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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. lon motions are simulated by a combined viscous ion mobility and
random ion jumping approach. Comparison of the model predictions against measureméritarort through room air,I\NXe, 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.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction this process even by Monte Carlo methods can be extremely
time consuming, even for the fastest computers. Viscous flow
Motivation: There is no easily accessible, robust, flexible models, while fast, do not account for diffusional effects. The
computational tool for predicting the transport of ionsin elec- classical approach for modeling ion motion at atmospheric
tric and magnetic fields atmospheric pressur@or which pressure is to use ion mobilitiK}, which relates the drift ve-
can integrate the pressure-temperature-velocity vector forcedocity (vq) of the ion to the electric fieldg) for a givenion and
of dynamic gas-flowvith the forces imposed by the electro- neutral gags]. Thus in a direction where the field is zero the
static or magnetic fields to predict the trajectory of ions being mobility tells nothing about the motion of the ion. However,
transported in such systems. The simple question: “Where dodiffusion theory predicts that the ion will, on average, drift
the ions go and why?” cannot be readily answered. This lack down the concentration gradient, and thus in order to com-
of accessible computational and analytical tools restricts our pletely model the motion of an ion at atmospheric pressure
ability to understand the performance of existing instruments, both the diffusional and mobility terms must be considered.
constrains the development of new designs, and hinders theMobilities have been experimentally determined for many

possibility of discovering new phenomena. different species in a variety of neutral gag&3] and meth-
Standard mechanistic kinetic collision modH?] used ods for calculating mobility from first principlg8—10] and
in current ion optics modeling prograrf$ 4] are impracti- using statistical approachgkl] have been proposed.

cal for use at atmospheric pressure because the number of To attempt to predict the motions of ions in a neutral gas at
collisions is so high-{2 million collisions per mm) thatthe  atmospheric pressure, under the influence of electrostatic and
time to calculate anion trajectory with a mechanistic collision magnetic fields, in the presence of other ions (space charge),
model becomes unreasonably long (hours per ion). Modeling and with viscous forces accounted for when present, we have
chosen to incorporate the mobility and diffusional charac-
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the embedded ability to estimate ion—ion electrostatic inter-  The mobility coefficienK is a function of local temper-
actions (space charge), while providing a transparent modelature and pressure. To simplify this effect, the reduced mo-
for mobility and diffusion that can be readily modified by bility Ky is employed that represents the ion’s mobility at
a user. To enable ion trajectory calculations to proceed at astandard temperature and pressure (STBR273.15 K and
useful pace (minutes, not days), a statistical approach for cal-P =760 Torr). The user can define the reduced mobility and
culating the diffusive contribution, based on the ratio of the diameter for each ion, or the program will estimate these
mass of the ion to the neutral gas and the relative pressurebased on the ion mass.
and temperature, has been developed and implemented. In The program looks to see K, (reduced mobility) and
addition, to simplify ease of use, a means to estimate the mo-d (ion diameter) have been defined for each ion mass by
bility and the ion radius based on ion mass has been includedthe user. The SDS user program assumes that any ion
with the option of the user defining each of these explicitly mobility supplied by the user is a reduced mobilits
if known. These models have been tested against experimen{10-*m?V~1s-1) appropriate for the collision gas speci-
for a number of different neutral gases over a range of pres-fied. If the user does not defig andd, they are estimated
sures with the Csion in a simple drift cell. In anticipation of  during the initialization step. If n&, was supplied, the value
application to fields such as ion mobility spectrometry (IMS) of dwill be estimated from the mass of the ion via the formula
the capability to define either a bulk gas flow, or to define below. This is taken from the atmospheric aerosols section
the full three dimensional dynamic flow, along with pressure (14-35) of the Handbook of Chemistry and Physics 83rd edi-
and temperature, has been included, but not yet tested agaington for negative ions with an average mass = 130 amu, and an
experiment. equivalent diameter of 0.61 nm used to obtain the masb-to-
This paper presents a description of the models and theirscaling constant (it is just an assumption of constant volume
development, the way in which they are integrated into the density).
iontrajectory calculation, and a comparison of the model with dion(nm) = 0.120415405 (magg(amu))/®

experiment.
If the user supplie¥, but notd, the program will use
Ko to estimated. The K, to dign formula below was derived
2. Overview of mobility and diffusion algorithm by fitting log—log plots of ion diameter ark, values in air
development (Handbook of Chemistry and Physics, 83rd ed., pp. 14-36)

to a third order polynomial).

Statistical diffusion simulation (SDS) is a user program dion(nm) = 1004
for SIMION 7.0 that simulates motions of charged particles "
in atmospheric pressure conditions in electrostatic and mag-Where: A=3.0367-0.8504 (logo (Kg))+0.1137 (logo
netic fields. It avoids the computationally intensive issues of (Kg))? —0.0135 (lodo (Kg))® and Ke(10-°m2V-1s71)=
high collision rates by employing collision statistics to sim- 1.0x 10° Ko(10~4m2V~1s71),
ulate the effects of millions of collisions per time step. lon  If the user does not provide,, it will be estimated from
motions are simulated by a combined viscous ion mobility thedion value obtained from the above formula. The formula
and random ion jumping (diffusion) approach. The following used was derived by fitting log—log plots of ion diameter and
sections provide a description of how the algorithms were de- Ko values in air (Handbook of Chemistry and Physics, 83rd
veloped and a diagram showing how these are integrated intoed., pp. 14-36) to a third order polynomial:
an ion traje_ctory ca_lcul_ation in SIMION. Petailed explana- K0(10_4 m2 -1 s‘l) —10x 105 x 104
tions of the integration into SIMION, particularly the use of
arrays of pressure, temperature and flow data, are discusse .
in the Supplementary materiahcluded with this paper or (\iNhere + A = 49137 1.4491 (log o (d(nm))
available from the authors on request. —0.2772(logq (d(nm)¥ + 0.0717 (logg (d(nm))®

2.1. lon mobility 2.2. Correcting ki and don estimates for buffer gas

The estimating process described above assumes air is
the buffer gas (mass =28.954515 amu dr.366 nm — the
SDS default). If the buffer gas is not air then the estimates will
be corrected. Note: If botK, anddiyn, were defined by the
user the SDS program will assume that they are the correct

The average motion (or drift) of each ion is determined via
the user-defined or calculated ion mobility. This is a viscous
effect where the force of the electric field is balanced by drag
created by the ion’s many collisions with the bath gas:

d\Volts values to use with the buffer gas defined and no corrections

lon mobility velocity :  vm(cm/s) = Kdlength =KE will be applied.

172
Where:K =mobility (10-*m?Volt~*s™1), E=electric field  From gas kinetics : Ko = 3e ( 2n ) 1
strength (Volts/m) 16N, \ ukT 2
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Where: tic tables (selected by the magdmasgasratio from five ta-

Massn X Masgas bles for mass ratios from 1 to 10,000, the gene_ration of t.hes_e
tables is discussed later). This standardized jump radius is
then scaled by the ion's MFP and the square root of the ratio

u = reducedmass=
Mas$n + Masgas

And: of the expected number of collisions to the number of colli-
dion + dgas]? sions represented in each collision statistic table. The resultis
£2 = cross-section~ ﬂ[ > 9 ] the radius the ion is jumped. The ion is jumped the specified

radius in a random direction from its current drift location. A
Thus Kogas and Koqjr can be estimated from each other as more detailed description is provided in tBepplementary
follows: material

Kogas= Koaircgas/air )
2.4. Algorithm development

KO as
K oair = Cga:aw Viscous flow modeling at atmospheric pressures, while
fast and simple, lacks the capacity to simulate diffusion ef-
Where fects, which must be included in order to predict the disper-
wair 12 T Q2air sion of a cloud of ions and how the cloud is impacted by
Cgayair = [ Mgaj [ anj electrostatic and magnetic field gradients. It occurred that
perhaps a drunkard’s diffusion walk approach could be su-
' \q1/2 perimposed upon the viscous trajectories by using a statistic
Cyasair = [ (masgpn x Massjr/Masgpn + Massir) } of the probability of a radial movement(yp) as a function
(masgpn x Masgay Masson + Masgag the number of expected collisions.

proach. The statistic was generated by assuming each ion
started at the origin and then moved exactly one unit in a
random direction to its next collision point. From that col-
lision point it moved exactly one unit in a random direc-
tion to its next collision point. Each ion was flown through a
simulated number of collisions (1000) and its final distance
from the starting originrjump) was recorded. A large num-
ber of ions (1,000,000) were flown to obtain a statistic for
a probability distribution ofrjymp given a fixed number of
collisions.

] 12 The initial investigation took a greatly simplified ap-
[ dlon + dalr ]
dion + dgas

Whendion is known (or estimated) budogasis unknown,
Koair is first calculated using the fitting equations described
above and then multiplied i@air/gasto estimateKqgasfor the
buffer gas.

WhenKogasis specified butlon is unknown a different
approach is used. We need an estimatié f3f, to use the fit-
ting function to estimatéion. This require€yas/air However,

Cgasrairrequires knowinglon. To simplify the calculation an The comparison of statistics created for different numbers
initial estimate oftion is obtained using the mass of the ion ¢ o, jisions (e.g., 10, 100, 1000 and, etc.) uncovered the fact
(as described above). This estimate is then used to calculatgy, o hey followed a square root scaling law. That s, the 50%
Cyas/air Kogasis divided byCas/airto obtain an estimate of ) ayijityr from the 1000 collision statistic wasL/10th the
Koair. Koair IS then used with the fitting function to obtain the - 5y, probabilityr from the 100,000 collision statistic. This
final estimate otlon. meant two things. One, a single statistic (using alarge number
of collisions) could be scaled to represent other statistics with
different numbers of expected collisions. Second, the square
o o ] root scaling would tend to conserve the aggregats, ac-
SDS uses collision statistics to simulate hard sphere col- ., mulated when the expected number of collisions varied

lision based diffusion of the ions. Statistically randomized (e.g., variable time steps as used in SIMION). This approach
jumps are superimposed on the ion’s drift location to com- Iookéd promising.

bine the drift and diffusion effects. The ion’s mass (amu — 14 test the consistency a defined mean free path (MFP),
specified) and diameter (nm — specified or estimated) along;y time stept), and average thermal velocity)were used

with the bath gas's mass (amu — specified) and diameter ("M, estimate the average number of expected collisions in a
— specified) as well as the local temperature and pressure ar®articular time step. A random number gener4i®] was

used to estimate the ion's average thermal speed and meajyse to pick amjmp value from the probability distribution
free path (MFP) using basic hard sphere kinetic gas theory. 54 then scaled via a square root law:

These factors are then used along with the value of the cur-
rent integration time step to predict the number of expected Jump radius :
collisions in the current time step.

A random number is used to obtain a standardized ion  — MFP,, x Flump_distributio r\/ Nexpected-collisions
jump radius via interpolation between two appropriate statis-

2.3. Diffusion overview

Fjump—mm

Ndistribution—collisions
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Where: lisions was Poisson randomized to an average of 1 (normal-
Vi ized). The ions collided with gas molecules having random
o o ion's—average-thermal-speed - . . . )
Nexpected-collisions = ftime—step MEP. flight directions and randomized Maxwell Boltzman energies
on

of the same average temperature of the ioRgg(@asVavg
A random direction was chosen and the ion was jumped (in- jon = sqrt (mass ion/mass gas)). A separate simulation was
stantaneously) a distance gimp(mm) to its new position.  run for each of five different total numbers of collisions (10,
This process was repeated at each time step throughout the 0o, 1000, 10,000, or 100,000), and had one of seven mass
ion’s trajectory. Experiments with smaller and larger time ratios (1, 10, 100, 1000, 10,000, 100,000, or 1000,000). Thus
steps verified that the diffusion rate of ion trajectories ap- each collection had 35 simulations.
peared to remain independent of the chosen time step. The The plotinFig. 1compares the variation of the 509is-
model predictions were compared to the results obtained fromtribution point for the fixed and random collections of simula-

the more classical Monte Carlo collision modg]. Initial tions. The most important observation is that both collections
results indicated that thgump statistical approach was very  with the equivalent mass ratios converge to comm§0%)
promising. values when the number of collisions is large enough. This
means that both approaches lead to the sastatistics for
2.5. Mass ratio and development of scaling laws large values-ofi collisions. Also notice that the lower mass

ratios converge at a lower numberrotollisions.

All of these approaches assumed that the ion and gas The results shown ifrig. 1 indicate that if the number
molecules were identical (e.g., the mass ratio = 1). To explore of collisions is high enough;-100,000, mass ratios of less
the effects of mass ratio a seriesrpfnp statistic generating  than 10,000 to 1 will have converged into the square root law.
programs were created to model hard sphere impacts in aThis means that if the time steps in a trajectory calculation are
Monte Carlo manner. The general observations were consis-arge enough for 100,000 collisions to occur we can ignore
tent with one’s intuition from basic physics: When the mass the linear rule region and assume the ion trajectories will
ratio is one, a single collision can randomly kick an ion off be fully de-correlated and fly in the square root law scaling
with a new kinetic energy and random direction of travel. region. This condition is easily satisfied for ions flying in
However, if the ion is 10,000 times the mass of the neutral atmospheric conditions using the sub to one mm integration
gas molecules it takes thousands of collisions to totally ran- steps typically used.
domize (de-correlate) its initial velocity. Thus a heavy ion The question remained as how to scale between mass ra-
tends to retain its initial velocity largely unchanged through tios. Initial evidence indicated that two ion simulations of
many collisions (linear scaling region). However, as the 100,000 collisions per ion and mass ratios 1 and 10,000
number of collisions mounts the velocity de-correlates to the might scale linearly on a log—log plot. A more detailed check
point thatr begins to scale as the square root as describedshowed Fig. 2) that mass ratios of 10 and 100 deviate by
above (desirable). 20% or so from the simple linear assumption. In order to re-

Two collections of simulations were run in order to obtain duce these errors, five 100,000 ion by 100,000 collisions per
a better understanding of the process. The first collection of ion simulations (at 1, 10, 100, 1000 and 10000 mass ratios)
simulations, referred to as fixed, always initialized each ion were run to create a master set of scalable statistics. These
with a fixed velocity of 1 along the-axis, and always used a  are then applied to calculate jump radius (due to diffusion) at
fixed time step between collisions of 1. The second collection each time step.
of simulations started each ion out with a random Maxwell The jump radius for a given mass ratio is determined by
Boltzman velocity (average distribution velocity normalized linear interpolation. The interpolation scheme involves using
to 1) in a random direction, and each time step between col-arandom number to select the distribution percentage, getting

6 6 7
54  mrof1-10,000 \ 54  mrof1-1,000
converge at B converge at

4 ~100,000 = 4 ~10,000
< / )
S 3 S 3
©° e
= 2 4 — 2 o
=] p o]
5] L <]
-— 1 B /// - 1 -

0 //’/ 0 4

0 1 2 3 4 5 6 0 1 2 3 4 5 6
log collisions log collisions

Fig. 1. The 50% radius value of the diffusion distributions for a fixed velocity and distance step (dashed line) and a Poisson randomized step)(solid lin
illustrating that the two converge to a common value when the number of collisions is high enough relative to the mass ratio of the two collidiag particl
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51 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
2 , x . : , repulsion. The ion cloud repulsion methods (coulombic and
0 1 2 3 4 5 factor repulsion) will work with SDS because they are based
log of mass ratio on a time-coherent approach, but the beam repulsion method
Fig. 2. Jump radius as a function of the mass ratio. A piecewise linear in- does not supgort random J_ump effects since it is ba_sed on
terpolation is used to determine the jump distance for mass ratios between@ SPace coherent assumption. These methods are discussed
each decade of mass ratios. in detail in the SIMION users manufl2]. These methods
have proven useful under vacuum conditions in estimating
o ] o the onset of space charge effects, and, in limited cases where
the logio of the collision mass ratio (mr), usingitto selectthe e space charge is not too severe, seem to predict relatively
two adjacent distributions, extracting thealue from each || the observed behavior, but they have one distinct limi-
distribution, taking the logy of eachr value and using linear  a45n. That is, only ion—ion interactions are accounted for:
(log-log) interpolation to get the The resultis raised to the ¢ effect of the charge density on the local electric field is

y =0.4551x +2.6972

10th power to getoptained not computed. The electric field forces on an ion from all
10g (rjump_obtained = 109 ("1jump) + 0.39(10g ¢2jump) of the other ions an_d the forces arising from _th_e fields of
the electrodes are simply superpositioned. This ignores the
— 10g (r1jump))rjump_obtained shielding effect on anion 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
This rjump_obtainedvalue is then square root scaled to the the field due to the charge density, nor is the shielding effect
expected number of collisions: of the charge density on the ion taken into account, and thus
the ion trajectories calculated in this type of region should be
viewed with skepticism. In vacuum conditions the ion veloc-
Nexpected-collisions ity can increase quickly as the ions leave the emitter, and thus
Ndistribution—collisions the time for interactions is reduced. However, at atmospheric
pressures the high collision rate keeps the ion cloud velocity

= 10109 (jump_obtained

Jumpradius :  rjump_expected

= MFPjon x ”jump_obtainei/

Where: - low, and thus the time for interactions increases. Thus while
Nexpectedcollisions = fime_step———eragethermat-speed a beam diameter may increase a few percent in a few cen-

MFPion timeters under vacuum conditions, at atmospheric conditions
MFPjon = mean free path of the ion it can increase by orders of magnitude in this same distance.

We then have the distance the ion will be moved due to Thus one must carefully examine this aspect when apply-
diffusion; the direction is determined using a random num- ing the SIMION space charge models with the SDS method.
ber. The ion’s viscous velocity, determined previously with Ignoring the space charge effect altogether is not a viable
respect to the electric and magnetic forces and any appliedsolution. Incorporating it fully using a Poison calculation is

gas velocity vectors, is not modified in this step. beyond the scope of SIMION. Our experience in using the
SIMION coulombic space charge model with the SDS model
2.6. Interaction of SDS user program with SIMION and comparing it with experimental results has convinced us

that if one takes care to understand where these effects might
The implementation of the user program in SIMION is be occurring there are strategies that can accommodate the
best described using a flow diagrafig. 3 shows a flow effect and allow useful simulations. Further discussion is in-
diagram of the trajectory calculation segment of SIMION cluded in the Sectiof of this paper.
and where at each step the information from the SDS user
program is included.
4. Experimental

3. Space charge issues To provide well characterized data against which the SDS
model could be tested an instrument was constructed to mea-

The large numbers of collisions that occur at atmospheric sure the spatial distribution of ions emitted from a thermal

pressure result in typically very low ion velocities (relative source and subjected to an electric field gradient in a diffu-
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On first ion (global initializations):
1. Check forand test any P, T,
and V field arrays.
2. Load contents of m defs.dat
(d and K, by ion mass)

For each ion:
1. Find ion’s d and K, matched
/v by mass or estimate from
mass and add to mass search
table.
2. Create ion’s individual array

entries for mass ratio,
Vthermal,, MFP,, and

Block Diagram of Trajectory Calculations and Where User Program ments are Called

Compile All User Programs, RESET ADJUSTABLE VARIABLES and ARRAYS,
and Let User ACCESS ADJUSTABLE VARIABLE;

<[ While Single Run Not Made or in Rerun Mode |

[Creats all lons - Then SEG INITIALIZE each lon] kdamping, Also create local
‘ Ble'nre Flying any lons Call SEG INIT_P_VALUE: P and T bascd values for
Vthermal, MFP, and
While lons Remain to be Flown kdampmg

| Before Flying Nextlon or Group - RESET STATIC VARIABLES AND ARRAYS [

| Select Next lon or Group and Start to Fly \t|

While Selected lon or Group Stil Flying] Force minimum time step if defined > 0
T

Determine Next Time Step to Use - Then SEG TSTEP_ADJUSﬂ
T

Single Time Step Compute lon Replsions - If Acf
Integration Controller

For each ion:
1. Update local values for

.

[Find Electrostatic Instance (If Any) - Then SEG FAST_ADJUST|
1 _ kdamping, MFP, Vthermal,
SEG OTHER_ACTIONS [Compute E Fields - Then SEG EFIELD_ADJUST]| and bulk gas velocity if field
[Compute E Acceleration - Then SEG_ACCEL_ADJUST| y variables defined (use
After ALL lons Splat N | Find Magnetic Instance (If Any) - Then SEG FAST_ADJUST user requested field scahng
Call SEG TERMINATE If PE Pot. Upcate \ T constants)
el IN\{Computc M Fields - Then SEG MFIELD_ADJUST| 2. Apply viscous kdamping to
estore any SEG INIT_P_VALUES and/or] — |C°W M Acceleration - Then SEGACCEL_ADJUSTl ion’s acceleration terms
PE Updated Potentials J, (include local bulk gas
<—| Apply Relativistic Total A}N@'azmn Corrections as Requ\red| Velocity effects).

Note: SDS user program ALWAYS
associated with magnetic array if used.
Else SDS associated with electrostatic
array.

For each ion:

1. Use time step, MFP, and
Vthermal to estimate
expected number of
collisions for the ion.

2. Use log of mass ratio, the
five collision statistics
tables, and a random number
generator to estimate the
espected r jumping distance
from the current ion
position.

3. Jump the ion the r jumping
distance in a random
direction from the ion’s
current location.

4.  Resume the ion’s flight from
that location. Ion’s viscous
velocity is undisturbed.

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  measured with a calibrated capacitance manometer (MKS PR
gasses at pressures ranging from 6 to 640 Torr (atmospherigt000). Room air, dry nitrogen, helium, argon and xenon col-
pressure in ldaho Falls). The vacuum system was pumpedlision gases were used. The pressure range of 6—640 Torr and
with a turbo pump and had a gas manifold for varying com- the field gradient (from 10 to 250 V/cm) kept the experiments
position and pressure of the gas in the system. When filling within the low-field mobility regior{5] for which the model

the system with a gas the system was first pumped to a vac-assumptions are appropriate.

uum of~10~° Torr or better, the chamber was isolated with a The drift cell, shown irFig. 4, consisted of a thermal ion
gate valve, and gas of the desired composition was introducedsource mounted behind a plate containing a small aperture
via a leak valve. The absolute pressure in the chamber wag3 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) couldcell and the pressure (due to the different thermal conductivity
be connected to the ion source plate and collector plate toof the various gases used).
provide different length drift regions. The voltage gradient The geometry of the source region was configured to min-
across the cell was generated by holding one half of the cellimize the effect that the voltage of the emission source had
at one potential\(1) and the other half of the cell at a sec- on the gradient in the drift cell. The voltage of the emission
ond (lower) potential \{2). This produced a relatively flat  tube changed as the gas composition and pressure changed
and linear gradient through the center of the cell. The ion because the current through the heater wire had to be var-
spatial distribution was measured at the end of the drift re- ied significantly to maintain the desired emitted ion current.
gion using a series of parallel wires individually connected The geometry illustrated ifrig. 4 minimizes the effect of
to electrometers. The wires were behind a guard screen (95%his change on the drift cell field gradient, although there
pass rectangular grid) that defined the electrostatic end of thewas some evidence with Xe that space charge in this region
field gradient in the drift cell. A second guard plate was lo- could effect the ion distribution (discussed later). The same
cated behind the wire array. By operating the guard screenion source was used in all of the experiments. A method for
and guard plate at a potential above the wire array (ground) estimating the emitted current was developed and is described
the ions that passed through the guard screen were attracte€urther in the Sectio.
to the wires and measured to determine the distribution of the  Experiments were conducted by evacuating the chamber
ions in the ion cloud. and thenfilling the chamber with the desired gas to the desired
There were two modes for measuring the current on the pressure, heating the filament and monitoring the output to
wires. In moe 1 a single electrometer was used to serially assure it was stable, setting the voltages on the drift cell to ob-
measure the current on each wire while the remainder of thetain the desired field gradient, and then measuring the current
wires were grounded (so as not to perturb the ion distribu- on the wire array. In mode 1 the current was measured in the
tion). Mode 1 could only be used for conditions of atmo- sequence of wire 1 to wire 11 then back and the two signals
spheric pressure in air as the vacuum system had to be opemveraged. In mode 2 the electrometer readings were recorded
to allow the electrometer lead to be moved from wire to wire. simultaneously (by hand). Tests were conducted to determine
In mode 2 five separate electrometers were connected to thehat the electrometers gave equivalent readings independent
wire array and the current on the wires was measured si-of which wire they were connected to (which implies they all
multaneously. This mode allowed the pressure to be reducedhave nearly the same input impedance).
below atmospheric and the use of gases other than air. Mea-
surements were made to verify that the two methods were
equivalent. 5. Simulations
The ion source consisted of a stainless steel tube packed
with a Cs—zeolite material. The tube was spot welded to a  The SIMION 7.0 prograrf8] was used for all simulations.
chromel heater wire. The ion source was tested in a massThe drift cell was modeled in full three-dimensional geom-
spectrometer to verify that the emission was >95%(@ader etry. The values used for the reduced mobility and atomic
vacuum conditions) prior to use in the drift cell. We have diameters for Csin He, Ar, Xe, Nb and air are shown in
not experimentally confirmed this emission composition at Table lalong with the reference.
atmospheric pressures, but our results are consistent with the lons were generated at random positions on the ion source
assumption that the major fraction of the ions aré.a#e emission surface and flown in 6 groups of 50 ions each
temperature of the ion source at which measurable currentsthat were emitted over a fixed time window of 1 ms, each
were produced varied with the composition of the gas in the group separated by 0.2 ms. The staggered groups produced
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Table 1
Reduced mobility K,) and collision diameter (nm) for Csn the test gases; references are in brackets
He Ar Xe No 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 Cn 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).
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Fig. 8. Total measured current at the wire array as a function of the filament
energy surface.

current.



A.D. Appelhans, D.A. Dahl / International Journal of Mass Spectrometry 244 (2005) 1-14

air 640 torr

signal
signal

position (mm) position (mm)
xenon 6 torr

35 pA 1100 pA

position (mm) position (mm)

Fig. 9. Measured (solid) and predicted (open dashed) beam profiles at different beam curreritérfaitGsd xenon at a 120 V/cm gradient. (Normalized to
maximum).
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Fig. 10. Measured (solid) and predicted (open/dashed) beam profiles farsCs function of the voltage gradient (flight time) for three collision gases.
(Normalized to maximum).
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6. Results The beam current was measured at several different fila-
ment currents, corresponding to different ion current output
6.1. Beam current initial conditions and lifetime analysis levels, and the flight time was varied two ways: by changing
the voltage gradient between the aperture plate and the wire
It was observed that the total ion current measured on thearray where the beam current was measured, and by chang-
wire array was dependent on the drift time. Since the ion ing the physical length of the drift cell (from 12.5 to 50 mm
beam was not diverging to the point where ions would hit the in 12.5 mm increments). The SIMION model was used to
walls rather than the wire array, the conclusion was that somecalculate the flight time given the voltage gradient and drift
neutralization or charge exchange mechanism was occurring.cell length (since the gradient was not perfectly linear, partic-
To accurately model the experiments a good estimate of theularly near the aperture, a SIMION calculation was deemed
beam current at the source aperture location was required more accurate than a simple scaling by gradiéfig).6shows
Thus to estimate the starting current based on the currentthe results of these measurements for four different drift cell
measured at the wire array the ion losses had to be accountetengths at 5 different voltage settings. Data taken at several
for. To do this the beam current was measured as a function ofother filament currents showed the same tré&igl.7presents
the flight time from the ion source to the wire array and this the measured beam current as a function of lifetime plotted
data was fit to an equation that was then used to extrapolateas the natural log of each, for two different filament settings,
back to the start time. 2.3 and 2.6 A. Also shown are the best-fit equations for each
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Fig. 11. Measured (solid) and simulated (open/dashed) beam profiles at various field gradients in the 25cm cell with xenon collision gas. (Nmrmalized t
maximum).
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data set. By extrapolating to time zero the total ion output

11

The output ion current for other filament currents was

from the source can be estimated. The fact that the slope ofestimated assuming the output was linear with filament
the two lines is not the same indicates that the stability of current. To assess this a series of beam profile measure-
the ions is probably a function of their initial temperature ments were made in which the voltage gradients were
(not surprising). The fact that there are no discontinuities kept constant and the filament current was varied. The
in slope indicates that there is probably only one major loss total beam current was determined by integrating the
mechanism. There are a variety of potential loss mechanismspeam profile for each filament current settingig. 8
ranging from ion molecule reactions to simple ion molecule shows the result for the 25mm drift cell and a 130V
charge exchange, any of which can lead to neutralization of drop from the aperture plate to the wire array guard

the C$ ions. grid.
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Fig. 12. Measured (solid) and predicted (open/dashetd}&am profiles in different collision gases over a range of pressures. (Normalized to maximum).
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6.2. Space charge effects would spread out more as they leave, leading to the increased
spread as seen in the top line of graphBig 12 It appears
Initial measurements clearly showed that the beam disper-likely this is what is happening and is probably an example
sion was dependent upon the ion current, dispersion increas-of where the space charge method used in SIMION is not
ing as the ion current increased indicating that space chargesufficient, because the effect the charge density would have
forces were influencing the dispersion. Using the 25 mm on the field is not taken into account in calculating the trajec-
length drift cell the beam current profiles were measured for tories. Thus even though the ion feels the force of the other
a series of beam currents with each of the collision gases.ions, the field at that position was calculated assuming zero
The coulombic space charge model in SIMION was used in charge density. At higher ion currents the measured results
conjunction with the SDS model to predict the beam current at three different filament temperatures and at three different
profiles at the various ion currents. The amplitude of the cur- sets of voltages in the filament region showed that the beam
rent at the source aperture used in the model was based on thdispersion was independent of the current, that is, the space
method described previously, correlating beam current at thecharge at the aperture dominated the beam spread and the
aperture with filament current. Representative examplesin airfield between the source and the aperture was not very im-
and in xenon at a gradient of 120 V/cm. are showFio 9. portant. This would be exacerbated with Xe, and minimized
The agreement between the model and experiment was goodvith He, consistent with our measured results. Unfortunately
for all of the cases studied over a fairly large range of beam we see no way to quantify this with the existing system; it
currents. Additional examples and discussion are included inwould require redesign of the source region to shield the

the next section. diffusion field (post aperture) from the space charge field
near the source. This behavior was not observed with the
6.3. Varied voltage gradient (drift time) other collision gases and except for this one case the agree-

ment between the measured and predicted dispersion over

Measurements of the beam dispersion as a function of thethe range of collision gasses and pressures tested was quite
drift time (voltage gradient) at a constant beam current for good.
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- 6.4. Varied collision gas pressure and composition
persion of the beam increases. The measurements with air
were made two different ways; in one a single electrome-  The effect of the fill gas pressure and composition on beam
ter was used to measure the current on a single pin, whiledispersion was measured for pressures ranging from 6 Torr
all of the other pins were grounded (filled squares), in the to atmospheric with helium, air, nitrogen, argon and xenon
second method (filled triangles) a separate electrometer wasollision gas. Because the output of the ion source is de-
connected to each of pins 5 through 9 and the current on eactpendent upon the pressure and the fill gas composition, the
pin was measured simultaneously. The results show that thefilament current was adjusted so that the measured ion cur-
two measurement methods are consistent. The measuremenignt on pin 7 (the center pin) was approximately the same
with the argon and helium were all made with the multi- for each pressure. The current used for the simulation was
electrometer method. The simulations were performed with
initial beam conditions (current and diameter at the aperture)
based on the method described previously. The agreement 14
is reasonably good, the largest deviations between the mea-
sured and simulated dispersion occurs for the longest drift 12
times (lowest gradients).

The results for xenon collision gas showed an anomaly
for very low beam currents at a high (600 Torr) pressure, as
shown in the top set of graphs kig. 11 (600 Torr, 20 pA).
Both the measured and predicted dispersion increase with
decreasing field gradient (increased flight time) as would be
expected, but the degree of the dispersion is consistently un-
der predicted. This was not observed at higher beam currents 49 @ﬁ
or at lower pressures, as shown in the bottom three sets of T
graphs inFig. 11 Further simulation analysis showed that 24 A’
increasing the voltage on the filament and plate to simulate "
the possible effect that space charge might have on the field 0
in the region between the ion source and the aperture caused
the beam to broaden out (similar to the effect seen in the ex-
periments). If the space charge in this region distorts the field rig. 13. predicted versus measured FWHM of th& i=am profile for the
and makes the field at the aperture more of a hill, then the ionsfive different collision gases at pressures ranging from 6 to 640 Torr.
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determined using the method described previously. 12 the ion is at thermal equilibrium with the other molecules
shows the measured beam profiles and the simulation resultsin the gas (which happens quickly at atmospheric pressure)
TheK, andd values used in the simulation were taken from its average velocity will be the average thermal velocity and
Table 1 essentially constant. The velocity at any particular time step
A summary of the ability of the SDS model to predict could vary from the average within the Boltzman distribu-
the beam dispersion over the pressure range of 6—600 Torttion, but its velocity during a single time step is constant,
for the four collision gases tested is presentedrig. 13 and thus any force due to its velocity is constant during the
in which the predicted FWHM is plotted against the mea- time step. Anion moving at a constant velocity in a uniform
sured FWHM. Except for the 600 Torr Xe data outlier at magnetic field experiences a force thatimposes a circular tra-
low current (20 pA), the model predicts the data reasonably jectory (orbit) if there are no other electrostatic forces acting
well. 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
7. Discussion and conclusions relative to the ion’s thermal cyclotron radius, the arcs of the
ion’s trajectory circles become virtually straight lines. In this
The SDS model combined with the coulombic space case there is almost no difference between the non-magnetic
charge model in SIMION appears to predict the combined and magnetic trajectories. For example, a nitrogen molec-
effects of mobility and diffusion on the trajectories of an ular ion in nitrogen gas at 2% and atmospheric pressure
atomic ion at pressures ranging from 6 Torr to atmospheric has a mean free path (mfp) of approximately 67808 m.
(640 Torr) in a simple drift cell. The fact that the model If itis in a 7 Tesla field its thermal cyclotron radius (rcyc)
predicted the dispersion of the beam over this wide rangeis 1.979x 10~°>m. The ratio mfp/rcyc is then 3.44103,
of pressures and for collision gasses ranging from 4 to a very small arc — basically a straight line. Thus the ion dif-
131amu is very encouraging. It was clear that at atmo- fuses almostidentically to a non-magnetic situation. SDS can
spheric pressure levels the effects of space charge were sigprobably predict the viscownddiffusion effects reasonably
nificant and must be taken into account. The beam cur- accurately inthis situation. However if the pressure was 0.001
rents at which space charge became significant were loweratmospheres the ion would make slightly more than half of
than our previous experience at high vacuum conditions a thermal cyclotron orbit between collisions, and the arc no
would have suggested. In our experience, for small diameterlonger approximates a straight line. In this case SDS might
beams £1 mm) in the keV energy range in vacuum, space estimate the viscous trajectory reasonably well, but it would
charge effects were not significant until the beam current tend to overestimate the diffusion. These issues must be kept
was~100 nA. Whereas at atmospheric conditions the onsetin mind when conducting simulations with SDS and mag-
occurred at least several orders of magnitude lower. Thus ap-netic fields. A series of examples illustrating these issues are
plication of the model must be critically evaluated with thisin available from the authors.
mind.
The published mobility of Csin the gases tested ranged 7.2. Bulk gas flow and local temperature and pressure
from 0.9 to 18, a factor of 20; this seems a good test of the options
model, and points out that these parameters are critical for
producing accurate simulations. Within the field of ion mo- As alluded to in the introduction, the SDS user program
bility spectrometry the mobility of a wide range of molecules allows a bulk gas flow to be defined and then applied in the tra-
have been experimentally determined and are available in thejectory calculation. The local 3D rectangular coordinate val-
literature; thus the basic data needed for applying the modelues of the bulk gas velocity are subtracted from the damping
seems accessible. velocity before the acceleration due to damping is calculated.
As with mostion optics trajectory simulations the outcome This provides a simple method for simulating the effects of
is very sensitive to the initial conditions (ion starting position, a bulk gas flow, for example what one might encounter in an
charge density) and the results can be significantly altered byion mobility spectrometer in the drift tube (counter-current
relatively small changes in the initial conditions. Thisis nota flow). This has not been tested against experiment but has
shortcoming of the method, but reflects the actual sensitivity been tested against simple, well-understood bulk flow con-
of the ions to these conditions. Thus users are cautioned toditions and produces the expected behavior. In addition to
carefully and critically evaluate the accuracy of their knowl- bulk gas flow there is the capability for the user to define
edge of the initial conditions in assessing the usefulness of pressure, temperature and bulk gas velocity fields via five

the predicted ion behavior. specifically named arrays. Thus if the pressure, temperature
and flow as a function of position have been determined for
7.1. Magnetic fields a specific geometry (by some other modeling program), they

can be integrated into the trajectory calculations. Details of
SDS is capable of including magnetic fields in the sim- this are provided in thBupplementary materi& this paper.
ulations providing a few limitations are recognized. Once One caution; in SIMION all conditions are assumed constant
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over a time step, thus if the gradient of the pressure or tem- Appendix A. Supplementary data

perature were high relative to the distance an ion traveled

in a time step, such that there was a significant change over Supplementary data associated with this article can
the distance an ion traveled, the current SDS model would be found, in the online version, adoi:10.1016/j.ijms.
not account for the effects of the gradient. To account for 2005.03.010

the effects of strong gradients the SDS model would need to

be modified to evaluate the gradients at each time step, cal-
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