of high pulsing voltage. The right y-axis shows the
resolution as a function of the voltage (purple dashed line).

Figure 8.With a low pulsing voltage of 0.7 kV and a pulsing start time
of 83 ms, the signal of C4

+ reached to the detector before the pulsing
start time. The time distribution is therefore much broader,
consequently decreasing the resolving power significantly. This is
the resolving power that was observed prior to the HVP technique.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.2c00467
Anal. Chem. 2022, 94, 5690−5698

5696

https://pubs.acs.org/doi/10.1021/acs.analchem.2c00467?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c00467?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c00467?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c00467?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c00467?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c00467?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c00467?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c00467?fig=fig8&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.2c00467?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


unprecedented resolving powers for atmospheric pressure ion
mobility systems. Moreover, higher resolving powers are
possible by reducing the initial gate pulse which was set to
390 μs. The resolution was also calculated and shown to be
between 5 and 9, which is more than acceptable for a ∼21 cm
DT.
Now that the VFDT autocorrection has been proven

without a doubt, it opens the possibility of using linear fields
at low pressures, where RF may be used to constrict ions
radially. If the length of the system is increased to several
hundreds of meters under RF, resolving powers of several
thousands of even higher may be achievable with this
technique opening a new possibility for IMS.
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