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SIMION ion optics simulations at atmospheric pressure
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Abstract

A method for simulating the motions of charged particles in atmospheric pressure conditions in electrostatic and magnetic fields has been
developed and implemented in a user program for SIMION 7.0 and the predictive capability of the model tested against experiment. The
statistical diffusion simulation (SDS) user program avoids the computationally intensive issues of high collision rates by employing collision
statistics to simulate the effects of millions of collisions per time step. Ion motions are simulated by a combined viscous ion mobility and
random ion jumping approach. Comparison of the model predictions against measurement of Cs+ transport through room air, N2, Xe, Ar, and
He collision gases in a simple drift cell at pressures from 6 to 640 Torr are favorable and provide confidence that the approach is viable.
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. Introduction

Motivation:There is no easily accessible, robust, flexible
omputational tool for predicting the transport of ions in elec-
ric and magnetic fields atatmospheric pressure, nor which
an integrate the pressure-temperature-velocity vector forces
f dynamic gas-flowwith the forces imposed by the electro-
tatic or magnetic fields to predict the trajectory of ions being
ransported in such systems. The simple question: “Where do
he ions go and why?” cannot be readily answered. This lack
f accessible computational and analytical tools restricts our
bility to understand the performance of existing instruments,
onstrains the development of new designs, and hinders the
ossibility of discovering new phenomena.

Standard mechanistic kinetic collision models[1,2] used
n current ion optics modeling programs[3,4] are impracti-
al for use at atmospheric pressure because the number of
ollisions is so high (∼2 million collisions per mm) that the
ime to calculate an ion trajectory with a mechanistic collision
odel becomes unreasonably long (hours per ion). Modeling

this process even by Monte Carlo methods can be extre
time consuming, even for the fastest computers. Viscous
models, while fast, do not account for diffusional effects.
classical approach for modeling ion motion at atmosph
pressure is to use ion mobility (K), which relates the drift ve
locity (vd) of the ion to the electric field (E) for a given ion and
neutral gas[5]. Thus in a direction where the field is zero
mobility tells nothing about the motion of the ion. Howev
diffusion theory predicts that the ion will, on average, d
down the concentration gradient, and thus in order to c
pletely model the motion of an ion at atmospheric pres
both the diffusional and mobility terms must be conside
Mobilities have been experimentally determined for m
different species in a variety of neutral gases[6,7] and meth
ods for calculating mobility from first principles[8–10] and
using statistical approaches[11] have been proposed.

To attempt to predict the motions of ions in a neutral ga
atmospheric pressure, under the influence of electrostat
magnetic fields, in the presence of other ions (space ch
and with viscous forces accounted for when present, we
chosen to incorporate the mobility and diffusional cha
∗ Corresponding author. Tel.: +1 208 526 0862; fax: +1 208 526 8541.
E-mail address:anthony.appelhans@inl.gov (A.D. Appelhans).

1 Retired.

teristics in a user program for the SIMION 7.0 ion optics
modeling program[12]. This approach enables one to take
advantage of the versatility and power of SIMION, including
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the embedded ability to estimate ion–ion electrostatic inter-
actions (space charge), while providing a transparent model
for mobility and diffusion that can be readily modified by
a user. To enable ion trajectory calculations to proceed at a
useful pace (minutes, not days), a statistical approach for cal-
culating the diffusive contribution, based on the ratio of the
mass of the ion to the neutral gas and the relative pressure
and temperature, has been developed and implemented. In
addition, to simplify ease of use, a means to estimate the mo-
bility and the ion radius based on ion mass has been included,
with the option of the user defining each of these explicitly
if known. These models have been tested against experiment
for a number of different neutral gases over a range of pres-
sures with the Cs+ ion in a simple drift cell. In anticipation of
application to fields such as ion mobility spectrometry (IMS)
the capability to define either a bulk gas flow, or to define
the full three dimensional dynamic flow, along with pressure
and temperature, has been included, but not yet tested against
experiment.

This paper presents a description of the models and their
development, the way in which they are integrated into the
ion trajectory calculation, and a comparison of the model with
experiment.
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The mobility coefficientK is a function of local temper-
ature and pressure. To simplify this effect, the reduced mo-
bility Ko is employed that represents the ion’s mobility at
standard temperature and pressure (STP):T= 273.15◦ K and
P= 760 Torr). The user can define the reduced mobility and
diameter for each ion, or the program will estimate these
based on the ion mass.

The program looks to see ifKo (reduced mobility) and
d (ion diameter) have been defined for each ion mass by
the user. The SDS user program assumes that any ion
mobility supplied by the user is a reduced mobilityKo
(10−4 m2 V−1 s−1) appropriate for the collision gas speci-
fied. If the user does not defineKo andd, they are estimated
during the initialization step. If noKo was supplied, the value
of dwill be estimated from the mass of the ion via the formula
below. This is taken from the atmospheric aerosols section
(14–35) of the Handbook of Chemistry and Physics 83rd edi-
tion for negative ions with an average mass = 130 amu, and an
equivalent diameter of 0.61 nm used to obtain the mass-to-d
scaling constant (it is just an assumption of constant volume
density).

dion(nm) = 0.120415405 (massion(amu))1/3

If the user suppliesKo but notd, the program will use
Ko to estimated. TheKo to dion formula below was derived
by fitting log–log plots of ion diameter andK values in air
( –36)
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. Overview of mobility and diffusion algorithm
evelopment

Statistical diffusion simulation (SDS) is a user progr
or SIMION 7.0 that simulates motions of charged parti
n atmospheric pressure conditions in electrostatic and
etic fields. It avoids the computationally intensive issue
igh collision rates by employing collision statistics to s
late the effects of millions of collisions per time step.
otions are simulated by a combined viscous ion mob
nd random ion jumping (diffusion) approach. The follow
ections provide a description of how the algorithms were
eloped and a diagram showing how these are integrate
n ion trajectory calculation in SIMION. Detailed expla

ions of the integration into SIMION, particularly the use
rrays of pressure, temperature and flow data, are disc

n the Supplementary materialincluded with this paper o
vailable from the authors on request.

.1. Ion mobility

The average motion (or drift) of each ion is determined
he user-defined or calculated ion mobility. This is a visc
ffect where the force of the electric field is balanced by
reated by the ion’s many collisions with the bath gas:

on mobility velocity : vm(cm/s) = K
dVolts

dlength
= KE

here:K= mobility (10−4 m2 Volt−1 s−1), E= electric field
trength (Volts/m)
o
Handbook of Chemistry and Physics, 83rd ed., pp. 14
o a third order polynomial).

ion(nm) = 10(A)

here: A= 3.0367−0.8504 (log10 (K9)) + 0.1137 (log10
K9))2 − 0.0135 (log10 (K9))3 and K9(10−9 m2 V−1 s−1) =
.0× 105 Ko(10−4 m2 V−1 s−1).

If the user does not provideKo, it will be estimated from
hedion value obtained from the above formula. The form
sed was derived by fitting log–log plots of ion diameter
o values in air (Handbook of Chemistry and Physics, 8
d., pp. 14–36) to a third order polynomial:

o(10−4 m2 V−1 s−1) = 1.0 × 10−5 × 10(A)

Where : A = 4.9137− 1.4491 (log10 (d(nm))

− 0.2772 (log10 (d(nm))2 + 0.0717 (log10 (d(nm))3

.2. Correcting Ko and dion estimates for buffer gas

The estimating process described above assumes
he buffer gas (mass = 28.954515 amu andd= 0.366 nm – th
DS default). If the buffer gas is not air then the estimates
e corrected. Note: If bothKo anddion were defined by th
ser the SDS program will assume that they are the co
alues to use with the buffer gas defined and no correc
ill be applied.

rom gas kinetics : Ko = 3e

16No

(
2π

µkT

)1/2 1

Ω
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Where:

µ = reduced–mass= massion × massgas

massion + massgas

And:

Ω = cross–section≈ π

[
dion + dgas

2

]2

ThusKogas andKoair can be estimated from each other as
follows:

Kogas= KoairCgas/air

Koair = Kogas

Cgas/air

Where:

Cgas/air =
[

µair

µgas

]1/2 [
Ωair

Ωgas

]

Cgas/air =
[

(massion × massair/massion + massair)

(massion × massgas/massion + massgas)

]1/2

×
[

dion + dair

dion + dgas

]2
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tic tables (selected by the massion/massgasratio from five ta-
bles for mass ratios from 1 to 10,000, the generation of these
tables is discussed later). This standardized jump radius is
then scaled by the ion’s MFP and the square root of the ratio
of the expected number of collisions to the number of colli-
sions represented in each collision statistic table. The result is
the radius the ion is jumped. The ion is jumped the specified
radius in a random direction from its current drift location. A
more detailed description is provided in theSupplementary
material.

2.4. Algorithm development

Viscous flow modeling at atmospheric pressures, while
fast and simple, lacks the capacity to simulate diffusion ef-
fects, which must be included in order to predict the disper-
sion of a cloud of ions and how the cloud is impacted by
electrostatic and magnetic field gradients. It occurred that
perhaps a drunkard’s diffusion walk approach could be su-
perimposed upon the viscous trajectories by using a statistic
of the probability of a radial movement (r jump) as a function
the number of expected collisions.

The initial investigation took a greatly simplified ap-
proach. The statistic was generated by assuming each ion
started at the origin and then moved exactly one unit in a
r ol-
l ec-
t h a
s nce
f -
b for
a f
c

bers
o fact
t 50%
p
5 is
m mber
o with
d uare
r
c ried
( oach
l

FP),
i
t in a
p
u n
a

Whendion is known (or estimated) butKogasis unknown
oair is first calculated using the fitting equations descr
bove and then multiplied byCair/gasto estimateKogasfor the
uffer gas.

WhenKogas is specified butdion is unknown a differen
pproach is used. We need an estimate ofKoair to use the fit

ing function to estimatedion. This requiresCgas/air. However
gas/airrequires knowingdion. To simplify the calculation a

nitial estimate ofdion is obtained using the mass of the
as described above). This estimate is then used to cal
gas/air. Kogas is divided byCgas/air to obtain an estimate
oair. Koair is then used with the fitting function to obtain t
nal estimate ofdion.

.3. Diffusion overview

SDS uses collision statistics to simulate hard sphere
ision based diffusion of the ions. Statistically randomi
umps are superimposed on the ion’s drift location to c
ine the drift and diffusion effects. The ion’s mass (am
pecified) and diameter (nm – specified or estimated) a
ith the bath gas’s mass (amu – specified) and diamete
specified) as well as the local temperature and pressu
sed to estimate the ion’s average thermal speed and

ree path (MFP) using basic hard sphere kinetic gas th
hese factors are then used along with the value of the
ent integration time step to predict the number of expe
ollisions in the current time step.

A random number is used to obtain a standardized
ump radius via interpolation between two appropriate st
andom direction to its next collision point. From that c
ision point it moved exactly one unit in a random dir
ion to its next collision point. Each ion was flown throug
imulated number of collisions (1000) and its final dista
rom the starting origin (r jump) was recorded. A large num
er of ions (1,000,000) were flown to obtain a statistic
probability distribution ofr jump given a fixed number o

ollisions.
The comparison of statistics created for different num

f collisions (e.g., 10, 100, 1000 and, etc.) uncovered the
hat they followed a square root scaling law. That is, the
robabilityr from the 1000 collision statistic was∼1/10th the
0% probabilityr from the 100,000 collision statistic. Th
eant two things. One, a single statistic (using a large nu
f collisions) could be scaled to represent other statistics
ifferent numbers of expected collisions. Second, the sq
oot scaling would tend to conserve the aggregater jump ac-
umulated when the expected number of collisions va
e.g., variable time steps as used in SIMION). This appr
ooked promising.

To test the consistency a defined mean free path (M
on time step (t), and average thermal velocity (v) were used
o estimate the average number of expected collisions
articular time step. A random number generator[13] was
sed to pick anr jump value from the probability distributio
nd then scaled via a square root law:

Jump radius : rjump–mm

= MFPion × rjump–distribution

√
nexpected–collisions

ndistribution–collisions
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Where:

nexpected–collisions = ttime–step
vion′s–average–thermal–speed

MFPion

A random direction was chosen and the ion was jumped (in-
stantaneously) a distance ofr jump(mm) to its new position.
This process was repeated at each time step throughout the
ion’s trajectory. Experiments with smaller and larger time
steps verified that the diffusion rate of ion trajectories ap-
peared to remain independent of the chosen time step. The
model predictions were compared to the results obtained from
the more classical Monte Carlo collision model[1]. Initial
results indicated that ther jump statistical approach was very
promising.

2.5. Mass ratio and development of scaling laws

All of these approaches assumed that the ion and gas
molecules were identical (e.g., the mass ratio = 1). To explore
the effects of mass ratio a series ofr jump statistic generating
programs were created to model hard sphere impacts in a
Monte Carlo manner. The general observations were consis-
tent with one’s intuition from basic physics: When the mass
ratio is one, a single collision can randomly kick an ion off
with a new kinetic energy and random direction of travel.
However, if the ion is 10,000 times the mass of the neutral
g ran-
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lisions was Poisson randomized to an average of 1 (normal-
ized). The ions collided with gas molecules having random
flight directions and randomized Maxwell Boltzman energies
of the same average temperature of the ions (vavg gas/vavg
ion = sqrt (mass ion/mass gas)). A separate simulation was
run for each of five different total numbers of collisions (10,
100, 1000, 10,000, or 100,000), and had one of seven mass
ratios (1, 10, 100, 1000, 10,000, 100,000, or 1000,000). Thus
each collection had 35 simulations.

The plot inFig. 1compares the variation of the 50%r dis-
tribution point for the fixed and random collections of simula-
tions. The most important observation is that both collections
with the equivalent mass ratios converge to commonr (50%)
values when the number of collisions is large enough. This
means that both approaches lead to the samer statistics for
large values-of-n collisions. Also notice that the lower mass
ratios converge at a lower number ofn collisions.

The results shown inFig. 1 indicate that if the number
of collisions is high enough,∼100,000, mass ratios of less
than 10,000 to 1 will have converged into the square root law.
This means that if the time steps in a trajectory calculation are
large enough for 100,000 collisions to occur we can ignore
the linear rule region and assume the ion trajectories will
be fully de-correlated and fly in the square root law scaling
region. This condition is easily satisfied for ions flying in
atmospheric conditions using the sub to one mm integration
s

ss ra-
t of
1 ,000
m eck
s by
2 re-
d s per
i tios)
w hese
a n) at
e

d by
l sing
a etting

F veloci solid lin
i r of co rticl
as molecules it takes thousands of collisions to totally
omize (de-correlate) its initial velocity. Thus a heavy

ends to retain its initial velocity largely unchanged thro
any collisions (linearr scaling region). However, as t
umber of collisions mounts the velocity de-correlates to
oint thatr begins to scale as the square root as desc
bove (desirable).

Two collections of simulations were run in order to obt
better understanding of the process. The first collectio

imulations, referred to as fixed, always initialized each
ith a fixed velocity of 1 along thex-axis, and always used
xed time step between collisions of 1. The second collec
f simulations started each ion out with a random Max
oltzman velocity (average distribution velocity normaliz

o 1) in a random direction, and each time step between

ig. 1. The 50% radius value of the diffusion distributions for a fixed
llustrating that the two converge to a common value when the numbe
teps typically used.
The question remained as how to scale between ma

ios. Initial evidence indicated that two ion simulations
00,000 collisions per ion and mass ratios 1 and 10
ight scale linearly on a log–log plot. A more detailed ch

howed (Fig. 2) that mass ratios of 10 and 100 deviate
0% or so from the simple linear assumption. In order to
uce these errors, five 100,000 ion by 100,000 collision

on simulations (at 1, 10, 100, 1000 and 10000 mass ra
ere run to create a master set of scalable statistics. T
re then applied to calculate jump radius (due to diffusio
ach time step.

The jump radius for a given mass ratio is determine
inear interpolation. The interpolation scheme involves u
random number to select the distribution percentage, g

ty and distance step (dashed line) and a Poisson randomized step (es),
llisions is high enough relative to the mass ratio of the two colliding paes.
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Fig. 2. Jump radius as a function of the mass ratio. A piecewise linear in-
terpolation is used to determine the jump distance for mass ratios between
each decade of mass ratios.

the log10 of the collision mass ratio (mr), using it to select the
two adjacent distributions, extracting ther value from each
distribution, taking the log10 of eachr value and using linear
(log–log) interpolation to get ther. The result is raised to the
10th power to getrobtained.

log (rjump–obtained) = log (r1jump) + 0.39(log (r2jump)

− log (r1jump))rjump–obtained

= 10 log (rjump–obtained)

This rjump–obtainedvalue is then square root scaled to the
expected number of collisions:

Jump radius : rjump expected

= MFPion × rjump–obtained

√
nexpected–collisions

ndistribution–collisions

Where:

nexpected–collisions = ttime–step
vion′s–average–thermal–speed

MFPion

MFPion = mean free path of the ion
We then have the distance the ion will be moved due to

diffusion; the direction is determined using a random num-
ber. The ion’s viscous velocity, determined previously with
r plied
g
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to vacuum conditions), even in strong electric field gradients.
One consequence of this is that space charge interactions be-
come more significant, and can easily become the dominant
force. Thus practical use of the SDS method requires the abil-
ity to at least estimate the effect of space charge on the ion
trajectories. SIMION 7.0 includes two methods for estimat-
ing space charge effects; ion beam repulsion and ion-cloud
repulsion. The ion cloud repulsion methods (coulombic and
factor repulsion) will work with SDS because they are based
on a time-coherent approach, but the beam repulsion method
does not support random jump effects since it is based on
a space coherent assumption. These methods are discussed
in detail in the SIMION users manual[12]. These methods
have proven useful under vacuum conditions in estimating
the onset of space charge effects, and, in limited cases where
the space charge is not too severe, seem to predict relatively
well the observed behavior, but they have one distinct limi-
tation. That is, only ion–ion interactions are accounted for;
the effect of the charge density on the local electric field is
not computed. The electric field forces on an ion from all
of the other ions and the forces arising from the fields of
the electrodes are simply superpositioned. This ignores the
shielding effect on an ion in a high charge density region. So
for example, in an area where the charge density is high (at
the face of a thermal emitter), the field used in SIMION to
calculate the trajectories does not include the perturbation of
t ffect
o thus
t d be
v loc-
i thus
t heric
p ocity
l hile
a cen-
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i ance.
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I iable
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SDS
m mea-
s mal
s iffu-
espect to the electric and magnetic forces and any ap
as velocity vectors, is not modified in this step.

.6. Interaction of SDS user program with SIMION

The implementation of the user program in SIMION
est described using a flow diagram.Fig. 3 shows a flow
iagram of the trajectory calculation segment of SIMI
nd where at each step the information from the SDS
rogram is included.

. Space charge issues

The large numbers of collisions that occur at atmosph
ressure result in typically very low ion velocities (relat
he field due to the charge density, nor is the shielding e
f the charge density on the ion taken into account, and

he ion trajectories calculated in this type of region shoul
iewed with skepticism. In vacuum conditions the ion ve
ty can increase quickly as the ions leave the emitter, and
he time for interactions is reduced. However, at atmosp
ressures the high collision rate keeps the ion cloud vel

ow, and thus the time for interactions increases. Thus w
beam diameter may increase a few percent in a few

imeters under vacuum conditions, at atmospheric condi
t can increase by orders of magnitude in this same dist
hus one must carefully examine this aspect when ap

ng the SIMION space charge models with the SDS met
gnoring the space charge effect altogether is not a v
olution. Incorporating it fully using a Poison calculation
eyond the scope of SIMION. Our experience in using
IMION coulombic space charge model with the SDS m
nd comparing it with experimental results has convince

hat if one takes care to understand where these effects
e occurring there are strategies that can accommoda
ffect and allow useful simulations. Further discussion i
luded in the Section6 of this paper.

. Experimental

To provide well characterized data against which the
odel could be tested an instrument was constructed to

ure the spatial distribution of ions emitted from a ther
ource and subjected to an electric field gradient in a d
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Fig. 3. Block diagram of the trajectory calculation routine in SIMION and the points at which the SDS user program interacts with the main program.

sion/mobility drift cell which could be filled with different
gasses at pressures ranging from 6 to 640 Torr (atmospheric
pressure in Idaho Falls). The vacuum system was pumped
with a turbo pump and had a gas manifold for varying com-
position and pressure of the gas in the system. When filling
the system with a gas the system was first pumped to a vac-
uum of∼10−5 Torr or better, the chamber was isolated with a
gate valve, and gas of the desired composition was introduced
via a leak valve. The absolute pressure in the chamber was

measured with a calibrated capacitance manometer (MKS PR
4000). Room air, dry nitrogen, helium, argon and xenon col-
lision gases were used. The pressure range of 6–640 Torr and
the field gradient (from 10 to 250 V/cm) kept the experiments
within the low-field mobility region[5] for which the model
assumptions are appropriate.

The drift cell, shown inFig. 4, consisted of a thermal ion
source mounted behind a plate containing a small aperture
(3 mm) through which the ions entered the drift region. Up to
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Fig. 4. Cross section of the drift cell (left) and the equipotential contour in the cell (middle) and an isometric view of the middle region of the cell.

4 rectangular sections, square in cross section (50 cm) could
be connected to the ion source plate and collector plate to
provide different length drift regions. The voltage gradient
across the cell was generated by holding one half of the cell
at one potential (V1) and the other half of the cell at a sec-
ond (lower) potential (V2). This produced a relatively flat
and linear gradient through the center of the cell. The ion
spatial distribution was measured at the end of the drift re-
gion using a series of parallel wires individually connected
to electrometers. The wires were behind a guard screen (95%
pass rectangular grid) that defined the electrostatic end of the
field gradient in the drift cell. A second guard plate was lo-
cated behind the wire array. By operating the guard screen
and guard plate at a potential above the wire array (ground)
the ions that passed through the guard screen were attracted
to the wires and measured to determine the distribution of the
ions in the ion cloud.

There were two modes for measuring the current on the
wires. In mode 1 a single electrometer was used to serially
measure the current on each wire while the remainder of the
wires were grounded (so as not to perturb the ion distribu-
tion). Mode 1 could only be used for conditions of atmo-
spheric pressure in air as the vacuum system had to be open
to allow the electrometer lead to be moved from wire to wire.
In mode 2 five separate electrometers were connected to the
wire array and the current on the wires was measured si-
m uced
b Mea-
s were
e

cked
w to a
c mass
s
v ave
n n at
a ith the
a
t rents
w the

cell and the pressure (due to the different thermal conductivity
of the various gases used).

The geometry of the source region was configured to min-
imize the effect that the voltage of the emission source had
on the gradient in the drift cell. The voltage of the emission
tube changed as the gas composition and pressure changed
because the current through the heater wire had to be var-
ied significantly to maintain the desired emitted ion current.
The geometry illustrated inFig. 4 minimizes the effect of
this change on the drift cell field gradient, although there
was some evidence with Xe that space charge in this region
could effect the ion distribution (discussed later). The same
ion source was used in all of the experiments. A method for
estimating the emitted current was developed and is described
further in the Section6.

Experiments were conducted by evacuating the chamber
and then filling the chamber with the desired gas to the desired
pressure, heating the filament and monitoring the output to
assure it was stable, setting the voltages on the drift cell to ob-
tain the desired field gradient, and then measuring the current
on the wire array. In mode 1 the current was measured in the
sequence of wire 1 to wire 11 then back and the two signals
averaged. In mode 2 the electrometer readings were recorded
simultaneously (by hand). Tests were conducted to determine
that the electrometers gave equivalent readings independent
of which wire they were connected to (which implies they all
h

5

s.
T m-
e mic
d n
T

urce
e ach
t ach
g duced
ultaneously. This mode allowed the pressure to be red
elow atmospheric and the use of gases other than air.
urements were made to verify that the two methods
quivalent.

The ion source consisted of a stainless steel tube pa
ith a Cs–zeolite material. The tube was spot welded
hromel heater wire. The ion source was tested in a
pectrometer to verify that the emission was >95% Cs+ (under
acuum conditions) prior to use in the drift cell. We h
ot experimentally confirmed this emission compositio
tmospheric pressures, but our results are consistent w
ssumption that the major fraction of the ions are Cs+. The

emperature of the ion source at which measurable cur
ere produced varied with the composition of the gas in
ave nearly the same input impedance).

. Simulations

The SIMION 7.0 program[3] was used for all simulation
he drift cell was modeled in full three-dimensional geo
try. The values used for the reduced mobility and ato
iameters for Cs+ in He, Ar, Xe, N2 and air are shown i
able 1along with the reference.

Ions were generated at random positions on the ion so
mission surface and flown in 6 groups of 50 ions e

hat were emitted over a fixed time window of 1 ms, e
roup separated by 0.2 ms. The staggered groups pro
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Table 1
Reduced mobility (Ko) and collision diameter (nm) for Cs+ in the test gases; references are in brackets

He Ar Xe N2 Air

Ko (Cs+) 18 [14] 2.1[15] 0.9[15] 3.3[16] 1.36[17]
d (nm) 1.9[17] 2.8[17] 3.16[16] 3.4[17] 4.2[16] 3.15[17] 3.6[16] 3.15[17]

Fig. 5. Calculated ion trajectories for Cs+ in the drift cell at atmospheric pressure illustrating the dispersion of the ion cloud and the collection of the ions on
the wire array (left). Potential energy plot with equipotential contours (right).

Fig. 6. Measured total current at the wire array as a function of the ion flight
time for room air at atmospheric pressure.

a “beam” of ions of a given time length, which enabled the
axial effects of ion–ion interactions to be more realistically
modeled. The coulombic repulsion space charge option was
used and the total current was adjusted to that measured in the
experiment. In this option the total charge is divided among
the ions at time = 0 and the trajectory of each ion (cloud) takes
into account the forces due to all of the other ions (clouds of
ions). As noted previously the effect that the charge would
have on the local electric field is not taken into account.Fig. 5
shows a cross section of the SIMION model of the drift cell
and a representative set of ion trajectories on the potential
energy surface.

Fig. 7. Measured total current at the wire array as a function of the ion flight
time for filament currents of 2.3 (lower) and 2.6 (upper) amps and best fit
lines for each.

Fig. 8. Total measured current at the wire array as a function of the filament
current.
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Fig. 9. Measured (solid) and predicted (open dashed) beam profiles at different beam currents for Cs+ in air and xenon at a 120 V/cm gradient. (Normalized to
maximum).

Fig. 10. Measured (solid) and predicted (open/dashed) beam profiles for Cs+ as a function of the voltage gradient (flight time) for three collision gases.
(Normalized to maximum).
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6. Results

6.1. Beam current initial conditions and lifetime analysis

It was observed that the total ion current measured on the
wire array was dependent on the drift time. Since the ion
beam was not diverging to the point where ions would hit the
walls rather than the wire array, the conclusion was that some
neutralization or charge exchange mechanism was occurring.
To accurately model the experiments a good estimate of the
beam current at the source aperture location was required.
Thus to estimate the starting current based on the current
measured at the wire array the ion losses had to be accounted
for. To do this the beam current was measured as a function of
the flight time from the ion source to the wire array and this
data was fit to an equation that was then used to extrapolate
back to the start time.

The beam current was measured at several different fila-
ment currents, corresponding to different ion current output
levels, and the flight time was varied two ways: by changing
the voltage gradient between the aperture plate and the wire
array where the beam current was measured, and by chang-
ing the physical length of the drift cell (from 12.5 to 50 mm
in 12.5 mm increments). The SIMION model was used to
calculate the flight time given the voltage gradient and drift
cell length (since the gradient was not perfectly linear, partic-
ularly near the aperture, a SIMION calculation was deemed
more accurate than a simple scaling by gradient).Fig. 6shows
the results of these measurements for four different drift cell
lengths at 5 different voltage settings. Data taken at several
other filament currents showed the same trend.Fig. 7presents
the measured beam current as a function of lifetime plotted
as the natural log of each, for two different filament settings,
2.3 and 2.6 A. Also shown are the best-fit equations for each

F
m

ig. 11. Measured (solid) and simulated (open/dashed) beam profiles at v
aximum).
arious field gradients in the 25 cm cell with xenon collision gas. (Normalized to
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data set. By extrapolating to time zero the total ion output
from the source can be estimated. The fact that the slope of
the two lines is not the same indicates that the stability of
the ions is probably a function of their initial temperature
(not surprising). The fact that there are no discontinuities
in slope indicates that there is probably only one major loss
mechanism. There are a variety of potential loss mechanisms,
ranging from ion molecule reactions to simple ion molecule
charge exchange, any of which can lead to neutralization of
the Cs+ ions.

The output ion current for other filament currents was
estimated assuming the output was linear with filament
current. To assess this a series of beam profile measure-
ments were made in which the voltage gradients were
kept constant and the filament current was varied. The
total beam current was determined by integrating the
beam profile for each filament current setting.Fig. 8
shows the result for the 25 mm drift cell and a 130 V
drop from the aperture plate to the wire array guard
grid.
Fig. 12. Measured (solid) and predicted (open/dashed) Cs+ beam profiles in diff
erent collision gases over a range of pressures. (Normalized to maximum).
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6.2. Space charge effects

Initial measurements clearly showed that the beam disper-
sion was dependent upon the ion current, dispersion increas-
ing as the ion current increased indicating that space charge
forces were influencing the dispersion. Using the 25 mm
length drift cell the beam current profiles were measured for
a series of beam currents with each of the collision gases.
The coulombic space charge model in SIMION was used in
conjunction with the SDS model to predict the beam current
profiles at the various ion currents. The amplitude of the cur-
rent at the source aperture used in the model was based on the
method described previously, correlating beam current at the
aperture with filament current. Representative examples in air
and in xenon at a gradient of 120 V/cm. are shown inFig. 9.
The agreement between the model and experiment was good
for all of the cases studied over a fairly large range of beam
currents. Additional examples and discussion are included in
the next section.

6.3. Varied voltage gradient (drift time)

Measurements of the beam dispersion as a function of the
drift time (voltage gradient) at a constant beam current for
helium, air and argon in the 25 mm drift cell are shown in
Fig. 10. As expected, as the drift time is increased the dis-
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would spread out more as they leave, leading to the increased
spread as seen in the top line of graphs inFig. 12. It appears
likely this is what is happening and is probably an example
of where the space charge method used in SIMION is not
sufficient, because the effect the charge density would have
on the field is not taken into account in calculating the trajec-
tories. Thus even though the ion feels the force of the other
ions, the field at that position was calculated assuming zero
charge density. At higher ion currents the measured results
at three different filament temperatures and at three different
sets of voltages in the filament region showed that the beam
dispersion was independent of the current, that is, the space
charge at the aperture dominated the beam spread and the
field between the source and the aperture was not very im-
portant. This would be exacerbated with Xe, and minimized
with He, consistent with our measured results. Unfortunately
we see no way to quantify this with the existing system; it
would require redesign of the source region to shield the
diffusion field (post aperture) from the space charge field
near the source. This behavior was not observed with the
other collision gases and except for this one case the agree-
ment between the measured and predicted dispersion over
the range of collision gasses and pressures tested was quite
good.

6

eam
d Torr
t non
c de-
p , the
fi cur-
r ame
f was

F e
fi

ersion of the beam increases. The measurements w
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lectrometer method. The simulations were performed

nitial beam conditions (current and diameter at the aper
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s reasonably good, the largest deviations between the
ured and simulated dispersion occurs for the longest
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The results for xenon collision gas showed an anom
or very low beam currents at a high (600 Torr) pressur
hown in the top set of graphs inFig. 11(600 Torr, 20 pA)
oth the measured and predicted dispersion increase
ecreasing field gradient (increased flight time) as wou
xpected, but the degree of the dispersion is consistent
er predicted. This was not observed at higher beam cu
r at lower pressures, as shown in the bottom three se
raphs inFig. 11. Further simulation analysis showed t

ncreasing the voltage on the filament and plate to sim
he possible effect that space charge might have on the
n the region between the ion source and the aperture c
he beam to broaden out (similar to the effect seen in th
eriments). If the space charge in this region distorts the
nd makes the field at the aperture more of a hill, then the
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.4. Varied collision gas pressure and composition

The effect of the fill gas pressure and composition on b
ispersion was measured for pressures ranging from 6

o atmospheric with helium, air, nitrogen, argon and xe
ollision gas. Because the output of the ion source is
endent upon the pressure and the fill gas composition
lament current was adjusted so that the measured ion
ent on pin 7 (the center pin) was approximately the s
or each pressure. The current used for the simulation

ig. 13. Predicted versus measured FWHM of the Cs+ beam profile for th
ve different collision gases at pressures ranging from 6 to 640 Torr.
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determined using the method described previously.Fig. 12
shows the measured beam profiles and the simulation results.
TheKo andd values used in the simulation were taken from
Table 1.

A summary of the ability of the SDS model to predict
the beam dispersion over the pressure range of 6–600 Torr
for the four collision gases tested is presented inFig. 13
in which the predicted FWHM is plotted against the mea-
sured FWHM. Except for the 600 Torr Xe data outlier at
low current (20 pA), the model predicts the data reasonably
well.

7. Discussion and conclusions

The SDS model combined with the coulombic space
charge model in SIMION appears to predict the combined
effects of mobility and diffusion on the trajectories of an
atomic ion at pressures ranging from 6 Torr to atmospheric
(640 Torr) in a simple drift cell. The fact that the model
predicted the dispersion of the beam over this wide range
of pressures and for collision gasses ranging from 4 to
131 amu is very encouraging. It was clear that at atmo-
spheric pressure levels the effects of space charge were sig-
nificant and must be taken into account. The beam cur-
rents at which space charge became significant were lower
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the ion is at thermal equilibrium with the other molecules
in the gas (which happens quickly at atmospheric pressure)
its average velocity will be the average thermal velocity and
essentially constant. The velocity at any particular time step
could vary from the average within the Boltzman distribu-
tion, but its velocity during a single time step is constant,
and thus any force due to its velocity is constant during the
time step. An ion moving at a constant velocity in a uniform
magnetic field experiences a force that imposes a circular tra-
jectory (orbit) if there are no other electrostatic forces acting
on it. The magnetic orbit will have a radius equal to the ther-
mal cyclotron radius for the ion at that temperature and B
field. If the mean free path between collisions is very short
relative to the ion’s thermal cyclotron radius, the arcs of the
ion’s trajectory circles become virtually straight lines. In this
case there is almost no difference between the non-magnetic
and magnetic trajectories. For example, a nitrogen molec-
ular ion in nitrogen gas at 25◦C and atmospheric pressure
has a mean free path (mfp) of approximately 6.76× 10−8 m.
If it is in a 7 Tesla field its thermal cyclotron radius (rcyc)
is 1.979× 10−5 m. The ratio mfp/rcyc is then 3.41× 10−3,
a very small arc – basically a straight line. Thus the ion dif-
fuses almost identically to a non-magnetic situation. SDS can
probably predict the viscousanddiffusion effects reasonably
accurately in this situation. However if the pressure was 0.001
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ould have suggested. In our experience, for small diam
eams (∼1 mm) in the keV energy range in vacuum, sp
harge effects were not significant until the beam cur
as∼100 nA. Whereas at atmospheric conditions the o
ccurred at least several orders of magnitude lower. Thu
lication of the model must be critically evaluated with thi
ind.
The published mobility of Cs+ in the gases tested rang

rom 0.9 to 18, a factor of 20; this seems a good test o
odel, and points out that these parameters are critic
roducing accurate simulations. Within the field of ion m
ility spectrometry the mobility of a wide range of molecu
ave been experimentally determined and are available

iterature; thus the basic data needed for applying the m
eems accessible.

As with most ion optics trajectory simulations the outco
s very sensitive to the initial conditions (ion starting posit
harge density) and the results can be significantly alter
elatively small changes in the initial conditions. This is n
hortcoming of the method, but reflects the actual sensi
f the ions to these conditions. Thus users are caution
arefully and critically evaluate the accuracy of their kno
dge of the initial conditions in assessing the usefulne

he predicted ion behavior.

.1. Magnetic fields

SDS is capable of including magnetic fields in the s
lations providing a few limitations are recognized. O
thermal cyclotron orbit between collisions, and the ar
onger approximates a straight line. In this case SDS m
stimate the viscous trajectory reasonably well, but it w

end to overestimate the diffusion. These issues must be
n mind when conducting simulations with SDS and m
etic fields. A series of examples illustrating these issue
vailable from the authors.

.2. Bulk gas flow and local temperature and pressure
ptions

As alluded to in the introduction, the SDS user prog
llows a bulk gas flow to be defined and then applied in the

ectory calculation. The local 3D rectangular coordinate
es of the bulk gas velocity are subtracted from the dam
elocity before the acceleration due to damping is calcul
his provides a simple method for simulating the effect
bulk gas flow, for example what one might encounter i

on mobility spectrometer in the drift tube (counter-curr
ow). This has not been tested against experiment bu
een tested against simple, well-understood bulk flow
itions and produces the expected behavior. In additio
ulk gas flow there is the capability for the user to de
ressure, temperature and bulk gas velocity fields via
pecifically named arrays. Thus if the pressure, temper
nd flow as a function of position have been determine
specific geometry (by some other modeling program),
an be integrated into the trajectory calculations. Detai
his are provided in theSupplementary materialto this paper
ne caution; in SIMION all conditions are assumed cons
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over a time step, thus if the gradient of the pressure or tem-
perature were high relative to the distance an ion traveled
in a time step, such that there was a significant change over
the distance an ion traveled, the current SDS model would
not account for the effects of the gradient. To account for
the effects of strong gradients the SDS model would need to
be modified to evaluate the gradients at each time step, cal-
culate their effect based on the jump distance and direction
that is going to be applied, and then modify the jump dis-
tance accordingly. We anticipate that a future version of the
SDS model will include this capability. For the present users
are cautioned to carefully evaluate the results where strong
temperature or pressure gradients occur.

The speed with which the SDS method calculates ion tra-
jectories opens up a wide variety of opportunities for inves-
tigating systems that hitherto were essentially inaccessible
to simulation without extreme expenditure of resources and
time. We have chosen to make the model freely available in
anticipation that others will find it useful and will share their
experiences to help define the scope of its practical appli-
cation. A listing of the user program with instructions, the
statistical definition files, and an example are provided in the
Supplementary material. A series of demonstration files are
available from the authors.
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Appendix A. Supplementary data

Supplementary data associated with this article can
be found, in the online version, atdoi:10.1016/j.ijms.
2005.03.010.
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