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a b s t r a c t

The combined use of SIMION 7.0 and the statistical diffusion simulation (SDS) user program in conjunction
with SolidWorks® with COSMSOSFloWorks® fluid dynamics software to model a complete, commercial
ion mobility spectrometer (IMS) was demonstrated for the first time and compared to experimental results
for tests using compounds of immediate interest in the security industry (e.g., 2,4,6-trinitrotoluene,
2,7-dinitrofluorene, and cocaine). The effort of this research was to evaluate the predictive power of
SIMION/SDS for application to IMS instruments. The simulation was evaluated against experimental
results in three studies: (1) a drift:carrier gas flow rates study assesses the ability of SIMION/SDS to
correctly predict the ion drift times; (2) a drift gas composition study evaluates the accuracy in predicting
the resolution; (3) a gate width study compares the simulated peak shape and peak intensity with the
experimental values. SIMION/SDS successfully predicted the correct drift time, intensity, and resolution
Statistical diffusion simulation trends for the operating parameters studied. Despite the need for estimations and assumptions in the con-
struction of the simulated instrument, SIMION/SDS was able to predict the resolution between two ion
species in air within 3% accuracy. The preliminary success of IMS simulations using SIMION/SDS software
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. Introduction

Before the advent of computer simulation software, scientific
nstruments were designed and optimized using a trial-and-
rror approach [1]. SIMION [2–4] revolutionized the ability to
odel instruments analyzing gas-phase ions in vacuum, especially
ass spectrometers [5,6]. Simulations using computer models

as become increasingly important in the design of scientific
nstruments because it permits an instrument to be designed and
ptimized prior to expending effort and resources on physical fab-
ication. Previously, the only computer modeling of ion mobility
pectrometry (IMS) instruments has been either to evaluate the
lectrostatic fields of different drift tube designs [7–9] or to simu-

ate the drift gas and carrier gas flow characteristics within the drift
ube [10]. As stated by Baumbach and coworkers, an evolutional
imulation approach is needed in order to model ions in electro-
tatic fields within the IMS taking into account the flow conditions
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f the neutral gaseous molecules [10]. In 2005, Sandia National Lab-
ratory reported the use SIMION to simulate transportation of ions
hrough an IMS/MS interface [11]. This study incorporated an exter-
al programming code that compiled within SIMION to take into
ccount the collision effect of neutrals on ions; however, this pro-
ramming did not account for the effect of diffusion, which is very
mportant in IMS as well as IMS/MS interfaces [11,12]. The recent
ntroduction of the statistical diffusion simulation (SDS) user pro-
ram for SIMION [13] for modeling ion trajectories in viscous (i.e.,
tmospheric pressure) regimes in electrostatic and magnetic fields
3] has opened the door to model IMS instruments.

Unlike mass spectrometry, IMS operates at elevated and atmo-
pheric pressures, and separates ions based on size and/or shape
s opposed to mass. IMS was originally referred to as plasma
hromatography [14–18] because ions of the chemical analytes
re characterized using gas-phase ion mobility determined by the
rrival times of the ion clouds [1,17,19]. The separation between

ons of different sizes and/or shapes occurs while traveling along
n electrostatic gradient in a drift tube at atmospheric pressure
1,16,17]. Without the electrostatic gradient, ions would merely dif-
use within the buffer or collision gas. Therefore, the electrostatic
radient is critical for causing the ions to migrate through the gas

http://www.sciencedirect.com/science/journal/13873806
mailto:jill.scott@inl.gov
mailto:almirall@fiu.edu
dx.doi.org/10.1016/j.ijms.2008.06.011
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olecules [1], [12,17]. Each ion has a specific mobility (K) at a given
ressure and temperature for a specified collision gas [1,17]. As
hown in Eq. (1), multiplying (K) by the local voltage gradient (E)
ives the expected drift velocity (vd) of an ion:

d = K × E (1)

The electrostatic field is much like a force dragging a sphere
hrough a viscous medium where doubling the force on the sphere
oubles its velocity. If the mobility coefficient is normalized to 273 K
nd 760 torr, then it is referred to as the reduced mobility (Ko) [1,17].
he thermal velocity of an ion in an IMS instrument is well over
00 m s−1 because it is a being bombarded by millions of collisions
er second with the neutral gas molecules due to the gas kinetics
t standard atmospheric conditions. These collisions create a sort
f drunkard’s walk (i.e., Brownian motion) that results in diffusion.
he effect of the buffer gas reduced mass (�) and collision cross-
ection (�D) is easily seen in the following equation:

= 3e(2�)1/2(1 + ˛)

16N(�kTeff)
1/2˝D(Teff)

(2)

here e is the charge of an electron; N is the number density of
uffer gas molecules; ˛ is the correction factor; Teff is the effective
emperature [1,17].

In order to correctly model the ion trajectories inside an IMS
nstrument, the SDS user program must be incorporated into the
IMION ion optics modeling program to account for both the
obility and the longitudinal diffusion [18] terms which exist at

tmospheric pressure [11,12]. A detailed description of the SDS
lgorithms and how they are integrated into the ion trajectory cal-
ulation in SIMION has been published previously [13]. Briefly, SDS
reats viscous drift motion and diffusion as separate phenomena,
ven though they are not independent in reality. Viscous effects
re treated with a relatively straightforward Stoke’s Law model,
hile diffusion is emulated using a collection of tabulated colli-

ion statistics and randomized ion jumping to provide an unbiased
pproximation of diffusion over a wide range of ion mass to colli-
ion gas mass ratios [12,13]. Diffusion estimates will be unbiased
s long as the number of collisions between time steps is sufficient
o decorrelate successive velocity vectors of ion trajectories.

SIMION/SDS has been used to model ion behavior in viscous
nvironments for comparison with ion motion in vacuum related

o electrostatic refraction, influence of wire grids and electric fields,
s well as magnetic fields and charge repulsion [12]. However,
o attempt has been made to evaluate the predictive power of
IMION/SDS in simulating ion trajectories inside a complete IMS
nstrument nor has there been a comparison against experimental
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able 1
perating conditions for various studies

Drift gas flow rate (ml min−1) Carrier gasa flow ra

as flow rate study
Test 1 500 150
Test 2 100 100
Test 3 0 150
Test 4 500 56

rift gas composition study
Test 5 500 150
Test 6 500 150
Test 7 500 150

ate width study
Test 8 500 150
Test 9 500 150
Test 10 500 150
Test 11 500 150

a Air was used as the carrier gas for all experiments.
ss Spectrometry 276 (2008) 1–8

ata for molecular ions of interest, such as 2,4,6-trinitrotoluene and
ocaine. This paper presents insights into simulation of an actual
ommercial IMS, the challenges of using SIMION/SDS, and the com-
arison of the model with experimental data under various IMS

nstrumental conditions. It should also be noted that incorporat-
ng the effect of chemical reactions and their effect on IMS spectra,
owever, is beyond the capabilities of the SIMION/SDS program.

Ion formation, separation, and detection are dictated by instru-
ent operating parameters such as the type of ionization source,

emperatures in various zones (e.g., drift tube), dopant gas type,
arrier and drift gas compositions and flow rates, imposed elec-
rical field, gate mechanism and timing, as well as the physical
eometry of the drift tube [1,9,18,20,21]. These parameters affect
he overall selectivity, sensitivity, and peak resolving power of the
nstrument and can be optimized for a given analyte or class of com-
ounds of interest [22]. Of the above listed parameters, drift tube
emperature, gas flow rates, gas compositions, and gate width (i.e.,
uration the gate is open for ion passage) are readily changeable in
ommercial IMS instruments, while others are usually fixed by the
anufacturers. To evaluate the predictive power of SIMION/SDS,

he product ion peaks were monitored as some of the operat-
ng parameters were varied one-by-one both within the computer

odel and the physical instrument. The predicted changes were
hen compared to the experimental changes obtained from the
eal instrument to determine how well SIMION/SDS simulations
imicked the observed trends. The operating parameters studied
ere drift:carrier gas flow rates, drift gas composition, and ion gate
idth.

. Experimental

.1. Chemicals

The test compounds used in this study were standard explo-
ives and drugs, selected to serve the purpose of collecting data
or both positive and negative modes. Explosive standard 2,4,6-
rinitrotoluene (TNT) was obtained from Accu Standard Inc. (New
aven, CT). Cocaine standard was obtained from Cerilliant (Round
rap, TX). 2,7-Dinitrofluorene (DNF) was obtained from Aldrich

hem. Co. (Mil, WI). Dynacal permeation devices containing ammo-
ia, and methylene chloride used as dopants were obtained from

ICI Metronics Inc. (Poulsbo, WA) with a permeation rate of
,100 ng min−1 ±10% at 30 ◦C and 460 ng min−1 ±15% at 30 ◦C,
espectively. The solvents used to prepare test solutions were HPLC
rade acetone from Fisher Scientific (New Jersey, NJ) and biotech
rade acetonitrile from Sigma–Aldrich (St. Louis, MO).

te (ml min−1) Drift gas composition Gate width (�s)

Air 250
Air 250
Air 250
Air 250

Air 250
Helium 250
Argon 250

Air 50
Air 100
Air 250
Air 500
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the carrier and/or drift gas flow vectors generated by COSMOS-
FloWorks onto the grid used by SIMION, the dimensions of the
SolidWorks model must be set to be identical to those of the
SIMION. In addition, care was taken to locate the origin at a com-
mon position in both models to avoid having to make corrections
Fig. 1. Three-dimensional SolidWorks model of the PCP Phemto C

.2. Sample introduction

Standard compound 2,4,6-trinitrotoluene was diluted in ace-
one solvent to 5 ppm. Cocaine and 2,7-dinitrofluorene standards
ere diluted in acetonitrile to 50 ppm. Each sample was introduced

y direct liquid injection at the inlet by depositing a 1 �L aliquot of
he sample solution into the quartz sample tube inside the Teflon®

ap, which was then inserted into the hot quartz showerhead tube
f the PCP IMS 110. The sample solution in the tube was heated,
esorbed, and carried into the IMS reaction region.

.3. Instrumentation and parameters

The PCP Phemto-Chem Ion Mobility Spectrometer Model 110
West Palm Beach, FL) was used in this study to obtain empiri-
al (experimental) data for the compounds of interest. The PCP
MS can operate in both positive and negative mode by varying
nstrumental conditions. The standard or default operating condi-
ions of the PCP IMS 110 were an operating drift tube temperature
et at 200 ◦C, an inlet temperature at 250 ◦C, and gas-flow rates
f 150 and 500 ml min−1 for carrier gas and drift gas, respectively.
ll experiments were conducted at the INL in Idaho Falls, ID (ele-
ation 4700 ft) at atmospheric pressure, which varied from 635 to
50 mmHg for the PCP IMS 110 [23]. Typically, air was used for both
arrier and drift gas flows with methylene chloride added to the
arrier gas in negative mode, while ammonia dopant was added to
he carrier gas in positive mode. The gate width was set at 250 �s
ith a cycling rate of 40 cycles per second. Standard parameters
ere used except as noted in Table 1 for Tests 1–11 for both exper-

ments and simulations (unless stated otherwise) to study (1) drift
as flow rate, (2) drift gas composition, and (3) gate width. The first

tudy of the drift gas flow rate used the test compounds TNT and
ocaine. The second study of the drift gas composition used TNT in
he single component test, followed by a mixture test using both
NT and DNF. The third study of the ion gate width used TNT as the
est compound. For Tests 1–11, experiments were run in triplicate.

F
P
p

10 IMS instrument with COSMOSFloWorks gas flow trajectories.

.4. Simulation methods

The strategy for simulating ion trajectories within the PCP
MS 110 instrument utilized SIMION 7.0 (SIS, Ringoes, NJ) to

odel the electrostatic fields with the SDS user program [14]
o account for the viscous pressure affects. The SDS user pro-
ram can account for gas flow if the x, y, and z velocity vectors
re provided in separate ‘.dat’ files; therefore, the fluid dynamics
rogram COSMOSFloWorks® in association with SolidWorks 2007
Concord, MA) was used to determine the gas flow velocity vec-
ors for importing into SDS. Because of the need to superimpose
ig. 2. Two-dimensional schematic and measurements (given in millimeters) of the
CP Phemto Chem 110 IMS reaction chamber and drift tube based on information
rovided in the vendor manual.
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o register the coordinates between the SIMION and SolidWorks
odels.
The SIMION and SolidWorks (as shown in Fig. 1) computer mod-

ls of the PCP IMS instrument were constructed to the best possible
xactness based on the information available in the vendor manual.
stimations made during the construction of the PCP IMS computer
odel includes some minor details in the drift tube dimensions as

hown on the 2D schematic Fig. 2. Assumptions made in the com-
uter model include the estimates for the geometry of the inlet
rea, surrounding gas chamber, and gate. Of these, the gate geom-
try and the estimated voltage applied on the gate wires are the
eatures that would have the greatest impact on the accuracies of
he simulations. In the real PCP IMS instrument, the gate used to
elease ions from the ionization region into the drift tube consists of
oplanar alternating parallel wires, essentially a Bradbury–Nielson
hutter-grid gate [24]. Bradbury–Nielson gates have been described
s difficult to fabricate [1]. The difficulty associated with model-
ng this gate type is that it would require 400 M grid units within
IMION to form a complete 3D model of the instrument because
he symmetry of the gate (planar) is not the same as the cylindrical
ymmetry of the ionization and drift tubes of the PCP IMS instru-
ent and the thin wires require 2–4 grid units to model so that

hey appear as real wires and not an ideal grid [12]. The symmetry
ptions available in SIMION were exploited in order to reduce the
omputation time by decreasing the number of grid points by mod-
fying the gate geometry. Instead of using alternating gate wires
laced next to one another in a planar, rod-like configuration, the
ate was created as a circular configuration of alternating wires,
hich is even more difficult to construct in reality compared to a

oplanar Bradbury–Nielson gate. Simple SIMION tests of the two
ate configurations revealed that the blocking and releasing of ions
hould be very similar. This variation of the gate geometry simpli-
ed the SIMION model of the complete PCP IMS by allowing the
se of symmetry about the central axis and made the computa-
ional time manageable at ∼2 h per simulation using a 3.06 GHz
ersonal computer with 640 MB of RAM.

.5. Fluid dynamics simulations

SolidWorks and the fluid dynamics COSMOSFloWorks software
ere used to obtain the flow velocities required by SIMION/SDS

o simulate the flow of carrier and drift gases for the PCP simu-
ations. Within COSMOSFloWorks, the gas composition and flow
ates for the carrier and drift gases at their respective inlets (Fig. 1)
ere set according to the conditions for each simulation as given

n Table 1. The two gases exit at the same outlet, which was set at
tmospheric pressure. After completion of each simulation, the x, y,
nd z flow vectors that corresponded to the SIMION grid positions
ere extracted from the COSMOSFloWorks results and transposed

nto individual x, y, and z velocity ‘.dat’ files for use by SDS.

.6. Ion trajectory simulations

SIMION 7.0 software was used to model PCP IMS ionization
eaction region and drift tube containing the alternating solid elec-
rodes and insulator rings, the gate, and the detector (Fig. 3(A)).
ig. 3(B) shows an isometric view of the potential energy field for
n overall electrical field gradient of 200 V/cm within the PCP IMS.
on properties (e.g., charge, mass, number of ions) were defined

ithin SIMION. The Ko values for specific masses are incorporated

n the M DEFS.dat file associated with SDS. While SDS will calculate
o values for a mass if not provided by the user, these estimated Ko

alues may be quite different than the actual values because SDS
ssumes a spherical geometry; hence, the calculated drift times
alculated with an SDS estimated Ko can be off by more than 40%

a
i
i
t

ig. 3. (A) SIMION model of the commercial PCP IMS 110 instrument showing the
lectrodes of the ionization region, circular gate of alternating wires, and electrodes
f the drift tube. (B) SIMION potential energy view of electrostatic field within the
CP IMS 110 instrument with a voltage gradient of 200 V cm−1.

ompared to experimental values. While SIMION allows the ini-
ial kinetic energy of the ions to be defined, it should be noted
hat this is not very important in atmospheric calculations because
ons quickly lose any memory of their initial kinetic energy to col-
isions [12]. Space-charge effects, which are available in SIMION,

ere not included because they are computationally intensive and
ould be revealed as an increase in effective diffusion [12]. The

ource code of the SDS user program file was modified to include
he change in voltage on the alternating gate wires to control the
ate opening/closing mechanism, as well as the birth of ions at
andom locations within the reaction chamber to simulate the con-
inuous ionization source, Ni63, used in the PCP IMS. The drift tube
emperature and pressure, collision gas mass and diameter, and
ating parameters were all defined in the SDS user program. The
ons were then prompted to fly down the model under the influ-
nce of the electrical field and the carrier gas flow, pass through
he gate, and be subjected to the drift gas. The ions’ trajectories
nd flight times (from birth to the detector) were recorded as out-
ut files. A recorded output file was saved in text format and later
ranslated into a histogram (spectrum) by plotting only the ions
hat struck the detector electrode. The histogram was plotted with
he x-axis representing the drift time and the y-axis representing
he relative intensity (number of ions that hit the detector within
ach histogram bin) using a bin size of 50 �s.
With a 30 ms cycle for a typical IMS, the gate opened for 250 �s
nd closed for the remaining time, allowing only 0.8% of the total
ons generated to enter the drift region. Four thousands ions were
ntroduced in the ionization chamber during each cycle. If 0.8% of
he ions passed through the gate, only 40 ions would reach the
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etector. This number of ions was deemed insufficient to generate a
mooth histogram. To allow more ions to reach the detector, instead
f modeling the exact cycle time of the experimental PCP IMS, the
ate closing time for the SIMION PCP model was reduced from 30
o 1.0 ms, while the gate open time remained the same at 250 �s.
his allows approximately 1000 ions to pass through the gate. In
eneral, the rest of the parameters for the simulations were the
ame as the respective experiments as noted in Table 1, except as
oted for the drift gas composition study.

.7. Gas flow rate study

Simulations 1–4 were designed to study the flow rate ratio
etween the drift and carrier gas at 500:150, 100:100, 0:150, and
00:56 ml min−1, respectively. In the various tests of the gas flow
ate study, all parameters in SIMION/SDS were kept the same. Only
he gas flow vector ‘.dat’ files from COSMOSFloWorks were replaced
n SDS for the respective flow rate ratios. The test compound used in
he negative mode was TNT, while cocaine was used for the positive

ode.

.8. Drift gas composition study

In Simulations 5–7, the drift gases used were air, helium, and
rgon, respectively. In the actual experiments, the carrier gas was
ir. While COSMOSFloWorks can accommodate multiple gases
ntroduced at various inlets, SDS cannot. In SDS, only one type of
ollision gas can be defined; therefore, this was set as the drift gas.
ecause a change in the drift gas also changed the carrier gas, the
ate timing had to be adjusted for each gas. In air, the time taken
or the ions to reach the gate was approximately 8700 �s, thus the
ate was prompted to open with this timing. For helium and argon
he gate timing was changed to 2700 and 7000 �s, respectively,
wo groups of different ions were created, (TNT-H)− and (DNF-H)−,
ith 400 ions and 4000 ions, respectively, to mimic the 5:50 ppm

liquot used in the experimental analysis. The two groups of ions
ere spawned simultaneously. As expected, the two ion groups

eparated as they migrated down the drift tube and the resolution
etween these two adjacent peaks was calculated for each drift gas
ype using Eq. (3), where (td) is the ion drift time and (wb) is the peak
ull width at the base (in microseconds) [25–27]. Measurements
f the peak full width at the base and the peak full width at half
aximum were conducted using standard analytical procedure.

= 2(td2 − td1)
wb1 + wb2

(3)

.9. Gate width study

Simulations 8–11 were set at gate widths of 50, 100, 250, and
00 �s, respectively. All SDS parameters except for the gate width
ere kept at the default conditions. The simulations were per-

ormed in negative mode with TNT as test compound to mimic the
xperiments.

. Results and discussion

To test the predictive power of the SIMION/SDS modeling soft-
are, several parameters of the PCP IMS were varied to compare the

ffects they have on the spectrum drift time and peak shape. The

rift and carrier gas flow rates were chosen to demonstrate how
rift time, peak shape (i.e., full width at half maximum (FWHM)),
nd signal intensity change as flow rates were varied. The drift
as composition was varied to illustrate the effect on the resolu-
ion between two adjacent peaks. Finally, the ion gate width was

m
p
fl
s
r
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aried to illustrate changes in ion intensity and peak broadening.
he simulated spectra were compared to the experimental spectra
o identify trends in the data due to each of the changes caused
y varying the operating parameters. In general, it was expected
hat SIMION/SDS would correctly predict the trends related to the
hanges rather than the exact values of the experimental outcomes.
ow well the simulation data coincide with the observed data from

he real instrument is dependent on how closely the computational
odels and methodology mimic the characteristics of the PCP IMS

nstrument.

.1. Drift gas flow rate effects

Commercial IMS instruments incorporate two sources of gas
ow: (1) the carrier gas, which is often air and directs the sample
olecules into the ionization region, and (2) the drift gas, which

roduces a flow counter to the direction of the ion movement [1].
n the case of the PCP Phemto-Chem IMS Model 110, the carrier
as also helps to carry the ions to the proximity of the ion gate
efore exiting at the outlet opening (Fig. 1). The drift gas enters
rom the detector end and flows toward the gate before exiting at
he same opening as the carrier gas. An increase or decrease in the
rift gas counter flow rate is expected to alter the time ions take
o reach the detector because ion mobility (K) is pressure and tem-
erature dependent. The change in drift gas flow rate ultimately
hanges the pressure within the drift tube, which changes the ions’
rrival time. The temperature of the drift tube was maintained at
00 ◦C throughout the study. However, the ion reduced mobility
Ko) should remain constant given there is no change in ion identity
21].

In the drift flow experimental and simulation studies, the
rift:carrier gas flow rates varied from the manufacturer suggested
ettings of 500:150 ml min−1, which were the conditions for Simu-
ation 1. In Simulation 2, the two flow rates at the inlets were set to
qual each other (100:100 ml min−1); however, because the diame-
er of the ionization region is less than the diameter of the drift tube,
he carrier and drift gas velocities are not equivalent. When the
arrier gas velocity was higher than the drift gas velocity as in Sim-
lation 2, the carrier gas penetrated through the gate before turning
round and exiting the outlet with the drift gas as shown by the flow
rajectories in Fig. 1. The inlet flow rates in Simulation 3 were set
t (0:150 ml min−1), where the drift flow was completely shut off.
astly, in Simulation 4, the flow rates were set at 500:56 ml min−1 to
chieve equal gas velocities at the point where the two gases met.
hree output values; drift time, peak intensity, and FWHM were
ecorded to assess ability of SIMION/SDS to simulate and detect
hanges due to variation in the flow conditions.

Fig. 4(A) shows the effects of flow rates on the drift time of TNT
n negative operating mode. Detection algorithms for commercial
MS instruments usually allow a variability window of ∼50 �s for
ositive peak detection. Thus, the change reported for TNT drift
imes from 9.702 ms in Experiment 1 and 9.625 ms for Experiment
is significant and reflects the ions travel faster when the drift gas
as completely shut off. Simulation 1 and 3 reported 10.69 and

0.67 ms, respectively. While trends for the experimental and sim-
lated drift times were similar, the simulated drift times predicted
ere within 10% of the experimental values.

Additionally, both the experimental and the simulated results
howed no significant effect of flow rates on the FWHM for TNT,
hich is in agreement with experimental data reported by Eice-

an for benzene, toluene, naphthalene, and anthracene [21]. The

eak intensity was highest at 771 mV for Experiment 3 without drift
ow as compared to 418 mV when the flow rates were at the default
ettings in Experiment 1. There are examples in the literature that
eport the change in product ion intensity when the drift gas [21] or
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reported the opposite trend for two other compounds, lorazepam
and diazepam, where helium drift gas provided better resolution
[29]. Thus, the drift gas can be considered a dominant parame-
ter to change when one wants to improve the resolution between
ig. 4. Comparison of experimental and simulated drift times for (A) TNT and (B)
ocaine at various flow-rate conditions. Experimental (�) and simulated (�) data.

arrier gas [20] flow rates are varied. The simulated data, however,
id not project such significant differences in peak intensity among
he four simulations. This lack of peak intensity change in the sim-
lations was because the flow conditions in the model allowed ions
o pass through the gate at a constant flux. As a consequence of the
ate width being held constant for all the four simulation condi-
ions, each simulation allowed approximately the same number of
ons to pass into the drift region.

Cocaine was used as the test compound for flow rate exper-
ments and simulations in the positive operating mode. The
imulated drift times predicted by the model were within 6% of
he empirical experiments. The trends of ion drift time predicted
y the simulations tracked the experimentally determined trends
Fig. 4(B)). The effect of different flow conditions on cocaine drift
ime was most noticeable between Experiment 1 (13.975 ms) and
xperiment 2 (13.86 ms). Simulation 1 and 2 reported 14.725 and
4.668 ms, respectively. Lastly, the FWHM of cocaine peak was also
ot particularly affected by the flow rate conditions as observed

n the experimental as well as the simulation results. The peak
ntensity in Experiment 1 was 856 mV and decreased to 771 mV
n Experiment 3. Similar to TNT, the simulations did not predict
ignificant change in peak intensity.

.2. Drift gas composition effects

Both commercial and in-house built IMS instruments usually

tilize ambient air as a drift gas. The use of SIMION/SDS in this
tudy to predict the resolution between two adjacent compounds,
NT and DNF, in air produced excellent correlation between the
imulation model and the experimental results (Fig. 5). The shoul-
er peaks seen in Fig. 5(B) are artifacts of the ‘spline fit’ function
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sed to plot the simulated spectrum, which could be minimized if
ore ions are available for the simulation. The experimental and

imulated resolutions obtained in air were 1.392 and 1.436, respec-
ively (a difference of 3%). This result was achieved despite the
imulation and experimental drift times of the individual peaks
ot matching exactly because of assumptions made related to the

nstrument dimensions. However, these assumptions should affect
ll ion species in the same manner. Therefore, it is not surprising
hat the SIMION/SDS simulation software correctly predicted the
esolution within the PCP IMS instrument when air is used as the
rift gas. The capability to predict the resolution of an IMS instru-
ent design is a powerful tool for designing future instruments

ecause it would reduce the costs of the trial-and-error approach.
Since K and the drift time reflect the collision cross-section and

ass of the buffer gas as noted in Eq. (2), it is possible to resolve two
eaks by changing the drift gas because the effect of the collision
as on drift time of the two ions may be different [28]. Citations in
he literature report that, in general, ions travel faster in drift gases
hat are less massive and less polarizable [1,28]. The polarizability
f helium gas is very low (0.205 × 10−24 cm3) when compared to
rgon (1.641 × 10−24 cm3), and He is also less massive [1,28]. It was
xpected and observed experimentally that the resolution between
wo peaks would be lower when using helium and higher when
sing argon as the drift gas. When the drift gas was changed from air
o helium, the experimental resolution for TNT and DNF decreased
o 1.296 from 1.392, and increased to 1.501 in argon. In a study by
sbury and Hill, improvement in resolution between chloroaniline
nd iodoaniline was experimentally observed when argon was used
s drift gas [28]. However, another study by Hill’s research group
ig. 5. (A) Experimental and (B) simulated spectra of 2,4,6-TNT and 2,7-DNF with
ir as both carrier and drift gas.
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true for an instrument that was built in the 1980s), whereas vir-
tual instruments will predict the ideal case. The high error bars
in the experimental intensities at gate widths of 250 and 500 �s
may be the result of inconsistencies in sample introduction within
ig. 6. Comparison of experimental vs. simulated resolution between 2,4,6-TNT and
,7-DNF in different drift gases. Experimental (�) and simulated (�) data.

wo peaks without making physical changes to the IMS instru-
ent. While the resolution in air was predicted within 3% accuracy,

he resolution trends and values predicted in the simulations for
elium and argon mediums were not as accurate. As shown in
ig. 6, the simulation predicted the increasing trend from air to
elium, instead of decreasing trend as observed in the experimental
ata. For argon, the simulation predicted a much higher resolution
han was observed experimentally. The lack of agreement between
he simulation and experimental values in helium and argon drift
as is primarily due to a limitation of SDS, as it currently cannot
ccommodate two different gases introduced at different locations.
herefore, the helium and argon simulations had to use the same
as (He or Ar) for both the carrier and drift gas, which is not a
erfect match for the experimental conditions. Attempts to exper-

mentally change the carrier gas from air to He or Ar were made,
ut as expected, no ions were produced because the PCP IMS uses
Ni63 source that requires air or nitrogen to assist the ionization
rocess. In addition, the current SDS user program calculates the

on gas molecule interactions based on a hard sphere model, which
as been shown in a previous study by Jarrold and co-workers to
e less accurate, especially for gases other than air [30]. Methods
o use more advanced features of SIMION to work around this SDS
imitation will be addressed in future work.

.3. Gate width effects

The ion shutter or gate employed in most commercial IMS
nstruments is made of coplanar arrays of closely spaced, parallel
hin wires [1,24,31]. The voltages on alternating wires are changed
o open the gate and allow a pulse of ions to enter the drift region.
ypically, ions from the reaction region are pulsed into the drift
egion for only 300 �s every 20–30 ms; thus, only ∼1% of all ions are
vailable for measurement [1]. The ion gate width is an important
ariable in establishing peak shape and intensity in the mobil-
ty spectrum [18,19,31]. The minimum pulse that is practical is
etween 10 and 100 �s, which is determined by the minimum time
equired for the ions to move through the wire structure from the
eaction region side of the gate into the drift region side [1].

Almost all commercial IMS instruments have a duty cycle not
xceeding 1% [1]. Other ion shutter designs such as the sinusoidal

aveform were developed to improve the duty cycle of the gate for
etter sensitivity [32]. The capability of SIMION/SDS to simulate
he ion behavior passing through the gate would give important
nsights to the development of new gating mechanisms. This study
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erformed a simple evaluation of the SIMION/SDS simulation soft-
are by observing the peak intensity and peak broadening as the

ate width varied from 50, 100, 250, and 500 �s. Peak broadening
ffect is the result of several mechanisms that occur within IMS
nstruments: gate width, diffusion, charge repulsion, ion–molecule
eaction, and inhomogeneity in the electric field [9,18,26]. The two
rst mechanisms, gate width and diffusion are the major factors
etermining the shape and the width of the IMS peaks [26,28].
here are also previous reports in the literature that confirm that
n increase in the gate width should result in increased peak inten-
ities and peak widths [9,18].

The results shown in Fig. 7(A) for peak intensity and Fig. 7(B)
or FWHM illustrate these expectations. Previously shown in Fig. 5,
he difference between the experimental and simulated peak width
as ∼25%, however Fig. 5 is only a representation of one repli-

ate. Fig. 7(B) shows average of three replicates, and the difference
etween the experimental and simulated full width at half max-

mum was ∼6%. The FWHM predicted were within 6–7% of the
xperimental FWHM values, except for Experiment 8. The exper-
mental FWHMs did not vary significantly when the gate width
ecreased from 100 to 50 �s, while the simulation predicted a
ecrease in FWHM. This difference may be due to the inability to
ccurately control the gate width down to 50 �s (which may be
ig. 7. Comparison of experimental vs. simulated (A) peak intensity and (B) FWHM
t various gate width timings. Experimental (�) and simulated (�) data.
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he PCP instrument. In Experiment 8, when the gate was opened
or 50 �s, not many ions pass through the gate resulting in a peak
ntensity of only 284 mV and a FWHM of 355 �s. At a gate width of
00 �s, the peak intensity increased to 878 mV and the peak shape
as much broader (FWHM = 590 �s) as compared to the other three

ate settings. As shown in Fig. 7(A) and (B), SIMION/SDS generally
redicted the trends for both the peak intensity and peak broad-
ning (FWHM). The trends observed are also in agreement with
he experimental trends reported by Spangler and Collins [18] and
iceman et al. [9].

In addition, a visual observation was made when the simu-
ated ions were flying through the gate. The changes in voltage on
he alternating wires caused some ions that just recently passed
hrough the gate to slow down before they regained kinetic energy
nd continued down the drift tube. This effect occurs because the
lectrical field near these wires was altered as the voltage on the
ires switched from ‘open’ to ‘closed’. Because ions in viscous envi-

onments follow the electric field gradients, changes of electric field
radients can easily alter ion trajectories, especially around wires
r grids where electric fields associated with electrostatic refrac-
ion can be complicated [12]. However, under the conditions of
hese experiments, this effect was minor and did not cause signif-
cant peak-tailing effects in either the experimental or simulated
ata.

. Conclusions

Although the computer models incorporated several esti-
ations and assumptions, SIMION/SDS simulations accurately

redicted the resolution between two ion species when air was
sed for both the carrier and drift gas. The high quality of this result

s because the parameters used for this simulation most closely
atched the experimental conditions. As always for modeling sci-

ntific instruments with SIMION, the more accurately a simulation
odel matches the fabricated instrument and experimental condi-

ions, the more exact the predicted ion behavior will reflect reality.
hile SDS does have the limitation of only being able to accom-
odate one collision gas, the SIMION/SDS simulations did track

he trends observed in the experiments for gas flow rates, drift gas
omposition, and gate width variations. The results of this first uti-
ization of SIMION/SDS to simulate a complete IMS instrument are
ncouraging and future efforts should be able to take advantage of

ore advanced features in SIMION to overcome some of the iden-

ified modeling issues to produce more robust and flexible virtual
MS instruments. These results show that SIMION/SDS is a valuable
ool for the development of higher resolution IMS instruments and
MS–MS interfaces.
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