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ABSTRACT

Ion optics are crucial for spectrometric methods such as mass spectrometry (MS) and ion mobility
spectrometry (IMS). Among the wide selection of ion optics, temporal ion gates are of particular importance
for time-of-flight MS (TOF-MS) and drift-tube IMS. Commonly implemented as electrostatic ion gates,
10  these optics offer a rapid, efficient means to block ion beams and form discrete ion packets for subsequent
analysis. Unfortunately, these devices rely on pulsed high-voltage sources and are not fully transparent,
even in their open state, which can lead to ion losses and contamination. Here, a novel atmospheric-pressure
ion gate based on a resonant acoustic field structure is described. This effect was accomplished through the
formation of a resonant, standing acoustic wave of alternating nodes and antinodes. Alignment of an
15  atmospheric-pressure gaseous ion beam with an antinode, i.e. a region of transient pressure, of the acoustic
structure acted as a gate and blocked ions from impinging ion-selective detectors, such as a mass
spectrometer and a Faraday plate. The velocity of the ion stream and acoustic power were found to be
critical parameters for gating efficiency. In the presence of an acoustic field (i.e. a closed gate), ion signals
were decreased by as much as 99.8% with a response time faster than the readout of the ion-measurement
20  devices used here (ca. 75 ms). This work demonstrates the basis for a low-cost, acoustic ion gate, which is
optically transparent and easily constructed with low-power, off-the-shelf components, that can be used in

MS and IMS instrumentation.

INTRODUCTION
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Ion-based spectrometries are an invaluable resource for accurate, sensitive, and selective chemical

25  analysis. Techniques such as mass spectrometry (MS) and ion mobility spectrometry (IMS) use so-called
ion optics to shape the observed ions trajectories on the desired path. Analogous to light optics, the
individual components are used to focus, block, separate, and guide ion beams.! Ion gates, also referred to

as ion shutters, are a particularly important type of ion optic because they control the flow of ions. When

the gate is open, ions can proceed into a designated region, and when the gate is closed, they are blocked.

30  Pulsed ion spectrometries, such as time-of-flight (TOF) MS and drift tube (DT) IMS, rely on these gates to
form discrete ion packets for mass-to-charge and collision cross section measurements.>* As such,
electrostatic ion gates must operate in a variety of pressure regimes, from atmospheric pressure to high
vacuum, to meet the diverse requirements of the surrounding instrument.’ The opening and closing of the

gate divides the ions into discrete ion packets, which are advanced into the analysis region by applying an

35  injection pulse when the gate is open. The formation of ion packets and controlled release of ions from the
gate region ultimately dictate the resolution and sensitivity.’ Separation and uniformity of ion packets helps

to minimize peak broadening for time-dispersive techniques such as TOF-MS and DT-IMS.>*¢ Other
instruments, such as linear ion traps (LITs) use gates in the form of endcap electrodes to ensure that ions
remain in storage sufficiently long to be collisionally cooled, collisionally activated for dissociation, or

40  undergo other ion-molecular interactions, prior to mass analysis.’

Bradbury-Nielsen gates (BNGs) are commonly used in IMS instrumentation due to their ability to open
and close within nanoseconds.®!° This gate is formed from coplanar, interdigitated wires, where adjacent
wires are biased with alternating polarities relative to a reference potential (cf. SI1).>!° Spacing of the wires
ranges from 50 pm to more than 1 mm depending on the application.!" Wire diameter also varies from tens

45  to hundreds of micrometers.!! The combined diameter and wire spacing dictate the transmission and
efficacy of the gate, as the interplay of these two factors will influence the resulting cross section covered
by wires as well as the formed electric field. For the gate to transmit (i.e. gate is open), the wires are placed

at the same potential. The gate is closed when opposite polarity electric potentials are applied to adjacent
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wires, which establishes a strong electric field barrier larger than the ion beam’s momentum and causes the
50 ions to deviate from their initial path.>*!%!? While changes of tens of volts on the BNG are sufficient to
cause ion deflection and gating, it is common to reference the gate to the drift voltage of the IMS, typically
at kilovolt potentials.'!* Furthermore, the interaction between the BNG field and drift field behind the gate
leads to the formation of a depletion region, where ions that have not traveled far enough past the gate will
be pulled back towards the gate and neutralized.> Recent work has also shown that a depletion region exists
55  on the ionization side of the gate, due to the penetration of the closing field of the BNG into the ionization
region.'* Additionally, ions collide with the gate wires, which causes neutralization that leads to poorer
sensitivity and contamination.''""® Depending on the arrangement, in common instruments about 2 % to
20 % of the gate cross section is covered by wires.!! Although decreased wire spacing can lead to benefits
such as smaller applied voltages and faster modulation times, but with a sacrifice in optical transparency.!!
60  Maintenance and adaptation to different sizes and environments becomes challenging for BNGs, as it may
disrupt the wire spacing or break wires and lead to changes in the efficacy of the shutter by introducing
non-idealities in the electric fields.>'* Wire placement must be within 10-pum tolerance, as imprecision in
position leads to inconsistent deflection of ions and a less effective gate for wire spacings of less than

75 pm. !

65 The Tyndall-Powell ion gate (TPG) relies on a similar principle of pulsed electrostatic fields to deflect
ions. However, a TPG consists of two wire grids spaced apart by ca. 1 mm in the direction of the ion beam
and held at opposite potentials (c¢f. SI1).'* The sequence of grid potentials used depends on the polarity of
ions to be gated.!® For positive ion gating, the first and second grids are negatively and positively charged,
respectively, when the gate is closed. To open the gate, the polarity is reversed.'> While TPGs are simpler

70  to construct and easier to maintain, there are several drawbacks. The presence of two meshes leads to the
formation of a larger, well-defined depletion region between the screens,’ and there is more surface area for
ion losses and contamination.>*!*!® Additionally, the wider fill region of the TPG increases the time needed

for the ions to traverse the gate when open, which is typically on the order of milliseconds, resulting in
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wider ion packets.>!'*!¢!7 Changes to the gating potentials and timing of the fields can alleviate these
75  challenges and improve TPG transmission to near ideal, but require custom-built electronics and pulsed

high voltages (e.g., 5 kV) to be implemented.'®!®

A more idealized ion gate would be one that is easy to construct and maintain, as well as minimize
analyte-ion loss and contamination. One possibility for such an ion gate draws on a recently discovered
form of ion manipulation that is not based on external electric or magnetic fields, but instead utilizes

80 acoustic fields to redirect, focus, and deflect ions at atmospheric pressure.!® This acoustic ion manipulation
(AIM) phenomenon was initially shown through the interaction of a gaseous ion beam with a resonant,
standing acoustic field structure.'” The field can be formed through the interference of two opposing
longitudinal wavefronts of equal frequency and amplitude.?*?* Along the propagation direction of the

sound, alternating areas of stable and unstable pressure, referred to as nodes and antinodes, respectively,
yl . . . . :
85  are formed. Nodes repeat every > where A is the wavelength of sound in the propagation medium, while

antinodes are located in the space between nodes.?®?> When an ion beam is orthogonal to the resonant
acoustic field, gaseous ions preferentially pass through nodal regions, and are repelled from time-varying
pressures in the antinodes.!” Because there are no physical obstructions in the ion beam path ion
transmission with AIM should be better than electrostatic gates. Here, we characterize the critical
90  parameters for the control of ion transmission through an AIM ion gate with both MS and Faraday-plate

detectors.
EXPERIMENTAL SECTION

Ionization source. A pin-to-capillary flowing atmospheric-pressure afterglow (FAPA) ionization source
was used to generate a partially ionized beam of gas.?* The exact source design used here has been described
95 in detail elsewhere.?*2® Briefly, an atmospheric-pressure glow discharge was maintained between a pin
cathode and tube-shaped anode in a gastight chamber. The plasma was operated with a discharge current

between 5 and 15 mA with a custom-built high-voltage power supply (Prosolia, Inc. Indianapolis, IN) and
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sustained in an ultra-high purity helium support gas (99.999% pure, AirGas, Radnor, PA) with a flow rate
between 0.5 and 1.5 L min! (model C50L-AL-DD-2-PV2-V0-SCR, Sierra Instruments, Monterey, CA).
100  Gas flow from the source outlet was laminar and supported the mass transport of the ions to the detector.?”?®
In some cases, the exit capillary of the FAPA was biased between 0 and 100 V with a DC-power supply
(model 230-01F, Spellman, Valhalla, NY) to bias the polarity of ions exiting the source. For some
experiments, the ion beam was doped with aniline (99.5% purity, Millipore Sigma, Burlington, MA) by
flowing ultra-high purity nitrogen gas (99.999% pure, AirGas, Radnor, PA) over a small aliquot of liquid
105 aniline in a vial. Two fused-silica capillaries (101.0 pm i.d., 360.0 um o.d., Polymicro Technologies,
Phoenix, AZ) were punched through the septum of the vial to serve as an inlet and an outlet. Nitrogen gas
flow was regulated with a mass flow controller (GR116-06, Fathom Technologies, Georgetown, TX) and

was typically 0.06 L min™'. The outlet capillary from the vial was positioned between the exit of the FAPA

source and the acoustic resonator (cf. SI2).

110  Standing acoustic wave ion gate. A standing acoustic wave was formed with two opposing ultrasonic
piezoelectric speakers (TCT40-16R/T, HiLetgo, Guangdong, China) spaced 16 mm apart. Each transducer
was driven with a 20 V,,, sine wave (unless otherwise noted) from an arbitrary waveform generator (model
AG2052F, Owon Technology Inc., Zhangzhou, China), 180° out of phase with one another at their resonant
frequency of 37.8 kHz. The resonant frequency was determined with an LCR meter (B&K Precision 891,

115  B&K Precision Corporation, Yorba Linda, California). Since the speakers were driven out-of-phase, the
total applied voltage was 40 V., between the two opposing surfaces of the transducers. It is important to
note that the cases that surrounded the speakers were electrically grounded, thus no electric field was present
in the standing-wave region. Standing-wave formation was confirmed with an oscilloscope (InfiniiVision
DSQ-X 2024A, Keysight Technologies Inc., Santa Rosa, CA), driving one speaker as a transmitter, while

120  the other was connected to the oscilloscope and acted as a receiver. Under ideal resonance conditions,
standing-wave formation was achieved at the speaker distance corresponding to maximum output voltage

from the receiver.
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Figure 1: A schematic of the experimental set-up,
with the lonCCD as a detector. The vertical
alignment of the [onCCD shown here has the array
oriented along the y-axis. The IonCCD was
horizontally aligned when positioned along the x-
axis.

125  Ion detection methods. Three different detection methods were used to record ion-beam behavior. A
Faraday plate with a picoammeter (model 51097A, Keithley Instruments Inc., Cleveland, OH) provided
bulk ion-current measurements without the influence of a vacuum region. An insulating mask with a 7-mm?
round hole was placed over the Faraday plate to limit the detection area. lon beam position and signal were
monitored with an IonCCD detector array (IDS-2030, OI Analytical/CMS Field Products, Pelham, AL).
130  The 1D-array detector consisted of 2126 pixels, each 21 um by 1500 um with ~88% pixel area ratio,?’ and
was oriented in different directions to observe ion profiles. In vertical alignment, the array was oriented in
the same direction as the longitudinal acoustic wave propagation, while in horizontal alignment the lonCCD
was orthogonal to the acoustic-field structure (¢f. Figure 1). A Q-Exactive mass spectrometer (Thermo
Scientific, Bremen, Germany) was used to detect ions when the AIM gate was located directly before the
135  inlet to the vacuum environment of the MS. The maximum ion injection time and mass resolving power
were set to 200 ms and 70,000, respectively. The mass range was m/z 50 to m/z 200 to record lower-mass
ions produced from the FAPA source. During gate operation, the ionization source and detector were

separated by ca. 16 mm to accommodate the width of transducers used for standing-wave formation.
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SAFETY CONSIDERATIONS. Hazardous exposed DC voltages were present on the FAPA, and care was
140  taken to avoid contact with charged surfaces. Other personal protective equipment, such as gloves and
safety goggles, were used as necessary for each experiment. While the transducers may reach ca. 120 dB
at a driving voltage of 20 V., no hearing protection was necessary as the sound is highly directional with
a ca. 60° cone angle (-6 dB) in the orientation of the transducer.*® In addition, the frequency of ultrasound

used here (ca. 40 kHz) is not considered hazardous for human hearing.
145  RESULTS AND DISCUSSION

Much of the underlying theory behind AIM is still in development, due to the recent nature of its
discovery.' Previous work has demonstrated the broad capabilities of AIM, including deflection, focusing,
gating, and separation.'” Gating is of particular interest, as acoustic ion gates can efficiently block ions
using inexpensive and robust components. However, the impact of different acoustic field properties or

150 instrumental parameters on the efficacy of acoustic ion gates has not been detailed yet. As such, it was
important to validate acoustic-ion interactions with a variety of detectors to account for instrument effects
(e.g., vacuum pull and external electric fields) and develop optimized operational conditions for a variety
of detection methods. Initially, AIM gating was observed with Faraday plate detectors, as they can be
operated at atmospheric pressure and do not require additional electric fields. The FAPA source generated
155  atmospheric reagent ions that were sufficient for observing the interactions of a partially charged ion beam
with the acoustic gate. The support gas flow rate was selected to ensure efficient transport of ions from the
source to the detector, while the discharge current was kept low to prevent possible photon-induced signals
from the TonCCD detector used in accompanying experiments.’! Additionally, the presence of an electrical
bias on the FAPA source outlet had multiple benefits for the experiment, including a potential difference
160  that drove ions towards the lower potential (i.e. the detector), and enhanced unipolarity of the ion beam

towards positive ions.>*?
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Figure 2: Faraday plate ion current as a function of vertical position relative to the acosutic resonator. The FAPA outlet
(center) was aligned with the bottom speaker at a height of 0 mm. FAPA source conditions were 0.75 L min™' He flow,

165 3-mA discharge current, and +50 V applied to the source outlet. The speakers were driven with sine waves at 37.8
kHz, 40 V,.p.

A profile of ion response to the acoustic field was generated by recording the ion signal at different points
of height in the standing acoustic wave (y in Figure 1). The acoustic field was scanned between the FAPA
source and masked Faraday plate, so that different pressure regions were present in the ion beam path. A
170  sinusoidal pattern was observed (c¢f. Figure 2), where maxima occurred approximately 4 mm apart, as did
the ion-signal minima. This spacing reflected the expected distance between nodes and antinodes for the
given transducer frequency (37.8 kHz) in air, based on a theoretical wavelength calculated for a speed-of-

sound of ca. 340 ms™.!" 2 Previous work has demonstrated that the presence of an antinode in the ion beam
path shifts the ion beam by roughly % along the axis of acoustic-field propagation, or half the distance

175  between antinodes.!” Here, the ion signal declines by more than 85% when aligned with the acoustic
antinode under these conditions. It is important to note that the presence of multiple antinodes in the
resonant acoustic structure offers several locations that could be used for gating. The antinode in the center
of the standing acoustic wave was selected as the gate for subsequent experiments described here, to

minimize the chance of the speakers being in the path of the ion beam after deflection.
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Figure 3: Ion beam position with and without an acoustic gate
as determined by an IonCCD, which was oriented
perpendicular to the direction of acoustic field propagation.
FAPA source conditions were the same as in figure 2. The
acoustic field was driven with sine waves at 37.8 kHz, 40 V..

In the next experiment, the lonCCD was aligned perpendicular to the acoustic field structure (i.e.

“horizontal” alignment) to assess ion gating with the central acoustic antinode (¢f. Figure 3). In this
configuration, the total summed ion signal decreased by 88%, without any observed horizontal shift to the

185  beam position. The decline in signal was attributed to deflection of the ion beam above or below the detector
pixels. While the ion beam was ca. 3 mm in diameter based on the carrier gas beam width,?” the distance
between nodes and antinodes is 2 mm and covers the 1.5-mm tall pixels of the [onCCD. However, some

signal was still observed on the lonCCD after deflection, indicating that some ions may be able to pass
through the antinode region. This detector orientation is most comparable to alternate detectors, such as the

190  Faraday collector and MS, where the gate function also depends on the deflection of ions outside of an

acceptance region.

As ion gates are an important optic for both vacuum and higher-pressure ion spectroscopy
instrumentation, direct comparisons of gate function with Faraday plate, [onCCD, and mass-spectrometric
detection were made. The ionization source parameters were kept constant across experiments to study the

195  impact of different instrumental features (e.g., vacuum and external electric fields). It is important to note

9
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that transmission through the open gate was defined as 100%, as there was no physical obstruction in the
ion beam path, unlike electrostatic gates (cf. SI 3). Closed-gate transmission was calculated as shown in

Equation 1

I
%T = 100 * A 0

0

where %T is the transmission, /y is the signal when the gate is open, and / is the signal when the gate is
200  closed. Error is the standard deviation of three calculated transmissions. Here, transmission signifies that
ions are unintentionally passing through the closed gate. As such, it is considered analogous to leakage and
the two terms are used interchangeably. For Figure 2B, transmission was calculated to be 13.2 = 0.5% from
the integrated ion current when the lonCCD was horizontal with respect to acoustic field propagation. For
the Faraday collector and mass spectrometer, transmission was calculated based on ion current or
205  reconstructed total ion current (RTIC), respectively. Transmission through an antinode was 18.2 +2.0% and

66.5+2.8% with the Faraday collector and mass spectrometer as the detector, respectively (cf. Figure 4).

Although the same source conditions were used, the leakage of ions through the closed gate varied
significantly. Minor differences in leakage between the lonCCD and Faraday collector can be attributed to
differences in detector cross section. Much greater ion leakage was observed with the mass spectrometer,

210  however, possibly due to instrumental effects. The pull of the vacuum environment of the mass spectrometer
through the atmospheric-pressure interface produces a negative pressure region and offers an additional
force to pull the ions towards the MS inlet through the antinode. Simulations and experiments have shown
that the flow rate of gas into an MS inlet capillary is between 1.5 and 2 L min™' for a 58.5-mm tube with
0.58 mm i.d. and differential pressure of ca. 1000 mbar, which is similar to the inlet of the Q-Exactive used

215  here.*?

10
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Figure 4: Comparison of ion transmission through a
closed gate operated at 40 V,., for the IonCCD,
Faraday collector, and MS detectors with the same
source conditions (He flow rate: 0.75 L min,
discharge current: 3 mA, front plate bias: 50V), and
acoustic field conditions (37.8 kHz).

The impact of instrumental features on acoustic ion gating is clear, however it is also important to

understand the role of acoustic power in AIM deflection. The degree of ion blockage from a mass

220  spectrometer was determined as a function of applied voltage to the transducer array and acoustic power.
At low applied amplitudes, between 0 and 20 V., little loss in ion signal was observed (cf- Figure 5a). At

30 V,.p, however, ion signal decreased by ca. 50%, and then almost completely blocked at 40 V... More
interesting, however, was the relation between the acoustic power and transmission through the antinode.

The acoustic power is related to the driving voltage of a transducer as shown in Equation 2

Vpeak2 (2)
Pacoustic X R

11
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Figure 5. A) Total ion signal transmitting through the acoustic gate as a function of ultrasonic speaker voltage. B) Transmission
through the gate as a function of theoretical acoustic power in the antinode. Acoustic power was calculated with the applied voltage
and characteristic impedance (900 Q) of the transducer at resonant frequency as described in equation 2. Source conditions were a
flow rate of 0.5 L min"! and a discharge current of 15 mA. A mass spectrometer was used as the detector.

225
where Pacousic 1S the average acoustic power, Ve is the peak voltage of the sine wave, and R is the
impedance of the transducer. Overall, a greater degree of ion blockage was observed at larger acoustic
powers. There was a slight inconsistency in this trend between an acoustic power of 0 and 0.01 W, where
ion signal increased in the presence of a weak acoustic field, but this is not statistically significant (p = 0.5).

230  Although an exact explanation for this discrepancy is unknown, it could be attributed to changes in the
vacuum environment around the mass spectrometer inlet caused by the low powered acoustic field. Ion
leakage decreased linearly between 0.06 W and 0.2 W, with the lowest transmission of 2.2 + 1.6%
(cf- Figure 5b). Alignment of source, antinode, and detector must be carefully controlled, so that the ion

beam impinges upon the gate where the acoustic power is strongest to yield maximum deflection.

235 Unsurprisingly, the velocity of the ion beam v, increased by a higher gas flow rate (v = O/A with
Q being the flow rate and A the orifice area) or a repelling electric field (v = KE with K ...), had a strong
relationship to the leakage of the AIM ion gate. Generally, transmission through an acoustic ion gate
increased monotonically with the average linear velocity of the gas (¢f. Figure 6a). There was a small

discrepancy between the two slowest velocities, 3.8 and 6.1 m s™!, that we attribute to the gathering of slow-

12
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240  moving ions by the mass spectrometer after deflection occurs. Importantly, the differences in measured

transmission between these flow rates was not statistically significant (p value =0.1).
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Figure 6: A) Transmission of ions through an antinode into a mass spectrometer depends on the linear
velocity of the ion beam. The source was operated at helium flow rates 0.25, 0.4, 0.6, 0.8, and
1.0 L min™'. with a discharge current of 15 mA. B) Transmission through an antinode was studied based
on potential difference between the source and MS inlet. The distance between the biased source outlet
and mass spectrometer inlet was ca. 20 mm. The source was operated with at a flow rate of 0.75 L min™!,
and a discharge current of 10 mA.

Similar to the gas flow rate, the presence of a DC electric field between the source and MS inlet in

the direction of ion motion will also impact the kinetic properties of the ion beam. By biasing the exit

245  capillary of the FAPA between 0 and 100 Vpc, the ions were pushed toward the mass spectrometer at higher
velocities based on the potential difference. The inlet of the mass spectrometer is effectively at ground
potential and does not contribute significantly to the ion velocity. As the ion beam was composed of many

ion species with different mobilities, an accurate estimation of average ion velocity (v;), was not possible.
Nonetheless, under ambient conditions, the ion motion under external electric field is governed by the

250  Nernst-Einstein relation, resulting in a linear velocity response of the ions under the presence of a static
electric field. Here, the average linear velocity was estimated by referencing the experimentally determined
transmission at different gas flow rates. It was found that lower potential differences (i.e. below 30 V) had
average linear velocities of ca. 14 m s, and little change in ion leakage through the closed gate was

observed. Between a potential difference of 30 V and 100 V, the closed-gate transmission increased linearly
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255  with rising field strengths (cf. Figure 6b). At the greatest potential difference of 100 V, the ions had an
estimated average linear velocity of ca. 16 m s and more than 90% leakage was observed. It can be
summarized that electrostatic acceleration of ions to a higher average velocity led to a similar effect as

observed in the case of ion velocity determined by flow rate.

While the exact mechanism responsible for ion deflection is still unclear, it is likely that the

260 increased transmission observed at higher ion velocities was a result of fewer ions being deflected. Previous
work has shown that the deflection of ca. 5-um particles with a standing acoustic field is less effective at

high flow rates. 3*3 It is important to note that the particles in these studies are significantly larger than gas-

phase ions, and often in solution during acoustic interactions. Velocity is also a key component in the
deflection of charged particles in electric and magnetic fields, where fast-moving ions are less impacted by

265  field forces.! Likewise for AIM, it is apparent that momentum, collision cross-section and/or kinetic energy
are critical for determining whether an ion will overcome the acoustic energy barrier (i.e. antinode). Clearly

the degree of ion blockage by the acoustic ion gate can be altered through control of average ion velocity.

N
o
1

lon Signal (Counts/10°)
>

0 : ' A,
0 1 2 3 4

Time (min)

Figure 7: Total ion chronogram at optimized conditions (flow rate: 0.5 LPM, discharge current: 15 mA, 0V
270  applied bias) with one ion gate. Shaded regions indicate the gate is closed. Resolving power was set to
17,500 and injection time to 50 ms to maximize spectral acquisition rate (13.3 Hz).
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Following this line of thinking, the acoustic ion gate was most effective when average ion velocity

was minimized by operating the ionization source without an external electric field at a helium flow rate of

0.5 L min™'. At these conditions, the gate leakage as observed with MS was 1.8 + 1.3% (cf. Figure 7). Unlike

275  a BNG, which can obstruct ion passage by up to 20% even when the gate is open,'! the acoustic ion gate
allows all ions through when in the open state. Not only does this provide 100% ion throughput in the open

state, it also eliminates any potential contamination due to interactions with a physical surface. Additionally,
theoretically the gate can be opened or closed within tens of microseconds, which is on par with gate
opening times required for IMS, between 50 and 200 ps (cf. Figure 7).° The standing wave is formed upon

280  superposition of the two opposing wavefronts, so the turn-on time is estimated to be 23 ps, as that is the
time it takes a ca. 40 kHz wave to travel half of the distance between the ultrasonic speakers, which are

spaced 16 mm apart.*® This duration is less than the scan time of the mass spectrometer (ca. 75 ms) when
operated at a resolving power of 17,500 as observed in Figure 7 and would suffice as a temporal gate in

most linear drift tube IMS instruments. As such, the gate was established within one mass-spectral scan and

285 finer detail could not be observed.
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Figure 8: A) Total ion chronogram of single and dual ion gating. The lighter blue shading indicates
one gate is present, while the darker shading indicates two gates are present. The source conditions
were a flow rate of 0.5 L min™! and a discharge current of 15 mA. B) Average ion signals are given

for when zero, one, or two acoustic gates are present in the ion beam path.

The wide variety of transducers and easily controlled field properties (e.g. frequency, power) make

acoustic gates ideal for customization and tailored design. For example, it is possible to add a second gate

290  in sequence without much additional size, weight, and power. In these experiments, the acoustic ion gates
were powered from the same function generator, but on different channels to enable independent operation.
Additionally, the acoustic fields were separated by ca. 1 cm to accommodate the transducer casing and

holder. The addition of a second gate required the ionization source to be moved back an additional 16 mm

to accommodate the width of the additional transducers. Otherwise, ionization source parameters were the

295  same as in single gate experiments and the transducers were driven at 37.8 kHz, 40 V,,. With a second
gate, leakage declined to 0.2 & 0.1% for a flow rate of 0.5 L min™' (¢f. Figure 8), a 10-fold improvement

over a single acoustic gate. Additionally, the presence of two gates decreased transmission for ions at higher

flow rates, indicating the adaptability of acoustic gates for a variety of potential experimental conditions.

For a flow rate of 1 L min’, the transmission through two gates is 3.8 + 1.1% (cf. SI 4). Non-zero

300 transmission for a single ion gate can be attributed to ions penetrating through the antinode due to their

unique speed or alignment with the acoustic field. lons within the laminar flow of the bulk beam may move
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faster or slower than the average linear velocity of the beam and may be aligned with the area between the
node and antinode rather than with the antinode itself.>” One possible explanation for this behavior is that
ions which were not deflected by the first gate could be deflected by the second. The use of a second gate
305  decreased leakage to be comparable to BNGs and TPGs, which are capable of blocking more than 99% of

ions.

100 -

B 2] -]
o o o
1 L L

lon Signal (Counts/108)
8

0 1 2 3 a
Time (min)

Figure 9: Extracted ion chronogram for
aniline (m/z 94.0655), where shaded
regions indicate the gate is closed.

Lastly, acoustic gating was applied to a small molecular compound to show efficacy for potential

MS and IMS analytes. Aniline is a common commodity chemical and could be of interest due to its presence

310  in many organic syntheses. Here, the ion beam was doped by passing nitrogen gas (0.06 L min™") over a vial
with aniline and introducing the resulting gas stream to the FAPA ion beam. The protonated molecular ion

of aniline was observed at m/z 94.0655 and exhibited transmission of 10.9 + 4.6% through the ion gate,

which was operated at 37.8 kHz and 40 V., (¢f- Figure 9). It is important to note that the introduction of

aniline was done in the open-lab atmosphere, possibly contributing to the variability in signal due to ambient

315  air currents. Disruptions to the exit flow of aniline from the vial by drafts led to inconsistent introduction
of aniline to the FAPA beam and the reagent ions, and therefore caused inconsistent ionization efficiencies.
However, it is still clear that the acoustic gate was able to block aniline post ionization from entering the

mass spectrometer.
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An AIM gate is comparable in basic function to an electrostatic gate, in terms of gating time and

320  blockage efficiency. However, an acoustic gate has clear advantages in terms of ease of construction and
support electronics. Traditional BNGs need to be biased above the drift potential in IMS instruments to

reach the onset voltage for gating and often require custom-built electronics.!* In contrast, an acoustic

gate blocked more than 97% of ions without the use of electric fields in the gating region. The transducers

for acoustic gating are operated at low driving voltages using commercially available power supplies.

325  Additionally, the speaker components of the acoustic field are inexpensive (below $1.00 USD each) and
casily replaceable. No electric shielding or isolation is necessary between acoustic gates either, as there are

no electric fields present in the standing acoustic field region. Overall, the qualities of an acoustic-based

ion gate make them user-friendly and inexpensive in comparison to traditional electrostatic lenses when

implemented in ion-spectroscopy instrumentation.
330 CONCLUSIONS

This work demonstrates the possibility for a low-power, acoustic-based ion gate. Unlike several popular
ion gates, such as a Bradbury-Nielsen or Tyndall-Powell gate, an AIM gate is 100% transparent, which
reduces the possibility of analyte ion loss or sample contamination due to physical collisions with the gate
mesh. Because there are no electric fields in the gating region, this gate does not impact sensitivity due to
335  the presence of a depletion region. Additionally, it is constructed and powered with commercial electronics,
eliminating the need for custom-built components. The acoustic ion gate is capable of operating at high
pressures, such as for IMS analysis, and can interface with atmospheric pressure inlets, such as on a mass
spectrometer. While more work is required to understand the underlying causes of gating behavior, we
present the first steps towards developing new techniques for ion manipulation at atmospheric pressure

340 without the use of electrostatic forces.
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