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Abstract. A novel concept for ion spatial peak compression is described, and
discussed primarily in the context of ion mobility spectrometry (IMS). Using theoretical
and numerical methods, the effects of using non-constant (e.g., linearly varying)
electric fields on ion distributions (e.g., an ion mobility peak) is evaluated both in the
physical and temporal domains. The application of a linearly decreasing electric field
in conjunction with conventional drift field arrangements is shown to lead to a
reduction in IMS physical peak width. When multiple ion packets (i.e., peaks) in a
selected mobility window are simultaneously subjected to such fields, there is ion
packet compression (i.e., a reduction in peak widths for all species). This peak

compression occurs with only a modest reduction of resolution, which can be quickly
recovered as ions drift in a constant field after the compression event. Compression also yields a significant
increase in peak intensities. lon mobility peak compression can be particularly useful for mitigating diffusion-
driven peak broadening over very long path length separations (e.g., in cyclic multi-pass arrangements), and for
achieving higher S/N and IMS resolution over a selected mobility range.
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Introduction

on mobility-based separation techniques [1-3] combined

with mass spectrometry (MS), have broad analytical appli-
cations [4—6], with higher throughput measurements due to the
high speed of IMS accompanied by its orthogonal dimension of
structure related information (i.e., collision cross sections) [7—
12]. Tons introduced as a packet (e.g., generated by MALDI or
ESI [13, 14]) separate on a milliseconds timescale because of
differences in their ionic mobilities while drifting under the
influence of a weak electric field. At low E/N ratio (E is electric
field; N is number density) the resolving power achievable for
an infinitesimally small initial ion packet size is dependent on
the applied electric field and the distance or time over which
this field is applied [11]. For packets of finite initial thickness,
the ion mobility resolving powers are lower. These losses can
be somewhat recovered by using nonlinear voltages for ion
injection into the drift cell [15]. Detailed studies of ion motion
in arbitrary drift fields help elucidate the factors involved in
mobility separations [16, 17]. In addition to traditional constant
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drift field-based IMS, approaches that use dynamic fields to
separate ions have been developed (e.g., differential mobility
spectrometry [18, 19], traveling wave [20, 21], and overtone
mobility spectrometry [22, 23]). IMS measurements in cyclic
path devices [8, 24] have been demonstrated to extend resolv-
ing powers by switching voltages to maintain ions in a field
gradient [8, 24, 25].

Unlike effects due to scattering in a reflectron of a TOF MS
(which are addressed by some form of signal recombination)
[26], and where peak broadening occurs purely due to kinetic
energy, in the ion mobility realm random Brownian motion of
ions or thermal diffusion is the limiting factor for the maximum
achievable resolution. With an initially compressed injection
packet, diffusional broadening quickly becomes predominant.
This effect becomes increasingly limiting for IMS separations
using e.g., multi-pass/cyclical separation devices. The number
of cycles that ion packets can execute is ultimately limited by
the IMS peak diffusional broadening, finally reaching a point
where even a single peak exceeds the range that can be studied
in a single separation. This issue is further aggravated by the
decreased signal intensities as a function of number of cycles
due to the diffusion driven peak dilution. Even with the ability
to losslessly manipulate ions, e.g., using structures for lossless
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ion manipulations (SLIM) devices [27-32], the reduced peak
intensities and mobility range with increasing numbers of
passes presents significant challenges. We have recently
described traveling wave-based SLIM devices that can
potentially provide very high mobility resolution using
long drift paths [33] over a much greater range of
mobilities, including much longer multi-pass designs,
but diffusional broadening for greatly extended drift
lengths would remain problematic.

In this work, we describe a new approach that would
counter the diffusional broadening in IMS by spatially
compressing individual ion mobility packets with a minimal
loss of resolution between different ion packets. The present
approach is different from previous works on resolution
enhancement, e.g., by modulating injection packet widths
or controlling gate effects (which aim at approaching the
diffusion limited resolving power) [15], in that it proposes
a dynamic peak width manipulation concept that can over-
come the effects of diffusional peak broadening occurring
during the separation and which can be applied at an arbitrary
time. The new approach relies on the dynamic application of
a non-constant drift field to compress ion packets. As op-
posed to the linear potential profiles (i.e., constant drift
fields) generally used in IMS, we use electric fields having
a decreasing magnitude in the direction of ion motion to
spatially compress ion packets. lons located at the ‘trailing’
high field portion of the potential profile drift faster than ions
located at the ‘leading’ low field portion of the potential
profile. By applying such a field profile for a short period
of time, ion packets can be compressed, and then resume
motion in a conventional uniform drift field. Any reduction
in the resolution during the compression event can be recov-
ered after traversing a modest additional drift length. By
performing such compression periodically, the ion packet
widths can potentially be restricted to some minimal value,
providing much greater peak intensities. IMS peak compres-
sion thus can enable very high resolving power separations in
very long drift path devices. Where peak broadening is
limiting (e.g., ion mobility cyclic multi-pass devices), peak
compression can potentially enable much greater resolution
measurements that are in principle not limited by diffusion or
drift path length. In this work we theoretically evaluate the
compression of ion packets that momentarily experience a
nonlinear field and the effects of peak compression on IMS
resolution under different operating conditions.

Methods

The velocity (v;) of an ion drifting in a buffer gas under the
influence of a weak electric field (£, V/cm) is determined by its
mobility K; as : v; = K;E. At low E/N; under the conditions of a
constant electric field, this ion motion results in constant ion
velocity. If the electric field is not constant, the ions move with
different velocities at different positions. For example, as in the
case considered here, if the electric field £(x) is varying linearly
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with a slope B (V/m?), the field and ion velocity conditions at a
point x (m) are described as follows.

E (x) =Eo — Bx (1)
v(x) = % = K,E (x) =K, (Eg — Bx) (2)
Xfi dx t

J - JQKi dt 3)

If x; > 0 is the initial mean position of the ion packet within
the non-constant field, x; < E¢/B is the final mean position of
ion packet, ¢ is the time for which the non-constant field is
applied, then Equation 4 gives the value of x;; after evaluating
the integral in Equation 3.

Ey

_K,-Bt+ 2 [1 _e—K,Bt] (4)

Xri = Xj€e

If we assume that ions drift and separate for a fixed time (z,)
prior to being subjected to the non-constant electric field, then
the peak width in physical space at a time just before the non-
constant field is applied is given by Var (x;) = 2D;t,. Here,
D; = ]%T K is the diffusion constant, kg is Boltzmann constant,

T is temperature, and ¢ is the ion charge in Coulombs. From
Equation 4, the spatial variance of an ion packet after passing
through the non-constant field for time # can be calculated as
Var(x) = Var(x; Je k8 and is dependent on the initial
plume width Var (x;), the steepness/slope of the electric field
B (V/m?), and the time ¢ for which the non-constant field is
applied. During application of the non-constant field, diffusion-
al broadening has an additional contribution to the variance of
the peak that can be expressed as :2D;¢. Thus, when non-
constant fields are experienced by the ion packet for time ¢,
the spatial variance of an ion packet with prior drift in a
constant field for a time #, is given as:

Var (x) = 2D;tge **#' 4+ 2D;t (5)

Equation 5 assumes preservation of the symmetric
(Gaussian) distribution during ion motion through the non-
constant profile. This assumption is further supported through
the computation of ion number density 7 (m ) distributions for
ions with ion mobility K; (m*/Vs) and diffusion coefficient D;
(m?/s), with flight through a non-constant electric field E(x).
The ion number density can be calculated using the drift-
diffusion equation [34, 35], shown below.

on o &*n

i +§[K[E(x)n]:Di$ (6)

Solving Equation 6 computationally using first order explic-
it time differencing and second order space differencing using
the finite difference method [36] yielded final ion packet
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distributions after time ¢ in the nonlinear compression field.
Figure 1a shows the evolution of the ion plume distribu-
tions along the direction of the ion motion and in the
time domain, based upon the numerical solution using
Equation 6. The peak distributions obtained when ions
were subjected to a constant field (blue) and a decreasing
(green) electric field (30 to 0 V/em over 7.5 cm) are
shown in Figure la. With a linearly decreasing electric
field, the width of the ion distribution decreases with
time. The numerical calculations of the ion peak position
and width (from Equation 6) are in agreement with
theoretical estimates from Equations 4 and 5 (Figure 1b
and c), validating our theoretical and computational
approach.

After application of the non-constant field for time ¢, the
drift field was changed back to the original constant field of
Egi. The ion plume drifts for the remaining path and ion
arrival time statistics were collected. The non-constant field
was applied for a short time (¢) as shown in the timing diagram
(Figure 2a). Also, the varying electric field was applied over a
small section L oupressor Of the overall drift device (Figure 2a).

The initial drift time #y determined the mobility range (K;)
within the compression region (Lcompressor)s ¢ is the time for
which the compression field is applied, and the final ion
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position after time #, + ¢ is x;. The final mean arrival time #;
(Equation 7) for a given mobility to reach the end of the
compression region (point B in Figure 2a) and the temporal
full width at half maximum 6¢; (Equation 8) are shown below.

Lcompressor —Xfi
tri=to+t +—FF——— 7
fi KiEan (7)

2Dty e KBt + 2Dyt + 2D; (M)
KiE gyigi

ot; = 2.355

K iE drift

(8)

Using Equations 7 and 8, the arrival time distributions for
mobilities were compared and the peak characteristics without
peak compression and with peak compression were evaluated
under different conditions.

Results and Discussion

In this work, IMS separations of two singly-charged species
having 1% difference in their mobility (reduced mobilities of
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(@) Comparison of ion packet evolution in a drift field with a constant (blue, 18 VV/cm) and varying (green, (30 — 4x) VV/cm)

electric fields. (b) Mean position of the peak distribution as a function of compression time calculated from theoretical and numerical
methods. (c) FWHM in physical space as a function of compression time calculated from theoretical and numerical methods
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Figure 2. (a) Electric field profile timing diagram, £, (time for which the constant field is applied) is the time it takes to drift 85 cm and
reach compression region (a-B) and t.. is the time for which compressor field (Eq-BX) is applied. (b) lon arrival time distributions for two
ion packets having the indicated mobilities under different compressor conditions: (left) normal drift conditions at 18 V/cm and ion

statistics collected at point B; (middle) 1 ms compression in the

L compressor (A-B) region with ion statistics collected at point B; (right)

1 ms compression in Lcompressors With ion statistics collected at point C (using X44# = 16 cm). The simulations show a small loss of
resolution after compression. This is offset by an additional drift time of ~5 ms in the constant electric field over an additional drift

length of 16 cm in region B-C

0.97 and 0.96 cm?/Vs) were used to theoretically and compu-
tationally explore the utility of ion packet compression. Most
calculations assumed the ion packets were separated over an
initial drift time of #) = 0.026 s, prior to application of (i.e.,
switching to) the ion compression voltage profile. The initial
drift paths were L, = 86.2 cm and 84.5 c¢cm for K,; and K,
species, respectively, for E;,; = 18 V/cm in nitrogen at a
pressure (p) of 4 Torr (typical for the uniform drift field IMS
devices in our laboratory [37-40]). In the compression ap-
proach, the field is ‘switched’ (to non-constant values) for a
short time period ¢, and then switched back to constant £,,;3 =
18 V/cm to e.g., continue the separation, or transport ions to the
detector. We note that rather than switching the non-constant
field ‘on’ at a specific time (when the selected mobility window
is fully within the compressor region), ions can alternatively
drift into a region of non-constant field that is then switched to a
constant field at a specified time (as discussed below in con-
junction with Figure 5). In this work, we also investigated the
use of an additional drift length of x4 after the compression
event, with particular interest in the additional x4 required to
recover any loss of resolution during compression. Also some
of'the effects of peak distortion that may occur when only a part
of the peak is within the compressor region when switching to
compression profiles, is discussed.

Ton statistics were recorded, either at point B or point C
during separations (Figure 2a), to determine the ion distribution

in the packet (i.e., peak shape). If ion losses are avoided,
effective peak compression should result in final peak intensi-
ties (after an additional x,,.4) that are higher than the peak
intensity in normal drift IMS (i.e., at point B), with resolution
comparable (at point C) to that obtained without compression
at point B.

Figure 2b shows the peak characteristics of two ionic spe-
cies with and without compression; and the recovery of the
‘lost’ resolution using an additional drift length. Ions drift
through a total path length comprising of an initial drift length,
the length of compression region (7.6 cm), and a final variable
drift length x4 Figure 2b (left panel) shows the calculated
drift spectrum for =0 (i.e., with no compression field applied).
In this case, the ions drifted through 92 cm to point B, an
average full width at half maximum (<FWHM>) of 366 ps
and a resolution for the selected mobilities of 0.76 (At/
<FWHM>) is obtained without compression. If the compres-
sion field is applied for 1 ms (Figure 2b, center), peak heights at
point B are 1.9-fold greater, <FWHM> is 195 ps and their
resolution is 0.72 (~5% lower). If ions drift for an additional
16 cm, the resolution is recovered (0.76), the final <FWHM> is
245 ps, and the final peak height is 1.5-fold greater (Figure 2b,
right). In the context of applying such compression in a multi-
pass separation, additional drift length can be obtained without
any geometry or ion loss-related limitations (particularly in the
context of lossless ion manipulation devices [28, 29]). Further,
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Figure 3. (a) Arrival time (open symbols), (b) <FWHM> (solid triangles), peak separation (solid line), and (c) peak resolution (solid
circles,) as a function of the time for which the compression field is applied

for clarity, it can be noted that the temporal width of the peaks
being compressed are largely independent of the compression
operation time, as there is essentially instantaneous switching
of compression fields over the total physical area spanned by
the peaks, and this compression field is active for a certain
period of time. Such precise mobility selection and switching
of voltages has been demonstrated previously [28, 30]. Of
course, the physical location of a peak vis-a-vis the geometry
of the device where compression fields are active is quite
important, lest there be peaks that are partially outside the
compression region when the compression fields are switched
on. These effects are discussed later, though experimental
implementation would aim to avoid such events by
preselecting mobility windows.

The effects of compression time ¢ on the peak char-
acteristics at point B (i.e., x4y = 0) are shown in
Figure 3. Ion arrival times increase with increasing com-
pression time, as the ions spend more time in the low
field portion of the compression region. Peak widths
(FWHM) decrease and peak intensities increase, and a
modest loss in peak resolution is observed. We note that
the steepness of the field profile is also an important
factor, and that the compression fields are ultimately
constrained by practical issues associated with the
highest field region (typically limited by field heating
of ions or electrical breakdown). Imperfections in the

applied field profile because of e.g., electrode arrange-
ments or imperfections of the field due to variances in
applied voltages may also degrade compression perfor-
mance. However, when compression is applied multiple
times, the net gain in the performance can be significant,
even if a single compression event might not provide
very high gain in separation performance due to field
imperfections. Also, confining ions far away from elec-
trode surfaces where fields are smoother, and e.g., power
supplies enabling fast switching and precise voltage pro-
files across arrays of electrodes may also help reduce
field imperfections. Also, in the context of performing
cyclical separations, several design geometry-related chal-
lenges have been discussed previously. As ions cycle,
diffusional broadening and the ‘lapping’ of faster peaks
by slower ones largely defines the maximum number of
cycles that are practical. The number of passes that can
be executed in a cyclical separation without peak lapping
is determined by the mobility difference, the effective
path length, and the applied fields in the specific imple-
mentation. However, diffusional broadening is an addi-
tional factor wherein peaks broaden to such a degree that
they cover a significant portion of the effective path
length of the separation device. For use of a multi-pass
separator over a targeted mobility range, periodically
applied peak compression can help offset diffusional
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Figure 4. Left panel shows the increase in peak height in non-constant fields of different slopes. Right panel shows the effect of
additional drift length needed to achieve same peak resolution as obtained in a constant field (18 V/cm)
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broadening and provide advantage to significantly higher
pass numbers.

Figure 4 shows the gain in peak intensities for different
compression times and for different field steepness/slope. In
all cases, the resolution achieved at point C was held constant at
0.76 (as for normal drift at point B) by adjusting the distance
after compression x5 For the steepest electric field consid-
ered (E(x) = 3 x 10° — 5 x 10%), the gain in peak height is
greater at longer compression times. However, beyond a cer-
tain compression time, the total drift length needed is higher for
steeper profiles due to greater loss in resolution during com-
pression. Also at longer compression times, the final gain in
peak height decreases due to the increase in additional drift
distance needed to maintain the resolution. This additional drift
distance contributes to diffusional broadening, ultimately lim-
iting the maximum peak compressibility.

Theoretical arrival time distributions (Equations 7 and 8)
and results shown in Figures 1, 2, 3, and 4 were based upon
three sequential steps in order to compress ion packets. The
first step involves conventional drift in a constant field, follow-
ed by time-synchronized change to the non-constant electric
field used for compression, and finally switching back to the
(typically initial) constant field to continue the separation. One
of the issues in the implementation of this approach experi-
mentally is the need to time the switching so that the totality of
the selected mobility range is within the compressor region,
particularly when there is a complex mixture involved. If a part
of a peak, for example, is outside the compressor region when
there is switching to the non-linear profile, the leading portion
of the peak experiences varying velocity and the trailing por-
tion is still in the uniform velocity condition, potentially lead-
ing to peak distortion. Figure 5 shows such a case, where the
spatial distribution of peaks after 1 ms of compression with
varying initial peak starting positions outside the compressor
region. While there is a potential for some peak distortion,
experimental implementation would involve switching to the
compressor field profiles for a preselected ion mobility win-
dow, and in which case such occurrences can be eliminated. In
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Figure 5. Final peak shapes with peak compression being
switched on when a portion of the selected mobility window is
outside the compressor region
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addition to timed switching of selected mobilities, approaches
that can ‘filter out’ undesirable mobilities (for example by
using overtone mobility [41], or other forms of mobility based
filters) can potentially address issues with complex mixture
analysis while using peak compression.

Also, an alternative approach for achieving peak compres-
sion involves ions drifting into a region of non-constant field
(e.g., cases corresponding to dx > 10 mm in Figure 5) that is
then switched to a constant field at a specified time. For clarity,
it is to be noted here that ions drift into a region with a different
field, and as such this field profile can be created while main-
taining a decreasing voltage profile, albeit a nonlinear one. We
briefly investigated this two-step approach numerically (by
solving Equation 6). In this approach, the first step constituted
ion motion through a field profile shown in Figure 6a (blue),
i.e., ions drift from a constant field region into the decreasing
field region. After time t, the decreasing field is switched into a
constant field condition (Figure 6a, red) to continue the sepa-
ration. This ion transport process was simulated by defining the
two electric field conditions in the device and switching be-
tween them at the chosen compression time (z. = 1.5 ms). The
computed gain in peak intensity using this approach
(Figure 6b) is similar to the three-step approach (Figure 2b),
but with the need to switch voltages only once instead of twice.

We envision the ion peak compression process to occur over
selected windows of ion mobilities. The analogy of ion isola-
tion in mass spectrometry is relevant in this context. After
obtaining an MS spectrum, many MS allow a selected mass
range to be isolated and fragmented to obtain MS/MS with
better selectivity and better sensitivity. Similarly, in an ion
mobility separation a targeted mobility range may be chosen
for ion compression to enable long path length separations for
that particular mobility range, such as we expect to be feasible
using SLIM-based devices [28, 30]. By selecting a mobility
range and performing peak compression, the limitations of
diffusional broadening can be overcome. Periodic peak com-
pression during a multi-pass separation can potentially provide
means to achieve previously unmatched separation capabilities
(i.e., significantly larger gains in peak resolution over the
selected mobility range can potentially be achieved). We also
note that this capability would have advantages in conjunction
with techniques such as overtone mobility spectrometry [23,
41, 42], multipass separations [8], differential mobility, FAIMS
[43, 44], mobility-based filters or devices where mobility win-
dows are selected or transmitted [45], and where compression
fields would allow for compacting the chosen mobility win-
dows and improved peak intensities.

Conclusions

In this work we have shown that ion peak compression can be
used to overcome the limitations of diffusional broadening in
IMS. When a decreasing electric field profile is applied to an
ion packet, the ions downstream of the profile drift slowly, thus
allowing the upstream ions to catch up. The concept for ion
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Figure 6. (a) A timing diagram for a compression approach where field switching occurs once. lons are allowed to drift into a region
of decreasing field gradient where compression occurs (blue), instead of switching to the decreasing field once the selected mobility
range is within the region. After ions spend some time in compression region, the field is switched to constant value (red line). (b) Left
panel shows drift through constant field and arrival time distribution at point B; right panel shows arrival time distribution at point B

with the compression field applied for 1.5 ms

packet compression was evaluated for two peaks with similar
mobilities (difference of 1%) moving simultaneously in the non-
constant field, where we have theoretically and computationally
demonstrated the ability to e.g., achieve greater peak intensities
with the use of a modest increase in drift length to maintain the
resolution. The implementation of peak compression concept
effectively requires the prior selection of a separation region,
making it a targeted approach. Such targeted mobility selection
has recently been demonstrated in devices that allow flexible ion
manipulation (such as using SLIM) [28, 30]. IMS peak com-
pression can be used over any range of ion mobilities, and here
we have focused on its application over a relatively narrow
selected range, such as might be relevant to a smaller multi-
pass cyclic IMS design. Periodic peak compression during
multi-pass separations can potentially provide means for achiev-
ing practically unlimited separation power. This mobility-based
selection capability and multi-pass separations are facilitated
using SLIM, and we anticipate that SLIM will also facilitate
the development of practical IMS peak compression designs.
Peak compression has broader applications beyond IMS and has
utility in all cases where ion separations are of interest, and
where more intense spatially distinct ion populations in gases
are advantageous. Finally, we note that alternate approaches for
peak compression in traveling wave based systems have been
explored and will be the subject of a future manuscript.
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