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Abstract: Many of the current innovations in instrument design have been focused on making
them smaller, more rugged, and eventually field transportable. The ultimate application is obvious,
carrying the instrument to the field for real time sample analysis without the need for a support
laboratory. Real time data are priceless when screening either biological or environmental samples,
as mitigation strategies can be initiated immediately upon the discovery that contaminant metals are
present in a location they were not intended to be. Additionally, smaller “handheld” instruments
generally require less sample for analysis, possibly increasing sensitivity, another advantage to
instrument miniaturization. While many other instruments can be made smaller just by using
available micro-technologies (e.g., eNose), shrinking an ICP-MS or AES to something someone might
carry in a backpack or pocket is now closer to reality than in the past, and can be traced to its origins
based on a component-by-component evaluation. While the optical and mass spectrometers continue
to shrink in size, the ion/excitation source remains a challenge as a tradeoff exists between excitation
capabilities and the power requirements for the plasma’s generation. Other supporting elements
have only recently become small enough for transport. A systematic review of both where the plasma
spectrometer started and the evolution of technologies currently available may provide the roadmap
necessary to miniaturize the spectrometer. We identify criteria on a component-by-component
basis that need to be addressed in designing a miniaturized device and recognize components
(e.g., source) that probably require further optimization. For example, the excitation/ionization
source must be energetic enough to take a metal from a solid state to its ionic state. Previously, a
plasma required a radio frequency generator or high-power DC source, but excitation can now be
accomplished with non-thermal (cold) plasma sources. Sample introduction, for solids, liquids, and
gasses, presents challenges for all sources in a field instrument. Next, the interface between source
and a mass detector usually requires pressure reduction techniques to get an ion from plasma to the
spectrometer. Currently, plasma mass spectrometers are field ready but not necessarily handheld.
Optical emission spectrometers are already capable of getting photons to the detector but could
eventually be connected to your phone. Inert plasma gas generation is close to field ready if nitrogen
generators can be miniaturized. Many of these components are already commercially available or
at least have been reported in the literature. Comparisons to other “handheld” elemental analysis
devices that employ XRF, LIBS, and electrochemical methods (and their limitations) demonstrate
that a “cold” plasma-based spectrometer can be more than competitive. Migrating the cold plasma
from an emission only source to a mass spectrometer source, would allow both analyte identification
and potentially source apportionment through isotopic fingerprinting, and may be the last major
hurdle to overcome. Finally, we offer a possible design to aid in making the cold plasma source more
applicable to a field deployment.

Keywords: plasma; spectrometer; handheld device design; micro-technology; excitation; ionization;
metal analytes
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1. Introduction

There is always a significant need for field transportable instruments, ideally ones
that make a reading or measurement in real time with little or no sample prep, and pos-
sibly even without highly skilled technicians to operate these devices [1-3]. Real-time
field measurements provide instant feedback on the situation or event being monitored.
Historically, most efforts to expand field transportable instrumentation have been directed
toward molecular analysis rather than metal and other inorganic analytes. Real-time
biomonitoring screening initiatives that identify populations at risk, or contaminant mea-
surements immediately after a contaminant release, are crucial for assessing the magnitude
of damage during environmental catastrophes. Just about any measurement that is made
in the laboratory is more utilitarian if it can be made in the field, where response time is
often critical. Such examples include measuring blood lead (PbB) levels in children [4]
or environmental studies on the dust from the World Trade Center (WTC) on 9/11 [5,6].
These technologies can even be used protectively, e.g., to confirm that a shipment of grain
is free of mercury prior to distribution and consumption, or to assess whether a drinking
water source contains lead. Real-time measurements at the site of sample collection can
save time, money, and potentially avert health risks. While many of the modifications
for field transport are targeting molecular analytes, there are other instances (like those
above) that could benefit significantly from real-time field measurements of metals. Given
all the advances in both field transportable molecular analysis and new atomic sources,
high precision metals analysis has recently moved much closer to being field transportable.
A successful “handheld” plasma atomic spectrometer may be achievable with current
technology for many applications. For the purpose of this discussion, we will refer to
instruments that are battery powered and can be easily carried as handheld.

2. A History of Plasma Spectroscopic Components

Many of today’s state of the art devices (e.g., dielectric barrier discharge) are actually
derived from another plasma device (capacitively coupled plasma). Historically “plasma”
emission spectrometry [7] came before all others and was initially driven by arc/spark
and flame as the vaporization and excitation sources for metal analytes. Early detectors
for emission sources used prisms to separate the metal analyte emission signal, from
background emissions associated with the plasma gas(es). Semi-quantitative analysis
could be performed with arc/spark sources by capturing the individual emission line
intensities on a photographic plate. Subsequently, photomultiplier tubes (PMT) allowed for
quantitative analysis of the emission light intensity, and when coupled with a flame atom-
ization/excitation source, true quantitative analysis could be performed for elements that
are easily excited by a flame. Eventually, ruled gratings replaced or complimented prisms,
and solid-state technologies replaced PMT, making the spectrometers more reliable, if not
smaller. Now, spectrometers with spectroscopic resolution rivaling a 3 m monochromator
can be made with a footprint slightly bigger than a phone.

Plasma mass spectrometry was created using similar designs to instrumentation tar-
geting organic analytes. Inorganic mass spectrometry predated organic by decades and
was responsible for many of the earliest innovations in mass spectrometry [8-10]. The
ionization sources for inorganic mass spectrometry remain largely unchanged for many
years. The coupling of an inductively coupled plasma (ICP) with a mass spectrometer
provided the most significant innovation in inorganic mass spectrometry since its incep-
tion [8]. Before plasma’s, almost all inorganic mass spectrometric methods had been based
on low pressure sample introduction processes. Liquid or gas phase analysis was difficult
under these conditions, making the technique almost exclusive to solid phase measurement
(e.g., metals and glasses). Today, ICPMS is by far the dominant form of inorganic analysis,
demonstrating the utility of developing an atmospheric pressure ionization source for
inorganic sample analysis. An ICP ionization source creates the most utility, but also the
greatest challenge to mass spectrometric analysis. Mass spectrometric analysis generally
requires a very high vacuum, low-pressure environment, both to minimize interferences
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from non-analytes and to maintain sensitivity by minimizing collisions between ions and
neutrals. Multi-stage differential pumping is also required to take an analyte from relatively
high gas flow rates, high pressure gradients, and high temperatures associated with the ICP,
to the low-pressure conditions of the mass spectrometer. Both liquid chromatographic (LC)
and ICPMS interfaces meet these substantial pumping requirements for their respective
analyte classes (semi-volatile/non-volatile organic and metals), using specific types and
capacities of vacuum pumps.

A high energy ionization source is required to atomize and ionize metal analytes.
Photon emission is thought to occur after the atom has been ionized by an energetic plasma
species (e.g., Ar metastable) followed by electron-ion recombination. Historically, the
commercially available sources have been plasmas, either ICP [11-13] or direct current
plasma (DCP) [14], and even a microwave induced plasma (MIP) [15,16]. All require
substantial power supplies and usually secondary support such as water cooling. None
of these things lend themselves to a handheld instrument design. They also generally
run off a single gas, so either a gas purification system for nitrogen plasma generation or
bottles of purified gas must be used. While a mixed gas or N, plasma is feasible for field
transportation/handheld devices, it is the power requirement for plasma generation that
presents the most significant limitation.

3. Advantages of Miniaturization

To determine whether an atomic plasma emission or mass spectrometric measurement
can be made “handheld”, we must examine the limitations to making such an instrument
possible. There already exist instruments with many of the desired capabilities, lower
power sources capable of atomic fluorescence [17], possibly emission [18], field ready
optical and mass spectrometric detectors, and plasma sources capable of using air (before
scrubbing) as the plasma gas. Arguably, if some of the other components normally used to
build spectrometers (e.g., vacuum pumps, power supplies, gas generators, etc.) could have
been manufactured much smaller when these instruments were originally designed, then
the early models would have already been much smaller than those we use today. Smaller
volumes in many sections of the instrument fundamentally lend themselves to easier, more
sensitive measurements as the analyte does not become diluted in large ionization source
gas volumes or m/z separation architectures. The only time this argument falls apart is
when too many ions in a mass spectrometer create space charge limits, or when non-excited
atoms on the outside of the plasma absorb emitted photons from metal analytes in the
plasma interior. If all the fundamental processes required to ionize, transport, and separate
ions could be carried out at the level of micro-liter (uL) rather than liter (L) volumes,
the analyte ions in a sample could avoid needless dilution and routine femtogram (fg) to
attogram (ag) measurements could theoretically be possible. While larger volume excitation
sources (e.g., ICP) also create a signal dilution problem, optical measurements are easier to
work with because the measurements are made at atmospheric pressure.

4. Requirements for Excitation Ionization Sources
4.1. Potential Ionization Sources

Ion sources for atomic mass spectrometry require the matrix and analyte to be suitably
vaporized, atomized, and then ionized. Ions can subsequently be focused into the mass
spectrometer to be separated and quantified. Electron ion recombination or relaxation of
excited state atoms creates photon emission which can also be quantified. An ICP is a hardy
source capable of accomplishing these tasks for all sample types, with varying degrees
of efficiency. Conventional ICP sources require significant power, (water) cooling, and
generally an inert gas supply. All these requirements make a handheld device essentially
unmanageable [19]. Some of these requirements might be overcome or adaptable (e.g.,
Peltier cooling, gas scrubbers/N; generators, etc.), but even if that is possible, the commer-
cial ICP requires a radio frequency generator operating at high current with a significant
gas flow. Consideration of alternative commercial plasma sources also presents challenges.
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Commercial microwave induced plasmas [20] and surfatron plasmas require very high
frequency generators with a significant power supply or relatively large waveguides to
launch and sustain the surface wave [21]. If we eliminate the frequency generated plasmas,
what remains are the multiple configurations of the breakdown plasmas using DC voltages,
preferably using readily available gasses or gas mixtures such as air [22].

4.1.1. Breakdown Plasmas

Breakdown plasmas are created when an optimal electrostatic potential is generated
between two electrodes. This induces an electron cascade within the neutral gas molecules,
creating a current of electrons between the electrodes. Spectroscopic use of breakdown
plasmas was at the origin of the atomic spectroscopy. Variations of the electrode types
used to induce the breakdown differentiate one plasma type from another. We have listed
several of these breakdown sources below.

4.1.2. Arc/Spark

The earliest form of breakdown plasma, arc, and spark spectrometers were used
very early on for atomic emission spectroscopy and were in fact used to generate the
emission wavelength tables used in many reference texts such as the CRC Handbook of
Chemistry and Physics [23-25], and these are also available online (https:/ /physics.nist.
gov/PhysRefData/ASD/lines_form.html (accessed on 15 July 2021)). The ion emission
wavelengths co-listed with the atomic emission lines demonstrate the capability of these
sources to provide ions from analytes, in addition to the excited state atoms. Arc and spark
sources can be created with higher voltages and only moderate current, well within the
capability of battery power, especially if the spark gap is small. Unfortunately, arc/spark
sources suffer a lack of reproducible optical focal point, so the design needs to consider
collecting the light in a defocused fashion. Alternatively, a magnetic field could be used
to focus the emission [26]. Arc/Spark spectrometers gave rise to direct current plasma
instruments for quantifying metals in all types of matrices [27]. A cosine corrected fiber
optic inlet could collect the light for use as an emission spectrometer if it is close enough to
the excitation source and the spark gap is small. Arc/spark sources are unlikely to serve as
an ionization source for mass spectrometry however.

4.1.3. Cold Plasmas, Corona Discharges, and Other Breakdown Plasma

By definition, all plasmas described in this manuscript are breakdown plasmas be-
cause a high enough potential is created to force an insulator, in this case an inert gas to
breakdown and conduct an electrical current [28]. Other examples of breakdown plas-
mas/ion sources include glow discharges and the newer non-thermal (cold) plasma sources,
primarily used in disinfection for food [29] and wound treatment [30]. Both technologies
are limited in their ability to ionize different matrices and are not currently configured
to handle solution samples. The glow discharge source also requires a low-pressure en-
vironment that does not lend itself to rapid sample changes without significant source
modification or replacement of a primary source component. The cold plasma sources
currently used for disinfection or wound treatment do not have a sample introduction
interface, but lend themselves to the significant modification required to become exci-
tation/ionization sources [31]. They are also close in configuration to the capacitively
coupled plasmas (CCP) and the dielectric barrier discharge breakdown (DBD) plasmas [32]
described below. They are even now referred to often as DBD [33] and some are operated
using DC power supplies and become naturally oscillatory [31].

CCP, DBD and other plasmas described here are what are commonly known as cold
plasmas because they are not observed to be in thermal equilibrium. The measurement
techniques used to estimate the plasma’s temperature [19] also demonstrate that these cold
plasmas are much less energetic than other plasma sources.

The CCP is one of the earliest examples of a breakdown plasma used for analytical
chemistry [21]. These CCPs became miniaturized [34] and have a very similar configuration
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to the dielectric barrier discharges (DBD) [35]. Going forward, CCPs and all other plasmas
that do not obey thermodynamic equilibrium will be referred to as “cold” plasmas.

Unlike surfatron plasmas which use dielectrics such as quartz capillaries to launch the
plasma generating surface wave, DBDs use electrodes to create the breakdown potential
and the dielectrics act as a barrier between the plasma and the electrode. Their application
for atomic fluorescence with an eye towards the miniaturization of atomic spectroscopic
measurement was reviewed [36]. They are similar in design to the cold plasmas used
for wound healing, although these DBDs all use AC waves to generate their oscillatory
plasma potentials. Moreover, like those used for wound healing, they not as energetic as
ICP, MIP, DCP and others already described. They have primarily been used in atomic
emission [37] and atomic fluorescence measurement devices. They do report peak power
densities close to the anode, being roughly the same as those of the average ICP [38] but
suffer greatly from plasma loading from the solvent. The overall detection limits for both
atomic emission [39] and fluorescence [40] are not comparable with ICPMS but perhaps
comparable to OES. They have also been used been used even more extensively as sample
introduction alternatives for other spectroscopic methods that include ICPMS, AA and ICP
OES. An extensive review of the DBD plasma sources and their current applications has
been recently published [41].

The DBD plasmas also create a limitation for field transport because they require an
oscillatory voltage that would waste power by generating an AC voltage from a DC (battery)
power supply. A DBD has been used as an ion source for an ion mobility cell [42,43] but for
molecular species only and it was characterized as a soft ionization source. DBDs have not
been the primary ion source for any MS device, measuring metals. Many of their atomic
emission applications have been adopted in conjunction with hydride generation or other
chemical reactants, designed to minimize the matrix effects of most samples. With all of
their limitations, cold plasmas have the greatest potential to become a field instrument
both because of their lower power draw and their small size [44]. They were first used as
atom sources, then for atomic fluorescence.

4.2. Voltage over Current: Making the Most of Battery Power

There are many challenges to overcome in creating a field transportable instrument,
especially one which can be held in the hand. In a mass spectrometer, the ability to
maintain a vacuum (1 Torr to 10~7 Torr) is the primary obstacle to overcome while in the
ionization source it is the power requirements. In a field transportable instrument with
small size, light weight and rugged requirements, the power required becomes a design
optimization focal point. Given a choice between high current and high voltage, we would
expect that the voltage is easier to create. Any device that is truly handheld and not just
a portable appendage tethered to larger non-transportable devices, e.g., power supplies
or vacuum pumps, would need to run off batteries. Even with lithium ion or perhaps
the next generation batteries, they may not be able to supply enough power for metal
analyte ionization, and therefore the excitation/ionization source will need to be a major
design element.

4.3. Plasma Gases

Commercial plasma devices utilized inert noble gases, primarily argon but also helium.
Transporting inert noble gasses to the field is problematic for a handheld device. The
ark/spark spectrometers ran in air and accounted for, or subtracted, background emission
lines created by nitrogen and oxygen. Minor components generally did not make up
enough of a background to require removal. ICPMS spectra usually include molecular ions
caused by air gasses or their high energy analyte collision products (e.g., BaO and ArN).
These species must be subtracted as potential background interferences. While transporting
noble gases with your instrument is impractical, it may be possible to eliminate (or at least
greatly reduce) the oxides by nitrogen generation using a scaled down version of the
scrubbing systems, generally used for LC/MS applications. While hydrogen has also been
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used to generate plasmas, electrolytic cracking of water may be possible, but a very unlikely
solution. Many of the metal analytes would also form hydrides of the metals which may
suppress the formation of the metal cation, crucial in plasma mass spectrometry.

Currently, the commercial microwave plasma uses an ICP like torch but runs off of
nitrogen gas, created by nitrogen generators [45]. Nitrogen generators used air as the
source gas but scrub it with filters to remove oxygen, water vapor, CO,, and other major
components of air. Using N as the plasma gas, created by scrubbing air, lends itself to a
field transportable instrument, especially if the plasma source becomes much smaller and
the overall gas requirements follow.

5. Sample Introduction

Classic ark/spark spectrometry used electrodes (often graphite) to create the spark
gap and samples were generally solids, and often powders, that were incorporated into
the electrodes or held by them. Later, direct insertion probes were created that allowed a
plasma to sample the surface of the probe directly [46] or they used a thermal process to
evolve the sample into the plasma for excitation/ionization [47-50].

Solution samples were nebulized directly into the plasma or directly adjacent to it,
allowing the energized plasma constituents to vaporize and excite/ionize the analytes.
Occasionally powders were introduced with a gas flow stream using the same pathway
as nebulized samples. Gases may present the least challenging state since they can be
bled directly into the plasma gas or directed toward plasma. In commercial plasma
spectrometers, the samples have generally been reduced to an aqueous solution where it
is nebulized and aerosolized, atomized, and finally excited /ionized by the plasma. We
can assume a handheld device will be operated in the field where sample preparation is
difficult at best.

Sample introduction needs to be highly reproducible if quantitative analysis is to be
achieved. Arc/spark spectrometers were generally used for qualitative /semi-quantitative
analysis only. The direct current plasma utilized a two-electrode, then three-electrode
configuration, with nebulized samples introduced below the confluence point of the plasma,
creating a reproducible sample introduction process that allowed for the quantitation of
aqueous/liquid samples. Inductively coupled plasmas (ICP) created an annular plasma by
punching a hole through the center of the plasma with a nebulized sample. Microwave
plasmas were originally commercialized as detectors for GC effluent, quantifying vapors
and gases only, but they are currently used for OES [51] and are also energetic enough to
ionize metals for MS measurement [52]. Other applications and sample types exist for all
these plasma sources but have largely remained in the research area only.

If a handheld spectrometer is to be constructed, a novel design for sample introduction
will need to be created. Flow rates of carrier gas and aqueous sample solutions will naturally
be reduced to prevent saturating and extinguishing the plasma during the desolvation and
atomization processes. Using probes for sample introduction may allow for introduction
of either solid or liquid samples, and perhaps even pre-concentration of a metal analyte
from a solution matrix, just before analysis. Alternatively, many of the classic solution
introduction devices (e.g., nebulizers and spray chambers) are scalable. As long as the
plasma is the excitation/ionization source, all manner of solution and solid sample types
may be possible. Currently, cold plasma sources are not designed to accept sample solids
although capillary plasmas, similar to cold plasmas, have been used for the excitation of
organic molecules [3].

Converting arc source to the direct current plasma (DCP) [53] required controlled gas
flows around the energized electrode as they were originally used as vapor detectors [54].
If the plasma is energetic enough, nebulized sampled could be introduced into this gas
flow and then excited by the discharge. If the analyte is airborne, gas could be sampled
that contains either the vapor or particles [55], which include the metal analyte. While
there has been work done on ambient sampling for mass spectrometry [56], the methods
use a “softer” source (e.g., DESI) and have been primarily directed at molecular mass
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spectrometry [57]. There has even been a handheld version [58]. The technique does
however suggest an answer for solid sampling, specifically to allow the plasma to sample
the solid from a probe or directly from the bulk sample, without preparation. Plasmas
that extend beyond their containment quartz-ware (torch) have the potential to become a
solid sampling device in much the same way a DESI system samples solids. MIP sources
have this capability (see Figure 1) and some of the “cold” plasma devices also have that
capability as they were originally designed to allow the plasma to contact the surface of
the skin or food [59]. However, even the spectroscopic breakdown devices have not been
used for solid sampling at the time of this article.

Figure 1. Ar plasma ignited in TM010 Beeknakker microwave cavity powered with 2.54 GHz
generator displaying the plasma plume operating well beyond the end of the quartz capillary,
possibly used for solid sampling.

Laser ablation may also be possible from a surface, provided a powerful enough
laser diode operated under ambient conditions and within the power capabilities of the
power supply. Such devises have been used for outer space-based MS instruments [60].
Recently (patent 2016), a handheld laser induced breakdown spectrometer (LIBS) used a
diode pumped solid state (DPSS) LASER as both the sample ablation and excitation source,
and this is the closest we have to the theoretical instrument described, but it is presently
limited to solid samples and is a dedicated application instrument [61].

6. Detectors

Field transportable detectors for plasma sources both optical and mass spectrometric
(MS) have existed for decades [62]. Currently, they are not the technology limit for creating
the handheld plasma spectrometer as commercial versions for both are readily available,
although the commercial optical detectors are generally much smaller than the MS detectors
and are significantly less expensive. For the remainder of this manuscript, ion/emission
and mass/optical spectrometers will be the principal focus of the handheld devices under
consideration. The current technology limit as described above for a handheld plasma MS
instrument remains, namely the ability to generate ions efficiently for metal analysis with
cold plasmas [44].

6.1. Optical Spectroscopy

Spectrometers are required in any type of emission-based atomic measurement, to
separate the emitted light signal from background and differentiate one metal’s signal from
another [63]. Miniaturization of emission/optical spectrometers grew out of the revolution
in solid state camera technologies, providing optical quantitation without sacrificing wave-
length resolution for size. While most of the handheld devices were originally focused on
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IR and NIR measurements that include Fourier-transform (FT) spectrometers [64], a more
recent focus has been on visible light [65,66]. The availability of fiber optics and computer
generated 3-D printed components has allowed for homemade low-cost spectrometers
from simple CCD cameras [67-69]. Devices such as those marketed by Ocean Insight have
supported the creation of a handheld optical spectroscopic instrument out of any light
source that carries data and have already been employed for plasma spectrometers [70].
They have sub-nanometer resolution [71] and today you can purchase a spectrometer for
your phone [72]. There are cell phone spectrometers that use sunlight for the source with a
cuvette to measure absorbance [73]. These cell phone-based spectrometers are being used
for clinical studies as well [74]. As long as collection of the portion of the emission signal
that describes the analyte is achieved, the size or capability of the spectrometer should
not be the limiting factor. They have even created a device using a micropipette as the
scaffolding for the sensor [75]. However, optical-based spectrometers are not as sensitive
as mass spectral measurements.

6.2. Mass Spectrometry

Depending on the ionization source, mass spectrometric measurements can generally
handle solids, liquids, and gasses, do not suffer from the same interferences as these
other methods, and are more sensitive. They have other advantages such as isotopic ratio
measurements and ion counting, which increases sensitivity. Most MS platforms being
miniaturized (e.g., ToF or ion trap) have either high resolution or MS" capabilities. Either
of these lessen the effects of interferences and create multi-element capabilities within a
single assay. Isobaric interferences still create a problem that remain beyond the capabilities
of most handheld instruments, at least for now.

There have been multiple applications [1] and reviews of mini mass spectrometers [76],
with most potential candidates for the theoretical instrument proposed here. Specifically,
a review of handheld devices by [77-79] included field ready instruments and [80] those
designed for outer space.

There are several approaches taken by mass spectrometrists to measure the mass of
an analyte ion. The first of these techniques, that was useful in advancement towards
measuring mass in a handheld manner, is the ion trap [81]. This device is detailed in
other works [82,83], however a brief explanation follows. Ions are introduced to oscil-
latory electric fields. These fields are generated from a symmetric geometry of metallic
electrodes. A select range of mass to charge ratios will become stable when the frequency,
and magnitude of the voltage, of the oscillations are just right. This “band of stable ions”
can be manipulated to ensure that only one specific type of ion is able to transmit through
a device. Similarly, if electrostatic voltages are applied to the end of this geometry, ions can
be trapped for long periods of time within the stable region, allowing for different mass
analysis experiments to be conducted [83]. Another advantage of this device is its relative
stability. From an engineering perspective, the ion trap is a more rugged device that can be
designed with portability in mind, ensuring stable measurements in the field. They have
even been operated at pressures approaching 1 Torr [84].

Ion traps have a distinct set of advantages and disadvantages. The first advantage
they have is their ability to operate at relatively “high” pressures for ion detection devices.
Similarly, since a stable oscillatory field is all that is necessary, ion traps have been con-
structed on smaller scales. Several field transportable ion trap devices already exist [85]. A
significant disadvantage to miniaturization is the performance of the trap. Performance in
this case is defined as mass resolution, or the ability to separate two distinct but similar
masses. The performance is directly related to pressure stability as well as longer lengths
of filtration, both of which a field transportable device sacrifices for portability.

Another mass analysis approach employed for field instruments, is time-of-flight
(ToF) mass analysis. This technique relies on very basic physics relationships to relate the
energy of an ion, as well as the time it takes to traverse a known distance, to determine its
mass and charge. An advantage of this device is its higher resolutions than ion traps. A



Molecules 2021, 26, 4761

9 of 20

significant drawback of these devices towards field portability, is their reliance on higher
vacuums. Pressures need to be in the 10~7 Torr ranges, which are often difficult to achieve
without large diffusion or turbo pumps. Similarly, in a field transportable lens, the electrode
configurations are incredibly fragile and must be properly distanced and maintained for
accurate measurements.

Another alternative is to relate the collision cross sectional area of an ion of an analyte
to its mass to charge. Utilizing a technique known as ion mobility spectrometry (IMS), ions
can be separated by means of electrostatic fields. At medium vacuums, the velocity of ion
transport is dictated by a variety of factors. Importantly, some of the more critical are the
magnitude of the electric field, the charge of the ion, the mass of the ion, and the collisional
cross section area of the ion. IMS devices are used extensively for the commercial testing
of specific analytes [86]. However, their mass accuracy for unknown analysis is poor. A
significant advantage is that this technique works well in parallel with other mass analysis
techniques [87]. Moreover, the technique can be performed at atmospheric pressures and
already has cheap and rugged designs already created [88,89].

Utilizing this explanation, the best approach would likely be to construct an IMS-ion
trap device. The advantages towards field portability of this device have recently been
reviewed [90] but include atmospheric pressures that could be utilized to conduct IMS
separation. The high voltages necessary to perform the separations can be generated easily
without drawing massive power loads. The IMS device can be rugged and small (on
the order of approximately 3 inches) to perform a crude separation of the array of ions
generated from the plasma. Ions would be electrostatically gated to isolate one specific
“time” that ions would take to traverse the IMS separation region. These ions would
be selectively pulsed into the ion trap device where their mass to charge ratio would be
measured. The advantage of this configuration is the perpendicular analysis of both drift
time as well as mass to charge, which has been shown to dramatically increase peak capacity
in normal analysis [91]. Similarly, if the spaces are generated correctly, a small roughing
pump would be all that is necessary to remove enough gas from the ion trap to perform
the mass measurement, while the drift separation could be performed at atmosphere,
requiring no pumping. A review that includes many of the commercial instruments
discusses the ion trap on a chip approach among others and many of its limitations, but
all of the instruments were created for molecular analytes [92] or an ion trap-based palm
spectrometer [93]. Although primarily used for vapor or gas detection, multiple vendors
now report a commercial, transportable, battery powered IMS or mass spectrometer (https:
/ /www.bayspec.com/spectroscopy/portable-mass-spectrometer/; https://api.inficon.
com/v1/attachment/b0ddf534-db3e-4920-b9c1-ec872bc28a4d (accessed on 15 July 2021)).
Laboratory constructed instruments have also been reported [85] as well as ones used in
the field [94,95], but not yet for metals. It would appear that a mass spectrometer for use
as a detector is within reach, as such devices continue to become smaller [96] and require
much lower voltage [97].

If measurement of the analyte signal, either emission or ion, is already capable
with handheld devices or within reach, then sample introduction and analyte excita-
tion/ionization are the primary challenges in creating a handheld instrument and the focus
of further discussion.

6.3. Need to Incorporate Appropriate Supporting Technologies

There are many additional support requirements to running an ICPMS (e.g., cooling
gases, inert plasma gases, etc.). Field transportable mass spectrometers have generally
focused on being more rugged and made for installation into a field transportable labora-
tory [98], rather than a true field ready device. High power devices, and those that require
significant (two-stage) vacuum pumping like an ICPMS, by default cannot be considered
handheld. Additionally, those that require additional support such as water cooling or
inert plasma gases present lesser challenges, but still need to be considered in any design.
The limitations to creating a handheld ICP-MS appear to be insurmountable. Given the
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limitations, it is more likely that a handheld plasma mass spectrometer will not utilize
an ICP ion source and perhaps not a conventional mass spectrometer either, although
the current advancements in the miniaturization of mass spectrometers may allow for a
handheld version in the very near future.

7. Competing Technologies

There are already non-plasma-based competing technologies in the field that are
capable of quantifying metals and making other physiological and clinical measurements
directly and in real-time. Some of which include electrochemical methods such as the
anodic stripping voltammetry (ASV) [99] routinely used for blood lead (PbB) measurement,
x-ray fluorimeters (XRF) and laser induced breakdown spectrometers (LIBS) for measuring
higher concentration metals in solid samples, ion selective electrodes for various metals in
solution, and colorimetric methods using premade reagent kits [100].

LIBS uses the energetic photons from a laser to create a plasma on the surface of the
sample, melting, vaporizing, and exciting the analytes, arguably acting as a cold plasma
spectrometer. It has been made field transportable and applied to solid matrices [101]
and also has handheld versions [102]. LIBS requires no real sample preparation but
unfortunately does not do liquid samples without additional devices [103] (and it suffers
from non-reproducible shot-to-shot matrix breakdown, making quantification much more
difficult. True matrix matching is essential as is compensation for variation in signal using
additional excited state species for plasma normalization [61]. Field transportable LIBS
was recently reviewed [104].

A principal competitor with LIBS for handheld elemental analysis is XRE. XRF uses
x-rays to excite the analyte metal and then quantifies the photons emitted once the analyte
metal relaxes to a less excited state. Like LIBS, XRE, especially the “handheld” versions are
designed for screening metals/alloys in environmental and geological samples (i.e., solids),
but have detection limits roughly in the ppm to parts of percent’s range [104]. While x-ray
fluorescence can excite many elemental analytes, they are often used for single element
analysis of solid-state samples (e.g., Pb in household paint). One limitation is the significant
drop in fluorescence yield with decreasing atomic number and the corresponding drop in
sensitivity for the lighter elements. There are also licensing requirements, special operating
precautions, and possible transportation restrictions as well as operator safety training
because of its open beam X-ray. Finally, they suffer from the same limitation of a need for a
true matrix matched standard material since all readings are taken in-situ.

All of these techniques have very different specificities, sensitivities, and interferences,
some much worse after they were made field ready. For example, ASV routinely has
detection limits at the ppb level in the laboratory [105] even sub ppb for lead [106], but the
field instrument for blood lead measurement reports 1.4 ug/dL. XRF is about 1ppm in a
solid sample in the lab but a single to hundreds of ppm in the field [107] and 15-20 ppm in
water for copper and lead [108].

Electrochemical methods that employ ion selective electrodes (ISE) now have multi-
plex capabilities and solution detection limits in the ppb range [109] but require analytes in
solution or conductive matrices and suffer from significant concomitant ion effects [110].
Their selectivity is determined by a difference in permeability in the electrode membrane,
passing the analyte ion in favor of concomitant ions. Another example, the electrochemical
detectors for PbB have also been used in the field but were subject to significant analytical
bias The LeadCare system that employs ASV has been recommended not to be used in
research studies [111] because of its lack of sensitivity and perhaps negative bias. Eventu-
ally, this device will be recalled [112]. All existing commercial technologies suffer from one
limitation or another when compared to a plasma spectrometer.

Comparing sensitivities between instrumentation or platforms is never easy, detection
limits are driven by matrix sample preparation (e.g., preconcentration) sample introduction
(e.g., chromatographic analyte isolation) laboratory based vs. field transportable and
available information. Many authors do not include their detection limits as pertinent
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information when describing their application. Generally, ICPMS and ICPOES sensitivities
are the most sensitive for solution samples with ICPMS now exploring single particle or
single cell measurements [113,114]. However, they are not field transportable. With special
preparation schemes, XRF and LIBS have been approaching ICPOES sensitivities with field
instruments [115,116]. ASV has also been reporting sensitivities to rival ICP OES with
laboratory instrumentation [117].

Solid sample analysis is more competitive among techniques as the total dissolved
solids for a nebulized solution throttle the detection limits for the plasma-based technolo-
gies and most instrumentation field and laboratory seem to have detection limits in the
ppm range. Both field transportable XRF and LIBS instruments were originally designed
for assessment of impurities in steel with their application to other matrices a natural
progression of necessity mothering invention. With these constraints in mind, Table 1 is
presented as a very rough survey of detection limits for the various techniques discussed,
so that relative sensitivities could be compared. It is a mixture of both older and very recent
references and for approximate comparisons only. No real distinction was made between
the terms limit of detection (LOD) or detection limit (DL) and some had to be converted
from molar concentrations to weight/volume DLs and all values are ppb, either ng/mL
or ng/g. What is apparent for a literature search is that not all reported values have been
updated since their original work (e.g., ICPOES) because applications drive most of the
work rather than fundamental operation studies. The table contains values reported for
multiple applications and both field ready and laboratory instruments grouped generally
by solid, water, and blood (special application for Pb). While ICPMS and OES require
sample dissolution for analysis, extensive sample preparation techniques were rarely in-
cluded, with notable exceptions being Cr for oxidation state speciation and some of the
water analysis preparations for XRF. Extraordinary sample preparation, such as solids for
ASV or ISE, was excluded. Of note by its absence is ISE for blood Pb measurement, as both
sensitivity and matrix interferences have kept this application out of the literature.

Table 1. Comparison of detection limits reported as ppb (ng/mL or ng/g) for multiple instruments in either solid, water, or

blood matrices.

Analytical Method
Element Matrix ICPMS ICPOES LIBS XRF ISE ASV/LeadCare
1.5[118]; . 0.012 [121]
Pb Water 0.0043 [119] 2[120] 0.32 % [116] 0.9[115] (butfer 0.05 [122]
10,000 ** 0.2 [106];

Pb Blood 0.06 [123] 1.5[124] N/A N/A [125] 14 [4]

. 42,000 [104]; 5[129];
Pb Solid 100 [126] MO0[127] D000 18] 5000 [130] N/A 10 [131]
Cr Water 3132 0.2 [133] 700 [133] 2 [134]; 0.4 [109] 0.1[117]

- ’ - 0.6 [135] ’ ’

. 4 (Cr III); 5000 (Cr VI)
Cr Solid 45 (Cr VI) [136] [137] 17,000 [138] 2000 [139] N/A N/A
Cd Solid 1.8 [140] 500 [141] 4000 [142] 46,000 [129] N/A N/A
Cd Water 1.2[118] 0.14 [115] 500,000 [143] 49 [%1124]11] 0.04 11 [145] 0.03 [122]
18] Water 0.001 [146] 0.69 [147] 19,000 [148] 17 [149] 13 [150] 0.3[117]
U Solid 480 [146] 6000 [141] 250,000 [104] 10,000 [149] N/A N/A

* External device (i.e., wood slice) was used as part of the sample preparation. ** DL not reported. Value represents the lowest spike
recovery. N/A = values not available in the literature.
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8. Putting the Pieces Together on a Plasma Instrument Feasibility

Not long ago, the power supply for ion sources and axillary support services (i.e.,
water cooling, inert gas, etc.) made the possibility of a handheld device seem like an
insurmountable task, but commercial technologies currently exist, even though they have
limited capabilities. For example, the ability to ionize in cold plasmas has yet to be demon-
strated with high enough efficiency across the entire mass range and they also suffer from
more molecular interferences than their hotter plasma cousins. If, however, commercially
available spectrometers/detectors (both optical emission and mass spectrometric) can
convert the signal generated by a cold plasma source into a metal analyte concentration via
field calibration, then all that is missing is a more energetic or efficient excitation/ionization
source. A field transportable ionization source must then be created for this instrument
to function as intended, with capabilities for gaseous, liquid, and solid sample analysis,
while being powered by batteries. To meet this requirement, it should (1) not require water
cooling of the plasma or its power supply, (2) have a moderately low current draw to mini-
mize battery depletion, (3) operate with a fixed rather than oscillatory potential, (4) be able
to run on air or possibly nitrogen with inline scrubbers, (5) be energetic enough to ionize
most metals of interest, and (6) have a sufficiently stable plasma that is not overwhelmed
by the direct injection of aqueous solutions and ablated solids.

The earliest plasmas, arcs and sparks have potential as they can be created with
relatively low power and can be generated in air. With the right preparation, they are
capable of handling solid-state samples, but they did not have any way to easily accept
nebulized or free flowing aqueous samples before the introduction of the direct current
plasma arc. Alternatively, surface wave launched plasmas were recognized as early as
1959 [151] and present another possible plasma configuration. A more “modern” configu-
ration was described by Moisan [152] and eventually patented in 1975 [153], later known
as the surfatron [154,155]. Surfatron plasma configurations are annular because they are
launched along a dielectric material, typically a quartz capillary tube. This configuration
lends itself to both low flowrate solution sampling and analyte excitation but requires a
microwave or other high frequency power supply (27 MHz-10 GHz) to launch the sur-
face wave [156]. While microwave plasmas have previously demonstrated an ability to
handle nebulized samples [157], their power supplies do not currently exist in low power
configurations, necessitating consideration of other plasma sources. A MIP has recently
been reported that meets all of these requirements and whose power supply is reported
to be operated with a 28 V battery [158]. This device does use argon for the plasma gas
and a vapor generator for sample introduction, both of which would severely limit its
applicability as a field instrument.

Cold plasma devices have been employed everywhere from wound healing [159]
cancer treatment [160] to disinfection of food [161] and surfaces [162] or air [163]. Spec-
troscopic applications used oscillatory power supplies which are much less efficient for
battery operation. They also lack the sustained power for efficient ionization. The cold
plasmas used for disinfection can be operated using lower DC powers and are capable of
sustaining their own self-oscillatory regime [31]. One of the limitations in the current cold
plasma excitation sources is the power lost to desolvation and atomization processes. With
the right configuration, perhaps a nebulizer could be converted to a cold-plasma pulsed
excitation source which draws milliamps of current, but for only tens of usec/ pulse when
operated at approximately 5 kV. A similar device [31] produced rotational temperatures of
greater than 2800 K and n, of approximately 10'! /ecm™3. While these temperatures and
densities are considerably less energetic than a commercial ICP source, it is possible they
can be increased with an amplification of the operating voltage. The authors observed
a direct relationship between n. and applied voltage [31]. Rotational temperatures are
measured using the optical emission of key molecular species and assume a Boltzman dis-
tribution of energies [164]. They were also not far from some of the rotational temperatures
observed in microwave plasmas [165] and may in fact be energetic enough to excite some
analyte metals and produce ions [157]. While this device was operated with He as the
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plasma source gas, most cold plasma devices can operate with either Ar [166] or air [167]
or nitrogen [168].

The great big if: If a cold plasma jet device (perhaps a corona discharge along the
sample introduction tube) can be maintained using a concentric flow apparatus, like
most capillaries used for ICP spectroscopy (Figure 2), and if the solution is introduced
either orthogonally (side-arm Figure 2a) as described by Motley and Long [169], flowing
concentrically around the anode it may have enough time to be desolvated and atomized
before reaching the hottest part of the plasma plume. Alternatively, if the nebulized solution
flows through the central channel of the corona discharge needle (Figure 2b) it may be
able to handle pL/min flow rates of solution and be ionized, as earlier direct injection
nebulizers have in the past [170]. Solid sampling may be achieved by allowing the plasma
jet to come in contact with the sample similar to a DESI source [171] or the direct insertion
work for solids in plasmas by arcs [172] and graphite cups [173]. This sampling is possible
because most of the cold plasma jet devices produce a plasma that extends beyond its
excitation electrodes. If the right configuration of plasma gas flow, applied voltage, torch
geometries (e.g., length of concentric tube), and dielectric material can be optimized, a
handheld plasma spectrometer capable of analyte ionization may be possible.

(a)

5kV
T K
10k Q ! i
Front view =
"' NN \\\
[ | = JATATAVA
1 Ik /K /\}>7 -
Air/N2 \ . > Plasma
T Sample

(b)

10kQ2

discharge point A

100 um gap

| discharge point B

v

Figure 2. (a) Schematic diagram of possible cold plasma source incorporating a corona discharge
needle (shown in 2b) as an insert with a side-arm for nebulized sample introduction as part of the
design. The overall device would be <10 cm total length. (b) A schematic diagram of a corona
discharge needle as the potential cold plasma source to be used either as an insert into a larger system
or directly with very low sample flow rates. A discharge is generated between the two corona needles
on each side of the tip. The discharge can then be used to generate a plasma from the concentric flow
gas flow present surrounding the tip.
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9. Conclusions

A handheld atomic spectroscopic instrument has many potential applications and will
be able to justify any future developmental efforts currently under way. Other techniques
approximate handheld methods, but they suffer from multiple interferences, sensitivity de-
ficiencies, and are limited by the type of matrix that can be analyzed. The rapid movement
to create mini mass spectrometers, and the success of existing handheld optical spectrome-
ters, suggest that signal measurement is within our reach if a suitable ionization source
can be created. Naturally, power limitations for handheld devices preclude the use of a
commercial ICP. Alternatively, earlier models of ion/emission, ark/spark, or even the more
recent breakdown sources “cold” plasma technologies are already being used for optical
emission sources and may provide the blueprint for an ionization source for a handheld
atomic spectrometer. Most if not all the technologies currently exist, but the initiative needs
to be taken to overcome the remaining hurdle, namely an excitation/ionization source
energetic enough for elemental analysis, if a handheld device is to become as utilitarian as
the laboratory counterparts.
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