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In the present paper, theoretical simulations and experimental observations are used to describe the ion
dynamics in a trapped ion mobility spectrometer. In particular, the ion motion, ion transmission and
mobility separation are discussed as a function of the bath gas velocity, radial confinement, analysis time

and speed. Mobility analysis and calibration procedure are reported for the case of sphere-like molecules
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Introduction

Ion Mobility Spectrometry (IMS) has been widely used in the
detection of chemical warfare agents, illicit drugs, explosives,
and more recently in the separation and detection of biomole-
cules.”” Developed in the late 1970s, IMS permits the separation
of ions in the gas-phase by their size-to-charge ratio (/z) in the
presence of a neutral gas. Initially known as plasma chroma-
tography or ion chromatography, IMS has been coupled to mass
spectrometry (MS) to obtain fast, complementary separations
(ie., Q/z and m/z).* In particular, IMS-MS offers several
advantages over traditional MS, including separation of ions
from mixtures based on the composition and charge state, the
ability to separate geometric isomers, increase the dynamic
range and discrimination against chemical noise.****

A variety of forms and designs of IMS analysers have been
described in the literature.”® A leading force behind these efforts
has been the drive for higher mobility separation and higher ion
transmission. For example, variants of the basic, high-pressure
drift tube incorporated entrance and exit ion funnels to increase
ion transmission, thus turning the basic drift tube into a
powerful analyzer.” In a different approach, ion transmission
has also been increased by using periodic-focusing DC ion
guides.”>** Other techniques have been used to add a degree of
separation prior to MS analyses (e.g., field asymmetric IMS,**
differential mobility spectrometer,>*** segmented quadrupole
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be routinely obtained at room temperature.

drift cell,”® cylindrical drift tubes,” and transient wave ion
guide®®). Several research groups have focused on achieving
high resolution IMS separation (R > 50) as this factor mainly
limits the information that can be experimentally derived.>**
We have recently introduced a Trapped Ion Mobility Spec-
trometer (TIMS) that can be easily integrated into a mass
spectrometer (MS) for IMS-MS analyses and which is capable of
producing high resolution IMS separations.**** The most
significant breakthrough of TIMS technology lies in the fact that
mobility separation can be tuned from low to high according to
the analytical challenge. However, a detailed understanding of
the ion dynamics in a TIMS cell, modes of operation, perfor-
mance and limitations is necessary for the development of
analytical applications.

In the present paper, a detailed description of the ion
dynamics inside a Trapped Ion Mobility Spectrometer (TIMS) is
discussed. In particular, the influence of the electrode geom-
etry, bath gas flow, radial trapping potential, and ramp speed on
the mobility resolution is modeled theoretically and compared
with experimental values. The methodology to determine an
accurate collision cross-section from TIMS measurements is
also provided.

Experimental
TIMS analyzer

A TIMS cell consists of three main sections: entrance funnel,
analyzer section and exit funnel (shown in the cross-section in
Fig. 1). Ions are typically generated using an Electrospray Ion
Source (Apollo II design, Bruker Daltonics Inc., MA) and intro-
duced into the TIMS device via a glass ion transfer capillary. The
TIMS sections are constructed from a set of segmented ring
electrodes supported on PC boards (plate thickness of 1.6 mm).
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Each electrode is composed of four electrically isolated
segments (two shown in the cross-section in Fig. 1 for each PC
board). The basic design of the electrodes is the same
throughout the three sections - only the inner diameter is
varied from 26 to 8 mm and from 8 to 1 mm in the entrance and
exit funnels, while kept constant at 8 mm in the analyzer
section. In the entrance and exit funnel sections, the plates are
spaced 1.5 mm from each other. However, in the analyzer
section, plates are separated by an insulating gasket material
(kapton, 0.125 mm thickness) which forms a gas tight seal. The
length of the entrance funnel, analyzer section and exit funnel
are 50, 46 and 15 mm, respectively. The segmented plate design
has the advantage that it can be used to form a dipolar field, as
is typical in ion funnels, or a quadrupolar field.* In the entrance
and exit funnel sections, the RF potential applied to the ion
funnel is 180° out of phase between adjacent plates. This results
in a pseudo-potential, which simply keeps the ions away from
the funnel walls. The same RF waveform is used throughout the
TIMS funnel. However, in the analyzer section, the phase of the
RF potential does not alternate between adjacent plates but only
between adjacent segments. Importantly, the purpose of the
quadrupolar field in the analyzer section is to confine (trap) the
ions radially and avoid ion losses due to diffusion.

The gas flow velocity in the analyzer region is regulated by
the pressure difference between the entrance funnel (P;) and
exit funnel (P,) regions. In practice, the pressure difference is
regulated by changing the pumping impedance using a
butterfly valve. The operating pressure difference (few mbar)
produces a cylindrically symmetric gas flow. Mobility separation
in a TIMS device can be performed using different gases or
mixtures in accordance with the analytical problem to be
solved. In the examples presented herein, the separation was
performed using nitrogen as the bath gas at ca. 300 K with
typical entrance funnel and exit funnel pressures of P; = 1.0-2.6
and P, = 1.0 mbar, respectively.

TIMS-MS operation sequence

The TIMS funnel can be operated in “transmission” mode or
“IMS” mode. In transmission mode, the DC potentials on all the

Entrance
Electrode

Electrode

Ramp
Electrode

Fig. 1 Cross-sectional view of the TIMS entrance funnel, analyser
section and exit funnel.
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Fig. 2 Time sequence of a mobility analysis in a TIMS analyser for
positive ion mode. Notice that fill and trap times can be adjusted for
the maximum mobility resolution and sensitivity and for kinetic
measurements, respectively.

funnel elements are set to continually push ions downstream —
i.e. without a mobility separation. In practice, the analyzer
entrance potential is set higher - i.e. more repulsive to the ions -
than that of the analyzer exit. Similarly, the funnel entrance and
deflection plate are set to successively higher potentials when
operating in transmission mode. In transmission mode the
instrument produces conventional mass spectra.

In IMS mode, the sequence begins with ion loading of the
analyzer section (Fig. 2). The DC potentials on the deflection
plate, funnel entrance, and analyzer entrance are set to push
ions orthogonally out of the gas stream from the capillary,
through the entrance funnel, and into the analyzer section.
However, the DC potential on the analyzer entrance is set below
that of the exit so as to produce a retarding field. The gas flow -
from left to right in Fig. 1 — pushes the ions downstream with a
“force” in accordance with the ions' mobility. Ions within a
given mobility range thus become trapped by the DC electric
field which prevents the ions from progressing downstream,
while the gas flow prevents the ions from returning upstream,
and the RF quadrupolar pseudo-potential which prevents the
ions from escaping radially. In practice, the potential profiles
are produced by a network of precision resistors operating as a
voltage divider. Thus, to produce the given potential profiles,
voltages are applied to the deflection plate, capillary exit, funnel
entrance, analyzer entrance, and analyzer exit. With these few
inputs to the resistor network, the complete potential profile is
defined. At all times, the axial electric field is kept under the low
field limit (E/p < 10 V em™ "' torr ') throughout the TIMS
device.>*%”

The filling time can be tuned according to the number of
ions (ESI beam current) coming from the capillary, with a
typical filling time of about 10 ms. Ions trapped in the analyzer
section will assume positions (or electrode number) depending
on their mobilities. The DC electric field strength, E,, is
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dependent on the position - highest field strength nearer the
exit end. Thus, the lowest mobility ions come to a “stop” in the
highest field strength region (nearer the exit end of the analyzer
section) whereas the highest mobility ions assume positions in
the lowest field strength region (nearer the analyzer entrance).
Following the trapping period, additional ions are prevented
from entering the analyzer section by lowering the potential
on the deflection plate - i.e. by making the deflection plate
potential attractive. When the deflection plate potential is
attractive, ions exiting the capillary are accelerated towards the
deflection plate. Trapped ions in the analyzer section, however,
are unperturbed by the deflection plate potential variation.
Mobility analysis of the trapped ions consists of reducing the
strength of the retarding electric field in the analyzer section
stepwise over time.

To reduce the retarding field strength in the analyzer section,
the potential at the analyzer entrance is increased at a constant
rate - .e. “scanned” - from its initial value to an end value - in
this case, the analyzer exit potential. As the field strength
is reduced, the trapped ions shift to new positions in the
analyzer - with ions of a given mobility always residing at a
position having a given field strength. As the retarding field
strength is reduced, ions of successively higher mobilities are
pushed by the gas flow out of the analyzer region. Ions exiting the
analyzer section are focused by the exit funnel towards the
entrance ion optics of a mass spectrometer. In particular, for
the examples shown here, a maXis Impact Q-UHR-ToF (Bruker
Daltonics Inc., MA) was coupled to the TIMS analyzer. The
measured ion current plotted over the course of the voltage ramp
(i.e., ramp speed = voltage/ramp time) provides the ion mobility
spectrum from low ion mobilities to high ion mobilities.

TIMS time sequences and voltages were controlled using the
in-house software, written in National Instruments Lab VIEW,
and synchronized with the MS acquisition program. In partic-
ular, voltages were defined using National Instruments cards
(NI-PXI-6704, NI-PXI-6289, NI-PXI-6361) and a 1 GHz digitizer
(NI-PXI-5154) was used for the MS data acquisition. All cards
were housed in a 1073e PXI chassis, operated by a computer
PXIe extension bus. The TIMS-MS experiment was synchronized
with the TOF start (extraction trigger). The digitizer trigger was
internally routed through the PXI chassis and sent to the PXI-
6361. A digital pattern was then output at a rate of 10 MHz,
which was triggered by the routed digitizer trigger. The digital
pattern, defined by the user, consisted of three TTL triggers
which were used for: (1) trapping ions in the analyzer section,
(2) blocking ions from entering the analyzer section, and (3)
signaling the start of the voltage ramp in the analyzer section for
ion elution. The ramp voltage was controlled by the PXI-6289
analog output (AO). The ramp voltage range (Vamp) and time
(Tramp) were defined in the software and built as an array of
output voltages. The output voltage of the PXI-6289 (+ 10 V AO)
was amplified using an in-house 15x amplifier capable of 50
kHz ramp rates. The internally routed trigger was also used as
the output clock of the PXI-6289, which results in the TIMS
voltage steps synchronized with the TOF pulses. MS data were
acquired from the digitizer for each ramp step (i.e., 1 record set
at a time). After a full set of TIMS records were acquired from
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the digitizer, all of the PXI cards were reset and the next TOF
trigger restarted the process again. This acquisition process
(i.e., re-initializing the cards) was required due to the slow data
transfer rate from the digitizer to the computer and to ensure
proper timing synchronization during the entire TIMS-MS
experiment.

Materials and reagents

Molecules used in this study were purchased from Sigma (St.
Louis, MO) and used as received. Samples were electro-sprayed
ataconcentration of 1-10 umolarina1 : 1 (v/v) water-methanol
solution. An ESI Tuning Mix calibration standard (Tunemix,
G2421A) was purchased from Agilent Technologies (Santa Clara,
CA) and used as received.*® Details of the ESI tuning mix cali-
bration structures can be found in the ESL{

Theoretical

Ion and gas dynamics in a TIMS cell

To better understand the effect of the bath gas flow on the TIMS
performance and operation, the pressure gradient in the TIMS
cell was modelled (Fig. 3). A cylindrical geometry was used and
the mass flow and energy equations were solved simultaneously
for the case of nitrogen as the bath gas and using the P; and P,
pressure values as boundary conditions for the calculations.
The Fluent 6.2.16 (Fluent Inc., Lebanon, NH) software was
used.*

Inspection of Fig. 3 shows that the velocity profile is near
homogenous in the central region (tens of m s for the
pressure studied) and that the gas velocity decreases in
magnitude near the wall of the analyser region. The end result
is a parabolic profile as a consequence of the friction of
the gas molecules near the walls. This parabolic flow profile
determines the trapping conditions during TIMS operation;
that is, in a TIMS device the basis for the mobility separation
lies in compensation of the drag force (proportional to the gas
velocity) with the electric force (increasing in magnitude from
left to right with the electrode positions). Inhomogeneities in
the gas profile could also influence the ion transfer in funnel 2
but at this stage the gas velocity is much lower and has a
smaller effect.

To have a better understanding of the correlation between
the gas velocity and the ion trajectories, the ion dynamics inside
the TIMS cell were studied using an in-house routine incorpo-
rated into a Simion 3D (ref. 40) user developed program. In the
ion simulations, an Elastic Hard Sphere Scattering model
(EHSS) for the ion-neutral collisions was used.* The bath gas
temperature and velocity, electric field gradient, RF amplitude
and frequency, and collision cross-sections were used as
simulation input parameters.

Two cases were compared with the experimental observation
in order to evaluate the bath gas velocity parabolic profile (see
Fig. 4): one dimensional (v,) and three dimensional profiles (v,
parabolic). At low RF amplitude values, ions are poorly confined
and diffuse toward the TIMS analyser walls and are neutralized.
However, as the RF amplitude increases, ions are confined
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Fig. 3 Total pressure, gas velocity and velocity vector profiles for
nitrogen in the TIMS analyser section. P; and P, were used as boundary
conditions (P, = 2.6 and P, = 1.0 mbar). Scale: red: high and blue low.

towards the center of the TIMS analyser and higher ion abun-
dances are observed. Comparison between the simulations
shows that a better agreement is obtained when a three
dimensional profile is used compared to a one-dimensional
profile. In particular, this effect is more pronounced at lower RF
amplitudes, where the ion cloud is more spread in the radial
direction and a larger gas velocity gradient is experienced by the
ions trapped in the cylindrical TIMS analyzer section.

Similar conclusions can be obtained from the inspection of
the ion clouds as a function of the RF amplitude in the TIMS
analyzer section (Fig. 5). When no RF is applied, ions are
confined in the axial direction by the electric and drag forces. In
the radial direction, ions will diffuse over time and the ion
population will decrease as they get neutralized by collisions
with the walls. With the increase of the radial force (or RF
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Fig. 4 Comparison of the experimental and theoretical relative ion
abundance (m/z = 622) as a function RF amplitude. Theoretical
simulations were performed using one (v, = 70 m s %) and three
(v parabolic) dimensional gas profiles for the same conditions as
shown in Fig. 3.

amplitude), the ion cloud is pushed towards the center and ion
confinement occurs.

The size of the ion cloud is defined by the radial and axial
confinement and by the number of ions (charges) that are
confined. If the radial confinement is too high, ions will spread
in the axial direction to compensate for the coulombic repul-
sion of the ion cloud counterparts. That is, the higher the
number of ions and the higher the RF amplitude the larger
the axial spread of the ion cloud. Similar effects related to the
number of ions trapped have been observed in other trapping
devices (e.g., Paul trap, linear ion trap, ICR cell, ezc.).** In
TIMS, the presence of the bath gas (higher pressures compared
to other trapping devices, few mbar) induces larger changes on
the ion trajectories by the ion-neutral collisions, ion-neutral
collision being the defining parameter of the ion motion.
Analogous to drift tube experiments, reduction of the bath gas
temperature will reduce the ion diffusion and increase the
mobility resolution (see the example in the ESI{ for bath gas at
ca. 80 K). Nevertheless, there are practical challenges associated
with the use of lower bath gas temperatures due to the high gas
flow used in the TIMS analyzer.

TIMS separation

The theoretical concept behind TIMS is the use of an electric
field to hold ions in place against a moving gas. The TIMS
operation is analogous to that of parallel flow ion mobility
analyzers,”** with the main difference that ions are also
confined radially to guarantee higher transmission and sensi-
tivity. In particular, the separation in a TIMS device can be
described in the center of mass frame using the same principles
as in a conventional drift tube.*>*° That is, in conventional drift
cells ions are pushed through a stationary gas whereas in the
TIMS analyzer ions are held in place against a moving gas. Since
mobility separation is related to the number of ion-neutral
collisions (or drift time in traditional cells), the mobility sepa-
ration in a TIMS device depends on the bath gas drift velocity,

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 lon trajectories as a function the RF amplitude theoretical
relative on abundance (m/z = 622) as a function RF in the TIMS ana-
lyser. Simulations were performed at the same conditions as Fig. 3 and
4 for m/z = 322 and using an RF frequency of 890 kHz.

ion confinement and ion elution parameters. For example, the
mobility range (K,-K,) of an analysis is directly related to
the ratio of the gas velocity (v;) and the axial electric field range
(Ea—Ep). The mobility of a given ion (i) can be extracted from the
electric field (E,(i)) at which the ion package elutes. In practice,
this can be related to the elution voltage (Veiu(i)) at which this
process occurs relative to the voltage applied to the last elec-
trode (V,y) of the mobility section:

Ki = v/E(1) = A(U/(Vou — Veruld)) (1)

This journal is © The Royal Society of Chemistry 2014
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where A is a calibration constant that can be experimentally
determined using known standards, either internally or
externally. That is, the elution voltage is a characteristic
parameter of the ion mobility for the same bath gas and
velocity and can be calculated from the total IMS time using
eqn (2) (see Fig. 6).

The elution voltage is independent of the voltage ramp
characteristics; however, the width of the elution voltage peak
changes with the strength of the radial confinement (this is
ultimately related to the mobility resolution as discussed later).
For example, with the increase of the radial field (RF amplitude)
an increase in the elution voltage FWHM is observed. We
attribute this increase to the spread of the ion cloud in the axial
dimension, in good agreement with the simulations shown in
Fig. 5. Noticed that the axial spread is limited by the width of the
electric field (AE) necessary to trap the ion cloud; that is, the
elution voltage has a limited peak width. This trend can be
observed for the case of m/z = 622 in Fig. 6. Different ion clouds
(e.g., mass, charge and size) will respond differently to the
RF radial confinement. That is, since larger molecules
(assuming +1 charge for simplicity) will require a higher RF
amplitude to be trapped, the axial spread will be observed at
larger RF amplitudes. If the radial spread is large (close to AE
limit), the ion-neutral collision (or diffusion) will lead to a
decrease in the ion population. At the same time, this condition
will impose a higher limit on the elution voltage FWHM, and
consequently a lower limit in the mobility resolution.

m/z=622 m/z=922 m/z=1222
20/150 ms| 20/150 ms 20/150 ms
20/250 ms| 20/250 ms. 20/250 ms;
20/350 ms| 20/350 ms AZOISSO ms
20/450 ms| 20/450 ms /\20/450 ms
44

-94 -92 90 -88 -86-128 -124 -120 -116 -156  -150 -1

Elution Voltage (V)

4.0 T T
® m/z=622
A m/z=922 I
v m/z=1222
3.2 .
% 2.4 - .
T
164 ¢ .
v
150 200 250 300

RF Amplitude (Vpp)

Fig. 6 (Top) Elution voltage (Veut) dependence on the fill/ramp time
(20/150-20/450 ms) for m/z = 622, 922 and 1222 at RF 250 V.
(Bottom) Dependence of the elution voltage peak width (FWHM) as a
function of RF amplitude.
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Fig. 7 Dependence of the total IMS time on the ramp time as a
function of m/z.

Mobility calibration

In a TIMS device, the total analysis time can be described as:

Total IMS time = Trap + (Veru! Viamp) Tramp + TOF
= To + (Velul/ Vramp)Tramp (2)

where, T, is the thermalization/trapping time, ToF is the time
after the mobility separation, and Viamp and Tramp are the voltage
range and time required to vary the electric field, respectively. The
elution voltage can be experimentally determined by varying the
ramp time for a constant ramp voltage. This procedure also
determines the time ions spend outside the separation region T,
(e.g:, ion trapping and time-of-flight). Experimental results show
the linear dependence of the total IMS time with the ramp time
for all m/z's studied (see the example in Fig. 7).

From the slope and the intercept of this graph the mobility
values can be determined if the calibration constant A is known
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(see eqn (1) and (2)). The mobility and collision cross-section
values presented in Table 1 were obtained by calculating the
calibration constant from mobility measurements performed in
traditional drift tube IMS using the same nitrogen bath gas and
temperature (ca. 300 K). For the case of negative ion values
reported in Table 1, the same calibration constant A was
considered. Notice that the procedure described here provides
accurate mobility measurements from first principles. Mobility
values (K) were correlated with CCS () using the equation:

C(18m)'? 1 1171760 T 1 6)
16 (ky7)'lm my] K P 273.15N*
where z is the charge of the ion, kg is the Boltzmann constant,
N* is the number density and m; and m;, refer to the masses of
the molecular ion and bath gas molecule, respectively.

Mobility resolution

The mobility resolution in a TIMS device is defined by:
R = KIAK = (Vour — Veru)/AVeru (4)

In a traditional drift tube, the resolution is defined by the
device length, bath gas pressure and temperature and the
applied electric field.*>*> In a TIMS device, different mobilities
are trapped at different electric field strengths for the same
velocity of the gas, and hence different mobility resolutions will
be observed. In addition, as noticed in previous results, the
radial confinement may change the elution voltage FWHM
(axial spread of the ion cloud).

In a TIMS device, as a general rule the resolution mainly
depends on three parameters: (a) the bath gas velocity, (b) the
electric field ramp speed (AViamp/Tramp) and (c) the RF
confinement. In the case of the bath gas velocity, an increase in
the bath gas velocity requires an increase in the electric field to

Table 1 Mobility values of the ESI Tune Mix calibration standard. Negative values were obtained using the calibration constant A obtained from

positive ion values

Monoisotopic mass Formula Ko [em® V' s CCs [A%]
118.086255 C,H,NO,(CH,);[M]™ 1.920 116.2
322.048121 P,N;(OCH,)[M + H]™ 1.376 151.9
622.028960 P,N;(OCH,CF,)o[M + H]™ 1.013 202.4
922.009798 P;N;(OCH,CF,CF,)s[M + H]™ 0.835 243.8
1221.990637 P;N;(OCH,C,F,CF,)o[M + H]™ 0.740 274.1
1521.971475 P;N;(OCH,C,F¢CF,)J[M + H]™ 0.638 317.2
1821.952313 P,N;(OCH,C,F4CF,)[M + H]™! 0.590 342.5
2121.933152 P;N;(OCH,C5F;(CF,)g[M + H]™ 0.520 388.3
2421.913992 P;N;(OCH,CF;,CF,)o[M + H]™ 0.469 429.5
2721.894829 P;N;(OCH,C,F,,CF,)JM + H]™ 0.444 447.4
301.998139 CN,(CF,)[M] " 1.909 109.6
601.978977 C4N;((CF,),CF3);[M] 1.187 172.8
1033.988109 P;N;(OCH,CF,CF,))[M + C,F;0,] 0.776 261.9
1333.968947 P;N;(OCH,C,F,CF,)JM + C,F;0,] * 0.710 285.4
1633.949786 P;N3(OCH,C,F(CF,)s[M + C,F;0,] " 0.609 332.1
1933.930624 P;N;(OCH;C,F5CF,)6[M + C,F50,]* 0.573 352.5
2233.911463 P;N5(OCH,C3Fy(CF,)g[M + C,F;0,] 0.498 405.2
2533.892301 P3N3(OCH,CF;,CF,)o[M + C,F;0,] 0.465 433.6
2833.873139 P3N;(OCH,C,Fy,CF,)g[M + C,F;0,] 0.399 505.1

1918 | Analyst, 2014, 139, 1913-1921

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/c3an02174b

Published on 17 January 2014. Downloaded by Florida International University on 03/05/2014 21:48:38.

Paper

1604 y 1522 E
4 212
212
140 p 21 Sriter T
P,=1.0 mbar y— e
c 1201 i -
£ 100{" _—" A
2™ -
é 80+ o B E
60y " ]
401 -
100 200 300 400
250 Ramp Time (ms)
— L © :
v 1522 »
4 2122
2722 -
- 200 A P_:Zﬁmbar ¥ 4
_g P.=1.0 mbar : >
= > e
Q 1504 > < ol
Y &
100 o
>
50 T T T T
100 200 300 400 500
Ramp Time (ms)
100 T T T T
m/z=2722
" 8 0 ifr FWHM=1.97
< R=227 R
o 60
c
=1
E i
<
o 40
=
£ |
[7}
€ 20 |

444 446 448, 450 452
ccs (AY

Fig. 8 (Top) Mobility resolution as a function of the ramp time for the
sphere-like ESI Tuning Mix standards for P, = 1.9 and 2.6 mbar and
P, = 1.0 mbar, respectively. (Bottom) IMS profile for m/z = 2722 with
RF = 300 Vyp, Tramp = 450 ms and Py, = 2.6 and P, = 1.0 mbar.

counteract the increased drag force of the ions. The latter
results in an increase in the mobility resolution (see Fig. 8). In
the case of the ramp speed, the narrower the AV,,m, and the
larger the Tyamp the higher the mobility resolution; that is, the
slower the scan speed the higher the mobility resolution for a
given bath gas velocity (see Fig. 8). For the conditions explored
in the present work, mobility resolution values of 100-250 were
routinely obtained. It should be noted that the ramp time can be
increased for up to a few seconds in a TIMS device with small to
no ion loss (current limitations are on the electronic acquisition
of long IMS transients). For the case of RF confinement, as
discussed before, the lower the RF needed to confine the ions
the smaller the axial spread for the same number of ions in the
ion cloud (see the example in the ESI}). It should be noted that
the number of ions can also be varied using the source condi-
tions and the duration of the fill injection pulse, thus allowing
for the highest resolution possible.

Conclusions

Ion dynamics simulations showed the ion dynamics inside of a
trapped ion mobility spectrometer as a function of the bath gas

This journal is © The Royal Society of Chemistry 2014
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velocity and trapping conditions. Simulations showed the effect
of the radial confinement on the ion cloud, which ultimately
translates into the mobility resolution of the analyser. It was
shown that the main parameters that define the ion motion in a
TIMS analyser are the drift gas velocity, the ion confinement
and the electric field ramp speed. Comparison of theoretical
and experimental values results that the parabolic gas velocity
profile can increase the axial spread of the trapped ions;
however, the radial confinement counteracts the axial spread by
confining the ions to the central region of the TIMS analyzer
where a more homogenous gas speed is obtained. Experimental
results showed that mobility values can be extracted using first
principles, analogous to drift tube designs; the main difference
is that internal or external calibration standards are needed for
accurate measurements of mobility values for each experi-
mental condition (e.g., velocity of the gas and voltage ramp).
Results are shown for high mobility resolution (R = 100-250)
over a wide mobility range.
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