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Abstract

As a highly deployed field instrument for the detection of narcotics, explosives, and chemical
warfare agents, drift tube ion mobility spectrometry relies heavily upon the performance of
the ionization source and mechanism of ion beam modulation. For this instrumental platform
ion chemistry plays a critical role in the performance of the instrument from a sensitivity and
selectivity perspective, however, a range of instrumental components also occupy pivotal
roles. Most notably, the mechanism of ion modulation or ion gating is a primary contributor
to peak width in a drift tube ion mobility experiment. Unfortunately, physical ion gates rarely
perform perfectly and in addition to serving as physical impediments to ion transmission,
their modulation also has undesirable field effects. Using a recently developed modulated,
non-radioactive, X-ray source we detail the performance of an IMS system that is free of a
gating structure and utilizes the pulsed nature of the modulated x-ray source (MXS) for both
ion generation and initiation of the IMS experiment. After investigating the influence of pulse
duration and spatial X-ray beam width on the analytical performance of the instrument, the
possibility of using multiplexing with a shutterless system is explored. By increasing ion
throughput, the observed multiplexing gain compared to a signal averaged spectrum
approaches the theoretical maximum and illustrates the capability of the MXS-IMS system
to realize significant signal to noise improvements.

Keywords: lon Mobility Spectrometry; Non-radioactive lonization Source; Multiplexing; lon
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Introduction



By leveraging favorable ionization chemistries, atmospheric pressure ion mobility
spectrometers (IMS) routinely detect trace gasses at the parts per trillion level, even for
measurement times less than a second.[1] Consequently, commercial IMS instruments are
widely employed for the detection of toxic industrial compounds, drugs of abuse, explosives,
and chemical warfare agents.[2-5]. Furthermore, there is a substantial body of IMS literature
exploring a wide array of alternative applications of IMS ranging from food quality assurance

to rapid medical diagnostics.[6—10]

In a highly simplistic fashion the emergent property of gas-phase ion mobility is based upon
the average velocity of an ion population in a neutral buffer gas under the influence of a
weak electric field.[11-14] Additionally, provided accurate information regarding ion
characteristics (e.g. molecular conformation and charge location) and system parameters,
the mobility of an ion may be predicted with a reasonable degree of accuracy. However, the
critical, and often underappreciated aspect of ion generation often dictates the type of ion
observed during an ion mobility experiment. Not surprisingly, a wide variety of ionization
sources are employed to target selective reactant ion chemistry (i.e. indirect ionization) or
direct analyte ionization.[15] Soluble, polar, non-volatiles are commonly ionized using
electrospray while other non-volatile species are probed using direct ionization approaches
such as laser ablation.[16-18] Methods for ionizing gaseous analytes, however, often vary
greatly depending upon the application. Traditionally, IMS employ radioactive sources, such
as %Ni or 3H to generate a low density plasma of reactant ions capable of transferring a
charge to the target analyte in the gas-phase.[1, 19] While these sources do not require an

external power source and are virtually maintenance free, facile transportation of such



systems may prove problematic along with disposal of IMS systems at the end of the useful
lifetime. For the same reasons that radioactive sources serve an important role in field-
portable instrumentation, it is worth mentioning that radioactive sources cannot be shut off
which complicates compliant instrument maintenance. Due to the technical and regulatory
aspects of radioactive sources there is a growing demand for the development of non-
radioactive alternative ion sources. Common alternatives to radioactive ionization sources
include ultraviolet photoionization,[20] corona discharge,[21] dielectric barrier discharge,[22,
23] micro-plasma,[24] and non-radioactive electron emitters,[25, 26] or X-ray ionization.[27—
29] Though these ionization sources all find utility for a wide variety of analytes, not all of

these sources are compatible with pulsed operation.

In addition to the types of reactant ions formed by various ionization sources, their
compatibility with the type of experiment is another consideration. For example, when
coupling an ion source with an IMS cell care must be taken to ensure its operation is
compatible with the high voltage environment necessary to establish an electric field within
the drift cell. Once an ion source is chosen, the critical aspect of ion gating must be
addressed. In traditional IMS systems, ions are admitted into the drift region by an ion gate.
lon gates described in the literature include the commonly used Bradbury Nielsen gate and
the Tyndall-Powell gate,[30-33] but the field-switching shutter[1, 34, 35] and the more
recently published tri-state, three-grid shutter also serve to effectively admit ions into a drift
cell.[36, 37] While the performance of the tri-state and field-switching shutters can minimize
gate depletion these gating schemes are still physical structures within the drift cell. As a

consequence, ion transmission is strongly dependent upon the physical grid structures and



the magnitude of the electric field used during ion injection.[35] With a goal of maximizing
ion utilization efficiency there is merit in exploring IMS approaches that effectively eliminate

the physical gating structure.

Recently, the concept of a shutterless IMS was presented by Xu et al.,[38] using a pulsed
corona discharge and Cochems et al.[39] and Bunert et al.[40] that used a non-radioactive
electron emitter. That work primarily focused on a fundamental investigation of the
shutterless system (e.g. influence of electron penetration depth, electrical field settings and
ionization time). Compared to the previous investigations that were limited to constantly
emitting x-ray sources, the current x-ray source developed by Gendreau et al.[41]
incorporates an innovative method of generating discrete x-ray pulses by amplifying
electrons produced via the photoelectric effect followed by acceleration of the electron
cascade into a target. To highlight its compatibility with the IMS experiment, the modulation
of the x-rays is achieved by a standard 0-5 V TTL logic which modulates a UV LED (Source).
As a consequence, only the TTL signal needs to be modulated which obviates the need for
high voltage switching to achieve a pulsed x-ray system. By locating the X-ray beam path
orthogonally to the IMS drift axis, a narrow spatial range of analytes is ionized per pulse.
Because the physical ion gate has been removed from the system, the capacitive coupling
from gate closing and opening events with the Faraday plate is eliminated. This reduction in
electronic noise opens new possibilities for signal multiplexing, as pulse coupling into the

detector limits the effective gains in multiplexing gain observed in standalone IMS systems.



Experimental

To demonstrate the compatibility of the modulated x-ray source (MXS) with the IMS
experiment, we detail the influence of x-ray pulse width and spatial width of the X-ray beam
on the ion mobility spectrum in signal average mode. Subsequently, using 2,4-lutidine as an
initial example, we highlight the capacity of the MXS-IMS system to realize signal to noise
gains that approach the theoretical maximum multiplexing gain compared to the traditional
signal averaging experiment. As a first generation prototype, this system demonstrates a
high degree of promise given its relatively small size, adaptability, and demonstrated

similarity with the reactant ions produced by traditional sources.
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Figure 1. (A) Schematic of the IMS setup using the MXS ionization source. Pertinent
features include the use of a modulated UV-LED to create an electron cascade within the
channel electron multiplier (CEM). Electrons emitted from the CEM were accelerated into

an angled titanium target to yield the pulsed X-ray beam for ionization. (B). Photo of the IMS
setup including the MXS ionization source and blind holder for beam shaping.

Instrumentation. The drift tube used in this effort was constructed using printed circuit
board manufacturing approaches described previously by Reinecke and Clowers.[42] A
schematic of the MXS-IMS is depicted in Figure 1A. Based upon a stacked ring design with

an optimized electrode aspect ratio, the drift cell is composed of electrodes with a nominal



ID of 25.4 mm and a spacing of 2 mm. Using this geometry, over 95% of the drift cell area
is calculated to contain a homogeneous electric field.[43] The drift tube is terminated with a
Faraday detector connected to a transimpedance amplifier (Keithley 427) operated with a
gain of 10° and a 30 us rise time. The total functional drift length (i.e. the distance from the
center of the slit aperture to the Faraday detector) was 12.4 cm with electric fields ranging
from ~400 to 550 V/cm. In a significant departure from traditional designs, the present
configuration is not equipped with an ion gate to initiate the start of the experiment. Instead,
the MXS is used to generate a user-defined pulse of X-rays which generates a spatially
confined packet of ions within the IMS drift cell. The modulated x-ray source used in the
present work was developed by Gendreau et al.[44] and is capable of yielding nanosecond
wide pulses of x-rays characteristic of the target material. Compared to many x-ray sources
that generate constant radiation, the current configuration is designed specifically to
generate a well-defined pulse of x-rays and does not contain any active radioactive
elements. To achieve this outcome a TTL-modulated UV LED emits UV photons that are
transmitted through an optical window attached to an evacuated 1.33”, 6-way ConFlat cube
housing a modified channel electron multiplier (CEM) and target all held at a static ~10~7
Torr in a sealed apparatus. Though not shown in Figure 1, a short length of %" copper tube
protrudes from one end of the ConFlat cube. This tube, which was used to pump down the
MXS housing, was pinched closed and cut to realize the static vacuum needed for the CEM
operation. Given the effectiveness of this seal the MXS does not require active pumping
during operation. The total size of the MXS used in this effort was 14 cm x 10 cm x 10 cm

and was constructed using off the shelf components.



To realize x-ray generation, photons from the pulse UV-LED, after passing through the UV
window, are translated into electrons using a magnesium photocathode evaporated onto the
entry changes of the CEM. Amplified electrons exciting the CEM are then accelerated into
a titanium target with a user-defined potential (in this case 10.5 kV). Through this process
an x-ray pulse mimicking the TTL pulse used to modulate the UV LED is translated into a
packet of ionizing radiation that exits the evacuated housing through a 125 pym beryllium
window in a beam oriented orthogonally to the axis of drift motion within the IMS cell. A key
advantage of this x-ray source design worth restating is that the pulse of ionizing radiation
is fully controlled by switching the 5 V power supply of the UV LED, which allows the creation

of short but high intensity x-ray packets on a sub-us time scale.

As x-rays have a comparably high penetration depth in air,[28, 29] the x-ray source was
mounted in a way that any emitted beam penetrates the drift tube orthogonally to prevent
the generation of ions in a large area inside the drift tube as shown by Bunert et al.[28, 29]
To further decrease the area where ions are created and influence the spatial width of the
generated ions, a holder to accommodate aluminum blinds with different slit widths was
installed immediately below the beryllium window (See Figure 1B). These slits were milled
out of 500 ym aluminum to have nominal slit widths that ranged from 0.5 mm to 1.5 mm and
20 mm long. For select experiments a set of micrometer-controller razor blades were used
to incrementally adjust the slit width with ion currents being observed for slit widths down to

0.3 mm.



Sample Introduction. In a proof-of-principle application, gas-phase samples were
introduced into the drift cell immediately after the entrance slit. Due to the counter-current
flow of dried and sieve-purified drift gas (nitrogen at 690 Torr at 298 K) at ~500 mL/min
neutral analytes were swept into the target beam path for ionization. Headspace from 2,4-
lutidine was introduced via a gas-tight syringe (10 mL, SGE) through a 175 ym ID PEEK
tube at a flow rate of 10 mL/hr (See the lower portion of Figure 1B.). Excess gas and
unionized sample exited the system through an unrestricted aperture located at the entrance
of the drift cell. Though the front of the apparatus in Figure 1 was capped at the entrance

a specific notch in a FR-4 spacer was made to allow for the exit of the drift gas and sample.

Data Processing. Modulation of the MXS using a TTL waveform and data acquisition was
accomplished using the NIDAQ Tools module extension to IGOR Pro (Lake Oswego, OR)
and a NI-6030E Multifunctional DAQ card. Pulsing sequences derived from Hadamard
matrices were constructed using a modification to the polynomial construction method.[45]
Specifically, the duty cycle of the target sequences was adjusted downward to maximize
multiplier lifetime in a fashion similar to the approach presented previously by Clowers et
al.[46] Additional details regarding this experimental modification to the pulsing sequences
is presented in the subsequent sections.

Results and Discussion

Comparison of generated ions from 5Ni and the MXS. Prior to integrating the MXS with
the IMS system, the pulsed source was coupled with an LTQ XL (Thermo Fisher Scientific,
San Jose, CA) in an effort to characterize the range of reactant ions produced relative to a

10 mCi %3Ni source. Though mobility was not the objective of initial source characterization,



the apparatus used (not shown) was effectively a shortened stack of electrodes placed in
front of the LTQ XL inlet capillary. Because the stacked ring set could be biased relative to
the capillary inlet, the time ions produced by the respective sources could reside at
atmospheric pressure prior to entering the mass spectrometer and could similarly be
adjusted. Figure 2 illustrates a representative range of spectra obtained with the standard
83Ni source and the MXS in the negative and positive modes. Though small variations were
observed between the peak intensities, the overall identities of the ions remained the
constant between the two sources. These data illustrate the strong similarities between the
sources in terms of their ion production characteristics. The spectra shown in the top row,
Figure 2A and 2B, compare the 83Ni and the corresponding MXS when the voltage applied
to the 5 cm electrode stack was set to 500 V. Figure 2C and 2D illustrate the representative
spectra acquired for the two ionization sources when the total potential across the electrode
stack was set to 3 kV. All of the MXS data acquired in Figure 2 were obtained with a 10%

pulsing duty cycle.

Interestingly, no significant differences were observed with respect to ion identities between
the two sources suggesting that the ion chemistries available for use with MXS will mimic
those known for 83Ni. Given that the entrance to the stacked ring design attached to the ion
trap was exposed to laboratory air, the observation of a wide variety of species in the positive
mode was not entirely unexpected. It is worthy to note that the species observed in the
positive mode correspond to many of the ions previously reported by Kumbhani et al.
following a building floor treatment--an event that was also performed prior to the

experiments shown in this effort.[47] In addition to the known clusters observed in the



positive mode, the species observed in the negative mode also conform to well-established
ionization chemistries with nitrate as a terminal anion product.[48] An example of the nitrate
anion chemistry is shown in Figure S1 (Supporting Information). As the electric field strength
is reduced the residence time of the ions prior to entering the mass analyzer is increased
which enhances the concentration of the terminal, nitrate ion chemistry in air.[49, 50]
Figures 2B and 2D demonstrate the presence of the lactate anion,[51] which is not entirely
unexpected given the 3D printed housing fabricated using polylactic acid (See Figure 1B
and the blue CF cross housing). While subtle changes in ion intensity were observed
between the two ionization sources, a high degree of similarities was observed suggesting
that similar behavior would be expected for standard charge transfer and clustering

reactions commonly employed in IMS used in security and screening applications.
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Figure 2. Comparing the ions produced by %Ni and the MXS system as measured at the
inlet of the linear ion trap in both the positive and negative ion mode illustrates a high degree
of similarity. For clarity, 2A and 2C correspond to the reactant ions produced in the positive
mode for the radioactive and MXS system respectively. Plots 2B and 2D, demonstrate the
ions produced in the negative mode by the two ion sources as slightly different acceleration
voltages. Additional comparison regarding the raw intensities for the two ion sources and
nitrate anion chemistry can be found in the Supportingl Information.

Single Pulse, Signal Averaged MXS-IMS. In a traditional single pulse, single averaged
(SPSA) IMS experiment, a short packet of ions is injected into the drift region by altering the
potential on an ion shutter for a short period of time relative to the entire mobility experiment.
After traveling through the drift tube, the width of the ion packet at the detector is
predominantly governed by the initial ion gate pulse width (GPW) and diffusion.[52]
Contributions to the ion packet peak width is a function of the environmental parameters,

the average drift time, tq, and, in the case of an orthogonal, pulsed ion source, the ionization

time, tion. Effectively an orthogonal, pulsed ionization source introduces a new spatial
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contribution term that contributes to the observed peak width. In the present case, the
effective spatial width of the ion packet is determined by the ionization time of MXS (scaled
by the drift velocity), the spatial spread of the target analytes during ionization, and random
diffusion. Similar to the considerations made by Bunert et al. for a pulsed electron
emitter,[40] the temporal contribution of the spatial distribution of the ionizing radiation is
determined by dividing the beam width by the velocity of the respective ion, L/tq.
Consequently, the effective full width at half maximum (FWHM) for an ion population

generated in the MXS source is summarized in Equation 1.

16In2 kg T
qV

1
§ . .
FWHM = [ ] tq + (tion + slit W}jith.t d)2

(1)

Here, ks is the Boltzmann constant, T is the absolute temperature, q is the elementary
charge, V is the applied drift voltage, and L is the drift cell length. It is recognized that the
assumptions in Equation 1 are a first approximation to the behavior observed in the MXS-
IMS system.[29] Ideally, the temporal and spatial distributions would be mathematically
convoluted to yield a more rigorous theoretical consideration of ion packet width. Recent
work by Grabarics et al. introduces an extensive derivation of different peak models,[53]
however, a key factor not accounted for is the potential for the spatial spreading of the X-
rays passing through the slit. Though the width of the slit is considerable relative to the
wavelength of the X-rays the MXS source itself is not a point source. This contribution to the
spatial distribution of reactant ions is unknown and future efforts using orthogonal pulsed
sources will focus on this behavior. Even though Equation 1 warrants continued evaluation,

at a first approximation this relationship serves to effectively correct the shift in peak
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centroids as a function of tion. This correction will be discussed in the following sections and

demonstrated graphically in Figure S2.

Despite the capacity to observe the expected R, gains, it is also worthy to note that the
corrections to the arrival time distributions shown in Figure 3 and S2 do appear to conform
to the second half of Equation 1. Specifically, the drift times for each spectrum were
adjusted by a correction factor that accounts for the time of ionization and the salient feature
of signal processing where the peak location is identified as the peak centroid while the
physical timing of the data acquisition system occurs at t = 0. The factor used in this
experimental case was determined by dividing the slit width by the velocity of the target
analyte (e.g. Equation 1) and dividing this quantity again by half to correct for the difference
between peak width and centroid location. In many ways, this correction procedure mirrors
the standard practice of drift time correction used with physical ion grids commonly used in
ion mobility spectrometry.[54, 55] It is recognized that this correction factor is an
approximation as it relies upon the velocity of a specific species but the broad alignment of
peak centroids further emphasizes the need to account for the spatiotemporal
characteristics of the MXS. In an effort to evaluate this relationship, albeit somewhat
qualitatively, the relationship in Equation 1 were graphically evaluated with respect to the
different factors expected to impact peak width (e.g. diffusion, tion, and drift velocity). After
recognizing that as soon as an ion is created by the resulting reactant ions generated MXS
pulse it begins migration, an evaluation of this contribution to the observed peak shape is
considerable. In fact, for the limited range of slit widths on ionization times evaluated there

is limited agreement with Equation 1. Future efforts that incorporate a spatially sensitive ion
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detector could surely aid in answering the questions regarding the spatial spread of ions

generated using a modulated x-ray source.
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Figure 3. Representative ion mobility spectra acquired with the MXS at varying LED
modulation duration periods and no physical ion gate using a 10 us ionization time and
varying slit widths. Drift times were corrected as a function of slit width and ion drift
velocity. The correction procedure is outlined in Figure S2.
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Hadamard Multiplexing

Figures 3 and 5 show that resolving powers above 60 are achievable with the described
experimental configuration. However, the experimental conditions leading to this result,
specifically, a narrow x-ray slit and short ionization time, result in a reduced level of signal
to noise ratio even after 1000 averages. As the MXS source was already operated at
maximum target voltage and maximum CEM voltage, the only options to enhance the signal
to noise ratio are either increasing the slit width or the ionization time. As expected from
Equation 1, using wider slits would deteriorate the resolving power and is therefore not an
ideal option. Thus, increasing the duty cycle of the ionization source by using Hadamard
multiplexing is investigated in the following section. Instead of creating a single ion packet
per scan, the ion source is pulsed in a pseudo-random fashion and the spectrum is obtained
via circular correlation with the applied pulsing sequence. In this way, the signal to noise

ratio is increased while maintaining the high resolving power of the system.

Generation of the simplex sequences used in this effort were based on the set of binary
primitive polynomials and detailed in Appendix A.2 of Harwitt and Sloane.[45] The length of
a pseudo random binary sequence (PRBS) derived from Hadamard matrices is well-defined,
however, mapping any given sequence into the time-domain allows a degree of flexibility.
At a minimum, the time length for any given Hadamard multiplexing experiment applied to
IMS is directly related to the smallest time bin required for data analysis. For example, an
11-bit PRBS has a length of 2,047 elements (2'"'-1) and depending on the time resolution
assigned to each element the necessary experiment length may be adjusted. During the

standard construction Hadamard-derived simplex sequences (i.e. PRBS), the numbers of
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ones and zeroes in the sequence is practically equal, leading to equal on and off time and
thus a 50% duty cycle. However, in this particular case, in order to prevent overheating of
the CEM inside the MXS, the duty cycle of the source was kept below 15%. To achieve this
lower duty cycle, a modified simplex sequence was used. The approach to modifying the

sequence with respect to duty cycle is described in detail by Clowers et al.[46]

time

time
Figure 4. Schematic representation of the duty cycle reduction of a Hadamard pulsing
sequence that established conditions where each ion gate pulse width is effectively the

same. This latter point remains important to mitigate non-linear intensity variations with
ionization time or ion injection widths.

To visualize the concept of duty cycle reduction of the Hadamard sequence an example
sequence [1,0,1,1,0,1,0] is depicted in Figure 4 (upper strace). In order to reduce the duty
cycle from 50% to 12.5%, each element of the sequence is divided into 4 smaller bins.
Subsequently, only the first sub bins are kept and the following 3 sub bins are set to zero,

see Figure 4 (lower trace). The original pulsing sequence contained 2047 elements and
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when factoring in the sequence extension, the used modified sequence was comprised of
(2'1-1)*4=8188 elements with each bin corresponding to 10 us. Therefore, this sequence
leads to a measured drift time spectrum with a length of 8188*10 ys = 81.88 ms. The
spectrum acquired with Hadamard multiplexing was averaged 250 times leading to an
overall measurement time of 20.47 s. The length of the corresponding signal averaged mode
spectra that were collected for comparison was set to 0.25*81.88 = 20.47 ms. Therefore,
the SGSA spectrum was averaged 1000 times in order to realize equal measurement times

for the Hadamard multiplexing and signal averaged mode.[56]

Mideal = AX (4)

A is the cyclic matrix consisting of the pulsing sequence in the first row, which is
subsequently circularly shifted by one bin to create each row below. For the estimation of
the expected multiplexing gain, an error vector e is added, so that the multiplexed signal can
be written as

Mhoisy=AX+e (5)
For deconvolution, the multiplexed signal m is multiplied with the inverse of A, which is equal

to performing a circular correlation as A is a cyclic matrix:

xur=ATm-A'e = A'm-n (6)

The noise n; adding to each bin xyr,; of the demultiplexed signal can be written as

n=Y;A™tije (7)
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Assuming a sufficiently long pulsing sequence and e being white Gaussian noise, equation

7 can be rewritten as

ni= o7 5, (AL 1) (8)

Here, o is the standard deviation of e. Assuming that noise with the same standard deviation
o adds to a signal in signal average mode (i.e. xsa= x+e), the multiplexing gain for each bin
in terms of noise reduction can be written as

Gi=1/,/E,(Ai,j )2 (9)
To determine G; for the modified HT sequence used in this work, eq. 9 was evaluated in
Matlab. Interestingly we observed that G; is equal for each bin (i.e. the noise is distributed
equally over the demultiplexed spectrum). Furthermore, it appeared that G; is equal to the
multiplexing gain of the original pulsing sequence:

G=V211 —1/2 = 22.62
For additional details on the subtleties of pseudo random sequence creation, modification,
and stretching, readers are directed to the review article by Reinecke et al.[57]. As stated
before, the SA spectrum was averaged 1000 times and the HT spectrum for 250 times to
account for the extended length of the HT sequence and realize equal acquisition times for

better comparison. Therefore, the expected gain in the experiment is further reduced to

YISO _ ) a9 Go=
Gexperiment=Gi === 0.5*22.62= 11.31

In Figure 5 spectra for 2,4-lutidine measured in SA-mode and HT-mode are compared. A
statistical analysis of the noise in both spectra between 15 ms and 18 ms shows that HT-
multiplexing reduces the standard deviation of the noise by a factor of oSA/OHT =

0.146/0.025 = 5.84. Because no physical gate is pulsed that can capacitively couple with

18



the Faraday plate, the noise contribution from that factor is effectively eliminated using the
MXS system. While a detailed comparison between the MXS-IMS and a gated drift cell IMS
is beyond the scope of this investigation, the capacitive coupling of the grid pulsing can be
pronounced which drastically reduces the potential for the system to fully realize the
multiplexing advantage. Clever experimental procedures (i.e. sequence inversion) and
signal processing techniques can mitigate the impact of the gate ringing effect but they do
not fully eliminate noise contributions.[58] Figures S5-S7 present multiplexed data from an
IMS of similar design to the MXS build that contains a physical ion gate. These plots illustrate
the magnitude of the gate ringing that is often observed in a gridded system and its impact

on signal recovery.

For the present gridless ion source, the elimination of the gate ringing drastically constrains
the major contribution of noise compared to a traditional gridded IMS system. In such a
scenario this reduction in detector noise for a multiplexing experiment allows the ultimate
signal to noise ratio to align closer to the limits predicted by theory. The difference in the
measured noise reduction in the MXS-IMS experiment compared to the noise reduction
predicted by theory can be explained by the fact that only additive noise at the detector was
considered in theory neglecting different other sources of noise like chemical noise or Fano
noise that add to the ideal signal prior to multiplexing and cause lower measured gains than
predicted. However, it is worthy to note that this result largely conforms to theory and when
combined with the outlined rationale can be used as a benchmark for future comparison.[59]
Readers are also directed towards an additional comparison of the multiplexed and single-

pulse, signal averaged data shown in Figure 5A using a larger slit width (i.,e 1.0 mm
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compared to 0.3 mm in Figure 5B). Both slit widths illustrate the benefits afforded by
multiplexing of the ion signal without the use of a physical ion gate with approximate
multiplexing gains of 5.84 and 4.80 for Figure 5A and 5B, respectively. Most importantly,
these spectra highlight that without a physical ion shutter, capacitive coupling of the gate
pulse (i.e. gate ringing) that would normally be observed (e.g. Figure S5-S7) is entirely

absent when using the MXS.
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Figure 5. Direct comparison of the signal averaged versus the Hadamard multiplexing
approach using 2,4-Lutidine. A. corresponds to a blind slit width of 1.0 mm and panel B
represents the comparison for the 0.3 mm (i.e. razor blade slit). Because no physical gate
is pulsed that can capacitively couple with the Faraday plate the noise contribution from
this experimental factor is effectively eliminated using the MXS system. Compared to the
plots shown in the Supporting Information using a gridded system, the gridless instrument
here displays no gate ringing (as expected). The gain in SNR attributed to the multiplexing
experiment for this spectrum is ~4.8.
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Conclusion

In this paper a compact, grounded, pulsed x-ray source was used as primary ionization
source for gas-phase analytes measuring using an ion mobility spectrometer. Direct
comparison of the ion species generated by the modulated x-ray source largely identical to
those generated by the common beta emitter used in IMS (i.e. ®3Ni). This point is particularly
salient, as the MXS represents an non-radioactive alternative ion source that provides direct
access to the well-characterized ion chemistry of ¢3Ni. Additionally, and perhaps, the most
intriguing aspect of the MXS is the rapid discrete nature of the pulse x-ray beam and its use
as an ion generation and gating mechanism for IMS. As previously noted by Bunert et al.
the pulsed nature of the ionization source reduces the ion current generated which
minimizes the SNR for a standard single pulse, signal averaging approach. It is for precisely
these reasons that multiplexing is an ideal operational mode for a gridless IMS system.
Following this approach, we demonstrate the capacity of this first-prototype to realize

significant gains in signal-to-noise ratio when operating in a multiplexed configuration.
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