An ambient detection system for visualization of charged particles
generated with ionization methods at atmospheric pressure
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RATIONALE: With the current state-of-the-art detection of ions only taking place under vacuum conditions, active pixel
detectors that operate under ambient conditions are of particular interest. These detectors are ideally suited to study and
characterize the charge distributions generated by ambient ionization sources.

METHODS: The direct imaging capabilities of the active pixel detector are used to investigate the spatial distributions of
charged droplets generated by three ionization sources, named electrospray ionization (ESI), paper spray ionization (PSI)
and surface acoustic wave nebulization (SAWN). The ionization spray (ESI/PSI) and ionization plume (SAWN)
originating from each source are directly imaged. The effect of source parameters such as spray voltage for ESI and
PSI, and the angle of the paper spray tip on the charge distributions, is investigated. Two types of SAWN liquid interface,
progressive wave (PW) and standing wave (SW), are studied.

RESULTS: Direct charge detection under ambient conditions is demonstrated using an active pixel detector. Direct
charge distributions are obtained of weak, homogeneous/focused and dispersed spray plumes by applying low,
intermediate and high spray potentials, respectively, for ESI. Spray plume footprints obtained for various angles of
PSI shows the possibility to focus the ion beam as a function of the paper angle. Differences between two designs
of the SAWN interface are determined. Droplet charge flux changes are illustrated in a way similar to a total ion
chromatogram.

CONCLUSIONS: The use of this active pixel detector allows the rapid characterization and optimization of different
ambient ionization sources without the actual use of a mass spectrometer. Valuable illustrations are obtained of changes
in spatial distribution and number of charges detected for ESI, PSI and SAWN ion plumes. Copyright © 2015 John Wiley
& Sons, Ltd.

Mass spectrometry (MS) has become one of the most sensitive,
accurate and informative analytical tools for a broad
community. The use of MS has flourished in both industry
and research, with applications ranging from the analysis of
simple residual gas mixtures to complex organic materials,
providing an imposing testimony to the value of this
technique."? The desire to mass spectrometrically analyze
large numbers of samples at the point-of-use in the areas of
biomedical, clinical, environmental research and public safety
monitoring led to the development of ambient ionization
techniques. The capabilities of ambient ionization (AI)
methods are particularly well suited to these high-volume
applications in that sample preparation is minimized and/or

not required.””! Ambient ionization mass spectrometry (AI-MS)
methods have shown extraordinary performance due to their
simplified analysis procedures.

AI-MS is considered to be a relatively new paradigm that
facilitates both sampling and ionization of analyte(s) under
ambient conditions with little or no sample preparation.*!
However, electrospray ionization,®! first presented in 1984,
could be argued to be the first AI-MS technique, since it
generates ions at atmospheric pressure. Since this time, many
other ambient ionization techniques have emerged. Techniques
such as desorption electrospray ionization (DESI),'® direct
analysis in real time (DART), plasma-assisted desorption/
ionization (PADI) and low-temperature plasma (LTP) probes
have all demonstrated their usefulness. More recently,
simplified, low-cost Al techniques such as surface acoustic
wave ionization (SAWN) and paper spray ionization (PSI) have
also been developed.

In SAWN, a surface acoustic wave is used to transfer
energy into a liquid droplet resulting in nebulization of the
liquid."”? This nebulized plume can be aspirated into a mass
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spectrometer where various mechanisms can result in the
production of ions.® ™! The mechanism of SAWN ionization
is considered to be similar to the statistical charge imbalance
methods"?**! which produce ions from other unbiased
droplet ionization sources, such as thermospray,'*'>! sonic
spray,"® from droplets produced by focused sonic waves,
or the bursting of bubbles at the surface of a liquid.!"”!

PSI, developed in 2010, uses filter paper cut in a triangle
shape and wetted with a small volume (<10 pL) of
solution.™® Analyte(s) can be preloaded onto the paper and
ions are generated by applying a high voltage to the paper
triangle. The mechanism for the extraction of droplets from
the edge of the paper and the subsequent production of ions
from the droplets is thought to be similar to the mechanisms
seen in nanoelectrospray.*?%!

Almost all state-of-the-art ion detection systems used in MS
operate under high or ultra-high vacuum. In order to
characterize and optimize ambient ionization sources for
MS, investigations into the optimum source operating
conditions are typically carried out by measuring the signal
at the end of the mass spectrometer. In some cases, the
ionization plume evolving from Al sources has been studied
experimentally under ambient conditions using a microscopic
camera,?!! or water-sensitive paper. 22 Theoretical investigations
of Al sources using simulation tools such as COMSOL**!
have been reported. However, none of the empirical methods
used in the study of Al sources under ambient conditions
gives an accurate intensity profile along with visualization
(i.e. spatial information) of the charge distribution in the
evolving ionization plume.

Previously, the use of a new imaging detector (Timepix) has
been demonstrated with MS technologies such as quadrupole
mass spectrometryml and secondary ion mass spectrometry
(SIMS)***! on a time-of-flight instrument. We hypothesized
that as the Timepix detector can operate at ambient pressure
it could be used to detect and image the liquid plumes
generated by a variety of atmospheric pressure liquid
interfaces for MS such as electrospray, paper spray and
SAWN. If the spray plume could be imaged, Timepix would
offer the opportunity to study or quantify the processes or
characteristics of the plume and would also provide feedback
that could be used to optimize the interface conditions.

EXPERIMENTAL

Ionization techniques
Electrospray ionization

Electrospray produces ions by applying an electric field to a
solution passing, with a weak flux, through a capillary tube
from which the solution is nebulized to form a spray of small
charged droplets at, or near, atmospheric pressure. Two
models exist to explain the ion generation process, known
as the ion evaporation model (IEM)®?® and the charge residue
model (CRM).[27] In the IEM the electric field strength at the
surface of the droplet reaches a certain point at which
solvated ions are expelled. In the CRM the droplets
experience evaporation and fission cycles; as the droplets
become smaller due to solvent evaporation, increasing
ion-ion repulsion leads to droplet fission. This reduction in

droplet size followed by fission continues until individual
ions, pre-formed in the solution, appear in the gas phase.
The current thought is that both models are true — but that
IEM dominates for small ions and CRM for large ions. For
experiments with electrospray, the needle is placed
horizontally in front of the Timepix detector. The tip diameter
(ID) of the ESI needle is 20 pm. The flow rate is 36 pL/h.
Electrolyte solutions with a standard ratio of 1:1 H,O and
MeOH were used. No sheath gas was used. The distance
between the source and detector is fixed at 0.5 cm. The spray
plume is generated and will be detected upon arrival at the
Timepix detector.

Paper spray ionization

Paper spray ionization makes use of paper, macroscopically
cut to a sharp point, as a fluid reservoir and transportation
material."®! Samples can be preloaded or pre-absorbed by
the paper before it is wetted with a solvent to make it
conductive.'”! The sharp point establishes a high electric field
at the tip needed to cause the liquid to form an electrospray,
resulting in ionization.**! Whatman paper (Whatman cellulose
filters, Grade 1; Sigma Aldrich, St. Louis, MO, USA) with a
thickness of 180 pm is used. High voltage is applied by means
of a clamp at the bottom of the paper triangle, thereby
positioning the paper horizontally and directly pointing it at
the Timepix detector. The distance between paper and detector
is fixed at 0.5 cm. In the experiments reported here with paper
spray, we have used paper triangles with a base of 1 cm and a
tapered cone with four different angles of 30°, 45°, 60° and
90°. The paper is pre-wetted with a volume <10 pL of an
electrolyte solution with a standard ratio of 1:1 H,O and MeOH.

SAWN

The SAWN chips used here had interdigitated transducers
(IDTs) printed in gold on top of a lithium niobate piezoelectric
wafer by a previously described photolithographic process.!
An alternating potential of 10 MHz is applied to the IDTs via
a signal amplifier. Two versions of the SAWN chip are
available: one that generates a progressive wave (PW) in the
surface of the piezoelectric wafer. The second generation of
chips has two IDTs printed facing each other. In the latter case
two traveling waves are generated, thereby creating a
standing wave (SW) between the transducer arrays. For PW
chips a sample aliquot is deposited on the surface of the
SAWN chip in the path of the IDT-produced SAW or in the
case of the SW chips in the center spot between the IDTs.
When subjected to the SAW, the liquid is desorbed and
charged, resulting in a droplet/ion cloud having a kinetic
energy component directed upwards, toward the Timepix
detector. The detector is positioned 1 cm above the SAWN
chip. This ionization method has been proven to work with
MS analysis when the SAWN chip was positioned below
the atmospheric pressure inlet of the mass spectrometer.”!
For this experiment, an additional electrode was printed on
the chip, in the path of the wave, to allow an external
potential to be applied to the liquid aliquot deposited on the
SAWN chip prior to nebulization in order to increase the
number of excess charges on the surface of the droplets
produced as a result of nebulization. Electrolyte solutions
with a standard ratio of 1:1 H,O and MeOH were used with
0%, 1% and 10% NH,OH.



Charge distribution determination

The Medipix2?®!/ Timepix chips®” are active pixel detectors
developed by the Medipix collaboration and hosted by CERN
(Medipix collaboration™™). The Medipix/Timepix family has
found its way into MS, e.g. for imaging and diagnostic purposes
of TOFMS instruments.'*! The in-vacuum use of these
detector involves the placement of microchannel plates (MCPs)
in front of the Timepix read-out chip.’® The impact of ions
exiting the mass analyzer on the MCPs produces electron
showers, which are subsequently detected by the readout
chip. The dimension of an individual Medipix/Timepix chip
is 1.4 x 1.6 cm® The major characteristics of this application-
specific integrated circuit (ASIC) are 256 x 256 pixels, with a pitch
of 55 um, no electronic noise and pixel level functionality. Here,
we have used the Timepix chip without preceding MCPs. This
enables direct charge detection under atmospheric conditions.

In this investigation the results are produced using the
Timepix chip operating in event counting mode and in Time
over Threshold (ToT) mode. In the event counting mode, each
pixel registers a count when the number of impinging charges
exceeds a pre-set threshold, typically 600 charges. After the
charge level drops below the threshold on a pixel the pixel
is ready to receive a subsequent event.

In the ToT mode the pixel registers how many clock cycles the
pixel remains above a pre-set threshold. As the rate at which the
surface of the chip discharges is constant, the time that the chip
remains above the threshold is a measure of the amount of
charge that was supplied in an event. In addition, the spatial
information of ions in two dimensions (i.e. their x-y positions)
is registered.

Whichever mode is used, this generation of the Timepix
system can record and store an image of the events, which
have been recorded by every pixel, at a rate of 10 Hz. These
images can be thought of as frames in a movie and offer the
capability to record how a charged particle stream has varied
over time. All images were acquired with a 10 Hz frame rate
and a frame acquisition time of 50 ms.

The chip is controlled via a dedicated acquisition and

control software and graphical user interface, "Pixelman".**

Setup

For both ESI and PSI the spray source is mounted horizontally
and the detector vertically, so the spray plume has a direction
orthogonal to the plane of detection (see Figs. 1(a) and 1(b)).
An experiment is performed by recording 100 frames under
the same conditions.

For the SAWN experiments the active pixel detector is
positioned above the SAWN chip, parallel to the chip, so that
the upward directed plume generated by the SAW is
orthogonal to the plane of detection (see Fig. 1(c) for the PW
and the SW chips). Various electrolyte solutions were used for
the experiments reported with SAWN. For a typical
experiment, acquisition of the frames on the detector is started
and an aliquot is added on the center spot of the SAWN chip.
The nebulized plume is generated and the ion cloud is detected
by the Timepix detector. Part of the kinetic energy that the
charged droplets obtain is predominantly directed upwards
with respect to the plane of the SAWN chip. This enables us
to analyze the plume with the detector positioned a distance
d above the SAWN chip. The plume generated by SAWN

is, however, potentially also affected by convection and
turbulence. Small flows of air will have an effect on the
number of detected particles. The setup is shielded to
prevent the influence of air flow around the system.

RESULTS AND DISCUSSION

Visualization of electrospray ionization

The spray plumes originating from the electrospray needle
were analyzed using the Timepix detector at different spray
voltages. The generated spray plume travels 0.5 cm towards
the detector and is integrated over 100 frames, of 0.1 s/frame,
and the summed image yields the distribution of the total ion
current and the spray footprint. Figure 2 is a 3D representation
of a z-stack of 2D contour maps that shows the variation in
spatial distribution of the spray plumes for different ESI
voltages. We observe a radially dispersed spray plume with
higher intensity in the center of the plume at a lower spray
voltage of 2.0 kV. For lower voltages we observe a weak spray
that is unstable. An increase in the applied spray potential
to 3.5 kV leads to better focusing of the spray plume directed
at the detector. The focused spray plume shows a more
homogeneous distribution in intensity. With a further increase
in the spray potential to 3.9 kV the ESI plume becomes unstable
and separates into multiple sprays that are observed as
distinctive lobes in the Timepix image. The effects of space
charge will increase with applied potential for the same spray
volume. The Coulombic repulsions within the ion plume and
the increase in electric field strength determine the extent of
the observed effect. A local surface oscillation potentially
creates optimal spray conditions at multiple locations. Figure 2
gives a good illustration of the change in spatial distribution of
emitted charges and overall intensity for increasing ESI voltage.
The dispersion of the plume at higher ESI voltages results in a
decrease in the measured ion intensity detected in the mass
spectrometer. The optimal distribution for MS analysis is a
homogeneously distributed, focused spray, so that with use of
the atmospheric pressure inlet a larger population of droplets
can be directed into the mass spectrometer. This is the case for
intermediate spray potentials.

Visualization of paper spray ionization

The spatial distribution and the spray intensity profile of the
ionization plume originating from PSI were studied for four
different angles of the paper tip. The angle of the paper tips plays
a major role in the generation of the spray. Figures 3(a)-3(d)
show the spray plumes for tip angles 30°, 45° 60°, 90°
respectively. The spray voltage was maintained at 4.6 kV. Each
image consists of an integral over 100 acquisition frames
measured from the Timepix detector. For the case with the
30° paper tip (Fig. 3(a)), multiple spray cones originating from
the paper can be observed. The spray plume has an irregular
shape with an inhomogeneous intensity distribution. An
increase in the paper tip angle (45°, Fig. 3(b)) makes the spray
more stable, but multiple cone jets are still visible. It is
common to see multiple cone jets with paper spray ionization
and the number of multiple jets tends to vary with solvent
composition, solvent flow rate and applied spray potential®'!
which, in turn, determines the electric field strength around
the paper tip. With a further increase in paper tip angle
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Figure 1. Illustration of the setups for (a) electrospray ionization, (b) paper spray ionization, and (c)
two designs of surface acoustic wave nebulization, progressive wave and standing wave chip design.
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Figure 2. 3D representation of a z-stack of 2D contour maps
showing the development of the ESI ion beam with the
spray voltage increasing from 1.9 to 3.9 kV. Counts are
represented on a normalized scale with the maximum at
2.3 kV for 294200 counts.

to 60° (Fig. 3(c)) and 90° (Fig. 3(d)), the spray plume gets
more focused. The spray plume has a radial distribution
similar to an ESI plume, with an increased intensity on
the outside. This can be explained by a high electric field
in the center, which causes ions of similar polarity to
repel each other. The best focusing characteristics were

obtained for the case of a tip angle of 90°. Our results, that
show better spray plume focusing characteristics and
decrease in plume diameter with increasing tip angle,
agree with the observations published by Yang et al.l*®

The spray plume diameter was found to increase with
increase in potential. Supplementary Fig. S1 (see Supporting
Information) shows the spray plume, measured with the
Timepix detector, with increasing spray potential for the case
of the 60° tip angle. It can be seen from Supplementary Fig. S1
that an increase in the potential leads to an increase in the
diameter of the spray plume as well as to de-focusing of the
spray plume. The same trend is observed for all paper tip
angles. A similar explanation to that for electrospray
dispersion at higher voltages can be applied to the observed
effect.

Visualization of the surface acoustic wave nebulization
plume

The charged droplet distribution originating from different
designs of SAWN chip has been investigated. An aliquot of
0.5 pL of 1:1 MeOH/H,O with 10% NH,OH was deposited
on the SAWN chip using a pipette. The arrival of the charged
particles is observed over time, until the entire aliquot is
consumed. The plume travels over a distance of 1 cm between
the SAWN chip and the detector. In the plane of detection the
plume has a radial distribution that is spread out over
approximately 1 cm” with the highest intensity in the center.
Data recorded by the Timepix can be presented in different
ways to illustrate changes in droplet flux or plume duration
and spread.
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Figure 3. Paper spray ionization plumes observed for (a) 30°, (b) 45°, (c) 60°, and
(d) 90° tapered cone angles of the paper. The spray voltage is 4.6 kV.

In Medipix mode all the droplet events are summed in each
individual frame, from all frames, and presented in a manner
similar to a total ion chromatogram (TIC). Figure 4 shows the
application of nine consecutive aliquots. Next to each peak the
spray plume footprint of each single aliquot is shown as an inset,
the x- and y-axes represent the pixel numbers (256 x 256), and
the counts are represented on a colored intensity scale.

Alternatively, one can sum all the frames together to
present an image illustrating the total cross-section of the
plume as it hits the Timepix detector. Using the Timepix to
image the charged droplets in the nebulized plume, clear
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Figure 4. The total number of counts versus the frame
number for a progressive wave chip experiment. The insets
show the integrated signal per droplet application.

differences can be seen between the plumes generated by
the two different SAWN chip designs. Figure 5 shows the
comparison between the droplet plumes generated from the
PW chip design and the SW chip design, summed across
the complete nebulization of a single 0.5 pL aliquot. Viewing
the cross-sections of the plumes in this way indicates that
the plumes are relatively homogenous from the two designs.
However, the plume image from the SW chip (see Fig. 5)
clearly shows an increase in the number of detected droplets
compared with the PW chip, in agreement with the TIC style
result. It is possible to see that the droplets detected from the
SW chip plume have spread over a much wider area.

The difference in total numbers of events detected by the
Timepix between the PW and SW chip designs is one order
of magnitude. For the experiments presented in Figs. 4 and
5, the electrode “spray” potential was maintained at 800 V.

If the Timepix chip is run in time-over-threshold (ToT)
mode, the Timepix measures how long each pixel remains
above a pre-set potential threshold. ToT is a measure of how
much charge has been detected by each pixel on the Timepix,
and thus provides an estimate of the number of elemental
charges transferred by the droplets. Using this technique it
is possible to determine that there are more charges detected
from plumes generated by the SW chip design than from the
PW chip design. This result is in agreement with experiments
where SAWN is used in combination with MS that show an
improvement in sensitivity in moving from the PW design
to the SW design. Using this method it is also possible to
show that both chip designs produce more charges as the
additional ‘spray’ voltage potential is increased. Again, this
agrees with the data recorded when using SAWN as a liquid
interface for MS.
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Figure 5. 2D contour maps comparing the spray plume footprint (integrated for 1 aliquot) from a PW chip

design with a SW chip design.

CONCLUSIONS

Timepix detectors do not require a vacuum to operate and so
are uniquely suited as an ambient detector. In this study we
have demonstrated direct charge detection from the droplet
plumes emanating from three different ionization methods:
ESI, PSI and SAWN.

The Timepix detector gives us a valuable illustration of
changes in spatial distribution of the ESI plume with change
in spray potential. Lower spray voltages result in an unstable
spray and intermediate spray voltages show the best focusing
characteristics needed for mass spectrometry. For higher
spray voltages the spray becomes dispersed as a consequence
of Coulombic repulsion and space charge effects. The results
are in agreement with the literature regarding electrospray
ionization mass spectrometry.

In the case of PSI the most important parameters for
improved transmission of ions are the paper tip angle and
paper spray potential. We have studied the effect of those
parameters on the ionization plume and the results agree
with results reported in the literature. The spray has better
focusing characteristics at higher tip angles (e.g. 60° and
90°). This is due to there being intermediate electric fields at
the paper tip for higher angles. For higher spray potentials
the ion beam splits into multiple beams due to Coulombic
repulsion and space charge effects, similar to ESL. Previous
results regarding the ion beam diameter for varying paper
angle observed with a microscopic camera agree with our
observations.

Furthermore, we have used the capabilities of the Timepix
detector to study two different designs of SAWN liquid
interface. The SW SAWN chip design produces more charged
droplets than the PW chip design. The Timepix visualizes this
and shows the increase in both droplet numbers and the total
numbers of charges. With increased electrode potential an
increase in charge transferred by the droplets is detected. The
results from the Timepix detector agree with those seen from
the use of SAWN as an ionization source in MS, showing that
the SW design produces a better limit of detection than PW
designs.

The benefit of the Timepix detector in this case is that more
information can be gathered on the speed, shape and density
of the plumes generated by ambient ionization sources. This
information can then be used to develop improved sources
and interfaces. In addition, the Timepix system allows
ambient ionization sources to be rapidly tested and
developed in facilities which do not or cannot have a mass
spectrometer installed for that purpose. This could be useful
for quality control or system test purposes for the production
of ambient ionization sources.
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Supplementary Figure S1:

Figure S1:

3D representation of a z-stack of 2D contour maps showing the the development of the PS ion beam

with the spray voltage increasing from 4.0 to 5.2 kV. Counts are represented on a normalized scale with
the maximum at 4.4. kV for 136469 counts. The angle of the paper is 60°.
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