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Abstract. The performance of miniaturized ion trap
mass analyzers is limited, in part, by the accuracy
with which electrodes can be fabricated and posi-
tioned relative to each other. Alignment of plates in
a two-plate planar LIT is ideal to characterize mis-
alignment effects, as it represents the simplest pos-
sible case, having only six degrees of freedom
(DOF) (three translational and three rotational).
High-precision motorized actuators were used to
vary the alignment between the two ion trap plates

in five DOFs—x, y, z, pitch, and yaw. A comparison between the experiment and previous simulations shows
reasonable agreement. Pitch, or the degree to which the plates are parallel along the axial direction, has the
largest and sharpest impact to resolving power, with resolving power dropping noticeably with pitchmisalignment
of a fraction of a degree. Lateral displacement (x) and yaw (rotation of one plate, but plates remain parallel) both
have a strong impact on ion ejection efficiency, but little effect on resolving power. The effects of plate spacing (y-
displacement) on both resolving power and ion ejection efficiency are attributable to higher-order terms in the
trapping field. Varying the DC (axial) trapping potential can elucidate the effects where more misalignments in
more than one DOF affect performance. Implications of these results for miniaturized ion traps are discussed.
Keywords: Linear ion trap (LIT), Geometry deviation, Displacement, Misalignment, Degrees of freedom, Mass
resolution
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Introduction

Mass spectrometers (MS) are among the most widely used
instruments for identifying unknown compounds or an-

alyzing samples at trace amounts; the method is both informa-
tive and sensitive. In contrast to routine use of MS in the
laboratory setting, portable MS is able to broaden applications
and benefit areas in which samples are less conveniently
brought into the lab [1–3]. To be portable, a MS requires some
combination of smaller physical dimensions or weight and

lower power consumption. Efforts have been made to minia-
turize several different types of mass analyzers including time-
of-flight (TOF) [4–8], magnetic sector [9], quadrupole mass
filter [10–12], and ion trap [13–17]. Ion traps in particular are a
promising choice for making a portable MS. Traps have a
smaller size compared with magnetic sector instruments [18]
and are able to operate at a higher pressure (10−3 Torr) com-
pared with TOF and most other analyzers [18]. Several efforts
to miniaturize ion traps have produced devices that are lighter
and lower power than their full-sized counterparts [19–24].
Approaches to miniaturize ion traps include simple size reduc-
tion, novel trap or electrode geometries, novel fabrication and
construction techniques, and parallel arrays [20, 25–30].Correspondence to: Daniel Austin; e-mail: austin@chem.byu.edu
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Several issues arise when making highly miniaturized ion
traps. For instance, the smaller trapping volume leads to in-
creased space charge effects, in turn leading to reduced trap-
ping capacity and sensitivity [31]. Surface roughness of elec-
trodes can affect the accuracy of the trapping electric field [32].
The closer physical proximity of electrodes increases the po-
tential for electric discharge [33] and increases electrical ca-
pacitance, both of which limit the magnitude of the applied
trapping voltage [34]. The reduction in the trapping capacity
due to space charge could be restored by the use of paralleling
trap arrays [35–38] or, alternatively, by using a trap geometry
with an extended trapping dimension, such as a linear ion trap
(LIT) [13, 15, 39] or toroidal ion trap [17, 40, 41]. The absolute
mechanical tolerances are generally improved by using
microfabrication techniques [35–38, 42–44], but relative toler-
ances and alignment can become problematic at the small scale.
Further, even if electrodes can be fabricated very precisely,
there remains the potential for misalignment of electrodes as
the trap is assembled. Whether in arrays or in high-volume
traps such as the LIT, high performance requires that one or
more critical dimensions be maintained over a distance much
larger than the characteristic trapping dimension. This is the
essence of the trade-off between sensitivity and selectivity in
miniaturized mass analyzers. As sensitivity is recovered using
an array or an extended trapping dimension, variations in
critical dimensions degrade both resolution and mass accuracy
and, hence, analytical selectivity.

3-D traps, including quadrupole and cylindrical ion traps,
generally have higher tolerance to physical misalignment com-
pared with 2-D traps; however, these typically also have a
reduced trapping capacity. Schwartz et al. [13] demonstrated
the sensitivity of electrode alignment in one dimension on
performance in the original LIT. In that work, a 0.125-mm
shim was inserted on one end of one X rod to create a
Bdeliberate linear variation of r0 with axial position.^ Similarly,
a shim was added under one corner of a rod to produce a
Btwist^ misalignment, and the effects of both misalignments
on peak width were presented. If the distance between the
opposite two electrodes varies along the length of the trap,
the electric field also varies, resulting in ions with the same
mass-to-charge ratio being selectively ejected at different time
points in a scan. Methods to improve electrode alignment
precision in quadrupole mass filters (QMF) have also been
explored [45, 46]. Electrode alignment in toroidal ion traps
poses a similar challenge. To maintain a constant cross section
at every point around the ring, the inner ring electrode, the outer
ring electrode, as well as the top and bottom end plates should
be perfectly aligned in three dimensions. For all these types of
ion traps, due to the number of independent electrodes, the
number of degrees of freedom (DOF) is quite high, making
evaluation and control of alignment a difficult experimental
problem.

Our group has shown that ion trap mass analyzers can be
made using two plates, the facing surfaces of which are litho-
graphically patterned with electrodes [47–50]. Trapping fields
are created in the space between the two plates. Each plate is

lithographically patterned with very small dimensional toler-
ances (substrate planarity on the order of tens of nanometers
and electrode positioning on the order of a micrometer). The
accuracy of the electric fields in such a trap is limited primarily
by the alignment of one plate with respect to the other. For
example, in one experiment, the plates of a linear-type trap
were aligned by four precision sapphire balls positioned into
laser-drilled holes in each plate. When the same plates were
brought closer from 4.38 to 1.9 mm using different sizes of
sapphire balls, the performance varied significantly each time
the plates were reassembled even in the same orientation [51].
In contrast, the two-plate planar Paul trap (3-D trap) similarly
mounted did not show this behavior.

Calculations of the effects of electrode misalignment on a
LIT were reported showing that a LIT made of rectangular
electrode is more sensitive to translational deviation while a
circular shape is more sensitive to angular deviation [52].
However, no experimental results of electrode misalignment
have been presented since Schwartz’s work [13]. In the present
paper, the effects of electrode alignment were experimentally
demonstrated using a recent version of a two-plate planar LIT
[53]. Alignment between the two plates involved only six
degrees of freedom, far fewer than in ion traps made using
machined or individually fabricated electrodes—the conven-
tional LIT and RIT have 12 and 6 independent electrodes,
respectively. The patterned plates (borosilicate glass substrates)
were installed on a new assembly which has a series of motor-
ized stages that can adjust four DOFs of one plate and another
DOF on the other plate. The experimental performance, in
terms of mass resolution and peak intensity, is presented and
compared with prior simulation results. As the effects of elec-
trode misalignment are common to many types of ion traps,
miniaturized or otherwise, these results are broadly applicable.

Experimental
With one plate fixed, positioning of the other plate involves
only six DOFs, as shown in Fig. 1. Individual modes of
alignment are presented in Table 1, together with hypothesized
symptoms of misalignment in each direction. Of course, in any
real device, all six misalignments will be present simultaneous-
ly to some degree, and the expected effects may combine.

The pitch and yaw of the top plate relative to the fixed
bottom plate are the most critical to good performance. Under
these two types of misalignment, ions in different regions of the
trap see different electric fields. Displacement in the x-direction
and roll affect all ions equally and may lead to reduced ion
ejection. Displacement in the y-direction is equivalent to the
Belectrode stretching^ that is commonly done to optimizemany
other types of ion traps. This displacement changes the higher-
order terms in the trapping field (octopole, dodecapole, etc.)
and will also affect resonant excitation and ejection. Finally,
displacement in the z-direction has minimal effect on ions near
the center of the device, with stronger effects toward the ends.
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Ion Trap Plates and Mounting

Plate fabrication is as reported previously [53]. In summary, 34
× 60-mm borosilicate glass substrates, 0.5-mm thick, were

machined with a tapered, 500-μm wide slit in the longitudinal

direction. The trapping faces of the plates were lithographically

patterned with a series of aluminum lines as electrodes that

Figure 1. If the bottom plate is considered to be fixed, the top plate has six degrees of freedom of motion—three translational (x, y,
and z) and three rotational (pitch, roll, and yaw)

Table 1. Misalignments Corresponding to Each of the Six Degrees of Freedom Between Two Patterned Plates, Together with Hypothesized Effects on Ion Trap
Performance
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were wire bonded to printed circuit boards (PCB). The voltage
applied on each electrode line was independently adjusted to
form a quadrupolar electric field and compensate for any higher
order components. Another set of PCBs with capacitors and
spring-loaded pins was attached on the back side of the wire-
bonded PCB so that voltages could be passed to the patterned
glass plate.

Although it is possible to use a single, six-axis
micropositioner for these studies, such a positioner was not
available for this study. We instead opted to combine a motor-
ized x,y,z stage with a rotational stage for one plate, and a
previously built tile stage for the other plate, creating an align-
ment platform that allowed independently adjusting X-, Y-, and
Z-displacements; yaw; and pitch (Fig. 2). Plate holders were
used to fix the ion trap plates and PCBs together as well as to
mount the assembly on the platform (Fig. 3). The top plate is
mobile in the pitch direction. A one-dimensional motorized
actuator (Z812V, Thorlabs, Inc.) was placed on the transverse
side of the plate holder to adjust and control pitch. A spring was
embedded on the opposite side to counterbalance the movement
of the actuator and to reduce hysteresis of motion. A motorized
xyz-stage (MAX343, Thorlabs Inc.) was also positioned on the
base piece, and a motorized rotational stage (CR1-Z7K
Thorlabs, Inc.) was centered on top of the XYZ stage. A channel
electron multiplier (Detech, Inc.) was mounted between the
platform and the bottom plate, surrounded by a copper shield.
An electron gun (Torion Inc, American Fork, UT) was mounted
on one of the side support to inject electrons into the trap in the
longitudinal direction. The one-dimensional actuator controlling
pitch has a travel range of 6 mm with a minimum step size of
50 nm; the bidirectional repeatability is less than 1.5 μm. The

three-dimensional stage was installed with stepper motors that
have travel ranges of 4 mm with 5 nm resolution and a bidirec-
tional repeatability of 50 nm. The rotational stage has a repeat-
ability of better than 1 arcminute.

With the previous setup, it is not possible to know in advance
which settings on the micropositioners correspond to perfect
plate alignment. However, precision sapphire balls were used
to Bpre-position^ the plates into the assembly to provide a rough
estimate of the positioner settings that correspond to optimal
plate alignment. After mounting the plates, the bottom plate was
retracted and these balls were removed. The bottom plate was
returned to the original position prior to beginning experiments.
In the following experiments, a single DOF was adjusted while
all other DOFs were kept at the ball-aligned positions.

Experimental Conditions

A single-phase, 1.35-MHz radio frequency (RF) driving volt-
age of 200 V0-p was provided by an Ardara RF power supply
(Ardara, PA) and applied to the capacitive voltage divider. In
addition, an AC waveform at a frequency of 620 kHz was
applied to the top plate; the AC amplitude was 1 V0-p. The
samples used included a mixture of toluene and deuterated
toluene (D8) at a volume ratio of 1:1, and a mixture of xylenes.
Samples were loaded in a 1-mL glass tube which was mounted
onto a leak valve (203 variable leak, Granville Phillips, Boul-
der, Colorado). By slowly turning on the leak valve, the sample
vapor was brought into the vacuum and the pressure raised
from below 10−7 to 4–5 × 10−6 Torr. After the sample pressure
stabilized, another leak valve was opened to introduce helium,
bringing the pressure to 3.6 × 10−3 Torr. The e-gun acceleration
voltage was set to − 62 V, and a waveform of − 100 V/+
23 V DC volts was applied to the e-gun gate to block or focus
the electron beam. During the experiment, the RF voltage was
ramped from 200 to 560 V0-p over a period of 40 ms. The AC
waveform, used for resonant ejection of ions, was only applied
during the ramp. Each spectrum was averaged 20 times to
improve the S/N ratio. Signals were amplified using a Keithley
current amplifier (427) and recorded on an oscilloscope
(WaveSurfer 42Xs, LeCroy).

Motorized linear
actuator

Plate holders

Bo�om plate
adaptor

3-axis motorized
stage

E-gun

Detector
shielding

Motorized
rota�onal stage

Tilt mechanism
(adjusts pitch)

Figure 2. The 3-D assembly in SolidWorks

(a) (b)

Moun�ng hole

Figure 3. (a) Top view of the plate holder. (b) Side view of the
plate holder
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Mass resolution and peak intensity in ion traps are affected by
both the sample pressure and by the pressure of the buffer gas
[54]. To reduce the effect of these variables, all experiments were
conducted in sequence without breaking vacuum. The sample
and buffer gas pressures were stable andwere not adjusted during
the sequence of experiments. The use of motorized actuators
allowed plate adjustment in vacuum with high precision.

Results and Discussion
The angular deviation in pitch, as expected, has a large impact
on both the resolution and the intensity. Figure 4a shows the
spectra at different pitch angles for the toluene mixture. The
reported pitch angles are based on the rough estimate of 0° as
determined by the alignment balls (described previously).
Thus, there may be an offset in the reported angles. Presum-
ably, the best performance should correspond to optimal plate
alignment, and in the absence of any mechanical hysteresis or
any misalignment in the other DOFs, any effect should be
symmetric with respect to positive and negative pitch angles.
The B+^ symbol represents the movement of stretching in the
one-dimensional actuator, and the B–^ symbol represents

retraction. In this design, the actuator stood on the opposite
side of where the electron beam entered, so that the electron
beam might be partially blocked if the negative pitch is too
severe. The actuator’s travel range is 0.4 mm, corresponding to
a variation from − 0.32 to + 0.32° in pitch. The position was
varied 0.08° between scans.

A clear variation in the resolution can be seen as pitch angle
changes. Them/z 91 and 92 peaks were completely separated at
0° and + 0.08°. Peak intensities were also the strongest in the
range between these two positions, but the performance de-
creased when the top plate was further deviated. The m/z 91
and 92 peaks started to overlap when the pitch angle was larger
than + 0.16° or was smaller than − 0.08°. Although m/z 98 and
100 from D8-toluene were always separated, peak widths were
broadened at large pitch angles and the intensity varied so
much that they almost disappeared at ± 0.32°. Similar results
were observed in the spectra of the xylene mixture (not shown)
at the angles 0 and + 0.08° gave the best performance. At these
angles, the peaks at m/z 105 and 107 were separated from the
molecular ion peak m/z 106, though they overlapped at large
pitch angles. There is a very small but measurable shift in the
apparent mass of each peak, amounting to approximately 0.5
m/z unit over the range of pitch angles.

Figure 4. (a) The spectra at different pitch angles from − 0.32 to + 0.32°. (b) The spectra with x-displacements deviated by different
distances on two sides from − 0.4 to + 0.4 mm. (c) The spectra at different yaw angles from − 1.2 to + 1.2°. All the spectra were
calibrated based on the spectrum obtained at the assigned Bzero^ point
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X-displacement, as predicted, should have less impact on
the performance for small deviations. Figure 4b shows the
spectra for the toluene mixture. Pitch angle was held at the 0°
position. Again the B0 mm^ x-position was an arbitrary point
defined by the sapphire balls. Theoretically, there should be no
difference between positive and negative displacement in x;
however, the results were somewhat different between the two
directions. The peak areas decreased over the range from + 0.4
to − 0.4 mm, but the 91 and 92 peaks became relatively
stronger due to a higher resolution at around 0.00 mm position.
The variation in peak areas followed what were predicted in the
simulation—it generally decreased when x-displacement be-
came larger—although with an offset. The differences between
positive and negative x-displacement may be due to a physical
asymmetry in the plates themselves, but could also be the result
of residual misalignment in one or more of the other degrees of
freedom. The data also showed a significant shift in the appar-
ent mass as the plate alignment in the x-direction was varied.
Over the range from 0.4 to − 0.4 mm in x, peaks steadily shifted
to lower mass by approximately 3m/z units. The reason for this
shift, and the reason for the asymmetry with respect to the
assignment of zero, is unclear, although the asymmetry in peak
areas was consistent with the shift in apparent mass.

Displacement in z was varied from − 2.5 to + 1.5 mm.
Displacement from the z-direction, as expected, has little effect
on the resolution (spectra not shown).

Mass spectra varied as the yaw angle was adjusted from −
1.2 to + 1.2° (Fig. 4c). Both resolution and ejection efficiency
are affected by this variable. The addition of the yaw rotational
stage took place after data were recorded for the other degrees
of freedom, so any asymmetries in yaw data may not correlate
with those in the other degrees of freedom. Variation in signal
with yaw misalignment is likely due to the changing overlap of
the electric potentials created by the two plates. For points
where the slits are not aligned, the trapping field contains
oblique terms that may hinder ion ejection through the slit.

Y-displacement, the equivalent of stretching the electrodes
in conventional ion traps, was reported previously for this
planar linear ion trap [53]. Misalignment in the roll direction
is not expected to have a significant impact on trap perfor-
mance and was not studied.

Figure 5 compares the previous experimental results and
previously reported SIMION simulations [55] of the same
effects. Figure 5 also includes previously published results
[53] of changing the plate spacing (y-displacement) with the
same plates. Each experimental data point is the average of
three trials, and error bars represent standard deviations among
these three trials. The position of each DOF was tested in both
negative and positive positions in the experiment, whereas only
positive positions were simulated—no asymmetry was expect-
ed in simulations.

The left column in Fig. 5 shows the variation of the width of
the m/z = 98 peak under each misalignment DOF, for both
experiment and simulation. It can be seen that the pitch appears
to affect the resolution the most. Both the experiment and the
simulation showed an abrupt change in the peak width within a

range of only 0.4° in pitch. Z-displacement seemed affect the
resolution the least. X-displacement and plate spacing have
similar impact on the resolution in the experiment, whereas
simulation predicts the same impact from plate spacing but
predict little impact from X-displacement. The degradation of
the resolution caused by yaw deviations of 1° was at the same
level as when pitch was deviated by 0.4°. Interestingly, the
degraded resolution with yaw rotation seemed to be much
stronger only in one direction, but not the other. It could be
that the initial plate alignment was far enough off that the full
range of yaw tests was all displaced in the same direction, or
there could be other effects taking place.

The second column shows the peak area (as a surrogate for
ion ejection efficiency) for different alignment positions, again
comparing experiment and simulation. For unknown reasons,
the peak intensity showed large variations during the pitch
experiment, and no trend was evident. The variation of the
peak area with x-displacement showed qualitative agreement
between experiment and simulation, although with an offset
that may be due to the assignment of Bzero^ in this direction or
the combination with residual misalignment in other DOFs.

Peak area varies strongly with plate spacing, likely due to
the effects on ion ejection efficiency due to higher-order terms
in the trapping field. The plate spacing corresponding to the
maximum peak area coincided with the spacing with the
highest resolution—this is not required by symmetry nor is it
an indication that the plates were aligned. Rather, this indicates
that the electric field and/or ejection conditions that were
optimal for rapid ejection were also optimal for efficient ejec-
tion of ions. Simulation and experimental results each showed a
maximum peak area, but the falloff in simulations was much
more gradual than that in the experiment. In both simulations
and experiment, this falloff was asymmetric with respect to the
optimal plate spacing. This asymmetry is not unexpected due to
the higher-order terms of the trapping field. Differences be-
tween simulation and experiment point to factors that were
inaccurately modeled in the simulations. A number of factors
may be at play, including misalignment in other DOFs, subtle
effects in the electric fields, and inaccuracies in device fabrica-
tion or in the capacitive voltage divider.

In the case of z-displacement, the peak intensity fluctuated
in the experiment, and no trend was evident. On the other hand,
the impact from yaw appears to be significant. The signal
intensity dropped dramatically within ± 1° of the optimal
position. The fact that this feature is centered on 0° indicates
that any offset between measured angle and actual angle was
smaller than this value.

There was likely some residual misalignment in each of the
DOF not being varied in a given experiment. The rough as-
signment of zero for each DOF seems to have been close, but
the additive effect of all DOFs is difficult to predict. For
instance, with a combination of x-displacement and yaw, the
two ejection slits will line up perfectly at only one point, and
this point will lie somewhere along the length of the trapping
region, but not at the center where the highest ion density
exists. The location of this point will shift as the x-
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Figure 5. Comparison between experimental results and simulation results for variations in each degree of freedom studied
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displacement is varied, although the zero point of the x-
displacement or yaw is away from the actual zero position.

Schwartz et al. [13] demonstrated previously that changing
the DC voltage applied to the ends of a LIT control how tightly
the trapped ions are localized axially in the center of the trap.
To explore whether a similar procedure would help assess pitch
alignment in our experiment, a comparison between two pitch
positions was compared. First, the top plate was placed at −
0.24°. The DC voltage on the endbars was increased from 5 to
20 V. All the other DOFs were set to zero which were assumed
to be the perfectly aligned positions. As seen in Fig. 6a, the
resolution was largely unchanged with a higher applied DC.
However, the signal intensity dropped off at higher values of
the DC. This could be the result of more severe space charge, as
ions were more tightly constrained, or may be due to the
contribution of residual misalignment in other degrees of free-
dom. For comparison, the pitch angle of the top plate was then
set to 0° and the experiment was repeated. The results were
very similar between these two positions, so the ambiguity was
not resolved.

However, from the data in Fig. 4, we saw that the zero-
assignment in the x-direction may have had a significant
offset—possibly by a few tenths of a millimeter. The DC
potential applied to the endbars was varied for two positions
of the x-displacement, − 0.50 and + 0.50 mm. As seen in Fig.
6c, d, the performance was entirely different on the two sides.
An increase in DC voltage improved both the resolution and
the peak intensity at − 0.50 mm, whereas an increased DC
voltage degrade both the resolution and the peak intensity at +
0.5 mm. Likely, the − 0.5 mm position had the cross-point
closer to the middle of both plates. The + 0.5 mm position had a
cross-point farther away from that ideal position. Thus, a
residual yaw displacement may have caused the asymmetry
in the x-displacement results shown in Fig. 4c and Fig. 6c, d.

In practice, misalignments will usually involve contribu-
tions from each degree of freedom. However, the impact of
each DOF may be independent. In the case of a conventional
linear ion trap or toroidal ion trap made using metal electrodes,
there are six DOFs between each combination of two elec-
trodes. The cumulative effects of all possible misalignments

Figure 6. The spectra for toluene mixture with different DC volt at different displaced position. (a) − 0.24° in pitch. (b) 0.00° in pitch.
(c) − 0.50mm in x-displacement. (d) + 0.50mm in x-displacement. All the spectra were calibrated based on the spectrum obtained at
the assigned Bzero^ point
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will be difficult to predict. On the other hand, the importance
and impact of specific DOFs on performance should follow
some of the principles observed in the present experiments.

Conclusions
These experiments characterize the sensitivity of a two-plate
LIT to electrode misalignment. Among the five degrees of
freedom that were studied, pitch has the greatest effect the mass
resolution. Z-displacement affects the least on the resolution.
The number of ions being detected is affected the most by plate
spacing (y-displacement) in the experiments, whereas in the
simulation, it is x-displacement that has the largest effect on ion
ejection. In any real device, the situation is more complicated,
because misalignments in all degrees of freedom occur simul-
taneously. Nonetheless, understanding the effect of misalign-
ment along a single dimension can guide improvements in
design and fabrication of new and smaller devices.

As ion traps are further miniaturized, precise fabrication and
alignment of electrodes become an increasing concern and
challenge. Although a multi-axis micropositioner was used in
these experiments, there is no expectation that such a positioner
would be employed in any fieldable device. Rather, electrodes
or patterned plates could be aligned using such equipment, and
then permanently affixed, prior to including the complete ion
trap in a portable instrument. A pre-aligned mass analyzer
Bcartridge^ could be easily replaced in the field, without con-
cern for further alignment or calibration. Additionally, the
multi-axis positioner in these experiments provides valuable
data on the types and severity of performance degradation to be
expected fromminiaturized and full-sized ion traps with a non-
ideal electrode alignment.
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