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A new miniature coaxial ion trap mass analyzer with a rectilinear ion guide has been constructed using a
combination of planar and cylindrical electrodes. The results reported here focus on characterizing the perfor-
mance of the rectilinear ion guide and simplified toroidal ion trap components. The simplified toroidal ion trap
was found to have an ion capacity in excess of 10° ions and mass spectral resolution of 0.5-0.6 when used as a
mass analyzer. The ion storage efficiency within the toroidal trapping region was evaluated and found the stored
ion population decreased exponentially with storage time. Ion losses depended slightly on the stored p, condi-

tion. Ion losses within the toroidal region are attributed primarily to field instabilities at the intersection point of
the two components while charge exchange reactions were observed but considered a minor loss mechanism. The
ability to mass selectively ejection ions of a specific mass from the toroidal trapping region was characterized and
found to approach 100 % efficiency under appropriate ejection conditions.

1. Introduction

In 1953 Wolfgang Paul introduced the first quadrupole ion trap (QIT)
and inspired a new branch of mass spectrometry [1]. Since the intro-
duction of this novel device little has changed from its original design
with stretching the end caps for increased analytical performance being
the one notable exception [2]. The standard QIT used in modern mass
spectrometers is simple in design and is composed of a hyperbolic ring
electrode with a typical inner radius of 1.0 cm and two hyperbolic end
caps. The application of a radio-frequency (RF) potential (~15 kV,;) to
the ring electrode generates the field required to focus ions to the center
of the trapping region.

Ion dynamics and stability within the trapping region are predicted
using the well-known Mathieu equation and associated Mathieu pa-
rameters [3,4]. An interesting aspect of the Mathieu parameters are the
quadratic relationship between the physical dimensions of the trap and
RF voltage required to eject an ion for analysis; thus, large power savings
can be realized by reducing the physical dimensions of the trap. Reduced
trapping dimensions also decreases the amplitude of ion oscillation for a
given secular frequency. As a result, ions experience fewer buffer gas
collisions with reduced kinetic energy per collision. Therefore, an ion
trap with reduced physical dimensions can operate at higher relative
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pressures, allowing smaller, low-power pumps to be utilized. These
design advantages have since been leveraged in the development of
miniaturized devices for the purpose of field portable chemical analysis.
Unfortunately, the fabrication of hyperbolic electrodes on the millimeter
scale with acceptable dimensional tolerances proved to be very chal-
lenging, imposing a scale limit on the miniaturization of QIT devices.
Moreover, reduced trapping dimensions also imposed a performance
limit, with space charge repulsion effects greatly reducing the ion
trapping capacity resulting in degraded analytical performance. Solu-
tions to these fabrication and space charge issues were found by altering
the QIT electrode design. It was discovered that ion capacity could be
significantly increased by extending the dimensionality of the device;
therefore, the linear ion trap (LIT) and toroidal ion trap (TorIT) were
invented [5,6]. These devices greatly increased the dimensionality of the
characteristic trapping region, allowing a significantly larger bulk ion
population to be stored within the device prior to detection. The
increased number of detectable ions also had a /N signal-to-noise ratio
(SNR) advantage, with N equal to the number of detected ions. A solu-
tion to the fabrication issue was achieved by simplifying the electrode
design with cylindrical and planar electrodes replacing the more chal-
lenging hyperbolic electrodes. The combination of these two electrode
design modifications have led to the creation of the cylindrical ion trap
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(CIT), rectilinear ion trap (RIT), and simplified toroidal ion trap (STorIT)
[7-9]. An interesting aspect of RIT and STorIT designs is the decoupling
of the characteristic trapping dimension and the trapping capacity of the
device. As a result, these devices can be significantly miniaturized while
maintaining an acceptable trapping capacity by simply increasing the
aspect ratio of the device. Experimental and simulation studies exam-
ining the impact of various electrode designs on the performance of RIT,
TorIT, STorlT, and related systems have been thoroughly examined
[8-24]. As a result, the RIT and STorIT devices are ideal for miniaturi-
zation and inclusion into field portable chemical analysis systems.

Unique miniature ion traps using non-equipotential electrodes have
also been researched. Work conducted in Austin’s group has reported on
the use of thin metal electrodes lithographically patterned onto two
parallel ceramic plates [25-30]. These devices allowed the electric field
to be modified in real time by adjusting the potential applied to each
individual electrode within the device. This novel approach allowed
various trapping dimensions to be realized including a QIT (Paul), TorIT
(Halo), LIT, and the first reported example of a coaxial ion trap. With
respect to the coaxial ion trap, the electric fields were adjusted to
generated an outer TorlIT trapping region and a central QIT. Unfortu-
nately, mass selective ejection from the TorIT region into the QIT region
could not be demonstrated [30].

An interesting aspect of the STorIT design reported by Taylor and
Austin is found in the hollow cavity created due to the electrode design
[9]. This configuration is ideal for the development of a coaxial trap,
where a CIT can be created within a STorIT resulting in a simplified
coaxial ion trap (SCIT) design. The advantage the SCIT design is realized
with the ability to sample and analyze a range of masses stored within
the high capacity STorIT region. Ions of a specific mass can be selectively
transferred from the bulk ion population via resonance ejection into the
CIT where tandem mass analysis (MSz) can be conducted, providing a
distinct analytical advantage. The resonant ion transfer and subsequent
MS? analysis can be repeated for a range of specific masses trapped
within the STorlT, greatly increasing sample utilization efficiency. This
attribute can be especially important in systems with limited sample
quantities.

Recently, Gamage et al. reported a simulation study focused on the
electrode geometry, electric field composition, and performance of a
SCIT [31]. They demonstrated ions could be mass selectively transferred
from a STorIT region and captured by a CIT when the proper relative RF
phase angle between the two traps was utilized. The work presented
here builds on the optimized design reported by Gamage et al. with the
first experimental evaluation of a constructed SCIT mass analyzer with
an aspect ratio of 3 [31]. The fabricated SCIT was also designed with a
rectilinear ion guide (RIG) which tangentially intersects the STorlT.
While ions could be generated directly within the STorIT region as re-
ported by Taylor and Austin [9], the inclusion of a RIG component fa-
cilitates the injection of externally generated ions via electrospray,
paper spray, laser-based, or plasma-based ionization methods. There-
fore, the formation of a miniature ion trap device composed of RIG,
STorIT, and CIT components yields a versatile analytical device for
portable chemical analysis.

Since experimental functionality of the current prototype SCIT has
not been previously reported, it is imperative to begin with the experi-
mental evaluation of the RIG and STorIT components. Therefore, the
work presented here will evaluate the RIG and STorIT’s ion trapping
capacity, ion storage efficiency, mass resolution, and ability of the
STorIT to efficiently and selectively eject ions of a desired mass. The
results reported here, including operational parameters, are necessary
for future studies focused on the operation and interpretation of
experimental data obtained from a fully assembled SCIT device.
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2. Experimental design
2.1. Electrode design
The fabricated SCIT consisted of seven stacked electrodes designed to
form the RIG, STorIT, and CIT components: top and bottom CIT end
caps, top and bottom CIT barrels, top and bottom STorIT RFr,, elec-
trodes, and a central ACr,; electrode. A cross-sectional rendered CAD

image of the constructed system is shown in Fig. 1a with associated
components identified. A cross-sectional illustration of the STorIT and
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Fig. 1. a) A cross sectional rendered CAD image (top view) of the constructed
SCIT with components labeled. b) Same as in a) with an angled view with
components labeled. The red and blue spheres represent trapped ions. ¢) Cross
sectional illustration of the STorIT and CIT trapping regions with the top CIT
end cap removed. Dimensions: r = 5.0 mm, w = 5.0 mm, z = 5.5 mm, h = 2.0
mm, R = 15.0 mm, x = 5.5 mm, y = 7.0 mm, d = 1.8 mm, and s = 2.0 mm.
Aspect ratio (R/r) = 3.
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CIT trapping regions are shown in Fig. 1b with electrodes and di-
mensions noted. All electrodes were machined from 304 stainless-steel
with tolerances +0.001”. Spacing between electrodes was achieved
using silicon nitride (SiN) ceramic ball bearings (OrTech Inc, Sacra-
mento, CA). These spacers have a diameter tolerance of +0.00005”,
which provides excellent electrode spacing accuracy. As noted, the
primary goal of this study is to evaluate the performance of the RIG and
STorIT components; therefore, the top CIT end cap electrode was
removed, allowing ejected ions to be directly detected. The STorIT and
CIT electrodes were aligned with an Ultem collar. The RIG electrode
alignment was achieved with a precision machined Macor spacer be-
tween the RIG end cap and RIG trapping electrodes.

Initially, SIMION simulations were used to optimize the design of the
SCIT electrodes. The initial design involved using an ACr,, electrode
geometry which created a complete toroidal trapping region. Unfortu-
nately, our initial simulation effort found the transfer of ions from the
RIG region into the STorlIT region was very inefficient, with a large
population of ions scattering out of the trapping volume as they crossed
the RIG-STorIT intersection point. To alleviate this issue and enhance
the ion transfer efficiency from the RIG into the STorlT region, the ge-
ometry of the ACr,, electrode was redesigned to its current geometry
which provided a smoother field transition between the RIG and STorIT
trapping regions, as shown in Fig. 1a. While this new design truncates
the toroidal trapping region, the small loss in ion signal from the toroidal
trapping region now occupied by the modified ACr,, electrode is more
than offset by a near 100 % transmission efficiency achieved between
the two trapping regions.

A high Q-head power supply (PSRF-151, Adara Technologies, Adara,
PA) was used to supply the RF potential to the STorIT electrodes. Control
of the RF amplitude was achieved with an RF power controller (PSRF-
125, Adara Technologies, Adara, PA) and an arbitrary waveform
generator (33500B, Keysight, Colorado Springs, CO). Low-voltage
power supplies (SPD 3303X-E, SIGLENT Technologies, Solon, OH)
were used to provide the DC offset to the RF waveform and DC potential
to the RIG end cap. A second function generator (33500B, Keysight,
Colorado Springs, CO) supplied the AC and DC potentials to the ACro;
electrode for resonance ejection. A small positive DC potential was
applied to the bottom CIT end cap (PS310, Stanford Research Systems,
Palo Alto, CA) to aid in directing ions towards the detection system as
will be discussed below. The CIT barrel electrodes were grounded.

2.2. Vacuum chamber and gas handling system

The vacuum chamber consisted of an 8.0-inch to 6.0-inch conflat
reducing tee. A turbomolecular pump (Turbovac SL 80H, Leybold,
Export, PA) was attached to the 6.0-inch flange and backed with a dry
scroll pump (Scrollvac SC 5 D, Leybold, Export, PA). Pump-down times
of approximately 24 h would typically yield a chamber pressure <1.0
pTorr. The ion trap assembly was mounted to the front 8-inch conflat
flange while gas and power inlets were coupled into the chamber from
the back 8-inch conflat flange with appropriate feedthroughs.

Chromatographic grade helium (HE CH300, Airgas, Radnor, PA) was
used as the buffer gas and was supplied to the system with a calibrated
mass flow controller (SmartTrak 50, Sierra Instruments, Monterey, CA)
which allowed precise buffer gas pressure control within the RIG and
STorIT regions. The helium buffer gas and analyte vapors used
throughout this study were introduced directly into the RIG ionization
region using a custom fabricated Macor gas manifold as shown in
Fig. la. In addition, the helium supply line within the vacuum system
was split in order to uniformly supply helium to both the RIG and STorIT
regions. The partial pressure of all gas samples examined within this
study were controlled with a leak valve (Model 203, Granville Phillips).
Pressures within the STorIT were measured with a Pirani gauge
(CVG101 Worker Bee, InstruTech, Longmont, CO) while the vacuum
chamber pressure was measured with a cold cathode gauge (PTR90RN,
Leybold, Export, PA). Helium buffer gas pressure of 1.5 mTorr and
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sample pressures of 5 pTorr were typically used throughout this work
unless otherwise noted. Under these conditions, the vacuum chamber
was able to maintain a pressure ~50 pTorr and was suitable for the
presented work.

2.3. Ionization system

Ionization was achieved with an electron gun (E-gun) constructed
with a thermionic filament (03-920437-00, Adaptas Solutions, Palmer,
MA) mounted to a custom machined Macor frame. The filament was
powered by a filament controller (Model 160, ArdaraTech, Adara, PA)
capable of varying the electron energy and emission current. An electron
energy of 70 eV was used throughout this study. The electron beam was
directed through four aluminum electrodes with the first electrode
grounded, the central two electrodes used to gate the beam with a high
voltage single pole double throw reed relay (BFH-1C-05E, Comus In-
ternational, Clifton, NJ) and the RIG end cap used as the final electrode.
The response time of the relay limited reliable ionization gates to a
minimum 5 ms. The aluminum electrodes noted in Fig. 1a were designed
in an Einzel lens configuration for future studies examining the focusing
and injection of externally generated ions into the RIG region. For the
work reported here, the E-gun assembly was positioned to inject elec-
trons through the RIG end cap slit and coaxial with the trapping region
and gas introduction system.

2.4. Detection system

As discussed above, the objective of the current study is to evaluate
the performance of the RIG and STorIT components; thus, direct
detection of ions ejected from the STorlIT is desired. This measurement
was achieved by removing the top CIT end cap and exposing the CIT
trapping region to a conversion dynode and electron multiplier tube
(EMT) (Model 382, Adaptas Solutions, Palmer, MA) shown in Fig. 1b.
High-voltage power supplies (Model PS300, Stanford Research Systems,
Sunnyvale, CA) were used to apply +15 V to the bottom CIT end cap and
—2450 V to the conversion dynode. The EMT was biased at a voltage of
—2250 V which provided an ion signal gain of 6.0x10” and facilitated an
electrostatic field favorable for ion detection. Ions ejected radially from
the STorIT are immediately accelerated towards the conversion dynode
due to the potential gradient, creating secondary electrons due to the
high energy impact. The signal current from the EMT was fed into a low-
noise current pre-amplifier (Model DG645, Stanford Research Systems,
Sunnyvale, CA) with a gain of 500 nA/V and an applied 30 kHz low-pass
filter. The resulting voltage was fed into a digital oscilloscope (Wave-
surfer 3024z, Teledyne LeCroy, Chestnut Ridge, NY) for averaging and
recording at a sample rate of 500 kSa/s.

3. Results and discussion
3.1. Ion spectral resolution and trapping capacity

The ion capacity of the STorIT component is an important parameter
and vital to the success of the system. To assess the trapping capacity of
the STorIT trapping region, mass spectra of xenon were acquired under
varying degrees of ionization. Xenon was chosen for this work since it is
an inert monoatomic gas with a well characterized isotopic composition,
reducing the likelihood of ion-neutral reactions. Xenon gas was intro-
duced into the system at a pressure of 5 pTorr and a helium pressure of
1.5 mTorr. The RF amplitude was maintained at 750 Vp, (q; = 0.36)
with a +5.0 Vpc offset during ionization (10 ms) and ion cooling (1 ms).
Xenon spectra were recorded using a reverse scan with resonance ejec-
tion, where the RF was ramped from 750 Vp, to 0 V;,, in 50 ms. Reso-
nance ejection was achieved by applying a 125 kHz, 700 mV,,, and
—350 mVp offset signal to the ACr,, electrode. The total number of
xenon ions trapped within the STorIT was varied by adjusting the fila-
ment emission current (10, 20, and 30 pA) and ionization gate width (5,
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6,7,8,9,10, 15, 20, and 25 ms), for a total of 27 xenon mass spectra
acquired for analysis. The results in Fig. 2a show that the total xenon ion
population increases with increased ionization. A similar ion signal
response was observed by Song et al. when evaluating ion trapping ef-
ficiency and trapping capacity of stretched and unstretched RIT devices
[32]. Moreover, the total xenon ion population continues to increase at
the maximum ionization conditions indicating the STorIT ion trapping
capacity is in excess of 2.5x10° xenon ions. For comparison, consider the
performance of a RIT presented by Cooks et al. where a trapping volume
of 4.0 cm® (xo = 5 mm, ygp = 4 mm, L = 50 mm) was found to have a
maximum ion capacity of ~6.5x10* ions for a 50 Vpg axial potential well
[18]. The STorIT device reported here also has an estimated trapping
volume of 4.0 cm®, however, toroidal ion traps do not suffer from the
bunching of ions near the center of the trap that is encountered with RIT
devices. Therefore, a measured ion trapping capacity in excess of 10°
ions is consistent with measurements presented in Fig. 2 and highlights
the advantages of using a toroidal trapping geometry for ion storage in
miniature ion trap systems.

Assessment of the xenon mass spectra recorded under various de-
grees of ionization is shown in Fig. 2b—d. The mass resolution of xenon
ions ejected from the STorIT under low to moderate degrees of ioniza-
tion typically yielded values Am = 0.5-0.6 amu (amu = atomic mass
units). These results are reasonably comparable to the mass resolution
values for a STorIT device reported by Taylor and Austin [9]. As the ion
population increases to ~2x10° the xenon spectra become slightly
broadened; however, several of the xenon isotopes are still resolved. The
results in Fig. 2 indicate that the fabricated STorIT device possesses a
reasonably high trapping capacity with minimal loss in analytical per-
formance at high ion population conditions.

3.2. Ion trapping efficiency

A key feature of the STorIT system is the ability to store a bulk ion
population for sequential mass selective injection into a central CIT for
isolated MS? analysis. This requires the STorIT to be able to store ions for
an extended period of time. To assess the STorIT’s storage efficiency,
xenon spectra were acquired for a range of ion storage times following
ionization. The intensity of the 12°Xe isotope as a function of storage
time in Fig. 3a shows that the xenon ion population decays exponentially
with increased storage time. There also appears to be a slight depen-
dence on the magnitude of the RF trapping field with a slightly faster ion
population decay with higher 3, storage values. Time constants for the
observed xenon ion storage times are measured to be 643, 635, and 577
ms for B, = 0.21, 0.23, and 0.26, respectively.

The loss of xenon ion population within the STorIT over time can be
partially explained by considering charge exchange reactions occurring
within the trapping volume. While these experiments were conducted
with xenon sample gas and helium buffer gas, the trap itself was con-
structed with Delrin and Ultem plastic support structures. These plastics
are generally considered suitable for high vacuum applications; how-
ever, they do outgas slightly resulting in a small population of neutral
hydrocarbon compounds within the RIG and STorIT regions. As a
consequence, charge exchange reactions between xenon ions and these
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neutral hydrocarbon compounds will result in a measured loss in the
total xenon ion population within the STorIT. Charge exchange re-
actions between xenon ions and neutral hydrocarbons within a QIT have
been previously observed by Morand et al. [33]. Evidence of charge
exchange reactions within our system is shown in Fig. 3b-d where the
collected spectra for 1, 500, and 1750 ms storage times show a clear
accumulation of lower mass ions. These spectra show clusters of masses
at increments of ~12 amu indicating these ions originate from hydro-
carbons. The intensity of these hydrocarbon peaks increases with longer
storage times demonstrating that the formation of these ions is kineti-
cally driven as would be expected in a charge exchange reaction. Further
evidence of ion loss due to charge exchange reactions is reflected in the
dependence on the xenon ion decay time constants and f3, storage values.
Higher p, storage values produce higher xenon ion densities at the
trapping center. This increase in reactant density is expected to kineti-
cally accelerate the xenon-hydrocarbon charge exchange reaction rate
resulting in the lower storage time constants observed. However, anal-
ysis of the xenon and hydrocarbon signals does not account for the loss
of trapped xenon ions indicated in Fig. 3a. Therefore, charge exchange
reactions are currently considered a minor xenon loss mechanism likely
due to the small partial pressure of outgassing hydrocarbon products.
We must concede it is also possible charge exchange reactions occur
between xenon ions and hydrocarbons with masses below the
low-mass-cut-off (LMCO) of the system which is calculated to be m/z =
51 at B, = 0.23. The creation of these lower mass ions would result in
unstable trajectories and would not be observed under the experimental
conditions used here.

The coaxial ion trap reported by Peng et al. demonstrated the ability
to store and detect ions with negligible signal loss after approximately 6
s of ion storage within the outer toroidal storage ring [30]. The primary
difference between the coaxial ion trap reported by Peng et al. and the
STorIT system reported here is the shape of the toroidal trapping region.
The STorIT device reported here is not a complete toroidal trapping
region, rather, is truncated due to the need to increase ion transfer ef-
ficiency from the RIG into the STorlT trapping regions as previously
discussed. The inclusion of a CIT barrel with slits for ion ejection can also
induce small changes to the local trapping field. The unique trapping
field and likely enhancement of high-order multipole components at the
point where the RIG intersects with the STorIT could potentially lead to
the formation of weak local black holes and/or black canyons. There-
fore, ions allowed to cool and move throughout the STorIT region could
result in losses during long storage durations.

Indeed, more work is required to identify all ion loss mechanisms and
improve the trapping efficiency of the STorIT component. However, the
device reported here is adequate for the purposes of sequential mass
selective sampling from the STorlIT region. If we consider the MS?
analysis of a single component to require ~50 ms (transfer time = 5 ms,
cooling times = 5 ms, collision-induced dissociation = 10 ms, mass scan
= 30 ms), approximately five individual mass components could be
sampled from the bulk ion population before the ion abundance drops
below 50 % of its original population. While this is considered accept-
able for the ultimate objective of the proposed SCIT device, further
simulation and experimental work on the overall STorIT design
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Fig. 2. a) Measured xenon ion population as a function of total injected electrons. b) Xenon mass spectrum for 1.1x10* trapped Xe ions, Am = 0.55 amu. ¢) Xenon
mass spectrum for 1.4x10° trapped ions, Am = 0.56 amu. d) Xenon mass spectrum for 1.9x10° trapped ions, Am = 0.81 amu.
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including electrode geometry, aspect ratio, and fabrication material is
required to improve the overall efficiency of the device.

3.3. Mass spectra of organic compounds

The performance of the RIG and STorIT components was further
assessed with the examination of various organic compounds. Mass
spectra in Fig. 4a-d were obtained using the previously described
reverse RF scan with resonance ejection while the mass spectrum in
Fig. 4e was obtained by holding RF = 750 V,, and scanning the AC
frequency. The compounds toluene, toluene-D8, and o-xylene were first
examined individually by introducing sample vapors into the ionization
region at partial pressures ~5 pTorr with mass spectra shown in
Fig. 4a—c. The fragmentation pattern from the ionization of these com-
pounds is consistent with NIST reported mass spectra [34]. Additionally,
notable mass peaks at m/z = 105, 114, and 119 for toluene, toluene-D8,
and o-xylene, respectively, are larger than the parent ion of each
respective compound. A small shoulder peak in the toluene spectra is
also observed at m/z = 106. The presence of these mass peaks is the
result of gas phase ion-neutral reactions occurring in the trapping region
during the ion cooling and mass scan process. In 1974 Shen et al.
detailed the toluene reaction as a substitution of a hydrogen atom from a
neutral toluene molecule with a CHJ functional group from an ionized
toluene molecule, resulting in the m/z = 105 mass peak observed [35].
Later works by Ausloos and Katritzky et al. confirmed this gas phase
toluene reaction [36,37]. Similar reactions occur with toluene-D8 and
o-xylene which result in the observed m/z = 114 and 119 mass peaks,
respectively. Experimentally, these ion-neutral reactions are moderately
favorable within ion trap systems due to the focusing of ions near the
trapping center. Ion trap systems examining these organic compounds
have routinely reported the observation of the 105, 114, and 119 mass
peaks [25,27,28,38,39].

Mass spectra in Fig. 4d and e were acquired from a mixture of
toluene, toluene-D8, and o-xylene in a 1.1:1:1 mol ratio, respectively.
The mass peaks in these spectra are consistent with the individual mass
spectra; however, additional low intensity peaks are observed at m/z =
112 and 121. The formation of the m/z = 112 peak is the result of neutral
toluene-D8 and ionized toluene while the formation of the m/z = 121
mass peak is the result of neutral o-xylene and ionized toluene-D8. The
results in Fig. 4a—e demonstrate the ability of the STorIT system to mass
selectively ejection ions from the toroidal region using resonance
ejection.

3.4. Targeted ion ejection

Since the ultimate goal of the STorIT component is to successfully
store and mass selectively transfer ions from the STorIT region into the
CIT trapping region, it is necessary to demonstrate and characterize the
mass selective transfer of ions from the STorIT trapping region into the
CIT region. Utilizing the organic mixture noted in Fig. 4, a sample vapor
pressure of ~5 pTorr was introduced into the ionization region. The
targeted ejection sequence involved 10-ms ionization, 1-ms ion cooling,
5-ms mass selective ejection, and 1-ms ion cooling time, all while RF =
750 Vpp. Following ion cooling, a mass spectrum of the remaining ions
was acquired using a 50 ms reverse scan with resonance ejection.
Several mass spectra were acquired for a range of AC ejection fre-
quencies and four applied AC voltages. The relationship between the
selectively ejected mass and applied AC frequency was determined from
the data collected in the AC scan in Fig. 4e. Analysis was accomplished
by measuring the area under the targeted mass for each acquired
spectra. Additionally, several spectra were collected with the targeted
ejection frequency tuned to lower masses in order to obtain a baseline
signal, allowing the relative mass ejection efficiency to be calculated.
The results in Fig. 5a show how the relative population of the m/z = 91
ion changes with targeted AC frequency and amplitude. An AC potential
of 0.5 Vp, did not result in appreciable ejection of targeted ions.
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with resonance ejections and e) scanning the AC frequency with RF = 750 Vy,,
held constant.
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Increasing the AC potential to 1.0 Vp, successfully ejects the m/z = 91
ion with a mass resolution +2 amu and an ejection efficiency ~87 %.
Increasing the AC volage applied to the targeted mass ejection signal
further increases the ejection efficiency to ~98 %; however, this also
results in a loss in mass selectivity with a resolution of +4 amu and +7
amu for applied AC potentials of 2.5 V,, and 5.0 Vp, respectively.
Fig. 5b shows two mass spectra for an applied AC potential of 2.5 Vp,
with the targeted ejection frequency tuned off-resonance and tuned to
the m/z = 91 ion (on-resonance). A clear population reduction in the m/
z =91 ion is observed with accompanying reduction in the adjacent m/z
= 89 and 92 ions when the targeted AC ejection signal is tuned on-
resonance. Interestingly, a reduction in the m/z = 105, 112, and 119
ion signals are also observed. Since these ion peaks are the result of
ionized toluene reacting with neutral toluene, toluene-D8, and o-xylene,
the removal of the reactant toluene ion by targeted ejection suppresses
the formation of these methylated products.

A similar result is obtained when targeting the m/z = 98 ion as shown
in Fig. 5¢ and d. These data demonstrate that the system can selectively
isolate the toluene-D8 compound from the surrounding toluene and o-
xylene compounds. Additionally, there appears to be a slight reduction
in the m/z = 107 ion (Fig. 5d). This is consistent with the removal of the
toluene-D8 reactant, suppressing the formation of the methylated
product. A slight decrease in the m/z = 114 and 121 ion signals are also
observed.

The parent ion of o-xylene at m/z = 106 was targeted within the
mixture with results shown in Fig. 5e and f. These data differ slightly
from the m/z = 91 and m/z = 98 targeted data. The application of a 1.0
V) targeted ejection signal showed a narrow ejection selectivity with an
ejection efficiency ~57 %. Small peaks were also observed at m/z = 91
and m/z = 100 amu. Increasing the targeted AC potential to 2.5 Vp,
shows a notable structure that differs from the m/z = 91 and 98 data.
Loss of the m/z = 106 ion population is observed when the ejection
frequency is tuned from m/z = 87 to m/z = 98 with an ejection efficiency
~29 %. A similar result is found when the targeted ejection signal is
increased to 5.0 Vp,, showing a broadening of the targeted mass ejection
consistent with the results in Fig. 5a and c. As observed in Fig. 4a, the
methylation of neutral toluene from the m/z = 91 toluene ion leads to
the formation of m/z = 105 and small levels of m/z = 106. Therefore, the
targeted ejection of ions at m/z = 91 suppresses the formation of m/z =
105 and 106 ions due to the loss of the methylation reactant. When the
targeted ejection frequency is tuned to the m/z = 106 ion, an ejection
efficiency maximizes at ~67 %. This indicates ~29 % of the m/z = 106
ion population is the result of ion-neutral reactions and ~67 % of the m/
z = 106 ion population originates from the direct ionization of o-xylene.
The combination of these ion formation mechanisms accounts for ~96
% of the signal observed at m/z = 106.

The results reported in Fig. 5a-f demonstrate that the constructed
device has the ability to mass selectively eject ions from the STorIT re-
gion into the CIT with high efficiency and reasonable mass selectivity.
These results are consistent with the simulation studies conducted by
Gamage et al. which examined the ion transfer efficiency of an m/z = 90
ion from a STorlIT into a CIT [31].

4. Conclusions

The RIG and STorIT components of a novel SCIT device have been
fabricated and experimentally examined. The trapping capacity of the
STorIT component was evaluated by varying the number of ionizing
electrons injected into the RIG trapping and gas introduction region. The
resulting xenon signal was used to calculated the total number of
detected ions, and it was found that the STorIT component can suc-
cessfully store >2.5x10° ions. Moreover, these results indicate the
designed RIG can successfully transfer ions created within the RIG to the
STorlIT trapping region for analysis. At these high ion populations, the
measured xenon spectra showed only a slight diminishment of perfor-
mance, with typical spectral resolution measured to be between Am =
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0.5-0.6 amu for low to moderate ion populations and rising to >0.8 amu
at ion populations above 2x10°. These results demonstrate the STorIT
component can successfully store a large ion population with minor
degradation in performance.

A primary goal of the STorlIT region is to efficiency store ions for
sequential mass ejection into a centrally located CIT component for MS?
analysis. The trapping efficiency of the RIG and STorIT components was
evaluated by varying the storage time of xenon ions trapped within the
RIG and STorlT. The currently designed system found the xenon ion
population decreases exponentially with increasing ion storage time.
The loss of xenon ions is partially due to observed charge exchange re-
actions occurring between xenon ions and neutral hydrocarbons likely
outgassed from plastic structures used to assemble the trap; although,
this is considered a minor loss mechanism. Indeed, future SCIT designs
would benefit from the use of glass or ceramic components to alleviate
this outgassing issue. The primary xenon ion loss mechanism has yet to
be identified; however, the unique field formed at the point where the
RIG intersects the STorIT may be composed of unfavorable higher order
multipole components which could form weak local black holes and/or
black canyons resulting in ion loss over long storage durations.

Mass spectra for several organic compounds were also acquired and
examined. Toluene, toluene-D8, and o-xylene were first examined
individually. Mass spectra using a reverse scan with resonance ejection
and an AC frequency sweep were acquired. Mass peaks were observed
and are attributed to ion-neutral reactions. From these spectra the
STorIT demonstrated the ability to resonantly eject ions from the STorIT
trapping region into the CIT trapping region with reasonable mass

resolution.

Finally, the STorIT’s ability to selectively eject a single mass from a
bulk ion population was evaluated. Using the organic compound
mixture noted, we showed the STorIT component can selectively eject
ions with a mass resolution of +2 amu and an ejection efficiency ~87 %
when a 1.0-V ejection signal was used. Ejection efficiencies near ~100 %
can be achieved when using the appropriate ejection voltage. It was also
demonstrated that larger ion ejection mass windows can be realized by
increasing the applied AC voltage. Signals of 2.5 Vp,, and 5.0 Vj,, yielded
mass windows of +4 and + 7 amu, respectively, with ~100 % ejection
efficiency. Future work will focus on characterizing the trapping effi-
ciency of the CIT within the fully assembled SCIT, thus, providing a more
complete picture of the overall analytical efficiency of the constructed
SCIT device.

We have constructed and successfully demonstrated the analytical
utility of the RIG and STorIT components of an SCIT. Studies are
currently underway to examine the performance and analytical figures
of merit for a fully assembled SCIT device as a gas sampling unit. Future
studies will focus on the detection of externally generated ions via paper
spray ionization. The work reported is the first of several steps leading to
the development of an efficient and versatile miniature SCIT mass
analyzer for portable chemical analysis.
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