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Abstract

The efficiency of injecting and trapping ions from an external ion source in a quadrupole ion trap mass spectrometer was
measured and compared against a simulation employing a simple hard-sphere collision model. A commercial ion trap mass
spectrometer was modified with the addition of a variable energy ion gun, split Faraday cup/electron multiplier detector, and
the capability to measure the ion current incident on the ion trap inlet and exit end caps. The entire instrument was modeled
using the ion optics simulation program SIMION and user programs were applied in SIMION which modeled the collisions
between the injected ions and the helium buffer gas. The model was based on simple hard-sphere collision physics with
randomized collision angles and collision probability converging to the mean free path (mfp); the helium buffer gas was
assumed to be at rest relative to the injected ions. The measured trapping efficiency of Cs+ with helium buffer gas at optimum
conditions was 3–5%. The trapping efficiency predicted by the model and the dependence on buffer gas pressure (mfp) agreed
with the measured efficiencies within the uncertainties of the model predictions and experimental variance. The fidelity of
the simulation was shown to be sensitive to the spatial resolution of the model when predicting the dependence of trapping
efficiency onqz. It was concluded that a hard-sphere collision model was adequate for predicting the effects of helium buffer
gas pressure on ion injection and trapping within the range of injection energies and buffer gas pressures tested. (Int J Mass
Spectrom 216 (2002) 269–284) © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Application of the quadrupole ion trap mass spec-
trometer beyond its routine use in gas chromatography
mass spectrometry (GCMS) has inspired study of the
processes controlling the injection of ions into the ion
trap and their subsequent trapping within the rf field.
Within the broad category of external ion injection,
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the studies to date can be divided between pulsed
ion sources, such as laser desorption [1] and MALDI
[2,3] and continuous ion sources such as electron im-
pact [4–6] electrospray [7], glow discharge [8], and
secondary ion mass spectrometry (SIMS) [9]. More
specifically, for continued development of the ion trap
mass spectrometer for use in SIMS, there is a need
for a predictive model for investigating the effects
of the ion insertion optics and the end cap geometry
(hole size and grid arrangements). Quarmby and Yost
[7] presented a detailed study of the injection and
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trapping of ions from an electrospray source along
with simulations that illuminated many of the issues
relative to injection and trapping and that highlighted
the importance of a simulation model that implicitly
accounted for aberrations in the end cap geometry (the
presence of holes). Their results confirmed and illumi-
nated previously noted effects [4,10] of the rf phasing
andqz on the trapping efficiency, the role that the he-
lium buffer gas plays in trapping, and the energy- and
mass-dependence of trapping efficiency. However, the
absolute trapping efficiency was determined only via
the model results, while the experimental measure-
ments provided a qualitative measure of the relative
trapping efficiency as a function of the various pa-
rameters (energy, buffer gas pressure, mass, etc.). Qin
and Chait [2] measured absolute trapping efficiencies
for large peptides produced via MALDI, but did not
utilize a predictive model. Doroshenko and Cotter [3]
measured trapping efficiencies for MALDI-produced
ions in which a ramped rf was applied during ion
injection. They showed that by appropriate synchro-
nization of the injected ion pulse with the phase and
amplitude of the rf level, that very high trapping
efficiencies could be attained. Unfortunately, this
technique requires very short pulses of ions (150�s
or less) and is not applicable to continuous beam in-
jection. Weil et al. [11] showed with simulations that
trapping efficiency was<5% for continuous injection
but could be increased using short injection pulses
combined with a bi-polar dc pulse applied to the end
cap during trapping, but these results were not demon-
strated experimentally. Kofel [4] measured an inte-
grated injection/trapping/detection efficiency but did
not compare the results against a model. Wells et al.
[12] utilized a collision model based on a combination
of hard-sphere and Langevin collision cross-sections
in their study of chemical mass shifts, but did not
apply the model to trapping of injected ions. He and
Lubman [13] simulated external ion injection and ap-
plied a three-dimensional collision model, but did not
compare the predictions with experiment.

Over the years, we had applied a simple three-
dimensional hard-sphere collision model coupled with
a conventional mean free path (mfp) calculation in

studying the trapping of injected ions and designing
various ion optical components. The model appeared
to provide results that were qualitatively consistent
with experimental results; however, the quantitative
fidelity of the model was unknown. Thus, the goal in
this current study was to perform absolute ion transport
and trapping efficiency measurements for conditions
typical for injection of ions produced by particle
desorption (SIMS), and evaluate the quantitative per-
formance of the model in simulating the experimental
system. An experimental system was constructed to
enable controlled injection of a homogeneous beam
of elemental ions at controlled energy with a narrow
energy distribution into the ion trap and to measure
the injected current and the number of ions trapped at
various pressures. The SIMION [14] ion optics pro-
gram was used as the base of the predictive model.
A set of user programs was developed for simulating
collisions between the injected ions and the buffer
gas; controlling randomization of the ion parameters,
collision parameters, and rf phasing; setting theqz

value and other trap parameters; and logging the data.
The model included the entire experimental system
from ion source to detector. Experiments and simula-
tions were performed at the same conditions and the
fidelity of the simulations was assessed against the
experiments.

2. Experimental

2.1. Physical system

The experimental system, illustrated in Fig. 1, in-
cluded an ion trap modified to permit measurement
of the ion current impinging on the inlet and exit end
caps, a split detector system incorporating a Faraday
cup and an electron multiplier, an ion gun capable of
producing ions with kinetic energy from 3 to 5000 eV,
a Cs+ ion source producing a beam of >99% pure
Cs+, and a simple set of ion optic elements for guid-
ing the beam into the aperture in the inlet end cap. The
ion trap mass spectrometer is a modified Teledyne
Discovery 2 (Teledyne, Mountain View, CA) system
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Fig. 1. Modified quadrupole ion trap mass spectrometer showing the location of the helium buffer gas inlet and the pressure gauge relative
to the beam line and ion trap in the vacuum housing. Components inside the dashed area were included in the simulation.

with conventional ion trap dimensions (ro = 1 cm,
rz = 0.783 cm) typical of the stretched configuration
[15]. The detector system was modified to include a
Faraday cup mounted within the exit end cap. A de-
flection electrode mounted opposite the Faraday cup
was used to direct the ions ejected from the ion trap ei-
ther into the Faraday cup or into the electron multiplier
detector, located just outside of the exit end cap. Both
the inlet and exit end caps could be connected to an
electrometer to measure the ion current impinging on
them, and the exit end cap could be coupled into the
Faraday cup to measure total ion current injected into
the trap. The Faraday cup was also used to calibrate
the electron multiplier gain and linearity. Current
measurements were made with Keithley model 617
electrometers (Keithley Instruments, Cleveland, OH).
To determine if the ions caused secondary electron
emissions (which would appear as a positive current),
or if the positive ions were able to rebound off the
surface (and not be counted), the end cap and Faraday
cup were biased at+9 and−9 V for selected measure-
ments. The measurements showed that a bias was not
required (not unexpected given the low ion energies),
and so measurements were made via direct connection
of the end cap and Faraday cup to the electrometer.
The trapped ions were ejected using axial modulation
resonance ejection and measured using the electron
multiplier connected to the Teledyne data system.

The ion source was a Cs+ zeolite material heated to
∼800◦C which produced a 5–100 pA beam of >99%

Cs+ ions with no mass filtering. The ion gun was
developed in our laboratory [16] and can produce a
beam of ions with kinetic energy ranging from 3 to
5000 eV. The ion gun was coupled to the ion trap via
two sets of deflectors [17] and a short flight tube. The
flight tube was included to provide a well-defined and
controlled electrostatic path for the ion beam as it trav-
elled from the ion gun to the ion trap. The potential
of the ion gun, beam deflectors, and the flight tube
could be floated above the ground. This allowed the
ion beam to be formed and transported at higher en-
ergy (∼100 eV) which reduced the diverging effects of
the helium collision gas through this region. The ions
were decelerated to the desired injection energy using
the inlet lens located in front of the inlet end cap. This
configuration allowed the ion injection flux to be held
relatively constant over a wide range of energies. A
second set of deflectors was located within the inlet
end cap and provided final adjustment of the beam
position and lensing for changing the beam shape at
the inlet aperture. The ion gun and other electronics
were controlled through a separate pulse control mod-
ule that was triggered from the Teledyne data system.

System pressure was measured with a Varian Eye-
sys Mini-BA (Varian Vacuum Technologies, Corp.)
mini-ion-gauge that was calibrated against a full-sized
Bayard-Alpert gauge (Varian Corp., model 571) and
a Baratron (MKS Corp., model 627B). All pressure
references in the text are the measured gauge pres-
sure uncorrected for gas composition, while all mfps



272 A.D. Appelhans, D.A. Dahl / International Journal of Mass Spectrometry 216 (2002) 269–284

were calculated based on the calibrated gauge pres-
sure corrected for gas composition. Collision gas was
admitted directly into the vacuum housing∼5 cm
from the ion trap and measured at a point∼15 cm
from the gas inlet. The end cap-to-ring spacers had
multiple openings to ensure that the pressure inside
the ion trap would be the same as the total system
pressure. The collision gas pressure was assumed
uniform throughout the vacuum housing and within
the ion trap and ion gun assemblies.

3. Analytical and numerical models

The SIMION ion optics simulation program was
used to model the physical experiment and a collision
model was incorporated in a user program within the
SIMION model. The entire physical instrument used
in the experiment was modeled in order to investigate
all the effects of collisions along the beam line (such
as reduction in kinetic energy via collisions) and the
effects these might have on ion injection.

3.1. SIMION geometry model

Fig. 1 shows the full system model as used in
SIMION. Ions originated at the ion source, and the
voltages used in the experiments were used in the
model for assessing performance. For the full-system
simulation, five separate array instances were used
in order to accommodate the asymmetric nature of
the ion optical elements. The initial scale factor used
for the ion trap was 0.5 mm/grid-unit (gu), and the
scale factor was later refined to 0.0625 mm/gu. Fig. 2
shows a cross-section of the ion trap and inlet lens
portion of the system with a set of ion trajectories
for ions with 12 eV of kinetic energy, along with a
y-expanded view of the trajectories. Note that the ion
beam is tightly focused, that the ions are entering
the ion trap with a very low divergence angle, and
that the majority of the ions pass through the exit
end cap aperture. The trajectories illustrated in Fig. 2
were calculated with mfp of 1200 cm, and thus, there
were essentially no collisions occurring. The higher

resolution model of the ion trap was used to study
the injection-dependence onqz and the trapping effi-
ciency (discussed in Section 4). The ion trap model
was based on the as-built dimensions of the Teledyne
ion trap, which are the same as those of the stretched
ion trap used in the Finnigan ITD and ITMS [15]
and very close to those of the Varian Saturn (Var-
ian Chromatography Systems, Walnut Creek, CA)
series of ion traps. The traps have aro = 1 cm and
zo = 7.83 mm with hyperbolic profiles correspond-
ing to ro = 1 cm andzo = 7.07 mm [15] (which
result from the theoretical relationshipr2

o = 2z2
o).

The end cap apertures were 1.2 mm in diameter,
and a single hole end cap was used for both inlet
and exit.

3.2. Collision model

The collision model was based on hard-sphere col-
lision physics assuming the buffer gas was at rest
relative to the ion. An annotated description of the
SIMION user program that contains the collision
model is given in Appendix A. Functionally, the
probability of a collision occurring was exponentially
dependent upon the distance travelled in a time step
such that the average distance between collisions
equaled the mfp. The angle of impact and radial po-
sition for each collision was determined via a random
number and the transfer of momentum was computed
assuming hard-sphere collision physics between the
two atoms with the buffer gas at rest. The resulting
three-dimensional velocity vectors for the ion were
determined from the change in momentum and a
randomly chosen angle of deflection.

To correlate the experimental measurements with
the model, an mfp was calculated based on the mea-
sured pressure (corrected for gas composition) using
the standard equation [18]:

λ = RT

πd2NAP
√

2
= kT

πd2P
√

2
(1)

whered was taken to be the hard-sphere diameter for
the helium atoms (dHe = 2.3 Å [18]), P is the pressure,
NA is Avogadro’s number,R is the gas constant, and
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Fig. 2. A cross-section of the SIMION model of the ion trap and associated lenses and a set of ion trajectories for 12-eV ions (top). The
inlet lens potential is−104 V, the cylindrical deflectors are at−12.4 V, and the end caps and ring electrode are at ground. The scale is
0.5 mm/gu. In the lower view, they-scale is expanded to better illustrate the low divergence angle of the ion trajectories.

k is the Boltzmann constant. The pressure,P, was the
calibrated gauge pressure corrected for the gas com-
position (0.18 for helium relative to 1.0 for nitrogen)
[19,20]. The assumption of a static buffer gas is prob-
ably reasonable for the majority of the ion’s trajectory
through the ion gun and flight tube, where it is moving
at∼12 mm/�s, relative to the helium thermal velocity
of ∼1 mm/�s. However, upon deceleration into the ion
trap the velocity of the Cs+ (∼3 mm/�s at 6 eV) and
the helium are nearly equal, and the assumption of a
static buffer gas may be incorrect. Further comments
on the mfp calculation are contained in Section 5.

4. Results

4.1. Assessment of the collision model by
comparison with experiment—collision gas
pressure and ion energy effects

Initial experiments were conducted to verify that the
collision model was qualitatively and quantitatively
predictive. The ion trajectories were calculated along
the entire beam line and into the ion trap with the col-
lision model active. The voltages used in the simula-
tion were the same as those used in the experiment,
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with slight adjustments in the einzel lens and deflec-
tors to compensate for the non-perfect alignment of
the experimental system. The following procedure was
applied in setting the voltages in the simulation. The
voltages for the ion gun einzel lens, which controls
the beam diameter, and the deflectors were adjusted in
the simulation so that the ratio of the number of ions
striking the inlet end cap (Ni ) to the number of ions
striking the exit end cap (Ne), and the ratio of the num-
ber of ions striking the inlet end cap to the number of
ions striking the Faraday cup (Nfc) in the simulation
matched (as closely as possible) these same ratios as
measured in the experimental system. That is:

Ni

Ne
≈ Ii

Ie
and

Ni

Nfc
≈ Ii

Ifc

whereI i is the measured current at inlet end cap;Ie is
the measured current at exit end cap;Ifc is the mea-
sured current at Faraday cup.

These measurements and simulations were per-
formed at low helium pressure (1× 10−6 Torr gauge)
and with the rf voltage on the ring electrode at zero.
Setting the lens voltages at low pressure ensured that

Fig. 3. Measured and predicted relative ion signal, normalized to the total, at the ion trap inlet end cap, at the Faraday cup, and the total
(inlet and exit end caps plus Faraday cup) as a function of the mfp in helium buffer gas for Cs+ ions with 6 eV of energy. The signal at
the exit end cap is not shown for clarity.

the tuning was purely a function of the ion optics and
did not include any collision effects, and helped to
ensure that the characteristics (angular spread) of the
simulated ion trajectories matched the experimental
conditions. These beam-tuning settings were then held
constant for all remaining simulations as the buffer
gas pressure was increased; thus the changes in the
ion trajectories were due solely to collision effects.
To compare the measured currents to the predicted
values at each of the three locations, the measured
currents were normalized to the sum of the ion cur-
rents measured at the two end caps plus the Faraday
cup, and the predicted values were normalized to the
total number of ions that hit the two end caps plus
the Faraday cup. A range of ion energies from 3 to
100 eV were tested and modeled. In the simulations,
typically 100 sets of 1000 ions were flown at each
pressure and averaged. Results for 6- and 12-eV ions
are shown in Figs. 3 and 4, respectively.

At the longest mfp of∼1200 cm the ion beam is
focused so that∼75% passes through the inlet end
cap aperture. As the mfp is reduced, ions are scattered
by collisions and the number hitting the inlet end cap
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Fig. 4. Measured and predicted relative ion signal, normalized to the total, at the ion trap inlet end cap and the total (inlet and exit end
caps plus Faraday cup) as a function of the mfp in helium buffer gas for Cs+ ions with 12 eV of energy. The signal at the exit and cap
and Faraday cup are not shown for clarity.

increases as the number passing through (Faraday cup
signal) decreases. As the mfp approaches∼20 cm the
inlet signal stops increasing. This occurs because the
collisional scattering is severe enough to deflect the
ions into the flight tube or inlet lens walls, reducing the
total number that make it to the inlet end cap. The fact
that the collision model predicted this in such good
agreement with the experiment, indicated that both
the collision and the geometrical models accurately
represented the physical system. This behavior was
observed at both low (6 and 12 eV) and high (68 and
100 eV, not shown) ion energies.

4.2. Geometrically sensitive resonance effects (qz)
on ion trapping

It is known and has been shown [7] that the ampli-
tude of the ring electrode rf potential has an effect on
the efficiency of trapping ions injected from outside
the ion trap, and that the effect is dependent upon the
ion energy and mass. Indeed, for pulsed injection (as
opposed to continuous beam injection used in these

studies) this phenomenon can be used to optimize
trapping efficiency [2,3]. To test the predictive capa-
bility of the model for these known effects of ion trap
geometry and operating conditions, measurements
and simulations were performed to investigate the
effect of theqz value and the energy of the injected
ion on the ion trapping efficiency. It was anticipated
that since these experiments could be conducted with
an atomic ion, thereby removing possible effects of
molecular ions (primarily collision-induced dissocia-
tion during injection, cooling, or scan-out [21]), and
for known and controlled energies, that examining the
effect of qz and ion energy on ion trapping would be
a highly specific test of the fidelity of the geometric
model (specifically the grid resolution in the simula-
tion of the ion trap) and the collisional model (which
includes energy-dependence in the collision physics).
This is a very stringent test of the quality of the model
because the resonance displayed in the efficiency ver-
sus qz curve is dependent upon higher order fields
within the ion trap, and the purity and magnitude
of these fields is critically dependent upon the trap
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Fig. 5. Measured trapped ion signal normalized to the maximum at each pressure for 5-eV Cs+ as a function of the operating level of the
rf during trapping at two helium buffer gas pressures.

geometry (and implicitly the model resolution). Fig. 5
shows the experimental results for the dependence of
ion trapping on theqz value, in this case measured for
5-eV Cs+ at two different helium pressures. Note that
there is very little effect of pressure (over this range),
and that there are multiple peaks and valleys in the
signal.

The effect of ion energy is shown in Fig. 6, in which
theqz range, that includes the highest signal for each
energy, is plotted for three different injection energies.

Fig. 6. Measured trapped Cs+ ion signal normalized to the maximum at each energy for three injection energies as a function of the rf
level during trapping at 1× 10−4 Torr helium.

There is a shift in the position of the maximum from
a qz of 0.14 to aqz of 0.26 in going from 6.5 to 24 eV
injection energy, respectively. This behavior had been
suggested previously [7], and for injection of ions with
a broad energy range results in a very broad peak
at the lowqz values. In the present case, the energy
distribution of the Cs+ ions is relatively narrow and
well-controlled. The dependence on ion kinetic energy
was viewed as a good case for testing the simulation
model.
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Fig. 7. Measured and predicted trapped Cs+ ion intensity normalized to the maximum intensity at each energy for three injection energies
as a function of rf operating level at 1× 10−4 Torr helium.

Fig. 7 shows the measured results compared to the
model. There is a clear and consistent offset, the model
predicting the peak at slightly higherqz values than
the measured results. Several sources for the offset
were considered: beam energy skewing, pressure ef-
fects, rf, and model resolution. These simulations were
performed with an ion trap geometrical resolution of
0.5 mm/gu.

There could be a discrepancy in the actual beam en-
ergy (the offset corresponds to the equivalent of a 3 eV
energy offset). This could be due either to error in the
measured beam energy (at the trap inlet), or an error

Fig. 8. Measured kinetic energy distribution of the 6.5- and 24-eV ions at the ion trap entrance end cap with 1×10−4 Torr helium buffer gas.

in the average beam energy in the model (again, at the
trap inlet), perhaps due to the collision model. The
beam energy in the experiment was measured using
a blocking voltage method and the distributions were
quite narrow (0.75 and 1.2 eV FWHM for the 6.5 and
24 eV energies, respectively, at 1× 10−4 Torr helium)
and the peak in the energy distribution corresponded
to the assumed beam energy (based on the ion gun
settings) to within 0.5 V (see Fig. 8). The ion energies
for those ions that were trapped in the simulation were
recorded as they entered the trap (corresponding to
the blocking voltage location in the measurements).
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This also showed that there was very little skewing of
the energy distribution, consistent with the fact that
in a collision between a 4 and 133 amu particle there
is very little loss of energy (∼5.7%) by the 133 amu
particle. Thus, both of these possible errors were dis-
counted. The effect of pressure was negligible and
not considered adequate to explain this difference.
Another factor that could effect this is the frequency
of the rf potential. This was measured with a digital
oscilloscope and the simulations were performed with
the measured rf (which was different by∼1 kHz from
the value displayed in the data system); again the
change was too small to account for the differences.

The final suspect was the geometrical resolution of
the trap model in the simulation. The ion trap model
being applied had a resolution of 0.5 mm/gu, and was
a three-dimensional model. In order to investigate the
sensitivity of the model to the geometrical resolution,
the trap model was converted to a two-dimensional
cylindrical model and three different geometrical res-
olutions were tested, the original (0.5 mm/gu) along
with models with four and eight times higher resolu-
tion. The results are shown in Fig. 9 for ions injected
with 24 eV kinetic energy; the 8× model predicts the
measured result best. Fig. 10 shows the predictions
with the 8× model and the measured results for three

Fig. 9. Predicted trapped ion signal as a function ofqz for three different model resolutions and the measured response for 24-eV Cs+
ions normalized to the maximum for each. The 1× model resolution is 0.5 mm/gu, the 8× model is 0.0625 mm/gu; helium pressure of
1 × 10−4 Torr for all cases.

injection energies. In all three cases, the predictions are
in excellent agreement with the data. It was thus con-
cluded that the offset observed with the original model
(using 0.5-mm/gu resolution) resulted from the slight
differences in the rf field that in turn resulted from the
lower resolution. The agreement with the 8× model
(0.0625 mm/gu) indicates sufficient resolution within
the model. This is consistent with the results of a com-
parison between different simulation models which
showed that a resolution of 0.0444 mm/gu adequately
predicted trap performance compared to analytical
models [22]. The 8× model was incorporated into
the full system simulation and all of the trapping effi-
ciency predictions were performed with the 8× model.

4.3. Trapping efficiency

The quantitative trapping efficiency was determined
by measuring the total ion current injected into the
ion trap (ions passing through the inlet end cap aper-
ture with the ring rf turned off and the inlet end cap
grounded) and the integrated ion current ejected from
the ion trap after trapping ions for a set period. Trap-
ping was performed at several differentqz values for
Cs+ (m/z = 133) for times ranging from 5 to 15 ms. A
cooling time of 300–500 ms was used between the end
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Fig. 10. Measured and predicted trapped ion signal normalized to the maximum for three different injection energies using the 8× resolution
model; helium pressure of 1× 10−4 Torr for all cases.

of the trapping period and the initiation of the scan-out
in order to ensure that the trapped ions had adequate
time to lose kinetic energy and collect at the center of
the trap so they would pass through the exit end cap
aperture upon ejection. While this cooling time is un-
characteristically long relative to “typical” operation,
it was experimentally determined to be necessary at
the low buffer gas pressures (<5 × 10−5 Torr). The
need for the long cooling time is consistent with the
fact that the exit end cap had only a single aperture
(most commercial ion traps have an exit end cap with
seven apertures), necessitating that the ions be cooled
to the very center of the trap before ejection; and at
lower pressures the collision rate is slow, necessitat-
ing a longer time to ensure that the ions are cooled to
the center of the trap. It was also experimentally de-
termined that there were no significant losses of ions
during this extended cooling time.

The ions were scanned-out of the trap using the stan-
dard axial modulation resonance ejection method and
the peak area for the Cs+ was converted into equivalent
current for determining the ratio of injected current
to trapped current. During scan-out the inlet end cap
lenses were at relatively low potentials (<15 V) and
there was no detectable effect of the inlet end cap lens
potential at these low voltages on the ejected ion sig-
nal. Thus, in the efficiency calculations, the measured
signal was assumed to represent half of the trapped
ions, the other half being ejected out the inlet end cap.

Trapping simulations were carried out with the full
model of the instrument using the 8× (0.0625 mm/gu)
ion trap model geometry and the collision model
previously described. In the trapping simulations
typically 50,000 to 100,000 ions were flown for a
particular level of helium pressure, each ion was ini-
tiated at a random angle (±15◦) and time (relative
to the phase of the rf), and delta position (±0.8 mm)
at the ion source in the ion gun. The sets (50–100
or more) of 1000 ions were flown at each set of
conditions and the trapping efficiency was calculated
for each set. The efficiencies for the sets were then
averaged in order to get an estimate of the variance
in the simulation for comparison with the variance
in the measurements. The voltages on the ion gun
and the remainder of the ion optics train were set
to those used in the measured experiments, with
slight adjustments to account for misalignment of
the experimental system and uncertainty in the ini-
tial conditions for the ions at the ion source. The
actual angular and positional spread of the emitted
ions are parameters that we cannot measure, and so
these adjustments enabled the ratio of the number
of ions hitting the inlet end cap to those hitting the
exit end cap and Faraday cup in the simulation to
be matched to the measured ratio. This was used as
an indication that the ion initial conditions and beam
focusing in the simulation were properly representing
the experiment.
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Fig. 11. Measured and predicted trapping efficiency for 6.5-eV Cs+ in helium as a function of the mfp in helium atqz of 0.13.

Measurements and simulations were conducted
over a range of ion energies as a function of helium
pressure (mfp) and at a variety ofqz values. The mea-
sured pressure (taking into account the gas correction
factor and the ion gauge calibration factor) was con-
verted to an equivalent mfp using Eq. (1) in order
to compare the measured data against the simulation
results. Fig. 11 shows the results for 6.5-eV ions.
The agreement is relatively good, the model perhaps
under-predicting the measurements slightly. Fig. 12
shows the results for 12-eV ions at two differentqz

Fig. 12. Measured and predicted trapping efficiency for 12-eV Cs+ in helium as a function of the mfp in helium atqz of 0.18 and 0.21.

values. In this case, the simulation predicts slightly
higher values than the measured at the “optimum”qz

of 0.18 (optimum being theqz at which the maximum
occurs in Fig. 10), while at aqz of 0.21, the predicted
values are closer to the measurements. Fig. 13 shows
the results for 24-eV ions at aqz of 0.26; in this case,
the agreement is very good. The cause of the larger
difference between predicted and measured for the
12-eV ions atqz = 0.18 is not known, but the same
trend was anecdotally observed in many other mea-
surements for the 12-eV ions. One can conjecture that
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Fig. 13. Measured and predicted trapping efficiency for 24-eV Cs+ in helium as a function of the mfp in helium atqz of 0.26.

there was some particular aspect of the ion beam
focusing at the 12-eV settings in the experiment that
resulted in ion trajectories that were less optimum for
trapping. Note that at the “optimum”qz conditions,
the measured trapping efficiency for the 12-eV ions
at an mfp of 4 cm (∼2.6%) is lower than the mea-
sured efficiency at both 6 and 24 eV (∼4.5%). In all
of the simulations, the variance about the average
efficiency for mfps<20 cm was in the order of 60%,
while the standard deviation for the measurements
was lower, in the order of 30%. The measured and
predicted efficiencies seen in Fig. 12 for 12-eV ions
agree within these uncertainty ranges. In summary,
we found that the simulation was able to predict the
efficiency of trapping within the uncertainties of the
measurement and calculations, and that the observed
dependence of trapping efficiency uponqz, buffer gas
pressure, and ion kinetic energy are consistent with
known performance characteristics of the ion trap.

5. Discussion and Conclusions

The simple hard-sphere collision model applied to
the range of pressures and operating conditions of the
ion trap mass spectrometer tested, appears to be suf-
ficiently robust to predict not only the qualitative but
also, within the uncertainty bands of the measurements

and predictions, the quantitative performance of the
system. The success of the model in predicting the ab-
solute efficiency of trapping was surprising, perhaps
fortuitous, given the number of parameters that are in-
volved and the simplicity of the collision model. A pri-
mary example is the calculation of the mfp. The calcu-
lation includes the effect of the collision cross-section
(πd2) assumed for the buffer gas, the calibration of
the pressure gauge, and the correction for gas com-
position, all of which include uncertainties of 30%
or more. The values for the atomic diameterd used
in this study were chosen based on what appeared to
be the most relevant data available in the literature,
but for example suggested values ranged from 1.9 to
2.3 Å for helium [18]. The uncertainty of the colli-
sion cross-section could be reduced by calculating an
effective cross-section using the measurements of the
loss of beam intensity with increasing pressure, and
this has been performed by others for large molecular
ions [23]. We chose not to apply this approach in keep-
ing with the goal of using a relatively simple model
with “best known” values for such variables. This con-
clusion is not intended to be a sweeping acclamation
of the simple hard-sphere collision model, but merely
an observation that under the somewhat constrained
and narrow conditions tested, it performed at a level
that gives us confidence in applying it for evaluat-
ing alternate geometries and operating conditions for
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ion injection and trapping with helium buffer gas. For
higher mass buffer gases, or at higher buffer gas tem-
peratures, the transfer of energy from a moving buffer
gas atom/molecule to the ion could be significant and
should probably be incorporated into the model. With
respect to the collision cross-section, if a more re-
alistic momentum transfer calculation is applied (to
account for grazing angle collisions) then a collision
cross-section, that takes into account the diameters of
the colliding particles, should probably be applied.

A particular caution that this study illustrates is the
need to match the fidelity of the geometric models
to the required predictive need. In this case, the ion
trap model was of sufficient resolution at 0.5 mm/gu
to predict the general dependence on variables such
as the pressure and ion energy. Indeed, trapping
efficiency simulations with the 0.5-mm/gu model
(data not shown) were essentially the same as those
predicted with the 0.0625-mm/gu model. However,
when subtle effects like the sensitivity of the trapping
efficiency to the rf level during trapping at lowqz

values was investigated there was a bias introduced
by the coarseness of the resolution in the 0.5-mm/gu
model. The bias was removed when the higher res-
olution model (0.0625 mm/gu) was applied. This is
yet another example of the need to heed the caution-
ary statement in the SIMION manual with regards to
simulations: “Always be suspicious!”

The absolute value of the measured trapping effi-
ciencies (∼5%) are consistent with previous estimates,
based on modeling [7,11] and on “system” efficiencies

Appendix A. Annotated SIMION user program for collisional cooling

[4], and demonstrate that only a relatively small frac-
tion of the ions are actually trapped during continuous
beam injection. The effect of the buffer gas pressure
is pronounced, and indicates that for ions with masses
in the 100 amu range and helium buffer gas, collisions
with the buffer gas are important in the trapping pro-
cess. For much higher mass ions it has been proposed
that the buffer gas may play a less important role since
the energy loss in a collision decreases as the ion mass
increases [3].

In the course of these studies, anecdotal observa-
tions lead us to believe that there are ways to increase
the trapping efficiency for continuous injection (as
opposed to pulsed injection [3,24]), beyond the obvi-
ous method of using as high a buffer gas pressure as
possible. In particular, the trapping efficiency seemed
sensitive to the angle of injection of the ions into the
trap. We are investigating this by using an end cap
with a large aperture covered with a coarse grid and
injection optics that cause the ions to diverge as they
enter the trap.
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