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Liquid sampling–atmospheric pressure glow discharge (LS-APGD)

microplasma is being developed as a secondary vaporization–

excitation source for the optical emission analysis of laser ablation

(LA)-generated particle populations. The practicalities of this coupling

are evaluated by determining the influence of source parameters on

the emission response and the plasma’s robustness upon LA

introduction of easily ionized elements (EIEs). The influence of

discharge current (45–70 mA), LA carrier gas flow rate (0.1–0.8 L

min�1), and electrode separation distance (0.5–3.5 mm) was studied

by measuring Cu emission lines after ablation of a brass sample. Best

emission responses were observed for high-discharge currents, low

He carrier gas flow rates, and relatively small (,1.5 mm) electrode

gaps. Plasma robustness and spectroscopic matrix effects were

studied by monitoring Mg(II) : Mg(I) intensity ratios and N2-derived

plasma rotational temperatures after the ablation of Sr- and Ca-

containing pellets. Plasma robustness investigations showed that

the plasma is not appreciably affected by the particle loadings, with

the microplasma being slightly more ionizing in the case of Ca

introduction. In neither case did the concentration of the concom-

itant element change the robustness values, implying a high level

of robustness. Introduction of the LA particles results in slight

increases in the rotational temperatures (�10% relative), with Ca-

containing particles having a greater effect than Sr-containing

particles. The observed variation of 9% in the plasma rotational

temperature is in the same order of magnitude as the short-term

reproducibility determined by the proposed LA-LS-APGD system.

The determined rotational temperatures ranged from 1047 to 1212 K

upon introducing various amounts of Ca and Sr. The relative

immunity to LA particle-induced matrix effects is attributed to the

relatively long residence times and high power densities (.10 W

mm�3) of the LS-APGD microplasma.

Index Headings: Liquid sampling–atmospheric pressure glow

discharge; LS-APGD; Laser ablation; Optical emission spectrosco-

py; Excitation conditions; Robustness; Particle loading.

INTRODUCTION

The development of analytical chemistry instrumenta-

tion in the fields of chemical separation, electrochemistry,

and mass and optical spectrometric analyses has

progressed considerably over the last decade in terms

of miniaturization.1,2 However, relatively little progress

has been realized in the miniaturization of atomic

spectroscopy instrumentation. The availability of minia-

turized instrumentation in general is important for several

reasons, but it is of crucial importance for prompt field

analyses. Field-deployable instruments for elemental,

isotopic, or molecular characterizations of environmental

samples would allow for, e.g., prompt environmental

contamination and nuclear mishap screenings and

forensic analyses. Rapid assessment of such samples

provides baseline information for materials to be collect-

ed for a more thorough analysis in the laboratory—a form

of triage. One of the greatest challenges to ‘‘field’’
analyses is the need for methods to be highly robust in

terms of the diversity of potential sample matrices. This

robustness is not only required of the measurement

method but also for the chemical manipulations of diverse

materials, making them amenable to analysis. The ability

to analyze samples without laborious sample preparation

procedures (i.e., digestion) has been advanced with the

implementation of laser ablation (LA) methods,3–5 allow-

ing for the direct sampling of solids.

In laser ablation, a short-pulsed (femtoseconds to

nanoseconds), high-power (Watts) laser beam is typically

focused onto a solid sample, resulting in melting–

vaporization of the sample surface.3,6 Generally, after the

ejection of ablated material, there are two means of

determining the sample’s elemental composition: (1) direct

analysis of the laser-induced plume at the ablation site by

optical emission spectroscopy (OES), which is commonly

referred to as laser-induced breakdown spectroscopy

(LIBS); and (2) analysis by OES or mass spectrometry

(MS) after transportation of the particulate population to a

secondary excitation–ionization source, which is in most

cases an inductively coupled plasma (ICP).3,4,7,8 Because

of its small footprint, compared to ICP-OES-MS, and the fact

that only minimal or even no sample preparation is

needed, LIBS is highly appreciated in case of field-

deployable instruments. The use of LIBS has expanded to

planetary9 and underwater elemental10,11 analyses. How-

ever, increased sensitivity is realized when the LA-

generated aerosol is subject to secondary ionization–

excitation. Typically, secondary excitation sources such as

the ICP, exhibit higher power densities (�1 W mm�3) and
longer analyte plasma residence times (�5 ms) than the

actual laser-induced plasma, commonly yielding higher

sensitivity for elemental analysis.4 In the context of

miniaturized–transportable systems, the ICP has a rela-

tively large footprint, high operating costs due to high gas
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consumption (�15 L min�1), and high power requirements

(1–1.5 kW). While the ICP is the most commonly used

secondary excitation source,5,8,12 its relatively large

volume (i.e., �125 mm3) effectively leads to a ‘‘dilution’’
of the LA-generated aerosol. Thus, it would seem that the

coupling of LAwith aminiaturized source, having the basic

characteristics to allow field deployment and having a

much smaller plasma volume might find particular utility.

The usefulness of coupling LA with small-volume

discharges has been addressed in some part. For

example, an LA spark-induced breakdown spectroscopy

(LA-SIBS) was demonstrated by Li et al.13 Studies revealed

improved emission and signal-to-noise ratios (S/Ns)

compared to conventional LIBS without the need for

analyte transport. However, high voltages (�10 kV) were

required for the discharge to be sustained, which could be

disadvantageous in terms of instrument portability.13 Glow

discharge (GD) plasmas using a hollow-cathode geometry

have also been employed as secondary excitation sources

for LA-generated aerosol dating back to Iida.14 More

recently, Tereszchuk et al.15 demonstrated the use of a

synchronized, pulsed direct current (DC) GD as a second-

ary excitation source for copper samples with OES

detection. Studies revealed an up to 75-fold signal

enhancement compared to a traditional LIBS setup.15

While interesting from the point of view of performance,

and deserving of further evaluation, use of in vacua

discharges is again problematic in terms of potential

portability. The development of GD plasmas initiated at the

surface of liquids as excitation–ionization sources in

atomic spectroscopy has been demonstrated over the last

decade, as highlighted by several reviews dedicated to this

area.16–20 Low power, compactness, and experimental

simplicity result in the attractiveness of such devices in

miniaturized elemental analysis instrumentation.

Marcus and coworkers have recently used the liquid

sampling atmospheric pressure GD (LS-APGD) micro-

plasma as a secondary excitation–ionization source for

LA-produced particles.21–23 The plasma, operating at

powers of ,50 W, is formed between an electrolytic

solution acting as one electrode and a counter elec-

trode.23–25 The LS-APGD has a small plasma volume

(,1 mm3), yielding power densities in the 10s W mm�3

range versus �0.1 mm�3 for the ICP, while also having

dramatically lower support gas flow rates (,1 L min�1).
As demonstrated in the present work, the entirety of the

source hardware, including laser, can be fit onto a

0.09 m2 optical platform.

Indeed, these basic characteristics bode well in the

context of miniaturized, field-deployable instrumenta-

tion. The ability to perform rapid analysis without sample

digestion (due to laser ablation) and high level of

robustness of the microplasma imply that experiments

can indeed be performed outside of the laboratory. Of

course, different from LIBS, the need for a carrier gas,

the plasma sustaining liquid, and the power supply

would be added overhead.

The plasma characteristics (i.e., plasma temperatures,

electron number density, and robustness) have been

investigated recently in hopes of a better understanding

of the LS-APGD’s potential as an excitation–ionization

source for liquid samples.23,26 While the plasma excita-

tion temperature (�2600 K) may not be as high as that of

a typical ICP (typically 7000–10 000 K), the electron

number density (3 3 1015 cm�3) is on the same order of

magnitude. Rotational temperatures determined through

OH and N2 band emission are �1000 K.23 While such

values seem to be low in terms of vaporization capacity,

the device has been shown to be effective as a

secondary excitation–ionization source for particles

generated by both nanosecond and femtosecond laser

ablation.

The aim of this work is determining the influence of

microplasma operating parameters on the LS-APGD’s

emission response and the investigation of plasma

robustness after solid sampling by means of laser

ablation. While effort has been put into the investigation

of these plasma characteristics in the case of liquid

sampling, a detailed study of how aerosol particles effect

the plasma environment has not yet been approached.

The knowledge and understanding of such plasma

characteristics are of crucial importance for further

method developments and the full assessment of the

source’s utility in atomic spectroscopy, using both liquid

and solid sampling. LA-LS-APGD operating parameters

including GD current, carrier gas flow rate, and distance

between the electrodes were evaluated here by ablating

a brass sample and measuring the resultant Cu(I)

responses. Plasma robustness and spectroscopic matrix

effects were assessed by determining Mg(II) : Mg(I)

emission line ratios and plasma rotational temperatures

after introducing an LA-generated aerosol containing

easily ionized elements (i.e., Ca and Sr) into the plasma.

It is believed that the high plasma power density allows

for the effective digestion of LA-generated particles as

any effects are hardly outside of the experimental

variability.

EXPERIMENTAL

Materials. Test pellets were prepared in-house at

Lawrence Berkeley National Laboratory by mixing paraf-

fin-binder (3436 SPEX SamplePrep, Metuchen, NJ) with

magnesium carbonate (MgCO3), strontium carbonate

(SrCO3), and calcium carbonate (CaCO3) powders. SrCO3

and CaCO3 (Sigma Aldrich, St. Louis, MO) amounts were

varied from �0.1 to �17% (w/w) and from �1 to 25% (w/

w), respectively (see Table I), while the MgCO3 (Sigma

Aldrich) amount was kept constant (3.43% (w/w)) in all

TABLE I. Pellet compositions and thermodynamic properties of
concomitant metals.

No.

%
CaCO3

%
SrCO3

Properties of concomitants

Ca Sr

1 1.2 0.16 First ionization potential (eV) 6.1 5.7

2 2.5 0.34 Second ionization potential (eV) 11.9 11.0

3 5 0.84 Heat of vaporization (kJ mol�1) 154.7 136.9

4 10 1.7 Boiling point (K) 1484 1382

5 15 3.4 Metal-oxide bond energy (kJ mol�1) 464 454

6 20 6.7

7 22.5 10.1

8 25 13.9

9 n/a 15.1

10 n/a 16.8

an/a = not applicable.
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pellets. Upon mixing, pressing was performed with a 3630

X-Press (SPEX SamplePrep) under 25 tons with a hold

time of 2 min and release time of 1 min. While not within

the scope of the present study, response curves mea-

sured by means of the LA-LS-APGD system showed

correlation coefficients (R2) greater than 0.90 for both Sr-

and Ca-containing pellets across these concentration

ranges. A stock brass sample was used as a represen-

tative homogeneous metal for the parametric evaluation.

LASER-ABLATION LIQUID-SAMPLING
ATMOSPHERIC PRESSURE GLOW DISCHARGE
OPTICAL EMISSION SPECTROSCOPY (LA-LS-
APGD-OES) SYSTEM

Liquid Sampling–Atmospheric Pressure Glow Dis-
charge. The base LS-APGD source design used in this

study was slightly modified to allow for the introduction

of LA-generated particles by using a hollow counter

electrode as seen in Fig. 1 and described previously.22,23

The first difference from the earlier work is in the

construction of the source, where the footprint of the LS-

APGD system was decreased by more than a factor of 2.

This was affected through more judicious choices in

system components. The microplasma was sustained

between two electrodes: an electrode containing an

electrolytic solution and a hollow metallic counter

electrode. (In principle, two ‘‘solid electrodes’’ could

serve to sustain the plasma much like a conventional DC

arc, but this is beyond the scope of this work.) The

electrolytic solution (1 mol L�1 nitric acid [HNO3],

OmniTrace Ultra, EMD Millipore, Billerica, MA) flowing

by means of a syringe pump (model NE-1000 Multi-

Phaser, New Era Pump Systems Inc., Farmingdale, NY)

in a fused silica capillary (i.e., 360 lm outer diameter

(o.d.), 100 lm inner diameter (i.d.), Idex Health and

Science, Oak Harbor, WA) served as the anode, while the

counter electrode served as the cathode. The silica

capillary was encircled within a metal capillary (nickel,

0.16 cm o.d., 0.06 cm i.d.), with the He sheath gas flowing

in the intercapillary gap for plasma stability. A power

supply (0–100 mA, 2 kV, Glassman High Voltage Inc.,

High Bridge, NJ) was used, with a 10 kX, 225 W ballast

resistor (Ohmite, Arlington Heights, IL) placed in-line

before connection with the anode. A hollow tube (nickel,

0.3 cm o.d., 0.1 cm i.d.) was used as the counter

electrode to allow for the transport of the LA-generated

particles from the ablation chamber to the microplasma.

A more substantial change in the present source dealt

with the shielding of the counter electrode. Different from

the previous studies is the use of a glass sleeve on the

outside of the counter electrode to restrict the available

electrode surface area to 1 mm from the electrode tip.

Without this restriction, a ‘‘normal’’ GD results, meaning

that increases in current simply cause the spread of the

current. Thus, the current density, and the voltage

required to maintain it are constant. Restriction of the

counter electrode surface area creates a situation where

increased current leads to higher current densities and

higher voltages, an ‘‘abnormal ‘‘ GD. For this particular

system, the operating voltage is invariate with voltage

(averaging �330 V) without the use of the glass sleeve,

but varies virtually linearly from 380 to 440 V across the

current range of 50–65 mA. The instrument operation

parameters are given in Table II.

Laser Ablation. Laser ablation was accomplished by

means of a commercial nanosecond Laser Ablation–

LIBS system (J200, Applied Spectra, Inc., Fremont, CA).

The system was operated at the fundamental infrared

(IR) wavelength (1064 nm) and in the ultraviolet (UV)

region (213 nm). The previous works only involved IR

irradiation.22 Instrumental parameters are given in Table

II. The LA-generated aerosol was transported to the LS-

APGD using He as a carrier gas. A transport tube

consisting of 6.35 mm (0.25 in) i.d. Tygon tubing (Saint-

Gobain, Courbevoie, France) was used to connect the

ablation chamber to the hollow counter electrode.

Optical Emission Spectrometer. Emission from the

LS-APGD microplasma was collected by a fused silica

biconvex lens (35 mm focal length, 25.4 mm diameter,

Thorlabs Inc., Newton, NJ). A charge-coupled device

(CCD)–based spectrometer (Applied Spectra, Inc.) was

used for all OES measurements. The spectrometer was

equipped with six channels; each channel used a 2048

pixel CCD detector, enabling the acquisition of compos-

ite spectra simultaneously across a wavelength range of

190–1040 nm. Spectra were generated for each experi-

FIG. 1. LS-APGD-OES source components for the analysis of LA-

generated particle populations.

TABLE II. Instrument components and operational parameters.

IR ablation UV ablation

LA J200 system

Wavelength (nm) 1064 213

Pulse width (ns) 5 3

Energy (mJ) 50 5

Repetition rate (Hz) 10 10

No. of shots 150 150

No. of replicates 4 4

He carrier gas flow rate (L min�1) 0.1–0.8 0.1–0.8

LS-APGD microplasma

Sheath gas flow rate (L min�1) 0.2 0.2

Electrolytic solution

[5% HNO3 (v/v)/lL min�1] 200 200

Electrode separation distance (mm) 0.5–3.5 0.5–3.5

GD current (mA) 45–70 45–70

Aurora optical emission spectrometer

Integration time (ms) 1.05

Spectral resolution (nm) 0.05–0.12 (190–1040)

Spectrometer Six-channel CCD (Aurora)

Detector 2048 pixel CCD for each channel
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mental condition by co-adding the emission responses

for 150 laser shots in a single location. Data processing

(signal accumulation and background subtraction) was

performed using the Aurora software (Applied Spectra,

Inc.), and Excel (Microsoft, Redmond, WA) was used for

further data evaluations. Optical response data reported

here are given as the average of triplicate repetitions

(under each condition), with 61 SD variance.

Optimization of Laser-Ablation Liquid Sampling–
Atmospheric Pressure Glow Discharge Optical Emis-
sion Spectroscopy System. Optimization of LA-LS-

APGD parameters was accomplished by monitoring Cu(I)

emission lines (i.e., 324.7 nm (Eexc = 3.81 eV), 327.4 nm

(Eexc = 3.78 eV), 510.5 nm (Eexc = 6.19 eV), and 521.8 nm

(Eexc = 3.81 eV)) during the course of ablation of a brass

sample using a laserwavelength of 1064 nm. Zn, also in the

brass sample, provided the opportunity to study alternative

element–transition energies, specifically the Zn(I) 472.1

and 480.9 nm (Eexc= 6.65 eV) transitions. Studies currently

underway using solution sample introduction are looking

to the responses of a wide variety of elements and

transitions to changes in discharge conditions. A previous

evaluation of the LA-LS-APGDsystem looked at the roles of

discharge current and carrier gas flow rate.22 However, as

a slightly modified (specifically the restricted counter

electrode surface area) discharge system and LA appara-

tus were used in this study, the roles of discharge current,

He carrier gas flow rate, and electrode separation distance

were readdressed. These parameters were evaluated for

both IR and UV ablation wavelengths. Once the parametric

dependences were evaluated, the reproducibility of the

entire LA-LS-APGD-OES system was evaluated using the

homogeneous brass alloy and a compacted paraffin

sample containing 3.38% (w/w) SrCO3. In the first case, a

laserwavelength of 1064 nmwas applied, with 213 nmused

for the compacted sample as a different LA apparatus was

used. In both instances, spot-to-spot variations (150 shots

per spot) in the analyte (Cu and Sr) responses showed

variability of�8% relative standard deviation (RSD). Thus,

it was concluded that the reproducibility of the laser

sampling and the stability of the plasma source were of a

sufficient level to look at samples having different

compositions to study potential matrix effects.

RESULTS AND DISCUSSION

Influence of Glow Discharge Current on Emission
Response. The processes of converting brass particu-

lates to excited state Cu atoms that are observed through

their optical emission are kinetically driven. LA particles

must be subjected to sufficient heat to completely

vaporize them, after which collisions with plasma

electrons or He metastable atoms (i.e., Penning colli-

sions) affect the excited state populations of the atomic

vapor.26 Discharge current would be expected to play a

role in the gas kinetic temperature of the plasma as well

as in the rate of excited state-populating collisions. To a

first approximation, higher discharge currents, and

correspondingly higher power densities, would be

expected to yield higher plasma temperatures (e.g.,

better vaporization), while also providing higher elec-

tron–atom collision rates. Recent studies by Russo and

coworkers show small (,10% relative) increases in

rotational temperatures (Trot) and excitation tempera-

tures (Texc) values with increasing current, while

electron number densities are virtually invariant with

changes in discharge current over the range 45–65 mA.23

Thus, it would be expected that optimum atomic

emission response should be found at high discharge

currents.

The responses of Cu(I) 327.4 nm emission intensity are

proportional to increases in discharge current over the

range 45–65 mA for particles generated under 1064 and

213 nm, with the response plateauing beyond this point,

as depicted in Fig. 2. The response increases by

approximately two times over this current range for the

case of 1064 nm ablation. Each of the monitored Cu(I)

and Zn(I) transitions followed the same general trend.

Indeed, the lack of any differences suggests that (1) there

are no appreciable changes in excitation conditions

(e.g., temperatures) and (2) self-absorption of resonant

Cu(I) lines was insignificant (as differences would be

quite apparent). The proportional increase found here is

virtually the same as observed in previous LA-LS-APGD

works using 1064 nm irradiation.22 In both instances,

very little Cu(I) response was observed for discharge

currents of ,45 mA, which is attributed to insufficient

plasma (power) density to affect efficient particle

vaporization. The lack of increased yields at higher

currents (.70 mA) might suggest that the cumulative

vaporization–excitation processes are sufficient to deal

with the introduced particle population, as further

increases do not increase the number of emitting atoms.

In addition, beyond �70 mA, higher currents lead to

counter electrode overheating and damage (remember-

ing that it serves as the cathode and thus is subjected to

ion bombardment). Electrode overheating results in

increased variability in the Cu(I) emission data, without

the benefit of greater photon fluxes.

Influence of Electrode Separation Distance and
Laser Ablation Carrier Gas Flow Rate on Emission
Response. While the above-cited temperature charac-

teristics reflect the ability of the plasma to affect the work

FIG. 2. Cu(I) 327.4 nm emission response as a function of LS-APGD

discharge current. All other parameters constant: interelectrode

separation = 1.0 mm, He sheath gas flow rate = 0.2 L min�1, solution
flow rate = 200 lL min�1 (5% HNO3), He carrier gas flow rate = 0.2 L

min�1, 1064 nm laser energy = 50 mJ, repetition rate = 10 Hz, target =
brass alloy.
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in converting LA particulates into emitting atoms, the

residence time of those species in the active micro-

plasma environment is expected to be equally important

in the analytical context. In general, emission responses

should be improved by extended analyte residence

times in an excitation source so long as gas phase

reactions do not result in the loss of the target atoms

(e.g., reactions that cause formation of metal oxides).

Parameters assumed to affect residence times in the LS-

APGD are the interelectrode separation and the particle

flow rate into the microplasma. While increasing

electrode separation would increase the residence time,

decreases in plasma power density would also result;

so, there may certainly be trade-offs in terms of available

energy and exposure time. In contrast, particles are

carried into, and swept through, the plasma volume by

means of the LA carrier gas flow. As in the case of ICP

sources, it would be expected that higher carrier gas

flow rates would decrease residence times.27,28 An

additional consideration that is not explicitly addressed

here is the fact that there is an opposing gas flow to the

particle carrier gas, the sheath–cooling gas from the

liquid electrode, which would contribute to the overall

gas dynamics and microplasma residence times.

As depicted in the Cu(I) responses plotted in Fig. 3a,

there is indeed a trade-off seen between the interelec-

trode separation in terms of the plasma density and

the residence time for a fixed carrier gas flow rate of

0.1 mL min�1. Previous work indicated that there is a

slight positive correlation between the electrode

distances and Trot and Texc, with a slight negative

correlation with electron number density (ne) values

for the LS-APGD.23 A very simple gas velocity

calculation based on the carrier gas flow rate suggests

transit times ranging from 0.2 to 1.6 ms across this

range of separation distances. (In reality, the counter-

propagating sheath gas from the liquid electrode will

contribute to the overall particle paths and likely

increased residence times.) The maximum in Cu(I)

response at a 1 mm gap reflects the case where the

lower plasma density than exists at the 0.5 mm gap is

offset with a longer path through the plasma. Increas-

ing the electrode separation beyond 1 mm, and thus

increasing the plasma volume (i.e., dilution of the

plasma ne by expansion), yields a steadily decreasing

emission response even though the plasma residence

times are increased. An interesting consequence of

the longer, and perhaps more uniform, plasma

residence times at the longer separation distances is

seen in much improved sample-to-sample precision,

decreasing from 21.7% at the shortest distance to 6.5%
RSD for the largest gap.

Different from the case of the electrode gap lengths,

where residence time and plasma volumes are

affected, changes in the carrier gas velocity might be

assumed to only effect the residence times. This is in

fact not the case as Trot values decrease appreciably

(900–700 K for N2) with increased carrier gas flow rate,

while Texc and ne values show strong positive

correlations.23 Thus, a more energetic plasma in terms

of spectroscopic factors is achieved at high carrier gas

flow rates, while low gas rates yield higher gas kinetic

temperatures (Trot) to affect greater vaporization. As

seen in Fig. 3b, it is clear that low carrier gas flow

rates, yielding the longest residence times and

kinetically hotter environments, provide the greatest

response for the 1 mm interelectrode separation

distance. Indeed, operation at flow rates ,0.2 L min�1

caused overheating of the hollow counter electrode;

so, this value was maintained as further parameters

were evaluated. Gas velocity calculations suggest that

the plasma transit times range from 0.5 to 0.06 ms as

the flow rate is increased. Clearly seen is a near

exponential decrease in the Cu(I) responses with

increasing flow rates, while at the same time, the

precision of replicate experiments deteriorates. Spe-

cifically, the variability is only 9% RSD for the case of

0.1 L min�1 flow rate, increasing to 36% RSD for the

highest rate of 0.8 L min�1. The observed response

reflects the fact that higher LA gas flow rates lead to

decreases in the gas kinetic temperatures as well as

shorter plasma residence times. Thus, as in the case

of the short interelectrode distances, higher flow rates

FIG. 3. Cu(I) 327.4 nm emission response as a function of (a)
interelectrode separation distance for a carrier gas flow rate of 0.2 L

min�1 and (b) He carrier gas flow rate for an interelectrode separation

of 1.0 mm. All other parameters constant: He sheath gas flow rate = 0.2

L min�1, solution flow rate 200 lL min�1 (5% HNO3), discharge current =
60 mA, 1064 nm laser energy = 50 mJ, repetition rate = 10 Hz, target =
brass alloy.
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limit the time available for particle digestion and

atomic excitation.

These studies strongly indicate that conditions that

favor higher gas kinetic temperatures and longer

residences time are the controlling influences on the

emission response of LA-produced particulates. Howev-

er, actual residence times and plasma volumes must be

determined in future investigations as done by, e.g.,

Aeschliman et al.29, by using high-speed digital photo-

graphs and videos. Certainly, such experimental data

should be supported by detailed gas-dynamic simula-

tions. The effect of particle residence time in the plasma

on S/Ns, emission response, and sensitivity must be

addressed in the future to develop a better fundamental

understanding of the LS-APGD as a secondary excita-

tion–ionization source. In this regard, the role of the

sheath–cooling gas flow is also expected to be a

determining factor in analytical performance.

Robustness of Liquid Sampling–Atmospheric Pres-
sure Glow Discharge Microplasma upon Introduction
of LA-Generated Particle Aerosols. One of the funda-

mental characteristics to be ascertained about any

spectrochemical device is its immunity to sample–

matrix-induced perturbations, i.e., its robustness. In the

field of atomic spectroscopy, matrix effects can lead to

pronounced quantitative errors based on several exper-

imental factors impacting the sample introduction effi-

ciencies, the ability to effectively vaporize the material,

and changes in the excitation–ionization characteristics.

There can be confusion when referring to ‘‘robustness’’
in the field of atomic spectrometry; robustness as an

adjective describing the immunity to perturbations and

the ‘‘robustness factor’’ that is a derived quantity that

reflects the likely immunity to changes and the extent of

excitation of ionic and atomic transitions.30,31 The

robustness of a source can be assessed through the

measurement of certain quantities such as excitation,

rotation, and ionization temperatures or perhaps elec-

tron number densities upon introduction of different

sample matrices. The robustness factor is usually

assessed by means of measuring specific ion-to-atom

line ratios (e.g., Mg(II):Mg(I) and/or Zn(II):Zn(I)). The

utility of using Mg II:Mg I ratios to assess excitation–

ionization conditions in terms of the robustness factor

was described in detail by Mermet.30,31 In this case, the

ratio of measured (raw) intensities of the Mg(II) 279.5 nm

and the Mg(I) 285.2 nm transitions is used. In simple

terms, high robustness values reflect conditions for

efficient ionization, which should equate to lower

susceptibility to matrix effects. In practice, one ultimately

desires robustness values that do not change with

conditions, indicative of low levels of plasma perturba-

tion.

As a general approach to assessing the robustness of

a spectrochemical source, plasma temperatures and

ion-to-atom emission ratios are evaluated upon intro-

duction of easily ionized elements (EIEs),32–34 as these

species tend to lead to atomization–excitation–ionization

process disruption. Therefore, introducing elements

such as Sr and Ca at varying concentrations can provide

greater understanding of plasma robustness.23 To

investigate spectroscopic matrix effects and determine

the robustness of the LS-APGD secondary excitation

source for LA-generated particle aerosols, plasma

rotational temperatures and Mg(II):Mg(I) ratios were

monitored following the ablation of alkaline earth metal

carbonate-doped paraffin pellets. Previous studies had

shown that neither the excitation or rotational tempera-

tures, electron number densities, nor the robustness

factors were changed upon the introduction of LA-

produced particles from Mg metal shards compacted in

paraffin.23 By the same token, microplasma excitation

temperatures were unaffected by the introduction of a

wide variety of concomitant elements in the liquid phase

sampling using the LS-APGD.23 Therefore, as rotational

temperatures should reflect thermal loading of the

plasma due to the introduction of refractory particulates,

this, along with the robustness factor, was studied here.

The ablated pellets contained various amounts of Ca and

Sr (Table I) as EIE elements, while the Mg content was

held constant. Laser ablation was accomplished using

the 213 nm laser ablation system, applying LA-optimized

LS-APGD instrumental parameters (Table II).

Plasma rotational temperatures were determined by

fitting the N molecular bands as done in previous LS-

APGD measurements.23 As can be seen in Fig. 4, a

temperature increase of �50 K was observed upon

ablation of the MgCO3–paraffin (3.8% (w/w)) pellet in

comparison to the steady introduction of HNO3 as the

electrolytic solution. Based on the reproducibility of

these experiments, this difference is statistically signif-

icant. As such, the introduction of these predominately

organic particles (vaporized paraffin most likely con-

densing with the inorganic additives in the gas phase)

has no effect on the plasma energetics. Addition of

SrCO3 powder into the paraffin matrix yields no

appreciable changes to the measured Trot values. In

fact, the percentage of carbonate added has no effect on

the measured temperatures. This is a significant finding

as at the highest of the Sr loadings, metal carbonates

make up �20% of the sample by weight, a significant

change in matrix. Addition of CaCO3 as the concomitant

element is seen to increase the Trot values by �100 K.

FIG. 4. N2-derived rotational temperatures upon introduction of various

amounts of Ca and Sr carbonates into the LS-APGD microplasma

through LA of paraffin-based pellets, each doped with 3.8% (w/w)

MgCO3. All other parameters constant: He sheath gas flow rate = 0.2 L

min�1, solution flow rate 200 lL min�1 (5% HNO3), discharge current =
60 mA, interelectrode separation = 1.0 mm, He carrier gas flow rate =
0.2 L min�1, 213 nm laser energy = 5 mJ, repetition rate = 10 Hz.
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Here again, there is no specific influence of the actual Ca

weight percentage across values of �1.2–25%, by weight

(�30% total inorganic composition). While the influence

is indeed minimal, the slight increase with the introduc-

tion of Ca was also observed with the introduction of the

Ca concomitant in a previous publication.23 Those

studies compared a range of physical, chemical, and

spectroscopic differences among concomitants (includ-

ing Ca and Sr) and could find no specific correlations;

except that overall the changes were fairly minimal. It

has been previously proposed by Kitagawa and Take-

uchi,34 while studying a microwave-induced plasma, that

the increase of EIEs into the source would increase the

overall collision rates in the plasma, resulting in an

increased the plasma temperatures. The respective

rotational temperatures in Fig. 3 are consistent with

previous LS-APGD microplasma studies, wherein Mg

was introduced in the electrolytic solution phase, with

the average values across a very wide range of plasma

parameters being �1100 K.23 Previous work wherein

these elements were added in to the electrolytic flow

(500 lg mL�1) of the LS-APGD resulted in differences in

excitation and ionization temperatures of ,10%, rela-

tive.23 Even though two distinct temperature ranges are

observed after the ablation of Sr- and Ca-containing

pellets, the plasma is considered as relatively robust as

the relative difference between the two elements is only

�9%.

The response of the measured Mg(II) :Mg(I) ratios as a

function of the composition of the ablated samples is

depicted in Fig. 5 for the cases of the Sr and Ca

concomitants. The corresponding value (1.0) for the Mg-

only doped paraffin is included as a reference point.

Similar to what was seen for the case of the rotational

temperatures discussed above, the average value for the

Ca-doped samples increases, while the Sr-doped sam-

ples lowered the robustness factor values. These

relative values are also consistent with what was seen

for the liquid phase introduction of these elements into

the microplasma.23 True for both concomitant elements

is the fact that the robustness factor values do not

change to an appreciable extent as the dopant levels are

increased to values above 16 and 25% for Sr and Ca,

respectively. The variability seen here reflects the case

that introduction of Ca (Mg(II) :Mg( I) = 1.25 6 0.25) leads

to greater plasma instability than for Sr (Mg(II) :Mg( I) =
0.66 6 0.04). Here, we again make the distinction

between the absolute value of the robustness factor,

which are very much higher for the inductively coupled

plasma (ICP) (�13) than the LS-APGD,35 and the fact that

those values are very consistent upon matrix loading.

Thus, while the microplasma is relatively weak in terms

of the production of excited state ions, it is indeed robust

in terms of its immunity to matrix effects. In fact, the raw

Mg(II) and Mg(I) intensities showed only slight decreas-

es under increased Ca concentrations, with no appre-

ciable trends seen upon Sr addition. The ionic lines are

more affected (�15% lower) in regards to increased

CaCO3 loading when compared to the atomic lines. This

is also reflected in the greater variability in the

robustness factor values for the Ca-doped pellets. It is

suggested that in the case of introducing large amounts

of concomitants into the plasma, more energy is

dedicated to the vaporization of particles, and thus less

energy is available for the production of excited state

analyte ions.

CONCLUSIONS

For LS-APGD to be a viable candidate as a secondary

excitation for the analysis of LA-generated particles, and

perhaps an alternative to inductively coupled plasma

optical emission spectrometry, the factors that affect

vaporization and excitation processes must be well

characterized and understood. In this work, a homoge-

neous brass alloy was used to assess the roles of the

discharge current, electrode gap, and particle carrier

gas flow rates on Cu(I) signal responses. As expected,

atomic emission intensities increase with discharge

current, while the electrode separation and gas flow

rates generate responses that reflect trade-offs affecting

residence time within the plasma volume, and, ultimate-

ly, the vaporization processes. The influence of instru-

mental parameters (i.e., LA carrier gas flow rate,

electrode gap, and GD current) on the emission

response demonstrated the necessity of a thorough

investigation and optimization. Low LA carrier gas flow

rates (i.e., 0.1 L min�1) and large electrode distances are

suggested to be favorable in terms of longer plasma

residence times. However, in case of larger electrode

gap distances and resulting larger plasma volumes, less

energy is available per cubic millimeter for vaporiza-

tion–excitation processes, which results in an overall

loss of emission response. The resulting trends were the

same for 1064 and 213 nm ablation.

Ablation of metal carbonate-doped paraffin pellets

using 213 nm irradiation was used to evaluate the

robustness of the plasma in terms of potential changes in

rotational temperatures and robustness factor values.

MgCO3 was doped at a constant weight percentage, with

Ca and Sr carbonates added to values of �25 and 17%
(w/w), respectively. In both instances, ablation of Ca-

doped particles resulted in slight increases in the metric

FIG. 5. Response of Mg(II) : Mg(I) (279.5 nm:285.2 nm) line ratios upon

introduction of various amounts of Ca and Sr carbonates into the LS-

APGD microplasma through LA of paraffin-based pellets, each doped

with 3.8% (w/w) MgCO3. All other parameters constant: He sheath gas

flow rate = 0.2 L min�1, solution flow rate 200 lL min�1 (5% HNO3),

discharge current = 60 mA, interelectrode separation = 1.0 mm, He

carrier gas flow rate = 0.2 L min�1, 213 nm laser energy = 5 mJ,

repetition rate = 10 Hz.
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values, with Sr-doped samples slightly depressing the

values. Both of these findings are consistent with the

introduction of these elements into the solution flow of

the LS-APGD. The lack of appreciable matrix effects

upon introduction of the relatively large nanosecond-

pulse LA particulates is believed to be a result of the

high power densities (.10 W mm�3) affected by the

microplasma design, relatively high electron number

densities (1015–1016 cm�3), and relatively long residence

times given the plasma size.

The results presented here are quite encouraging in

terms of the implementation of the LS-APGD micro-

plasma as a secondary excitation source for particle

populations generated by laser ablation. Many funda-

mental questions remain to be answered that may lead

to better quantitative performance. For example, under-

standing trade-offs between the kinetics (e.g., plasma

residence time) and thermodynamics (e.g., gas kinetic

temperatures) of the particle vaporization process. The

determination of actual plasma residence times must be

addressed in future investigations, using, e.g., a camera

for high-speed photographic and video studies. Likewise

the roles of the composition and velocity of the sheath–

cooling gas must be taken into account. Other funda-

mental questions include the potential extent of elemen-

tal fractional occurring as particles vaporize (separate

from that possibly occurring in the LA process). While

the focus of this work was on the role of discharge

operation parameters on plasma processes, the same

sorts of studies must be undertaken in terms of analytical

performance (e.g., calibration quality and LODs). Ulti-

mately, detailed comparisons with LIBS and LA-ICP-OES

are needed to determine the analytical utility of the

method. Overall, the results of these and previous

studies suggest that the LA-LS-APGD-OES system has

promise for use in miniaturized, field-deployable instru-

mentation for performing rapid, in situ analyses.
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