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ARTICLE INFO ABSTRACT

Article history: The liquid sampling-atmospheric pressure glow discharge (LS-APGD) has been assessed as a secondary excita-
Received 15 October 2013 tion source with a parametric evaluation regarding carrier gas flow rate, applied current, and electrode distance.
Accepted 6 March 2014 With this parametric evaluation, plasma optical emission was monitored in order to obtain a fundamental under-

Available online 21 March 2014 standing with regards to rotational temperature (T,ot), excitation temperature (Texc), electron number density

(ne), and plasma robustness. Incentive for these studies is not only for a greater overall fundamental knowledge
of the APGD, but also in instrumenting a secondary excitation/ionization source following laser ablation (LA). Ro-
tational temperatures were determined through experimentally fitting of the N, and OH molecular emission
bands while atomic excitation temperatures were calculated using a Boltzmann distribution of He and Mg atomic
lines. The rotational and excitation temperatures were determined to be ~1000 K and ~2700 K respectively. Elec-
tron number density was calculated to be on the order of ~3 x 10'®> cm ™2 utilizing Stark broadening effects of the
Ha line of the Balmer series and a He I transition. In addition, those diagnostics were performed introducing mag-
nesium (by solution feed and laser ablation) into the plasma in order to determine any perturbation under heavy
matrix sampling. The so-called plasma robustness factor, derived by monitoring Mg II/Mg | emission ratios, is also
employed as a reflection of potential perturbations in microplasma energetics across the various operation con-
ditions and sample loadings. While truly a miniaturized source (<1 mm?® volume), the LS-APGD is shown to be
quite robust with plasma characteristics and temperatures being unaffected upon introduction of metal species,
whether by liquid or laser ablation sample introduction.
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1. Introduction applications expanding to exploration on the surface of Mars [9,10]. By

utilizing a secondary source, higher power densities and longer resi-

As the trend of miniaturization in analytical chemistry instrumenta-
tion has progressed, the development of new atmospheric pressure
plasma sources has seen increased interest. Currently, there is a need
to design spectrochemical instruments with lower power consumption,
reduced sample sizes, compact footprint, low operating costs, and the
ability to be operated under ambient conditions [1-3]. Reductions in
sampling size have been addressed over the past two decades by
laser-ablation (LA), allowing for chemical analysis of solids without
sample preparation [4-6]. LA utilizes a short-pulsed, high-power laser
beam to remove material for either a direct analysis of the plasma vol-
ume by optical emission spectroscopy (OES) or to be transported into
a secondary excitation/ionization source such as the inductively
coupled plasma (ICP) [7,8]. The former, termed laser-induced break-
down spectroscopy (LIBS), is easily miniaturized for portability with
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dence times can be utilized for enhanced sensitivity and lower limits
of detection (LODs) when compared to LIBS [6,11]. To this end, atto-/
femtogram detections limits are readily achieved in ICP-MS [12].

Unfortunately, the conventional ICP is not ideal as a secondary
source as minute amounts of ablated mass are introduced into the rela-
tively large plasma volume (~125 mm?), not to mention the high oper-
ating cost and large footprint of the base ICP-OES/MS instrument [6].
Few efforts have addressed miniaturizing the ICP or reducing the oper-
ational overhead of LA-ICP instrumentation. Improving designs by in-
corporating alternative plasmas as the secondary excitation/ionization
source of particulates should be explored, especially regarding the min-
iaturization of the spectrochemical instrumentation. In recent years, a
few secondary sources have been proposed for the detection of laser ab-
lated particles such as microwave induced plasmas (MIP) and the
flowing atmospheric pressure afterglow (FAPA) [4,13].

Marcus and co-workers developed a liquid sampling-atmospheric
pressure glow discharge (LS-APGD), which is sustained between an
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electrolytic liquid (HNOs) flowing from a glass capillary and a metallic
counter electrode placed ~2 mm away [14-16]. The operational space
of this excitation/ionization source fits well in terms of the miniaturiza-
tion characteristics mentioned above. While early LS-APGD works fo-
cused on OES monitoring, recent efforts have demonstrated the ability
of the source to effectively ionize solution-introduced species by mass
spectrometry (MS) [17,18]. The scope of application has been expanded
through the introduction of LA-generated particles [19,20]. This combi-
nation, LA-LS-APGD, has been shown to be qualitatively similar to
LA-ICP, with efficient vaporization/excitation/ionization of particles
produced from nanosecond and femtosecond pulsed lasers. Particularly
relevant for LA sampling, the LS-APGD operates at much higher power
densities (~10 W mm™> versus 0.1 W mm~2) and a much smaller
plasma volume (~1 mm? versus ~125 mm?) than the ICP (i.e., less dilu-
tion). Finally, simple gas dynamics calculations suggest plasma transit
times of 5-30 ms vs. ~1 ms for the ICP, though these must be verified
experimentally.

When assessing plasma performance, fundamental properties must
be characterized to understand excitation conditions, which may vary
with operation parameters or the introduction of sample material [21,
22]. Optical emission spectroscopy (OES) is a versatile means of charac-
terization of atmospheric pressure flames and plasmas, typically by the
fitting of molecular bands (e.g., N, OH) to obtain rotational tempera-
tures (T;ot), determinations of excitation temperatures (Texc) by moni-
toring excited states of various species such as plasma gases or sample
species, and measurement of the broadening of emission lines (H, He)
to yield plasma electron number densities (n.) [23-25]. Finally, the abil-
ity of an spectrochemical source to be immune to sample-induced per-
turbations can be assessed through changes in the “robustness” factor
determined by the Mg II/Mg I emission intensity ratios [26,27].

The research presented here utilizes OES to evaluate the properties
of the LS-APGD to gain fundamental knowledge regarding the source
as a means for secondary excitation/ionization of LA-introduced parti-
cles. Trop, Texe, and ne were evaluated across a matrix of plasma operation
conditions generated through a central composite, design of experi-
ments (DOE) approach, studying the roles of electrode separation dis-
tance, discharge current, and carrier gas (He) flow rate. Molecular
bands, OH and the N, second positive system [28] were utilized for
rotational/vibrational temperatures while the emission of He and Mg
lines was utilized for the determination of excitation temperatures
and plasma robustness. In addition to baseline values for these quanti-
ties determined for aqueous HNO3 blanks, the plasma was stressed by
introduction of large amounts of magnesium, to determine potential
deleterious effects due to sample matrix. In one case, Mg+ was added
in the nitric acid feed at a concentration of 1000 pg mL™ !, and in the
other case metal shards were compacted in a paraffin matrix and intro-
duced via laser ablation. Such studies set the stage for applications in the
analysis of matrix-laden solutions and LA sampling.

2. Materials and methods
2.1. LS-APGD source

The LS-APGD source is relatively unchanged from previous publica-
tions, incorporating the flow of laser-ablated particles into the
microplasma through the hollow counter electrode [19,20]. The
microplasma is sustained between an electrolytic solution (5% HNO3)
and the counter electrode (nickel, 0.3 cm o.d., 0.1 cm i.d.) through
which the He carrier gas flows, transporting ablated particles from the
ablation cell into the plasma volume. A syringe pump (New Era Pump
Systems Inc., model NE-1000 Multi-Phaser, Farmingdale, NY) was
used to deliver the electrolytic solution through a fused silica capillary
(360 um o.d., 100 pm i.d. Idex Health and Science, Oak Harbor, WA)
which is housed within a metal capillary (nickel, 0.16 cm o.d., 0.06 cm
i.d.). Helium was employed as a sheath gas (0.2 L min~ ') flowing be-
tween the capillaries, as optimized in a previous publication [19].

Power for the microplasma was delivered by a Glassman High Voltage
Inc. power supply (0-100 mA, 0-2 kV, High Bridge, NJ) operating posi-
tive polarity with a 10 kQ, 225 W ballast resistor (Ohmite, Arlington
Heights, IL) placed in-line with the powered solution electrode (the
counter electrode was held at ground potential). It is important to
point out that the entirety of the LS-APGD plasma components, power
supply, gas metering, and the ablating laser are mounted on a single
30.5 x 30.5 cm? optical bread board. Potential plasma perturbations
were assessed by introducing 1000 pug mL™ ! magnesium (CPI Interna-
tional, Santa Rosa, CA) in the electrolytic feed solution and by the abla-
tion of a 2% Mg pellet (2% in paraffin) that was made in-house (LBNL).

2.2. Laser ablation apparatus

For the introduction of laser ablated particles a commercial laser ab-
lation system (J100 Applied Spectra, Inc., Freemont, CA, USA) consisting
of a nanosecond laser (Nd:YAG) with a 5-ns pulse duration was used
and operated at its fundamental wavelength of 1064 nm, and variable
energy (max 50 mJ) and repetition rate (1-10 Hz). Laser ablation was
performed in a helium atmosphere. The ]J-100 ablation system is
equipped with an ablation chamber that could accommodate samples
up to 100 mm diameter with flexibility in volume and wash-out time.

2.3. Optical emission measurements

Broad wavelength range measurements were performed using an
optical fiber-based spectrometer (Aurora, Applied Spectra, Fremont,
CA). This spectrometer consists of six channels, each composed of a
2048 pixel CCD detector dedicated to different spectra regions. A
fused silica biconvex lens (35 mm focal length, 25.4 mm diameter)
was used to focus the entire microplasma image onto the input optic
of the fiber bundle connected to the spectrometer. While there are
known inhomogeneities in the LS-APGD [29], this approach is the
most pragmatic way of sampling the ~1 mm? plasma volume, analogous
to the case with LIBS analyses. A composite (simultaneous) spectrum is
acquired using a 1.05 ms gate over each of the 500 laser shots, with
spectral resolution of 0.05-0.12 nm across the 190-1040 nm wave-
length range. For the calculation of n, Stark broadening of the H (I)
656.3 nm and He (I) 587.6 nm lines was measured employing a 1.25
m focal length, 2400 gr mm ™' grating, Czerny-Turner spectrometer
(Horiba-]Y, Model 1250 M, Longjumeau, France), with an intensified
charged-coupled device (ICCD) detector (Princeton Instruments, PI
MAX 1024 Gen I, Trenton, NJ 08619, USA). This detection system yields
a spectral window of ~13 nm with 0.04 nm resolution. The same optical
coupling was used in this case as the analytical (array) spectrometer
system. Experimentally-determined line widths were processed under
Lorenz fitting to isolate Stark effects from Doppler broadening contribu-
tions. Corrections were employed by subtracting the FWHM from the
corresponding Hg lines to correct for instrument broadening [30]. The
ICCD acquisition was set at a 1 ps delay, a gate width of 150 ps, and a
gain set at 200 out of a maximum setting of 256. Due to experimental
constraints, laser ablation sample introduction could not be performed
in conjunction with the high-resolution optical measurements.

2.4. Experimental design

The various plasma species were optically monitored during the
course of varying the electrode gap, He carrier gas flow rate, and applied
current of the LS-APGD, with the specific parameters listed in Table 1. A
central composite DOE, with three experimental factors, was used to
study the effects of the operating parameters on the plasma proper-
ties [31]. The experimental design and the surface responses were gen-
erated using Statgraphics (Warrenton, VA). The central composite
design generates a random sequence of experiments and parameter
combinations across a range of parameter values centered among typi-
cal operating conditions. A total of n = 16 parameter combinations was
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Table 1

LS-APGD microplasma operation parameters employed throughout this work.
Parameter Range Step
Current (mA) 45-65 5
Carrier gas (He) flow rate (L min~") 0.15-0.75 0.2
Electrode gap (mm) 0.5-3.5 0.5
Solution flow rate (uL min—" 300 Constant
Sheath gas (He) flow rate (L min~") 0.2 Constant

used throughout this work; chosen by the algorithm. In each set of plas-
ma characteristic determinations, estimated response surfaces are gen-
erated to illustrate cooperative effects of two parameters, keeping the
third constant. The determined values (i.e. plasma temperatures, etc.)
were processed using a multiple linear regression approach to deter-
mine the significance of parameter effects. The analysis is presented in
the form of standard Pareto plots [32], indicating the magnitude of
each parametric dependency (including cross dependencies) and their
statistical significance relative to the overall experimental variability.
A statistical significance value of 2.57 was used here (as designated by
the vertical line on each plot), based on the 5 degrees of experimental
freedom and a 95% confidence level. Throughout this work, the elec-
trode gap is indicated as parameter A, the He carrier gas flow rate B,
and the discharge current C, with the cross-dependencies indicated as
the products of those letters.

3. Results and discussion

3.1. Spectroscopic characteristics and identification of species in the
LS-APGD

Optical emission spectroscopy (OES) is an excellent tool for
performing plasma diagnostics. In the case of the LS-APGD, the various
probe species enter the plasma from the electrolytic solution, the
sheath/carrier gas (He), and as ambient species. The spectral breadth
of the spectrometer (190-1040 nm) allows for comprehensive sam-
pling in a simultaneous fashion. Fig. 1 shows a broadband spectrum col-
lected from LS-APGD with the simple introduction of the plasma-
sustaining electrolytic HNO5 solution. Molecular bands such as OH and
N, are present and are used to provide rotational temperatures (Tyq¢).
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OH molecular emission (A2Y_* — X?[]) can be seen from 306 nm ex-
tending to ~316 nm where an interference exists from N, band struc-
ture. The N, second positive molecular system (c*[], — B*[]) is seen
as prominent bands across the range of 316 nm to 405 nm. There also
is strong emission from atomic species including HI, He [, O [, and N 1.
The hydrogen Balmer lines (H, (656.3 nm) and Hg, (486.1 nm)) and
HeIlines at 587.6 and 706.5 nm are routinely employed for the determi-
nation of electron number density (n.) through Stark broadening.
Beyond these features, the spectra of analytes introduced into the plas-
ma are dominated by atomic transitions, more in line with those of
flame spectroscopy [23] rather than the ionic transitions common to
ICP sources [33]. This spectral simplicity improves the potential for de-
velopment of portable instrumentation using compact, array-based
spectrometers.

3.2. Determination of rotational temperatures by N, and OH molecular
bands

Plasma rotational temperatures were investigated in order to under-
stand how each parameter affected the kinetic energy input. Rotational
temperatures are important when characterizing plasmas due to the as-
sumption that T, is the same magnitude as gas-kinetic temperatures,
implied from lower energies involved in the excitation process and
the rapid interchange between the rotational and kinetic energy of a
molecule [34,35]. The fitting of experimental emission spectra for the
determination of rotational and vibrational temperatures is frequently
employed [36], as demonstrated for LIBS analysis [10,37]. The calcula-
tions, simulation information, and band fitting parameters utilized in
these studies are expressed thoroughly with a detailed design in those
publications [10,37,38]. The spectra were fit to the Av = —1 and
Av = —2 bands for N, as seen in Fig. 2a for each experimental condition
(n = 16). The average T, across all conditions was determined to be
831 for the fitting of the Av = — 1, and 742 K for each condition for
the Av = — 2 bands; ranging from 730 to 1100 K over the totality of pa-
rameters. Importantly, the values obtained at any one set of conditions
is reproducible to better than 1% RSD.

Fig. 3a depicts a typical Np-based T, response surface generated
through the central composite DOE parameters, changing the He carrier
gas flow rate and the discharge current, and holding the electrode spac-
ing constant. Statistical analysis of the interrelated (standardized)
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Fig. 1. Broadband spectra (190-1010 nm) collected from Aurora Spectrometer illustrating the presence of molecular and atomic species.
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Fig. 2. Experimental fitting of the (a) N, second positive system (c*[], — B3]'[g) and
(b) OH A% + (v = 0) — X,I1 (v = 0) transition region.

effects of the three control parameters are displayed in the Pareto
plot (Fig. 3b). The standardized effects, seen in Fig. 3b, reflect the fact
that carrier gas flow rate (B) has the largest effect on rotational

temperatures, that being a negative effect. In literal terms, increases in
the He flow rate lower the kinetic temperature within the plasma re-
gion. This is not surprising as He has a very high thermal conductivity,
effectively carrying kinetic energy from the plasma. As indicated by
the vertical line in the plot, the other interactions have no statistical
significance, though the magnitudes (positive and negative) provide
insights into plasma processes.

In order to test for any perturbations in plasma energetics by sample
loading, T, values were re-determined with the addition of the
1000 pg mL™ T Mg test solution. In this case, changes in T, are expected
to reflect energetic loads due to the initial solution vaporization and
droplet desolvation conditions. Introduction of Mg in the solution feed
increased T values by <100 K on average, which is within the experi-
mental error. In the case of the LA-introduced Mg particles, one might
expect a thermal load on the plasma for the vaporization of particles is
more energy costly than creation of free atoms from solution. Here
again, the average rotational temperature was not statistically different
from the neat electrolyte solution. Importantly, the parametric response
trends for the Ty, across the n = 16 combinations with sample intro-
duction are essentially the same as projected in Fig. 3a and b.

The second spectrochemical probe for assessing T; is the OH band
system. The high-resolution spectrometer was employed here due to
the interference from the N, band (Av = 1) seen in Fig. 1. A typical
emission spectrum and corresponding fitting for the OH band is
shown in Fig. 2b. The quality of the fittings are similar to those for N,
above [10,37] using calculations [39] and constants [40] from the litera-
ture. The average T, across the n = 16 conditions was calculated to be
1311 K, with <1%RSD variability at any given set of conditions. While
the temperatures derived for the two spectrochemical probes differ by
~500 K, the use of different spectrometers and detectors, and different
levels of accuracy in the fitting and spectroscopic constants suggest
that the values are in reasonable agreement.

Greater insight is revealed by evaluating the variation of OH T, as a
function of the discharge parameters. While the response surface in
Supplementary Data Fig. 1 is qualitatively similar to that of Fig. 3a, quan-
titatively it is seen that the OH-derived temperatures differ by a factor-
of-2, while for the N,-derived values differ by only ~40% as He flow rate
is changed. This greater level of influence on T; is easily seen in the cor-
responding Pareto plot, as the standardized effect for He flow (factor B)
has a value of ~23 negative in this case. Also seen in the OH-derived T,
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Fig. 3. a) Response surface for rotational temperatures determined by N, second positive system ([, — B3]'[g) experimental fittings as a function of He flow rate and discharge current

and b) Pareto plot illustrating parametric significance across the test parameter matrix.
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trends, discharge current now has a significant positive effect with a
quadratic positive effect also seen for gas flow rate (BB). The final signif-
icant effect is a negative quadratic effect of electrode spacing (CC). In
general, the OH-derive T, values show greater parametric sensitivities
than the N, values, but the directionality (positive or negative) is the
same for each set of discharge parameters for both probe systems.

Rotational temperatures were accessed for the OH band emission
relative the introduction of the Mg test solution and LA particles. Here
it was also seen that the differences in the T values (and their exper-
imental variability) showed no statistical difference from the case of the
neat electrolyte solution. This overall lack of perturbation of the gas
kinetic temperatures implies that the power density within the
microplasma (>10 W mm™2) is sufficient in affecting the vaporization
of solutions at a flow rate of 300 uL min~ ' and the digestion of ns-LA
particles. The extended residence times within the microplasma surely
work to this end as well. The T, values reported here are typical of
propane-air combustion flames [25] and low power atmospheric
pressure plasmas [41,42]. They are lower as well in comparison to the
SC-GD described by Hieftje and co-workers [43] and the miniaturized
and dc-pAPGDs of Jamroz et al. [44,45].

3.3. Determination of excitation temperatures by He and Mg atomic lines

The excitation temperature (Texc) is one of the central parameters
for plasma characterization, describing the relative populations of atom-
ic species in the ground and excited states under the assumption of a
Boltzmann distribution. Many factors are incorporated into this type
of distribution including statistical weights of specific levels, population
density of the atom in the ground state, the atom's statistical weight,
and excitation potential of the level [24,25,46]. As such, elements of
very different atomic structure are prone to yield incongruent Texc
values, particularly in the absence of local thermodynamic equilibrium
(LTE). To address this specific point, He I and Mg I transitions were
used in this evaluation.

This work takes a similar approach used by Quintero to calculate Texc
from a high pressure microwave-induced plasma (MIP) [47], employing
Boltzmann plots of four He I lines, using transition constants provided

therein. While greater numbers of transitions is generally preferable,
the correlation coefficients (R?) for all of the derived Boltzmann plots
(16 parameter combinations, each in triplicate) were all >0.900. The av-
erage Texc values (for all parameters) calculated from the He I lines, was
determined to be 2672 K, with temperatures ranging from ~2100-2900
K across the 16 different conditions. This ~3 x increase between T, and
Texc is fairly common across the spectrum of spectrochemical devices, as
the energy transfer between plasma electrons and atoms is more effi-
cient than the heavy body collisions that distribute thermal energy.
The response surface of Fig. 4a reflects the roles of He flow rate and dis-
charge current on Tex for a constant electrode gap value. The Pareto plot
presented in Fig. 4b suggests that the He flow rate has a small positive
correlation. While current and electrode distance individually have little
effect, the combination of increasing the two (AC) does increase Texc
values to a small extent. This is an interesting relationship as increasing
the electrode gap decreases the microplasma power density, while in-
creases in current have the opposite effect. This cooperative effect will
be discussed in a latter section pertaining to electron number density.
Overall, the lack of significant effects suggests that the kinetic energy
(temperature) of electrons in the plasma remains fairly constant across
the parameters.

For comparison purposes, a set of four Mg I lines (from solution
introduction) was used to calculate Tey, yielding an average value of
2643 K. Fig. 5 illustrates the derived Tex. values for the 16 different plas-
ma conditions calculated from both He I and Mg I lines. The He I transi-
tions originate at excitation energies of ~23 eV, while those of Mg I
involve relatively low energies of 4.3-5.1 eV. Under the simple assump-
tion that conditions of LTE do not exist, very different values would have
been expected [24,25]. The average values for these two probes are
statistically the same, suggesting that the excitation environment/
processes are very similar for these very different excited states. Intro-
duction of Mg particulates via LA yielded an average Tey. value He I of
2564 K across the plasma parameter set, indicating that the particle
load has no appreciable effect on the microplasma excitation conditions.
Thus, a high level of robustness exists as heavy matrix solutions or LA
particles of Mg are digested without perturbation of plasma excitation
conditions.
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Fig. 4. a) Response surface for excitation temperatures determined by Boltzmann distribution of the He (I) lines as a function of He flow rate and discharge current and b) Pareto plot

illustrating parametric significance across the test parameter matrix.
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Fig. 5. [llustration of the two methods of calculating atomic excitation temperatures
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3.4. Determination of electron number density by He and H line broadening

Previous works by Venzie and Marcus investigated potential matrix
effects in the LS-APGD-OES source upon addition of EIEs [ 15]. The lack of
any perturbations was attributed to a very high electron number
density as milliamps of dc-current pass through the microplasma. The
electron number density (n.) is commonly determined through the
Stark broadening of spectral lines emitted by argon (Ar), helium (He),
and the hydrogen Balmer series (H, and more commonly Hp) [21,22,
35,46]. In the present work, two probes were employed to identify/
circumvent potential biases. Firstly, the Balmer alpha line (H,,) was uti-
lized for the calculation; however, instead of FWHM, the full width half
area (FWHA) method was employed. Gigosos determined that when
using FWHA, excitation temperatures play little role in effecting the

number density and derived the equation for calculating n. from the
FWHA of the H, line [48].

(1

n 0.67965
H, : FWHA = 0.549 nm x ( )

e
103 m3

Based on this methodology, the average n. was calculated to be
2.8 x 10'° cm ™3 across the 16 plasma parameters. As seen in Fig. 6,
the particular plasma parameters do not substantially change the de-
rived number densities (with a range of 14%, relative) for the HNO3
blank. Introduction of the 1000 ug mL™' Mg? " solution into the plasma
has little effect on n., with the responses of the two solution types
paralleling each other throughout the parametric matrix.

The second method for calculating n. incorporated the He [ 587.3 nm
line, utilizing a different mathematical approach to limit potential bias.
For this case, the FWHM was used for the Stark-broadened He line,
with the electron impact parameter (W) required to complete this de-
termination. The electron impact factor is a coefficient that is related
to specific Stark broadened lines and specific excitation temperatures
[49]. While it is temperature dependent, temperature plays an insignif-
icant role in the determination and only loosely effects the calculation.
Other parameters that play a role in obtaining Eq. (2) are the ion broad-
ening parameter and population of particles in the Debye sphere.

n
AN = 2W x et 2)

Based on the measured He | FWHM data, the average n. was calcu-
lated to be 9.7 x 10> cm~> across the parameter space. While the mag-
nitude of the number densities are on the same scale (~10'%), the He
[-derived number density is ~3 times higher, which is likely due to the
origins and concentrations of the two species in the microplasma envi-
ronment. This increase could be due to pressure broadening of the He [
line as the concentration of He species in and around the plasma is very
high due to the flowing of He gas through both electrodes (0.2 L min~'
and ~0.5 L min™ '), and is reflected in Fig. 1 as He I intensities exceed
those of H 1. Self-absorption by He species in the cooler periphery
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587 nm line (b). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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regions of the plasma would contribute to line broadening. Spatially-
resolved measurements, likely with Abel inversion, will be needed to
further evaluate this situation. Fig. 6 illustrates the same trends
throughout the parametric evaluation with the He I-based n, values,
with and without the introduction of the Mg solution. In fact, the para-
metric dependencies seen in both means of calculating n, parallel each
other in the parameter space, serving to validate the two experimental
approaches.

The spread of n. values in Fig. 6 is not appreciable, though the
response surface generated as a function of flow rate and discharge cur-
rent, does show a slight n. dependence on the carrier gas flow rate, as
shown in Fig. 7a. The slight, but statistically significant, effect of carrier
gas flow rates is borne out in the Pareto plot of Fig. 7b. Very interesting-
ly, no other parameters, including the discharge current, have apprecia-
ble influences. The fact that n. does not increase, even though the
current is increased by a factor of 50% across the experiments, reflects
the situation where the discharge volume is increasing; thus keeping
the density relatively constant. By the same token, it is likely true that
the counter flow of the He carrier gas may compress the plasma, thus in-
creasing the density. This phenomenon would also explain the reason-
ing for the strong positive relationship between Ty and gas flow rate.

3.5. Monitoring plasma robustness characteristics through Mg II:Mg I ratios

The Mg II:Mg I ratio is widely used to benchmark spectrochemical
robustness and analytical performance of plasma emission sources. Typ-
ically this ionic:atomic ratio is monitored through changes in plasma
conditions (parameter studies) or the introduction of other species
that would potentially induce matrix effects [26,50-52]. There are es-
sentially two aspects of the robustness parameter; the magnitude that
reflects the ionization temperature (Tjo,) of the source, and the mea-
sured value that one would want to be unchanged as conditions are
changed (i.e., a robust plasma). In principle, any emitting ion:atom
pair could be employed to assess changes in excitation/ionization condi-
tions. The Mg (280.27 nm:285.21 nm) line pair is used here to allow
comparisons with other sources and magnesium was easily introduced
in the solution and particulate phases. Previous studies by Venzie and
Marcus suggested an immunity to changes in the ratio with the addition
of EIEs to the LS-APGD [15]. Fig. 8 illustrates the fact that both carrier gas

flow rate and discharge current have minimal positive effects on the
ratio. As might be expected from trends determined for Tex. and ne, car-
rier gas is the parameter that affects the ratio to a larger extent. The
magnitude of the ratio (ranging from 0.5 to 1.3) with an average of
0.7, suggests that the extent of forming excited stated Mg ions is low
versus the ICP (ranging from 7-11 [26]). By the same token, the lack
of large changes across the parametric matrix suggests that the
LS-APGD should be relatively immune to fluctuations in excitation con-
ditions due to minor imprecisions in operational control; an asset in
field-based applications.

4. Conclusions

The liquid sampling-atmospheric pressure glow discharge
(LS-APGD) has been characterized relative to its rotational (T;.) and ex-
citation (Texc) temperatures, electron number densities (n.) and robust-
ness, with an eye towards applications as a secondary excitation source
for LA particle analysis and field deployment applications. Carrier gas
flow rate, electrode distance, and applied current were incorporated in
the parametric overview in the cases of blank solutions (1% HNOs),
heavy solution matrices (1000 pg mL~! Mg? "), and Mg particles intro-
duced via LA. The high power density (>10 W mm™2) microplasma
exhibits rotational and excitation temperatures that are in line with
propane-air combustion flames and low power ICP and MIP sources. Ex-
citation temperatures are on par with other glow discharge sources. On
the other hand, the electron number densities were on par with analyt-
ical ICPs. In no case of sample loading (solution or LA particles) were
there statistically significant changes in the determined plasma
characteristics.

Further experimentation is needed in terms of introducing other so-
lution matrices (composition and concentration) to generate a more in-
depth profile of the susceptibility to analytical matrix effects. Under-
standing these plasma fundamentals allows the plasma to be modified
for specific needs. Such fundamental studies will be extended to the re-
cent demonstration of the LS-APGD as a source for ambient desorption
ionization-mass spectrometry (ADI-MS) [53]. At this point, the analyti-
cal performance, low-overhead operational space, diversity in sample
forms, and high levels of robustness of the microplasma suggest
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Fig. 7. a) Response surface for electron number densities determined by Stark broadening of the H,, line of the Balmer series as a function of He flow rate and discharge current and

b) Pareto plot illustrating parametric significance across the test parameter matrix.
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applications in areas where current laboratory-scale instrumentation is
not appropriate.
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