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ABSTRACT

A microwave-induced, atmospheric pressure active nitrogen

plasma has been investigated as an atom reservoir for laser-

induced ionization spectrometry. Discrete analyte samples were

introduced into the active nitrogen plasma by a microarc

atomizer. Both laser-enhanced ionization (LEI) and dual laser

ionization (DLI) were carried out in the plasma plume that

extended from the Beenakker cavity.
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ABSTRACT

A microwave-induced, atmospheric pressure active nitrogen

plasma has been investigated as an atom reservoir for laser-

induced ionization spectrometry. Discrete analyte samples were

introduced into the active nitrogen plasma by a microarc

atomizer. Both laser-enhanced ionization (LEI) and dual laser

ionization (DLI) were carried out in the plasma plume that

extended from the Beenakker cavity.

INTRODUCTION

Because of its interesting energetic properties, the active

niLLoge.1 plasma has been investigated as an alternative Lo the



analytical flame as an atom reservoir for laser-induced ionization

spectrometry. The laser-induced ionization techniques examined in

this study were laser-enhanced ionization (LEI) and dual laser

ionization (DLI). Ionization from a laser-excited state proceeds

by collisional processes in the former case and absorption of

photons in the latter.

LEI spectrometry is among the most sensitive methods avail-

able for trace metal analysis. Detection limits reported for

LEI I- 4 are comparable to those reported for laser-excited atomic

fluorescence spectrometry [LEAFS]. 5 ,6  LEI has several advan-

tages over conventional spectroscopic methods, including nonopti-

cal detection and an abundance of usable transitions within a

relatively narrow spectral range which mwkes possible the excita-

tion of several elements by using a single laser dye. 4

LEI and DLI 7 may be viewed as complementary techniques and

are similar in their implementation and methodology. LEI occurs

whenever a laser is tuned to a resonance transition of an atom in

a flame. Whether or not an additional photoionizing laser will

supplement the LEI signal depends on how closely its wavelength

matches the energy defect between the laser-excited level and the

ionization potential of the analyte atom. 8 The atom reservoir is

also an important consideration. Photoionization makes a greater

contribution to the total ionization signal (i.e., current) in

atom reservoirs where the rate of collisional ionization is rela-

tively low, such as a hydrogen-oxygen-argon flame.7,8 Photoion-

ization of a laser-excited atom usually requires the addition of a

second laser, but there are cases where a single laser may be

adequate, or a third laser may be required.

Most of the laser-induced ionization studies, to date, have

employed 3nalytical flames as atom rpservoirs. Flames -r -om-

monly user to desolvate and atomize samples for spectrometry. In



addition, they provide effective collisional cells for LEI. How-

ever, spectroscopic techniques that employ flames can be limited

by interferences associated with flame atomization and ioniza-

tion. This is most evident in laser-induced ion! tion techniques

where group IA and IIA elements interfere with signal (i.e., ion)

collection. These elements are easily ionized in the flame,

resulting in the formation of a positive ion sheath which shields

the cathode and, consequently, suppresses the analyte ionization

signal. This problem has been effectively addrcssed for LEI in

air/acetylene flames by the use of the immersed cathode which

permits laser enhancement within the collecting field. 9  Use of

the immersed cathode has allowed complete LEI signal recovery from

samples containing high sodium concentrations.

The most significant LEI improvements have resulted from

changes in electrode design, 9 access to UV wavelengths through the

use of advanced laser technology, 1 0 and sample pretreatment for

removal of interferents.11 Only recently have alternative atom

reservoirs for LEI received attention. Turk and Watters 12

reported the use of an argon inductively coupled plasma for LEI

spectrometry. The authors attributed a lack of sensitivity to a

low atom population in the plasma tail flame where the LEI

measurements were carried out.

More recently, Magnusson et al.,2 and Axner and Rubensztein-

Dunlop 3 have reported LEI detection of trace elements in a

graphite furnace. Both one and two-step excitation schemes were

reported. The two-step excitation scheme allowed background

correction.3 The authors suggested that a chance in furnace purge

gas from argon to nitrogen, or a mixture of argon and methane

might create a better collisional environment in the furnace.

This could lead to further enhancements in ionization and, thus,

higher sensitivity.



Niemczyk and Na 13 have reviewed the fundamentals and applica-

tions of the microwave-induced active nitrogen plasma which has

been demonstrated to be an efficient source for atomic emission

spectrometry. Microwave-induced plasmas (MIPs) using a variety of

gases and gas mixtures, have been well characterized in the

literature. i4,15 in an active nitrogen plasma, non-thermal

energy transfer of up to several electron volts is possible

through very efficient collisions of analyte atoms with plasma

species.13  This is in contrast to the air/a-zetylene flame in

which the nitrogen molecule with a Boltzmann eLiergy of around

0.2 eV is the major collisional partner in the LEI process.12

Hood and Niemczyk16 have recently reported excitation tempera-

tures, measured in a low-pressure active nitrogen plasma, that are

higher than in most flames. Active nitrogen is relatively easy

to generate in a microwave discharge and has the potential fnr

excitation and ionization of a large number of elements. 1 7 Thus,

the active nitrogen plasma should present a comparable, if not

superior, collisional environment for LEI.

Most of the published research involving the use of active

nitrogen for atomic emission was carried out at pressures below

atmospheric using low microwave power (<100 W). Low power

microwave-induced plasmas are very efficient excitation sources,

but lack the thermal energy required to vaporize samples. In the

past, conventional sample introduction into MIPs presented many

difficulties including the plasma's intolerance for sample

solvent. Successful liquid aerosol sample introduction into a

low power MIP has recently been reported however. 18

In the present study, a microarc atomizer was used to intro-

duce discrete samples into a microwave-induced, atmospheric

pressure active nitrogen plasma. Deutsch and Hieftje19 used a

microarc atomizer to introduce samples into a microwave-induced

nitrogen plasma for aLomic emission studies. The microarc



atomizer separates sample desolvation and acGmization steps. It

employs both sputtering and thermal desorption to efficiently

atomize small samples. 2 0  The microarc atomizer has more recently

been explored as an atomic emission source 21 and as an atom reser-

voir for LEI and DLI.
22

The preliminary results presented here demonstrate the

feasibility of using an active nitrogen plasna atom reservoir for

both LEI and DLI spectrometry. LEI has also been observed in an

MIP by Lysakowski. 2 ? In the present work, a comparison of LEI and

DLI signals for indium indicates that DLI photoionization enhance-

ment 8 of the LEI signal is small. These results suggest that the

rate of collisional ionization in the active nitrogen plasma may

be comparable to typical analytical flames.

EXPERIMENTAL SECTION

A schematic diagram of the instrumentation used in this study

is given in Figure 1. A linear flashlamp-pumped dye laser

(CMX-4, Chromatix), with a 0.8 ps pulselength and frequency

doubling capability, was used as the excitation source for all

experiments. The laser was operated with rhodamine 590 at a

repetition rate of 30 Hz. A UV-transmitting, visible absorbing

filter was used to block the laser fundamental output during the

LEI experiments. The laser wavelength was optimized prior to each

experiment by observing the optogalvanic effect in a hollow

cathode lamp. A standard LEI detection system was used, including

a preamplifier 2 4 and a boxcar signal averager, for signal proces-

sing. A strip chart recorder provided the signal readout.



Active Nitrogen Plasma

An active nitrogen plasma was generat-J using a laboratory-

constructed Beenakker type microwave cavity. 2 5  The microwave

power oscillator (Micro-Now, Skokie, IL) was used to deliver

powers between 50 and 150 W. The microwave cavity was carefully

designel so tha- reflected power was always less than 10% of the

forward power value, and in some cases, was too small to measure

accurately. The active nitrogen plasma plume was generated at

atmospheric pressure by exciting a mixture of argon (1.2 L/min)

and nitrogen (10-50 mL/min). The nitrogen was obtained from

liquid nitrogen boil-off. The atmospheric pressure plasma was

chosen over a low-pressure plasma (<10 Torr) to facilitate sample

introduction and eliminate the need for a vacuum system. An 8-mm

I.D. x 150-mm long quartz tube was used to direct the gas mixture

through the milz-owave cavity. The tube extended about 100 mm

beyond the cover plate of the microwave cavity. The active nitro-

gen plasma plume extended about 50 to 60 mm beyond the end of the

quartz tube. The plasma plume exhibited the active nitrogen

afterglow; the characteristic yellow emission was monitored using

a diode-array spectrometer (Tracor-Northern, Middleton, WI). The

most stable plasma conditions were obtained with applied microwave

powers in the range of b0 to 70 W and nitrogen flow rates between

30 and 40 mL/min.

Signal Collection

The laser beam was directed along the lengitudinal axis of

the plasma plume. Ion collection electrodes (12 x bO mm) were

positioned on either side of the plasma plume and were separated

by a distance of 10 to 12 mm. The electrodes were operated at a

potential of -1500 V. At potentials higher than this, arcing

through the plasma plume occurred. The plasma pl.une, ion collec-

tion electrodes, and preamplifier were shielded by a copper screen



and plexiglass enclosure to minimize pickup of RF interference

from the laser, eliminate drafts, and to facilitate the exhausting

of ozone.

Microarc Atomizer

A laboratory-constructed microarc atomizer was positioned at

the rear of the Beenakker cavity in direct line with the gas flow

to the plasma. This arrangement was found to facilitate sample

transport to the plasma. The gas flow through the microarc and

Beenakker cavity was higher than the flow rate normally used in a

microarc atomizer but close to the minimum flow rate required to

sustain the microwave plasma. Therefore, the gas flow rate used

was a compromise between a stable plasma and optimum operation of

the microarc. A tungsten rod was used as an anode and a nichrome

wire loop was used as the cathode. The sample was desolvated by

resistive heating of the wire. When a I-wL samp.e droplet was

placed on the cathode, a visible change in the active nitrogen

emission spectrum was observed. The presence of water in the

plasma resulted in a momentary quenching of the nitrogen after-

glow. The completion of sample desolvation was indicated by the

reappearance of the yellow nitrogen afterglow in the plasma

plume. The microarc power supply is described in Refs. 21 and

22.

LEI Measurements

Indium was chosen as a test element for the initial experi-

ments because of the proximity of one of its resonance lines to a

peak in the frequency-doubled tuning cur e of rhodamine 590.

Excitation at the indium resonance line at 303.9 rin resulted in

promotion to a level that was within 1.70 eV of the 5.78 eV ioni-

zation potential of indium. Energetically, these are favorable

conditions for a good LEI yield in a collisional environmenL. LEI



measurements for 10-ng samples of indium were made while adjusting

the plasma parameters of applied microwave power and nitrogen gas

flow. These parameters directly affected the concentration of

plasma species and, hence, the collisional efficacy of the

plasma.

An experiment was carried )ut to determine whether the reso-

nant transition at 303.9 nm was optically saturated. The laser

beam was attenuated with calibrated neutral density filters and

the corresponding LET signals for replicate 10 ng samples of

indium were recorded. A plot of LEI signal vs. laser power

revealed a non-linear dep ndence of LEI signal at the higher laser

powers. Optical saturation of this transition helped minimize the

effect of pulse-to-pulse amplitude differences in laser output on

the outcome of the indium LEI experiments.

DLI Measurements

LLI studies usually require the addition of a second laser to

photoionize laser-excited analyte atoms. In this case, a DLI

excitation scheme for indium was conveniently arranged using a

single dye laser with both frequency-doubled and fundamental out-

put beams.22 The fundamental laser wavelength of 607.8 nm was

frequency doubled to produce the second harmonic at 303.9 nm. The

303.9 nm beam was used, as in the LEI experiments, for the excita-

tion step. The b07.8 nm fundamental output was used for the

photoionization step. The addition of the 2.04 eV ionizing photon

resulted in a 0.34 eV energy overshoot beyond the ionization

potential of indium. This overshoot was relatively small and,

therefore, near optimal for observing a DLI enhancement over LEI. 8

In DLI studies, the 'egree of overlap of the excitation and

ionization laser beams in the atom reservoir is critical. 8  The

tunable dye laser used in the present study produced a second

L_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



harmonic beam that was displaced vertically above the fundamental

output beam. The cross-sectional overlap between these beams was

about 307, creating a non-optimum condition for DLI enhancement.

To circumvcnt this problem, the laser output beam was expanded and

a 2-mm iris was positioned in the region where the fundamental and

second harmonic overlapped. This approach allowed the plasma

plume to be irradiated by a composite beam with nearly 100% over-

lap between the fundamental and second harmonic. The resonance

traasition of indium was still optically saturated despite losses

in laser intensity due to expansion and spatial filtering of the

beam. Comparative DLI/LEI experiments were run under the same

condit'ons of illumination. An applied microwave power of 60 W

and a nitrogen flow rate of 30 mL/min were used for the DLI

measurements. These conditions provided less than optimum LEI

yields (see Figs. 2, 3) but promoted the most stable plasma.

RESULTS AND DISCUSSION

Laser-enhanced ionization signals were detected for indium

excited under optical saturation conditions. With the excitation

step saturated, the amplitude of the ionization signal was

influenced primarily by the efficacy of collisions of the

excited-state analyte atoms with plasma species. The concentra-

tion of active nitrogen in the plasma was controlled by varying

the nitrogen flow rate or the microwave power. The active nitro-

gen concentration in the plasma plume could be increased by

increasing either of these two variables. The nitcogen flow rate

was the predominant influence as indicated by the emission inten-

sity of the nitrogen afterglow which was monitored with the

diode-array spectrometer. Figure 2 illustrates the effect of the

nitrogen flow rate on the LEI signal. The nitrogen flow rate was

varied between 7 mL/min and 75 mL/min and LEI neasutements were

made for 10 ng aqueous saLmples of indium. The applied microwave



power was fixed at 60 W. The nitrogen flow rate was small in

comparison with the argon flow rate, which was maintained at

L /rain in order to keep the rate of sample transport through

:te svstem constant. The LEI signals were maximum at a flow rate

or 7 mL/min and decreased by a factor of four as the flow rate was

increased to 75 mL/min. At nitrogen flow rates lower than 7 mL/

min, the plasma became unstable and began to pulsate. When the

nitrogen flow was reduced to zero, the remaining argon plasma

retreated back into the Beenakker cavity and LEI signals were too

small to detect at the same gain setting of the boxcar. The

observed decrease in LEI signal size with increasing active nitro-

ge. concentration may have been the result of depletion in the

population of ground state analyte atoms due to effective excita-

tion and ionization of the analyte by the plasma itself. 17 The

reduced sensitivity for atomic fluorescence as compared to atomic

emission measurements made in active nitrogen plasmas,26 provides

further evidence for the depletion of ground state analyte atom

populations.

Figure 3 illustrates the effect of applied microwave power on

the LEI signal. The microwave power was varied between 50 and

150 W and LEI measurements were made for 10-ng samples of indium.

The argon and nitrogen flow rates were fixed at 1.2 L/min and

12 mL/min, respectively. Measurements were not attempted below

50 W applied power because the plasma became unstable below this

power level. The LEI signal was maximum at 50 W and decreased

gradually with increasing microwave power and the subseqact

increase in active nitrogen concentiation.

DLI Enhancement of the LEI Signal

A comparative study of DLI and LEI was carried out in the

active nitrogen plasn=. In both cases, indium was excited at

303.9 rm. Measurements for replicate 10 ng samples of indium were



made with and witnout the addition of a photoionizing beam. The

addition of the photoionizing laser beam resulted in DLI signal

enhancements of up Lo a factcr of two relative to LEI measurements

made under the same conditions. Since saturation of the excita-

tion step at 303.9 nm was maintained throughout all experiments,

it was assumed that laser intensity losses due to reflection off

the brV transmitting-visible absorbing filter, did not contribute

significantly to the difference between the LEI and DLI signal

amplitudes.

A DLI detection limit based on a signal-to-noise ratio of

three was estimated for indium. For quantitation purposes, the

chart-recorded peak heights of the transient ionization signals

were measured. The noise was taken as one-fifth the peak-to-peak

noise on the baseline. A detection limit of 20 pg was estimated

by extrapolation from signal-to-noise ratios of measurements made

with 1-ng samples of indium. The repioducibility at this level

was approximately 15% relative standard deviation. Figure 4 shows

signals recorded for consecutive I ng indium samples. The best

DL detection limits for indium were comparable to the best

obtained for LEI (using full illumination). The DLI enhancement

factor offset the loss of LEI signal that was a result of reduced

beam volume due to spatial filtering in the DLI/LEI comparison

experiment.

Background Ionization and Limiting Noise

Measurements made in the active nitrogen plasma with the

microarc atomizer turned off and no analyte present indicated the

presence of low level laser-induced background ionization. Sig-

nals were observed with laser excitation both on and off the

303.9-nm line. The signals disappeared when the laser beam was

blocked, leaving a baseline signal that resulted primarily fro

pickup of RF interference from the laser. The combination of



laser-induced plasma ionization and pickup of RF interference may

present a fundamental limit on the sensitivity of this technique.

An optimization of the plasma, in addition to improvements in

electrical shielding and grounding, may help reduce the magnitude

of these background signals and, hence, their contribution to the

total noise.

CONCLUSION

The preceding results demonstrate the feasibility of using an

active nitrogen plasma atom reservoir for laser-induced ionization

spectrometry. Picogram level sensitivity for discrete samples of

indium was obtained by both LEI and DLI techniques.

DLI enhancements of up to 1000 have been obtained for some

elements by using excitation schemes with relatively small energy

overshoots. 8 The DLI enhancement observed for indium in the

present study was approximately the same as reported for indium in

Ref. 8, but the energy overshoot was less than half as large.

Thus, a larger DLI enhancement would have been expected in the

present case, providing the atom reservoirs had similar colli-

sional properties. Although several experimental differences

prevent a direct comparison between the previous results and the

present work, the absence of a larger DLI enhancement for indium

in the present work suggests that a higher rate of collisiortal

ionization exists in the active nitrogen plasma relative to the

hydrogen-oxygen-argon flame used in Ref. 8. The collisional prop-

erties of the active nitrogen plasma may more closely approach the

air/acetylene flame.

Low ground state analyte atom populations in the active

nitrogen plasma, relative to analytical flames, implies that

analyte atom excited states are more highly populated in the



plasma. This is exemplified by the high sensitivity obtaine- for

atomic emission in the active nitrogen plasma.13 This being the

case, non-resonant LEI excitation of analytk atoms in the active

nitrogen plasma should demonstrate improved sensitivity over

similar excitation schemes in flames.

The microarc atomizer is currently being optimized to improve

the reproducibility of atomization and, hence, the precision.

Synchronization of the laser firing to the transit of the analyte
"plug" through the region of the plasma sampled by the LEI elec-

trodes would improve both precision and sensitivity.

Experiments are being planned to investigate LEI and DLI for

a series of other elements to further characterize the role of the

active nitrogen plasma. Initial investigations of the effect of

easily-ionized elements on the analyte ionization signal indicate

that the electrical interferences may be similar to those in

flames.1 High voltage interferent removal schemes 27 may be more

effective in active nitrogen plasmas than flames. The former

should more efficiently ionize IA and IIA elements, leading to a

more quantitative removal.
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FIGURE CAPTIONS

FIG. 1. Schematic diagram of instrumentation. Diode-array

spectrometer is omitted.

FIG. 2. Effect of nitrogen flow rate on LEI signal for 10 ng

indium samples. Error bars represent 95% confidence interval.

FIG. 3. Effect of microwave power on LEI signal for 10 ng indium

samples. Error bars represent 95% confidence interval.

FIG. 4. Chart recorder tracings of consecutive DLI signals for

I ng indiun samples.
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LASER-INDUCED IONIZATION SPECTROMETRY: ALTERNATE ATOM RESERVOIRS

Robert B. Green and Michael 1). Seltzer
Cheritr Division. Research Department

Naval Weapons Center. China Lake. California 93555-th)()]

Premi\ed flame, hase heen C(imTliOrl,, 1,ed to atonlme sarllples fhr laser-induced ionhjati iwn ,er,,:rs
Detection limits have been exceiient but the :ntrir.ic sensi:iit, of the liser-haseJ nethods has hce- on. rriii,,t'
when an alyvzins real satnpies. A otal :consumption lame and several energetic plusnmas have been ncted a,
atom reservoirs for laser-enhanced ionization LEI) and direct laser ,onuiai tion l I. spectrornetr\,. lni lti.n !rot
a laser-excited state proceeds by colisions in LEI and absorption of photons in DI.1. Laser-enhanced ;'n iaton
occurs in a flame \k henever a laser is tuned to an atomic transition. Whether or not photoionizauion (i e . lI i l I,
supplement the LEI signal depen i, on the colliional propertie, oif the atom reservoir and the ditterence hetseesi the
energy required to reach the ionization potential and the energy of the photoioni.-ing beam. The total con'umption
flame, active n~trogen, and argon plasmas each have advantages in terms of sample throughput, background, and
interferences. The results of LEI and DLI measurements will be used to characterize and compare these atom
reservoirs for laser-induced ionization spectrometry.

Laser-induced ionization spectrometry may be viewed as a family of techniques (see Figure Ii. Laser-enhanced
ionization involves thermal or collisional ionization from an excited state that is populated by single-step or
stepwise laser excitation. I In DLI. sometimes referred to as dual laser ionization,2 the final step is laser
photoionization. The DLI excitation schemes are similar to those used for resonance ionization spectroscopy uRIS .
the distinction being the atom reservoir. Resonance ionization spectroscopy is performed in low pressure atom
eservoirs, such as the source of a mass sp,,ctrometer. Laser-enhanced ionization and DLI are implemented in

atmosphcric-pre sure pilaistas, t' picaltv a flame supported bv a premix burner. Laser-enhanced ionization and DLI
mav be viewed as conp.lcientar, techniques. The toriner is more well developed bitt Much ot the research applies
equally "well to DI.I. Multiphoon lrnil ti/,on .\PI i mi, also occur in flame, but is not uset il for tr,!ce nic.ti
determination. MuItiphoton ,ciiLzation can proceed by the simultaneous absorption of three or more photons of the
same wavelength via bound or virtual states. A background signal may result from the MPI of added or native
species in the flame, particularly at high incident laser powers. The noise carried by this additive signal can limit
minimum detectable concentrations of analytes.

M

M
, _ M

LEI DLI (RIS) MPI

FIGURE 1. Laser-induced ionization schemes: LEI, DLI, and MPI

Laser-enhanced ionization or DLI may be detected with biased high voltage electrodes inserted in or near the atom
reservoir. The increased current in the atom reservoir due to laser excitation is collected, preamplified. and filtered
iefore introduction to a boxcar signal averager. A photodiode which monitors the laser output assures that the
signal is sampled only during the laser pulse.
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The premix burner has been the most frequently used atom reservoir. The premix burner has been the atom
reservoir of choice for optically-detected spectrometry, such as atomic absorption, because it produces a stable.
laminar flow flame with well-defined concentration zones. Slot burner heads provide long pathlengths which
increase the signal collected. The high optical quality of the premixed flame results from mixing the fuel, oxidant
and nebulized sample solution in a chamber prior to combustion. The large sample droplets condense in the
premixing chamber and return to waste via a drain. The choice of fuel and oxidant is limited to combinations that
yield flanes with lower burn ing velocities. This avoids explo'.,,e flashbacks in the prenixing chamber.

c icciro'mc c' t: i..''. thase hcei ii,cl tor i..rr :1i;_1o Cd eu )111 1rn1!;o 111il :A11 .rcon' s rIi

and ittnicrs d loh'r appro.!n w ill produce cx licni , .. 'n limits tor ant!,i5c'., I .'.,scd in pure. ; .'oa
.;oliitions. Sainpe- tnairi'c. , con iininv IA (r IIA element,, ' n::n nave hich ion traction'. in i l arazt\iicaitt. otl e'.
producc sesere citricail interierence' when c\ crna l ectcIFo .LC, are used. I hi'. ha-, been attrhured to ine lor11atmo1 [
of a space char:c at the cathode

The origin of electrical interferences may be understood bs considering space charge formation at an electrode
In a flame, positive tons, electrons, and neutral species e,.ist in the bulk phase. It the recion near a ncgaiie
electrode inserted in the flame ts examined. seseral zones ma\ be distinguished. Between the bulk phase and the
electrt de surface, there is a transition region where charged 'pecies separate. Near the electrode surface, cations
predominate. As the concentration of cations in the flame is increased, the signal collecting field withdraws to the
cathode surface. If the laser beam is outside the collecting field, none of the ions produced by laser enhancement
will be sensed. When the electrodes are located outside the flame, there is no opportunity to position the laser
beam within the collecting field at high ion concentrations in the flame. With immersed electrodes, the laser beam
can be positioned near the cathode surface even when the ion concentration in the flame is hith and the signal
collection region is severely compressed. Using immersed electrodes it is possible to collect 1)O% of the analyte
signal in the p-esence of sodium concentrations up to 3000 pg:'mL in an air-acetIlene flame.3

The periodic table in Figure 2 indicates the elements that have been determined by LEI spectrometry according to
the type of flame used. (Those elements which are shown as "not determined" by LEI spectrometry have not been
reported but they are amenable to flame spectrometry. ) Most detection limits that have been reported were
determined in tle air-acetylene flame. A nitrous oxide-acet,,lene flame has been used for more refractory elements.
It is important to recognize that although the use of an immersed electrode has mitigated electrical interference\j
from easily-ionized species n air-acetylene flames. the hotter nitrous oxide-acetylene flame has not yielded to thi,
solution.

4

FLAME: AIR-ACETYLENE I-"- PROPANE-BUTANE-AIR I
NITROUS OXIDE-ACETYLENE NOr DETERMINED
AIR-HYDROGEN m"

I:I6 U RIE 2 Periodic tablIc showing types of flames ui sed as, atom reservoirs for
laser-enhanced ionSiraon spectrdnetry
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R esult and Discuss ion

The limits of detection for laser-enhanced ionization in premixed flames, compiled and reported in Reference 5,
e,,athlish the techit iqLie as competitive ith other high sensitivity analytical methods, such as i nducti vel v-cou pled
plama etuisNjon lpc',tronctrv. One comporetit of laser-enhanced ioni/ation spectrontetry ihait might be improved is
thC it0Ti rc,cr, ,ir The ,cir,.h f(,r alterniatc ,oni reservoir, w~i, !riven hv the loilok ine .i ils] I I I incre ine, Ih"
. .11 IC rCsIudCn ,e tiTttc 111 lhe 11.tr c.II, - nr i It a t1n ts e Iiin. ii ,It a 1t[l\ tn C It the iiser-e\ci Ied % lutt e. U.3)

r..t .iln ,itUav~ e ct n tpiio1tnt.nt aCLt i I .urtncr redutI on Ior el lnatton ot eic.trical interterences. ,calistlcahl. it
t rccofrlzt_' k ,t tiC Ut It t . .i ti a be mutu Lly e clU IVe.

One approach to increasing signal is to increase the nuinber of atonmi that can be interrogated by the laser beam.
This can be accomplished by sub,tituting a total consumption burner for the premixed burner which has been
commonly used for LEI spectrometry. In the total consumption burner, the fuel. oxidant, and nebulized sample are
not mixed until the, exit the burner nozuie. Although 1)0)% of the sample enters the flame, all of it is not available
for laser excitation. Large droplets of sample pass through the flame without evaporation. Light scattering from
these droplets is the main reason that total consumption burners are no longer used as atom reservoirs for optically-
detected spectrometrs. S;nce an electrical current is measured directly in LEI spectrometry, light scattering causes
no detection problems. Even though a portion of the sample is lost to LEI, the overall increase in sample
throughput over the premixed burner which rejects 95% of the aspirated sample led to a net improvement in limits
of detection for the elements studied. 6  An additional benefit of using the total consumption burner is the
availability of oxygen-based flames without the threat of explosive flashback.

Laser-enl,anced ionization spectrometry with a total consumption burner has some disadvantages as well. When
compared with the premixed burner, the laser pathlength for the total consumption burner is reduced because the
flame has a circular cross-section. Because the flame is very turbulent, the concentration gradient is diffuse and the
zone of hignest concentration is not well defined. The high sample throughput. the central advantage of the total
consumption burner, leads to two problems: MPI background and the earlier onset of electrical interferences. The
,rigin of the background is the MPI of flame species produced by the aspiration of water, the primary solvent for

this work. The largely featureless MPI background occurs only at high incident laser powers. Since the MPI
background signal was additive, it was possible to subtract it, but the random noise carried by the MPI remained.
The strategy to obtain the best detectin limits was to increase the laser power until MPI was observed. Then the
laser power was reduced slightly below the MPI level and the detection limit, were determined in the absence of
MPI toise. The appearance of MPI background is also possible with a premix burner: the difference is that most of
the solvent is eliminated by condensation be'fore it reaches the flame. The earlier onset of electrical interferences
due to easily-ionized species with the total consumption burner is also a symptom of the "100%" sample
introduction Into the flame. The actual fiame concentration (or density) of ions when signal suppression occurs is
probably the same for both burners. The difference is that this flame concentration occurs at much lower solution
cot.crttr.liion, ol the itntertercnt ,..hen using a total consumption burner. It is the absolute flarte concentration of
interlerent that determines the lev el of LEI signal suppression not the ratio of interferent to atalyte. 7

S am p e_ De solv ation

Sample desolvation prior to introduction was one approach to attacking the C -ficiencies of the total consumption
burner Sample desolvaton has long been used in atomic spectrometry but the reported sample transport
CeMIenc."e fcor 0 , vatlible tcehniques were low. Less than complete sample transport negates the value of using a
total con umption burner.

A successful approach involved using a graphite furnace to desolvate the sample prior to introduction into the
total consumption burner.X The liquid sample was deposited in the graphite tube, the water was driven off in a
drying cycle, and the sample was atomized into a flowing stream of argon. The gas-phase sample was carried into
the aspiration tube (f the burner. A water vapor generator was connected in the gas line from the furnace for
comparison of the introduction of dry and Aet samples into the total consumption burner. Wet samples could not be
introduced directlv from the furnece because spattering would cause sample loss making the results equivocal.
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[hei ads ,iniages of sample desolv ation are illustrated in Figure 3. Five trials are shown. In the three irals where

the miattanese sample Aas desolvated. sharp signal peaks result. The MPI background yields a DC signal offset

tor the t w O trial, wiih sols ated samples, The increased noise carried by the signal is obvious. The reduction of I"

pecik tnt p niudes I-the solv ated trials is probahbly due to the cooling of the flame by water vapor introduction.

7~e CdtiCline_ tie .tttal~te atont fictiott.

BEE N.-t 1

DESOLVATED SOLVATED -

1 k I fors C t~asIr desol- FIGU.RE 4. Schemattc dtaieratn of instru-
ands~s .tc Mi smpls he arrowsN mentation for laser-induced ionization

x isnil rtasor the ol ai,!~J~ttt~ spectronitirv in a microw ar e- induced plasma.

Iiis.:Htias .'a;2c es's~i:,;kith the total consumtiion burner provides many advantages that are applicable
inVr1rduce1d iont/,ion jV,:trotmcers Is Higher laser powers can be effectivel- used to saturate atontic

.,.s~tis.It ;, als- possible to condense the total consumption flame by introducing it into a Vycor tube. The
cx. ing_ us~er be,tjit ttaiheit be directed dow-n the length of the flame and longer paiengib electrodes masi be

I-lm ciet, atitn ari, tih le ngih extens Ion can be applied to the total consumption flame w ithout sample
siihtic iicrc.t'el NilI tis,e nullifijes any inipros etnents in sie-nal. Finally, intrinsic flame temperatures,

.ir it ittamd I th retio alof queus olv"CnIN. All of these advantages lead to order-of- magni iude
Itttti i fl ecTion tiiisttor laser-etihanced ionization spectronmetry using total consumption burners with

R cciiIs. ticrs isc-ttI neecd plts nias base been investicated as atom reservoirs for laser-induced ionization.

PtIC .pp.ir-Jttts is shwtt 11t Ficure 4. The gas for plasmta fortnation is directed through the sample introduction
cc Ses etI apetirilti desvices hase been used: an AC mieroarc, ultrasonic tiebulization with solvent

And -ri rphbite frTintic The s attple vapor is then carried thron gh the mticrowave cavity where t Vis mTa

VI hi, e h:cIS itsitolsed tintosplteric press ure plasmias. 'The plasItta is, conducted be. id the

--. :: AIM L .i si.- mt/~ Ithe. Steti1al Collection anid processinge are similar to the approach used in flaines.

She: fi rst plisitii t be its etiteated was active nitrogen> Active nitroigen has interesting energetic properties and

i ih ic of ctt;icnct l produtc;nr cc c:- :a atomrs and ions on collis ion with ground state species. The metal

cnits ion in sub-hub iphieric pre-u re sources has been detected photoe lectricall for analytical determinations.
I ct isciii rim :n ini the present w ork wads generated by adding molecular nitrogen to an argon tlowk in about a

10 ratio Icrwaepowers in the raniee front 511 to 1510 Wv were used.

Bioth 1 1-1 aid 1)1 experimnenis were ruit to evaluate the cOlihsional properties of active nitrogen. The excitation
-hiemcs for indItIti are show% in ig ture 5. Laser-erthanced ionization occurs in a plasmna whenever a laser is, tuned

III atotic transition. For otherwise identical experiments, the en hancement of the DLI signal over LEI depends

the col Itsional cnitvroinmlent of the plasma and how well the energy of the photon matches the enemgy required for

vn 'titii~itiI i this case, the energyv overshoot was (.34 V.
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LEI DLI

P 5.78 eV

COLLISIONAL PHOTOIONIZATION -

IONIZATION 6078 nm .

5'0 2 4.08 eV -

EXCITATION
303.9 nm

5:P - .

FIGURE 5. [El vs. DLI for indium. FIGURE 6. LEI and active nitrogen dependence
on nitrogen flow rate.

A detection limit for DLI of indium was estimated to be 20 pg. The DLI signal was a factor of two larger than the
LEI signal. Since the energy overshoot was relatively small for the photoionizing wavelength, the collisional
properties of active nitrogen were judged to be good although perhaps not comparable to an air-acetylene flame.

During the optimization of the laser-induced ionization processes, some interesting signal behavior was noted.
Figure 6 illustrates the res,,Its of experiments in which the LEI signal was monitored while increasing the nitrogen
flow rate. As expected, the active nitrogea concentration (broken line) increased as the nitrogen flow rate was
increased. The decrease in LEI signal was not expected. It was first speculated that the laser excitation prior to the
signal collection region could he significantly depleting the ground state atom population. On further
consideration, it seemed unlikely that a major signal suppression was caused by a relatively minor loss of atoms.
Experiments in w hich .tO1101C fluorescence was measured for identical concentrations ot lead in both the ,ure argon
plasma and the active nitrogen plasma (i.e.. nitrogen in argon) gave essentially identical limits of detection. This
suggested that quenching of the excited state analyte played a very minor role in the signal suppression observed at
high nitrog.-n flows. Current vs. applied voltage curves (slope = l/R) for air-acetylene flames (sodium-seeded and
unseeded) were compared with similar curves for active nitrogen and pure argon plasmas. The behavior of the
sodium-seeded flame and active nitrogen plasma was very similar, suggesting that the signal suppression observed
as the nitrogen flow rate was increased was due to the formation of a space charge at the electrodes. This was
somewhat surprising because the currents in the active nitrogen plasma were up to two orders-of-magnitude lower
than currents measured in the air-acetylene flame.

Investigations of laser-induced argon plasmas have also been initiated. Preliminary results suggested that space
charge formation in argon was minimal. The laser-induced ionization background wis low and featureless in the
wavelength region of interest. (The active nitrogen laser-induced ionization spectrum has been characterized from
279 to 2S5 nm. Because of the low background, manganese has been detected at the tens of picogram levels.
No suppression of the manganese signal was observed in signal recovery experiments using sodium as an
interferent over a two order-of-magnitude concentration range. Electrical breakdown occurs at a lower applied
voltage in argon than active nitrogen meaning that signal colletion voltages will be limited.

The total consumption burner has been demonstrated as a viable atom reservoir for laser-induccd ionization
spectrometry but further research must be undertaken before these results can be translated into practic,:. Energetic
plasmas present some interesting possibilities. Because of its good collisional properties and long lietime, active
nitrogen plasmas may be incorporated into an interferent removal scheme. 12 Easily-ionized species could be
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removed with biased electrodes prior to laser-induced ionization. Preliminary experiments with microwave-induced
argon plasmas have suggested that it may be an attractive alternative to flames because of its low background and
the apparent absence to electrical interferences.
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OPTOGALVANIC SPECTROSCOPY IN A MICROWAVE-INDUCED

ACTIVE NITROGEN PLASMA
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ABSTR ACT

Optogalvanic spectra have been obtained for a micrcNave-induced active

nitrogen plasma. The spectra originated from laser-excited transitions

belonging to the second positive system of nitrogen. As the ultraviolet (UV)

laser wavelength was scanned through the regions of interest, the laser-

induced ionization signal was monitored. A laboratory-constructed etalon

system of very low finesse was used to provide an interferometric wavelength

reference. Calibration of the laser wavelength allowed the accurate identifi-

cation of a series of selected nitrogen transitions.

Index Headings: Optogalvanic Spectroscopy, Laser-Induced Ionization,

Active Nitrogen



INTRODUCTION

Laser-4ncced optoqalvanic spectroscopy is a simple, yet powerful tech-

nique _-r :otu'rc niqh-resolution excitation spectra for atoms ano :'loiecules

in ect: s :scar'es., <ptouavariic sifnals are C'cEeraLed ay Y'.peoance

,nances 41a: (:1r ill response to tne aosorp o o f r -iotC sy tcn.:

and rol-ec,'ir secies within the aiscnarge.2 Optogalvanic spectroscopy is

characterizec -v niahly efficient signal collection ana, Decause electric

current ratner :nan light is detecteo, one does not have to contena with

discriminating aoainst oackground emission or scattered source radiation. In

this respect, optogalvanic detection provides some advantages over laser-

induced fluorescence techniques.

Followino the initial report by Green et al.,' of galvanic detection of

optical absorptions in a gas discharge, there have teen numerous applications

of optogalvanic spectroscopy for the study of molecules in a variety of dis-

charges. Felamann3 reported an optogalvanic study of NH2, NO2, H2, and N2 in

an electrical oischarge. Changes in the discharge voltage were monitored as

the laser wavelength was scanned through several visible transitions of the

molecular species of interest. The author observed that the region of the

discharge selected for illumination was critical for obtaining a high ratio of

signal-to-background. Suzuki et al., 5 have carried out optogalvanic

spectroscopy of nitrogen in a radio frequency (RF) discharge by using a

resonant tank circuit to monitor changes in the discharge current. They

obtained high-resolution spectra for transitions to Rydberg states of nitro-

gen.5 Suzuki et al., 6 have also carried out similar studies in a low pressure

2



microwave discharge. >iyazaki et aI., , reported double resonance optogal-

V3fnc soectroscopy of nitrogen in 'qc]loM cathode discharces. This state-

secive ethod allwed the recorod!; and assicivent of new visibe sotns.

seC 2 .e .ll as ,disc at .3 recorde: Ire

3:SOrot ~ , £mctra o -: i xi, es 41 flae4s sinc joto vanic e-tcnr.

The metal oxides were notained ty ascirating metal salt solutions into a pre-

mied air/hydrogen flame. Mallard ;t al.,' CDoo,15 and ockney t

have carried out multionoton ionization for optogalvanic detection of .0 in

flames. Cool and Goldsmith1 7 have recently reported a laser-enhanced flame

ionization chromatographic detector for hydrocarbons. For a more com, plete

overview of the literature of optogalvanic spectroscopy, the reader is

referred to reviews by Webster and Rettner 2 and Goldsmith and Lawler.1 8

Active Nitrogen Plasma. Microwave-induced plasmas employing both atomic

and rmlecular gases are commonly used as sources for atomic emission spec-

trometry. 19 The active nitrogen plasma is unique among these plasmas in terms

of its energetics and the presence of metastable species.20 In the active

nitrogen plasma, diatomic nitrogen molecules exist in a variety of electronic,

vitrational, and rotational excited states. 2 1 The active nitrogen plasma is

an efficient excitation source because of its ability to collisionally trans-

fer up to several electron volts of energy to analyte species in the plasma. 2 2

3



.,ecentl, ,,e investigated a ,microwave-induced, active nitrogen 3iasm as

3 2 l n_ _1 3t,- reservoir ror laser-4nduced ionization spectrometry.23

2.. 4 ....' uo i tion nd a 's 'rna 
,

G'Ou 
-  nza -n s I .vas Jetectat'e ' the aisence or anal.ire 4 the

-- r, c aer a31Ce. .> 4: ',in c ... Us ! lVser 4rraciance a,

the niasma, a !i~i.mly structured bacc round spectrum .vas revealed, corre-

soondinq to the second positive band system of niirocen. The second posi.Ive

system originates 'rcm electronic transitions that exist several ele'ron

volts anove the ground state but are commonly observed by emission in low

pressure electrical discharges in nitrogen. 25 The oservation of these tran-

sitions in this laboratory prompted further investigation cf the laser-induced

background ionization of the active nitrogen plasma.

The study of dense spectra, such as that generated in a molecular

discharge, typically requires the high spectral resolution afforded by emis-

sion spectrographic techniques. The long focal length monochromators used to

provide the necessary resolution, do so at the expense of light throughput and

consecuent loss of sensitivity. Laser-induced optocalvanic techniques are

characteristically well suited for the study of dense spectra in radiating

plasmas, where conventional optical methods demonstrate only limited sensi-

tivity. 7  The high photon flux and spectral selectivity of a laser, coupled

with the high signal collection efficiency of the electrical detection system

provide a useful alternative to traditional emission techniques.
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The maiori ty of oublished results of optogalvanic studies of miolecujles

na3ve Invove MJ -1e uise -i vis ibJle -or infrared laser sources. The presentcae

'eo~ or t , -:Irst cime, a 'j opt.-malvanic study of a mcc.oe1cc~

~:~s cr s s r .zv e 4t'>e -iia .Tr' xs te ncre 1:

-1 4 4 n 'ii la-r -radance, 31llowed.- tte recor,"r- u

'es~2u~,3 ex cid ce exc4:i soectrd. Tne spectra of -:-:resenta:2v-

--Oj 43 rs of tesecond oosit~ve system of nitrogen were observed by dete:'ti-:

---e 4ae- ue n -cnica tion o<ile scanning the laser vavelenct' , usino a

frequency doubler with aujtotrac_ ing capability. Simultaneous interferomretr4:

calibration of t!ne laser wavelength oermitted the accurate identification of

series Of excitation Peaks in this band system.

The information obtained from an optogalvanic study of the active nitro-

gen plasma is valuable in terms of its relevance to laser-induced ionization

spectronmetry carried out in the plasima. Detailed knowledge of the plasima

background facilitates the selection of analyte excitation lines and is an

asset in obtaining optimum signal-to-background ratios and, hence, greater

sensitivity.

EXPERIMENTAL SECTION

The microwave-induced, atmospheric pressure active nitrogen plasma used

for this study was the same as that used in Ref. 23. For the present study,

the plasma was operated with an applied microwave power of 70 W with reflected

power less than 10 'd. A mixture of argon and nitrogen with flow rates

5



L/min 3,J 50 mL/min resoectively, sustained tne plasma. The .re nitrocen

.,as obtained fr m liqu4i nitrogen oil-off and the argon used qas -ich purit!

4-ae 0 4 .:.O ;r0i ',at-escn. Tnesa ,35 s Source s .ve re c-let d 4 4 rize

--- , rs ccsnstea or :ne cser:e ant %ormed a conver r r, sa plu-e

-t h end oT the cuar z f Icq tuce. The ro1e of the arnon in gener ting the

a-tive nitrogen is Ic - .,ell nder s od altnoun it is possible that energy 's

transferred between argcn 3iasma suecies and cround state nitrocen molecules.

In the absence of nit-cgen in the plasma, only a featureless, wavelength-

independent signal was detected for excitation of argon over the region of

study. There was no indication of signals originating from argon transitions

with nitrogen present in the plasma.

A Nd:YAG pumped dye laser (model 5SI-C/TLSO, Quantel) with frequency

doubling and autotracking capability was used for all experiments. The laser

was operated at 10 Hz with rhodamine 590 tetrafluoroborate (Exciton). The UV

output pulsewidth and bandwidth of the laser were specified by the manufac-

turer to be 6-8 ns and 0.003 nm, respectively.

Detection System. The detection system for the optogalvanic study of the

active nitrogen plasma was the same as that used in Ref. 23 for laser-induced

ionization spectrometry. The active nitrogen plasma plume was illuminated

along its longitudinal axis in the same manner as in Ref. 23. A pair of

molybdenum plate electrodes (12-mm x 60-mm) were positioned symmetrically

about the plasma plume, 8 mm apart. A 5-mm diameter iris was used to prevent

6



the laser c-am from strikinq the electrodes in order to minimize pnotoelectric

eIissio0n. A D.'ential of -1500 V was applied to the catoode ising a highly

eou i ted noewer sucK., (model O g, Pacific Instruments). The anode circui"

::qSis '- 3F a a ad re5i5tOr, - olockin cacac2 :or, l a orez7--

(sode1 >3-.p, I-nc econ- pplie asearco) ich a model I>5 cacad nte-racor

-cJu'le. i-us coxc3 4erture . as usei to sample the 4Or 23t-On -1lse. n

ffective ime cons ta..t jf . s vas chosen cecause it prcduce: t-e least

4 stortion of tne s:pectra as the laser ,avelen h was scanneI a: 3 ncminal

rate of 0.02-5 /s. A 5-us nigh pass filter was used between the preamplifier

and boxcar to attenuate low frequency noise. The boxcar cutout signal was

recorded on one channel of a digital oscilloscope (model 4D9A, Nicolet).

Wavelength Calibration. Mechanical flaws in the sine bar drive of the

dye laser grating can cause discrepancies between the actual output wave-

length and that indicated by the laser readout display.1 Similar behavior

was observed for the laser used in the present work. This necessitated the

use of an external calibration system. Accurate wavelength identification was

obtained by simultaneously recording on a second channel of the digital oscil-

loscope the sinusoidal interference signal from the reflections of an

uncoated, 3.3-mm thick silica etalon. Figure 1 illustrates the interferometer

configuration. The beams reflected from the front and back surfaces of the

etalon combined to produce interference fringes, one of which was monitored

through a pinhole by a photodiode. The pinhole was placed in the most intense

region of the interference pattern. The output signal from the photodiode

was processed with a second boxcar averager prior to recording with the

digital oscilloscope.

7



The ve laser used for this work employs a prism odtout -rtor to

disce5svel" separate the second harmonic UV output crcm :te jrdae 1nal

S, z ,,, s. ," nv -3 --

nte<s'ti. ..avoler'cts , th ,vis!c, ro cn_ . ...... e -- r:>c't -- :rc - ,ee

, iidd ,.2 to ~ oba n t corresconoino 1j'! ,,avelencths.

As re rase" ,vaveiecz. was scanned, -3e sinusoia moou ation w, +he

intensity if the reflected interference fringes vas monitored it the pnoto-

diode. The pattern was s imilar to that typically oroduced by a very low

finesse Fabry-Perot interferometer. Monitoring of the transmitted inter-

ference pattern from a high finesse etalon is more common. nitoring the low

finesse transmitted pattern produces a sinusoidal type modulaticn that varies

from maximum to about 92% of maximum. A large zero-offset would be required

for photoelectric detection of this signal, and the signal would be relatively

noisy. However, the reflected interference pattern for a low finesse

Fabry-Perot interferometer produces a more easily recorded high-contrast

sinusoidal type modulation that varies from maximum to near zero intensity.

Constructive interference occurs when the beam reflected from the back

surface of the etalon is in phase with the beam reflected from the front

surface. This occurs for an etalon that is slightly off axis when

= L (n2 - n2 sin 2 8)1/2 (1)
air mn1

3



where n i- the oruer of the etalon (an integer, typically around 17,000),

air is tne laser ,ea; navelenqth in air, t is the onysical iickness of tie

etalon ksaie :jnrit as ri), , is tne retractive i n:ex -.f e ,talon at

1 .3 's-, Lrl. j'<ro taon S;Arfa1c-~ -ciic:S

.ere co ec ':e equations in -et. 7.

The ,aide f:r ,tas oeterminea from he positions of tne -ncident anc

reflectec oeams. The values for t:' ano t iere ootaineo ov iteratin m in ne

following n-anner. First, the interferometer was calibrated oy ising laser-

enhanced ionization in an air-acetylene flame to detect known spectral lines.

The wavelength region containing these lines was scanned while simultaneously

recording the sinusoidal interference pattern (as was done for all scans). 'n

the sinusoidal interference pattern, a peak of maximum intensity was

arbitrarily assigned the integer order M (having as yet an unknown value).

This was called the reference order. Two of the spectral lines were chosen,

one near each end of the scan. The exac, iumber (including fraction), aNi,

of sinusoidal cycles from the reference orcer to-each spectral line, i, was

measured. For each spectral line, M + A i was used for m in Equation 1

since each cycle corresponds to one order change. Both these equations were

then solved for t and the integer M was iterated until the predicted values of

t for the two wavelengths were closest to eacn other. Then the value of t for

thL -l+-c-oses-t to the reference order was used with Equation 1 to calculate

the wavelength of any new line. In the latter calculation, an iterative

method was used to calculate the wavelength because the refractive indices are

functions of wavelength.

9



'he :hoice of spectral lines ana conaitions t) calibrate the laser are

important to 't3in accurate results. Spectral I ines shoild be chosen whose

wavelenaths ire accur ately known ano ,hcse spectral Qrofles are symmetrical.

a 2n, I uiC c1 .C a'- 1 t nt? c:r-,t r- or~ ",7 ~s 'I

3at e C . " s 3:sc , rota n c i Doric, t j c, sref a3ter csor tun>

ani os: t er isorpticn i c florescence oetecti>, -1 >eo, S .n cc can

unnec essaril Yroanen and f ten Gistort tne spectr ;1 prsi1e. Often a

compr;.: ise ;jst -e ,,aoe bet 4een a li-e that n;oes rK sns, sAcn istrtior, s

yet provines a strong enough signal to oe useful. The Co lines at 279.708 ann

279.377 nm viere used to caliorate the interfero;ieter oecause they -.,ere in the

wavelength region of interest, symmetrical, ano not iistorten.

RESULTS AND DISCUSSION

Optogalvanic spectra for nitrogen were recorded for the wavelength region

between 279.00 and 283.00 nm in increments of 0.85 nm per scan. The corre-

sponding sinusoiaal interference signal was simultaneously recorded. Figures

2 and 3 show these excitation spectra with approxir:.ate wavelength scales.

Note the 0.05-0.10 nin overlap between consecutive spectra. The spectra

presented here were not normalized for laser intensity. The average power of

the secono harmonic output of the lase- qas 35 -. 3n: ,4as 'iaintained within

10% of this value for all scans.

10



he rfr'retr ,as c3l Ii orated in the -anner Jescr ibed ;oov-!. For

eacr, recordnd the 2osi.crs f th'e ma- r spe'tal ftur -

rI S e d

,-r= .. .T -_ e'le~ h assi ,. . ,,Pr2 - u~t d n co,,ipare' to o a

.... . r ez for C 2,

detected emission -r-c, the second Positive system of nitrogen 4n a :O,

pressure electrical ciscrarce. Emission 2ands corresponding to the second

oositive system actually rance i:,rcm 223 nrn to 2n 1_22 The nitrooo s,,c'.

positive s stem consists of transiticns between vibrational states in the

u and 3- eec:ronic levels of nitroqen Toe spectra shown in .iO. 2

include transitions cetween vibrational states 3+0 and 4+1. The individual

peaks that ,,ake uc the spectra in Fits. 2 and 3 represent transitions

originating from and terminating at specific rotational states within the

respective vibrational states.

The optogalianic excitation spectrum shown in Fig. 4 was recorded Detveen

230.00 and 283.35 nm and was selected for calibration and wavelength assign-

ment. The m-aority of toe peaks in Fin. 4 are well resolved with full widtns

at hal maximum tf n.6 om or less. It is possible that some of the broader

pea', profiles may be the result of distortion .ue to overlap with peaks of the

sa-e or other sard system, s.3 For the spectral region between 280.00 and

--. 85 nm, q3velength assignments were obtained for 3? peak,. These peaks

were the most easily distinguishable and represent only a fraction of the one
11



-,Cr , transitions for : e s-etral re, ion r2e..'een . ..

', S o 3--i. -- ',-F 7 n.--r -v nS?

* - **.7:' r - % -r --

of -n-- V-' I- - , t

c C --r a c A- Sr

a qroe< r actors. 'e~ral :Croa.,,zn- -n s-;s ,, nql tr' olasma ", /

;a ovc o ac3c e lnes. This r2St y oI vrss - I ov noyin.

achive '-noro]en Diasma. larrowinq the iaser oan "-th~ a lo mrv h
-Iv aSan-,r, may 31s,- improve the

resoIjtion.

CC NCLUS ION

An optogalvanic spectroscopic study of a microwave-induced active

nitroo]en olasm-a has teen carried out. Recordinos of 'ortions of the ootooal-

vanoc s4Cectrun of t-ie nitrocen second pos"tive system de-ocis trat that several

of the transitions that are routinely observed in a nitrogen electrical

diocharo.e by _iss io techniques can also he ohserv-._ by laser-induced

ionization of an otive nitrogen plasma. The conspicuous absence of several

pr-al.s indicates that the population of various rotational states in excited

12



electron4.c 'e'.eis of nit-ocen varies e-:..een different tyDes of J o,.carges.

Additional ietii]ed "nforriation re..'< tre electrical dis4nr-e sed

The rres: .;:r< Qr-ovde s C. - n concern n : e iase t-dcec

ionization backcround of thne active - ogen olasma. The spectral region

chosen for this study overlaps seve -al  1 lines comimonly 'sed I-or laser-

induced ionization soectrcmetrv.- 7 -etection an-i calicration technicues

described here can easily be used to exolore transitions in other 'wavelength

regions as well. The spectral macpin: octained in the present st:jdy provides

a means v which optimum analytical ln, es can be selected or background-

limited lines can be avoided.
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Peak Qbserved Liter3ture* ,avelengtn

numoer ,aveengt aave1encth difference

* I .... ... ... .

( 10, . ..-.. . ..

7)

(3) -

(9) 2032213.323 -D.231

(11) 230.425 230.425 0.220

(12) 8 445 20.126 -2.21

(13) 230.462 2J.060 j.102

(14) 280.48D 230.01 -0.Dol

(15) 230.514 280.510 004

(16) 280.544 280.544 j.O00

(K7 230.576 230.63 0.008

(18) 280.605 230.603 0.02

(19) 280.633 230.627 0.006

(20) 280.643 280.639 0.004

(21) 280.658 230.662 -0.004

(22) 280.676 280.630 -0.004

(23) 230.684 280.691 -0.007

(24) 280.703 280.707 0.001

(25) 280.731 230.732 -0.001

(26) 280.751 280.746 0.005

(27) 280.771 280.776 -0.C05

(28) 280.789 280.739 0.000

(29) 280.802 280.799 0.003

(30) 280.803 280.811 -0.003

(31) 280.823 280.823 0.000

(32) 280.838 280.835 0.003

* See Ref. 25.
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rig re Captions

c

v- SVS -t,7 3a .: - .'aiele scales

-ure 3 Oot :p7,avanic excitation soectra fr ."orzin t-"c r second

pos itve system oetveen 232.0 an. I5.1" nm. j'av 2. ,en scales

are 3Dproximate.

Figure 4 0ptoqalvanic excitatinn spectra recorded e 280.00 and

280.90 nm. Interferometric calioration signal is also sinown.

Wavelength scale is approximate.

Table Caption

Table I Wavelength assignments for selected portion of nitrogen second

positive system (see Fig. 4).
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Direct Laser Ionization in Analytically-Useful Flames

M.D. SELTZER and R.B. GREEN

Chemistrv Division, Research Department

Naval Weapons Center, China Lake, CA 93555

ABSTRACT

Direct laser ionization (DLI) proceeds by resonant excitation of

analyte followed by photoionization of the excited state atoms.

Photoionization is accomplished using off-resonant radiation which is

usually obtained from the dye laser pumping source. DLI has been

shown to enhance ionization yields, relative to laser-enhanced

ionization (LEI), in low temperature atom reservoirs where collisional

ionization is inefficient. In the present study, DLI has been

demonstrated in high-temperature, analytically-useful flames with

similar results. DLI detection limits, spectral interferences, and the

effects of photoionizing laser power on ionization yield have been

evaluated.

Index Hcadings: Direct laser ionization, Laser-enhanced ionization, Photoionization.



INTRODUCTION

Photoionization of excited-state analvte atoms often provides enhancement of

ion i/ation vields, relative to single-step laser-enhanced ionization (LEI). This

process in a flame was originally referred to as dual laser ionization (DLI) because

two lasers were required (1). The name. dual laser ionization, is more historically

significant than it is descriptive. The excitation mechanisms by which DLI proceeds

are identical to excitation schemes for resonance ionization spectroscopy (RIS) (2)

and as such, are not limited to a two laser experiment. The term DLI, meaning direct

laser ionization, is retained here to distinguish between resonance ionization in

atmospheric pressure atom reservoirs and the typical RIS experiment which is

carried out in a low pressure. low temperature atom reservoir such as the source of a

mass spectrometer. This usage also preserves the historical identification.

DLI and LEI may be viewed as complementary techniques and are similar in

their implementation and methodology. In DLI, as in LEI, a dye laser is tuned to a

resonant transition of the analyte, resulting in the population of an excited state. LEI

proceeds via collisional ionization of analyte atoms from the excited state. In DLI, a

second non-resonant laser beam photoionizes the analyte atoms from the bound

excited state. The two beams are made spatially and temporally coincident in the atom

reservoir. Although collisional ionization always occurs to some extent in most atom

reservoirs, the contribution of photoionization to the total ionization signal is

greatest when collisional processes alone produce low ionization yields. The

photoionizing radiation can, in many cases, be obtained from the same laser that

pumps the dye laser, reducing instrumental requirements.
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The feasibility of DLI has been demonstrated in both flames (1.3,4) and in

plasmas (5,6). Flame temperature determinations based on DLI measurements have

also bccn reported (7). In addition, a DLI approach has been used to enhance ion

production in association ,.,ith diagno ,tic measurements carried out in an air-

acct lene flaic (8) and in an inductivei. -coupled plasma (ICP) (9). Direct laser

ionization ma, provide enhancements of two to three orders-of-magnitude in

ionization yield in flames, relative to the LEI approach (4). DLI enhancements of

otherwise low ionization yields arc maximized when the energy overshoot of the

photoionizing laser, into the electronic continuum, is minimized (4). This is best

accomplished when the wavelength of the photoionizing laser is well matched to the

energy defect between the analyte excited state and the ionization potential. The DLI

signal can be increased linearly with increasing power density in the photoionizing

beam, and achievement of unity ionization yields is feasible. Therein lies the

potential for improving detection limits for atomic transitions which normally have

low collisional ionization yields and, hence, poor sensitivity by single-step LEI. The

DLI approach also looks appealing because low temperature flames excluding

nitrogen may be used more effectively (3). Although collisional ionization yields in

similar flames may be low, good DLI detection limits might be obtained without the

attendant risk of electrical interferences that occur in hotter flames due to thermal

ionization of Group I sample matrix elements. Unfortunately, the lower atom

fractions obtained with low temperature flames may offset the benefits of reduced

interferences.

The requirements for DLI are similar to those for stepwise or two-color LEI

(10,11): the desirability of spatial and temporal coincidence of laser beams is shared

by both techniques. Because the latter approach proceeds via two resonant steps, a

high degree of spectral selectivity is inherent. DLI, using one resonant step and one
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off-resonant step, i" inferior in terms of selectivity. The use of off-resonant

radiation may result in non-specific, multiphoton ionization (MPI) of background

and sample matrix species. Backereund ionization can contribute signi (icantly to the

noise Ie,.,'l since its magnitudc, varic, with pulke-to-pulse fluctuaTions in laser power.

In this paper, the results of a DLI study using air-acetylene and air-hydrogen

flames are reported. The atomization efficiency of these flames is superior to flames

previously used for DLI (1.3.4.7. Thermal ionization of matrix elements in the he ter

flames is correspondingly higher as well However, the use of a water-cooled,

immersed cathode has been shown to permit complete ionization signal recovery in

these flames, despite thermal ionization of matrix elements (12). In the present

study. DLI experiments were performed using tunable dye laser radiation for the

resonant excitation step and the third harmonic (355 nm) of a Nd:YAG pump laser for

the off-resonant photoionizing step. The effects of photoionizing laser power, spatial

and temporal beam coincidence, and spectral interferences on DLI are discussed. DLI

detection limits for strontium and sodium and a comparison of DLI vs. LEI signals in

air-acetylene and air-hydrogen flames are also presented.

EXPERIMENTAL SECTION

Figure 1 illustrates the experimental apparatus used for LEI and DLI

measurements. A Nd:YAG laser-pumped dye laser (Quantel International, Santa Clara,

CA) was operated at a repetition rate of 10 Hz for all experiments. A fraction of the

Nd:YAG laser 3rd harmonic (355 rim) was used for the photoionizing beam. Maximum

laser pulse energy for photoionization was 20 mJ. The pulsewidth of the laser output

was specified by the manufacturer to be 6 to 8 ns. A water-cooled, immersed cathode



and burner head anode were used for signal detection. The applied voltage to the

cathode was -1500 V. A preamplifier arid boxcar averager (model 162, Princeton

Applied Rcsear ,h, Princeton, NJ) provided signal processing. The boxcar aperture

d,:r r[in. n as - and the processor module and mainframe time con-stants were

1 L', and 1 s. respecuivelV. The boxcar output was recorded wvith a di gital oscilloscope

Model 4d0Y-z Nicolct. Madison., WI) or dicitizcd and stored for later processing by a

per onal ctmputcr (model Z-248, Zenith, St. Joseph, MI). All experiments were

performed vith prentixed, partially fuel-lean flames supported on a I-cm diameter

capillary or 5-cm slot burner head. A telescopic beam expander increased the

diameter of the resonant excitation beam to 8 mm .vhile maintaining optical

saturation. The pltotoionizing beam was used unfocused, with a diameter of 8 mm.

RFSULTS AND DISCUSSION

Strontium and sodium were chosen as test elements for DLI experiments

because resonant transitions of these elements coupled well into DLI schemes with

small energy overshoots. Figure 2 illustrates the relevant energetics and possible

pathways for ionization of strontium and sodium using laser excitation. Shown in

Fig. 2 are schemes for LEI, DLI, photoionization of thermally-populated states, and

two-photon photoionization of ground-state analyte. Photoionization from

thcrmally-populated states was shown to be negligible in comparison to the other

three processes and was not considered further. The DLI schemes illustrated in Fig. 2

involve the same resonant excitation steps as those previously reported (4). In the

present work, the 355 nm, 3.5 cV photoionizing beam yields a slightly lower energy

overshoot tman the shorter wavelength nitrogen laser beam (337.1 nm, 3.68 eV) used
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in Ref. 4. The energy overshoot of the 355 nm photoionizing beam is 0.50 eV for

strontium and 0.46 eV for sodium.

Laser-Enhanced Ionization. Laser-enhanced ionization measurements

were made for strontium and sodium in both the air-acetylene and air-hydrogen

flames according to the excitation scheme shown in Fig. 2a. The LEI measurements

were made by blocking the photoionizing beam and illuminating the flame with

resonant radiation only. It was determined that the excitation step for both elements

was optically saturated by attenuating the resonant laser beam with calibrated filters

and observing the corresponding LEI signal. The resulting plot of ionization signal

vs. laser power revealed a distinctive plateau region that is characteristic of optical

saturation of the excitation step. LEI detection limits for strontium and sodium in the

respective flames are given in Table I.

Two-Photon Ionization. In the absence of resonant excitation, ionization

signals were observed for strontium and sodium due to illumination with the 355 nm

photoionizing beam. Simultaneous absorption of two photons from the photoionizing

beam at 355 nm can proceed, through a virtual level, to ionize ground state analyte

atoms. Figure 3 is a plot of strontium ionization signal vs. percent laser power using

the 355 nm beam only. This data indicates that the ionization signal varies as the

square of the laser power, suggesting that a two-photon interaction (Fig. 2d)

predominates over thermally-assisted photoionization (Fig. 2c). When both resonant

radiation and UV photoionizing radiation are used (Fig. 2b), as in DLI, resonant

excitation competes with the two-photon process for ground state analyte atoms. The

resonant pathway to ionization is preferable for analytical work, because of its

inherent spectral selectivity. The probability of absorption of an off-resonant

photon is much lower than that for resonant absorption. However, the lower
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probability for two-photon absorption may be offset by the high power in the

photoionizing beam.

Effect of Photoionizing Beam Power on DLI Signals. Optical saturation

of the DLI resonant excitation step xas confirmed for both strontium and sodium.

The photoionizing step itself i.s not optically saturable in the traditional sense, since

it does not involve a resonant transition. In addition, the ionization continuum acts

as a trap for excited atoms preventing re-population of the bound excited state.

Figure 4 is a plot of DLI signal vs. percent incident laser power at 355 nm. This plot

was obtained by making DLI measurements for a 10 tg/mL solution of strontium

while optically saturating the excitation step (460.7 nm) and incrementally adjusting

the power of the photoionizing beam. Blank measurements were subtracted at each

power level. The signal vs. power plot shows mostly linear character which suggests

that the DLI mechanism, resonant excitation followed by photoionization (Fig. 2b), is

the predominant pathway to ion production under these conditions. However, at the

highest power levels some nonlinearity indicates a possible two-photon ionization

contribution to the total signal. It may not be possible to separate the contribution of

two-photon ionization from the total signal, but this study of DLI signal vs.

photoionizing beam power confirms its existence.

Temporal Coincidence of Resonant and Photoionizing Laser Beams.

Stepwise laser excitation requires that photons of the overlapped beams are

temporally coincident at their intersection in the flame. The second-step photon

may be delayed slightly, depending on the lifetime of the excited state populated by

the first photon (13). Laser radiation used in the DLI experiments reported here is

derived from both pump and dye laser outputs. Consequently, radiation from the two

lasers may not be temporally coincident at the intersection of the two beams. For



lasers with ns pulsewidths, the temporal coincidence of the two beams in the flame

can be conveniently manipulated by adjusting the optical path length of one beam

with respect to the other. In the work reported here, the arrival of the UV photons

,was delayed optically as shown in Fig. 1. By adjusting the optical delay of the

photoionizing beam and observing the magnitude of the DLI signal, the existence of

an optimum delav % as established. ttowever, DLI signals obtained at optimum delay of

the photoionizing beam were only tvice as large as those obtained at non-optimum

delays. This suggests that significant temporal overlap exists between the two laser

beams with respect to coupling of the excitation step to the photoionization step for

the configuration used. In fact, the largest DLI signals by far were obtained when

the delay line was eliminated and transmission power losses in the photoionizing

beam wcre minimized.

Spatial Coincidence of Resonant and Photoionizing Laser Beams. In

DLI or any multistep excitation scheme, only the volume of analyte atoms intersected

by all radiation sources will experience the effects of the combined interaction of the

various beams. Since it may be advantageous to optimize the diameter of the resonant

excitation beam under optical saturation conditions, it becomes necessary to match

the beam diameter of the photoionizing beam to that of the resonant beam. This is

important because any photoionizing radiation that does not coincide with resonant

radiation will not contribute to the DLI signal but will induce additional background

ionization. In the present study, the two 8-mm diameter laser beams intersected in

the flame at an angle of approximately 20 degrees. This arrangement facilitated the

maximum overlap of the two beams. The positions of the two beams were carefully

adjusted while the DLI signal for strontium was monitored.
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Diring the process of aligning the two laser beams in the flame, an ionization

signal was observed for strontium and sodium, respectively, even when there was no

overlap between the two beams. The total ionization signal produced by the two non-

coincident beams was significantly larger than the sum of the ionization signals

recorded separatel'y for 460.7 nm (or 589 ri,) and 355 tim excitation. This

unaccounted for signal was observed when the two beams were vertically displaced

from each other in he flame by as much as 3 cm, and occurred regardless of which

beam was positioned nearest the cathode.

It was experimentally confirmed that the total ionization current should equal

,,e sum of separately-generated ionization signals by splitting the 355 nm beam

equally and directing the separated beams into a flame, The total ionization signal

recorded for irradiation with both 355 nm beams simultaneously was equal to the sum

of the ionization signals recorded separately for the two beams. A similar

experiment, splitting the 460.7 nm beam, resulted in an identical result although this

produced LEI rather than photoionization signals.

Although the unaccounted for signal was first observed with a capillary

burner head and an air-acetylene flame, further investigations were conducted with

the slot burner head with an air-hydrogen flame to eliminate the signal dependence

on differences in atom fractions and collecting fields at different heights in the

flame and to reduce the possibility of electrical interferences. The two laser beams

were separated laterally by 2 cm and positioned at the same height in the flame near

the surface of the same water-cooled electrode, aligned along the length of the slot.

Fig. 5a illustrates the illumination geometry of the slot burner-supported flame. The

results for an experiment recording strontium ionization signals for the non-

coincident beams, alternately blocking one of the beams and illuminating the flame
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with both beams are shown in Fig. 5b. The total ionization signal obtained when both

beams were used is greater than the sum of the signals arising from illumination by

individual beams.

Reversing the position of the beams in the capillary burner eliminated the

possibility that atoms excited by 460.7 nm radiation were being ionized by the 355 nm

beam higher in the flame. Observation of the unaccounted for signal with a 460.7

and a 355 nm beam in the side-by-side configuration corroborated this finding.

The possibility that strontium resonance atomic fluorescence, excited by 460.7

nm radiation, was responsible for exciting strontium atoms residing in the 355 nm

beam volume was also considered. The excited strontium atoms would then be

photoionized. A ceramic plate was inserted into the air-hydrogen flame to act as a

barrier to create two regions of the flame which were separately illuminated by the

460.7 and 355 nm beams. The ceramic plate blocked any resonance fluorescence

traversing the flame and did not appear to perturb the flame greatly. Ionization

signals were recorded for illumination by the individual beams and for simultaneous

illumination by both beams. The total signal recorded for simultaneous illumination

by both beams was again greater than the sum of the individual signals. The total

signal was, however, smaller than that observed without the ceramic plate in the

flame. These results suggested that since fluorescence was effectively eliminated as

an optical pathway for energy transfer within the flame, it was not responsible for

the anomalous signals resulting from excitation by non-coincident beams. At

present, the origin of the anomalous signals is not understood. We are currently

planning experiments to further study this phenomenon.



Spectral interferences. The use of a UV laser beam to enhance analytc

ionization yields carries with it the risk of non-specific, multiphoton ionization of

background and matrix species. Similar interferences have been observed in the

present study and are most serious at high laser powers as indicated by the second-

order power dependence of the signals. Two-photon photoionization by the 355 nm

beam was observed for calcium, lithium, and sodium as well as strontium. The

relative signal strengths for these casily-ionized elements and the interference

effects of calcium on measurements of strontium ionization signals in the air-

hydrogen flame are summarized in Tables II and 111. Additional signal from

photoionization of calcium caused a significant positive interference for DLI of

strontium. Multiphoton-induced ionization of both water and flame species was also

observed for both the air-acetylene and air-hydrogen flames.

Since the optimum region of the flame for illumination is adjacent to the

immersed cathode where the collecting field is strongest, it is advantageous to

position both beams as close to the cathode as possible. When a UV photoionizing

laser is used, photoelectric emission due to inadvertent illumination of the metal

cathode may be a source of noise but it can be minimized by careful alignment.

Detection Limits. Detection limits for DLI measurements were extrapolated

from calibration curves with slopes of one and defined as the concentration of

analyte which would produce a signal equal to three times the standard deviation of

the blank signal. The detection limits obtained by DLI for the test elements,

strontium and sodium, are listed in Table I for both air-acetylene and air-hydrogen

flames, along with the corresponding LEI detection limits which were calculated in

the same manner. Also shown are the DLI enhancements of the ionization yield,

which represent the DLI to LEI signal ratios. The DLI detection limits in Table I are
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measurements made with maximum photoionizing laser power, which produced the

largest enhancement of the ionization signal. The LEI and DLI detection limits

reported here were obtained with 10 Hz laser repetition rate in flames supported on a

I-cm diameter capillary burner. Consequently, these detection limits are inferior to

LEI detection limits reported in the literature obtained with higher repetition rate

lasers in flames supported on longer path length slot burners. The capillary burner

was used in the present case to facilitate maximum overlap of the two laser beams in

the flame.

The largest DLI enhancements (Table I) were observed for strontium, in both

the air-acetylene and air-hydrogen flames. In the air-acetylene flame, higher

temperatures (ca. 2450 K) result in higher rates of collisional ionization for

strontium than in the cooler (ca. 2300 K) air-hydrogen flame. Therefore, collisional

ionization in the air-acetylene flame makes a greater contribution to the total signal

uWider DLI conditions, leading to a lower DLI enhancement. Collisional ionization of

the strontium 5p level is far from complete in either flame as evidenced by the

strontium LEi detection limits. This is due to the large 3.00 eV energy defect between

the strontium 5p lev-' 'nd the 5.69 eV ionization potential. Collisional ionization

from the sodium 3p level was equally limited due to the 3.04 eV energy defect between

this level and the 5.14 eV ionization potential of sodium. However, only a factor of

two DLI enhancement for sodium was observed in either flame.

The DLI improvements in detection limit in the present study for strontium,

relative to LEI, are less than one might expect considering the relative increase in

ionization yield afforded by DLI. However, increases in the background noise due to

the addition of a high-power photoionizing beam negate, to some extent, the

advantage of increased ionization yield. Also, since the magnitude of the DLI
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enhancement is highly dependent on laser power, the enhancements obtained may

not be reproducible on a day-to-day basis, and may require normalization to

compensate for long-term drift in laser output.

CONCLUSIONS

The feasibility of DLI in analytically-useful flames has been demonstrated.

Although the flames used here generally provide adequate collisional ionization for

LET, the use of atomic transitions that exhibit large energy defects lowers ionization

yields. The addition of a high-power photoionizing beam with a minimum energy

overshoot allowed large enhancement of ionization yields for strontium, relative to

LEI excitation. Detection limits obtained with DLI for strontium were superior to LEI

detection limits obtained with the same instrumentation. The DLI detection limits

reported here and elsewhere, are inferior to those reported in the literature for two-

step LEI. DLI enhancement of sodium ionization yields in either flame was less than

anticipated. A DLI enhancement of 100 was previously reported for sodium in a

hydrogen-oxygen-argon flame (4). It is likely that collisional ionization yields for

sodium were extremely low in that relatively cool (ca. 1800 K), nitrogen-excluding

flame thus allowing considerable DLI enhancement. In the air-hydrogen and air-

acetylene flames used in the present study, collisional ionization of the sodium 3p

level was undoubtedly more efficient, yet incomplete. Similar DLI enhancement of

sodium ionization in both flames suggests that collisional ionization of excited state

sodium atoms in both flames proceeds to a similar degree. The large difference

between DLI enhancements of strontium and sodium obtained under similar

conditions (optically saturated excitation step, large energy defect, similar

photoionizing energy overshoot) may be attributed in part to differences in the
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collisional ionization kinetics of the two elements as well as differences in

photoionization cross-section. It has been suggested that autoionizing levels may

also play a decisive role in determining photoionization yields (8). Autoionizing

levels may be most dense just above the ionization limit, hence, the advantage in

minimizing photoionizing energy overshoot. However, the greatest enhancement of

ionization % ield occurs when resonance is achieved with an autoionizin,, level. This

may have been the case with strontium in the present study. Autoionization may

have been responsible for the large sodium DLI enhancement reported in Ref. 4 as

well.

Further optimization of burner and illumination geometry may result in

higher sensitivity for DLI. Increasing the power density of the photoionizing beam

could produce larger DLI enhancements, but will likely result in larger background

signals. Although background signals can be accounted for by a simple blank

subtraction or by scanning the excitation laser off-line, the noise contribution from

these background signals remain, and degrade DLI sensitivity.

The performance of DLI also may be improved by optimizing the wavelength

of the photoionizing laser to reduce the energy overshoot to zero, thereby increasing

the photoionization yield. However, when two tunable dye lasers are available, it is

preferable to perform two-step selective excitation of the analyte to high-lying

atomic levels where the ionization yield approaches unity. The benefits of high

sensitivity and the improved selectivity of two-step LEI outweigh the simplicity

advantage and the potential for increased signal using the DLI approach.
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Table I. Detection Limits for Laser-Induced Ionization of Strontium and Sodium.

Detection Limits (n'g/rn1
DLI Signal

Flame Element LEI DLI Enhancement

air-hydrogen Sr 3 0.03 134

Na 0.8 0.5

air-acetylene S r 1 0.02 78

N . 0.6 0.3 2
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Table II. Comparison of Ionization Signals for 355 nm Excitation in an

Air-hlydroger Flame.

EIcm rt Concentrati n Relative Signal

S r IW) ii/ L 8.4

a10 7.3

Li 10 1.7

Na 10 1.0
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Table 111. Calcium Ionization Interferences with LEI and DLI of

Strontium in an Air-IIydrogen Flame.

Sr, 51,l) n-"ml., Ca 5 Lg/mL 0. 1,

I)l.I Sig £113

Sr, 5 ntln/mL 25

Sr, 500 ng/mL, Ca, 5 u,/tnL 39
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Fig ure Captions

Fi2. 1. Schematic diacram of DLI instrumentation. Telescopic bcam expander

has bec omiucec.

Fi,. 2. Enerev level dia-ram for excitation and ionization of strontium and

sodim. a) LEI: b) DLI: c) Thermally-assisted photoionization; and d) Two-

photon photoionization of ground-statc analyte.

F

Fig. 3. Effect of photoionizing laser power on strontium ionization signal.

Fig. 4. Effect of photoionizing laser power on strontium DLI signal.

Fig. 5. (a) Illumination geometry of slot burner-supported flame, (b) ionization

signals for 40 ng/mL strontium in an air-hydrogen flame using

configuration (a).
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LASER POWER DEPENDENCY OF RESONANCE IONIZATION IN FLAMES

M.D. Seltzer and R.B. Green

Chemistrv Division, Research Department

Naval WVeapons Center, China Lake, CA 93555

ABSTRACT

Resonant two-photon ionization competes with laser-enhanced collisional

ionization (LEI) in flames to ionize analyte atoms. The predominance of either

mechanism for a given element depends on the excitation scheme as well as the level

of irradiance. Optical saturation of the resonant transition through which the two-

photon mechanism proceeds precludes observation of a second order dependence of

ionization signal on laser power. The laser power dependency of resonant two-

photon ionization for a series of elements is examined and results of diagnostic value

regarding the probable ionization mechanisms are obtained.

Index Headings: Resonance ionization, Laser-enhanced ionization, Photoionization.



LASER POWER DEPENDENCY OF RI'SONANCE IONIZATION IN FLAMES

INTRODUCI'ION

Thi pa:, cr cxaam i ncs the delp.ndcnce of resonance ionization in flames on

incident laser power. The basis for resonancc ionization spectroscopy (RIS) (1) is the

absorption of two or more photons with at least one in resonance, providing

sufficient c: ergv to directly ionize analvte atoms. In the simplest case, this can be

accomplished using two photons of equal wavelength from a single laser source,
given that the photon energy exceeds one-half the value of the atom's ionization

potential. Proportional counters or pulsed ionization chambers are generally used as

detectors in RIS. RIS techniques involve direct photoionization, rather than

collisional ionization processes because the latter are relatively infrequent in the

low temperature, low pressure environment in which RIS is carried out. In RIS

techniques, highly focussed laser beams are typically used to produce the large

power denSities required to saturate the ionization process. Resonant two-photon

ionization mechanisms have been demonstrated for approximately fifty elements

using a single laser for resonance ionization mass spectrometry (RIMS) (2).

Resonance ionization schemes have been carried out in flame atom reservoirs as

well, but have been more commonly referred to as direct or dual laser ionization

(DLI) (3,4).

In flames, collisional ionization of analyte atoms always occurs to some extent

whether or not laser excitation is present. In laser-enhanced ionization (LEI) in

flames and in other atom reservoirs (5), resonant photons from one or two lasers are

used to enhance the rate of collisional ionization of analyte atoms. LEI and DLI are
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complementary techniques and are detected by measuring the electrical impedance

changes that occur in response to the laser-induced formation of ion-electron pairs

in the atom reservoir. In LEI, the rate of collisional ionization is greatest when the

cnerev dcfcci (Figure I, or difference in energy between the laser-populated

excited state and the ionization limit, is nli zeo. When a large energy defect cxki-ts

bct, ccn the laser-populated excited statc and the ionization potential, the probabii!.v

of collisional ionization, following the absorption of a single photon, may be

extremely low and absorption of a second identical photon to directly photoionize

analyte atoms (i.e., DLI) may compete with collisional processes to ionize analyte

atoms. At the relatively loxk levels of spectral irradiance commonly used for LEI

spectrometry, the collisional pathway is often more probable due to the low

photoionization cross-section for excited state atoms. At higher levels of irradiance,

the low probability for absorption of a second photon may be offset by the increased

irradiance and the resonant two-photon mechanism may predominate (6). The result

will often be a substantial increase in ionization yield.

The probability or cross-section for resonant two-photon ionization is

determined in part by the degree of energy overshoot (Fig. 1) of the second photon

into the ionization continuum (7). Resonant two-photon ionization schemes with

small energy overshoots are more favorable and should contribute significantly to

the total ionization signal even at low levels of irradiance. Autoionizing levels may

also play an important role (8,9)

Many resonant atomic transitions can be optically saturated with moderate

laser power (10). When the resonant transition is optically saturated, the absorption

coefficient for that transition approaches zero and there is no net increase in the

population of the upper level due to additional incident photons. Consequently, there



is no net increase in the rate of laser-in 'uced collisional ionization with increasing

irradiance The onset of optical saturation is typified by less than linear power

dependence ot the ionization signal. Beyond the saturation threshold, the slope of

the ioni/,iation signal vs. irradiance plot rapidly approaches zero.

c:, on ant iwko-photon ionization generally, requires levels of laser irradiance

that exceed the saturation thresholds of the resonant transitions through which it

proceeds. Therefore, resonant two-photon ionization in flames may not be apparent

until after the first resonant absorption transition is far into optical saturation. Two-

photon mechanisms are characterized by slopes of two on log-log plots of ionization

signal vs. laser power due to the second order power dependence of the signal.

However, when those mechanisms proceed through resonant transitions that are

optically saturated, the rate of excitation by the first resonant photon is independent

of laser irradiance and absorption of the second photon becomes the rate-limiting

step (2). Consequently, second order power dependence is not observed, despite the

existence of a two-photon pathway to ionization. Subsequent increases in laser

power may result in only linear increases in ionization yield.

Optical saturation does not occur for some resonant transitions at the low

levels of laser irradiance commonly used in analytical work. However, optical

saturation is not a prerequisite for resonant, two-photon ionization. It is possible,

therefore, that resonant two-photon ionization for some elements in flames will be

evident at levels of irradiance that are lower than those required to optically saturate

the resonant transition. If the resonant transition is not optically saturated,

ionization should increase linearly with laser power as long as first-order laser-

induced collisional ionization is predominant. At sufficiently high laser power, the

rate of resonant two-photon ionization overtakes that of the competing collisional



mechanism. In the absence of optical saturation of the resonant step, a second-order

power dependence should then be evident for the two-photon process. Over this

ranmec, a log-W, plot of' ionization signal vs. laser power should yield a slope of t% o.

Resonint two-photon ionization in flames allowks increased ionization ,.ields

relative to oc-,',p LI excitation but generally requires higher laser power levels

than those typically used for conventional flame LEI. The predominance of either of

two competing mechanisms for ionization depends strongly on factors that directly

influence the relative probability of those processes for given atomic transitions.

The present paper illustrates several examples of the relationship between resonant

two-photon ionization, laser-induced collisional ionization, laser power, and the

ability to optically saturate the resonant transition. The effects of energy defect and

energy overshoot in determining the dominant pathway to ionization are

emphasized.

EXPERIMENTAL SECTION

The instrumentation used for the present study is similar to that described in

ref. 4. A Nd:YAG laser-pumped dye laser (Quantel International, Santa Clara, CA) with

frequency doubling and mixing capability was operated at a repetition rate of 10 Hz.

Rhodamine 590 and a mixture of rhodamine 590 and rhodamine 610 laser dyes

(Exciton, Dayton, OH) were used to generate fundamental radiation over a wavelength

range of 550 to 595 nm. The fundamental output was either used unaltered,

frequency doubled, or mixed with the Nd:YAG fundamental (1064 nm) to generate the

excitation wavelengths. The laser pulsewidth and spectral bandwidth were specified

by the manufacturer to be 6-8 ns and 0.003 nm, respectively. Incident laser power



was controlled using two variable laser attenuators (model 935-5, Newpcrt, Fountain

Valley, CA) in <eries. Laser power was monitored by illuminating a fast photodiode

,,ith a fraction of the laser beam and observing the output of the photodiode with an

oscilloscope. A 1-cm diamcter capillary burner supported an air-hydrogen flame in

all expcrinens. A 3(00 mm focal length lens was used to partially focus the laser

bKam in the flame to an approximate spot size of 1 mm. This arrangement was chosen

to insure homogeneous irradiancc of the flame through the entire volume

intersected by the laser beam. Tighter focussing of the laser beam results in

localized effects which may not reflect the true laser power dependency (11).

Ionization was detected using a water-cooled, immersed cathode, biased at -1500 V, and

the burner head as the anode. Signals collected at the anode were preamplified and

fed to a boxcar averager (model 162, Princeton Applied Research, Princeton, NJ). The

boxcar aperture duration and integrator time constant were 2 and 10 is, respectively.

The boxcar output was displayed on a digital oscilloscope (model 4094, Nicolet,

Madison, WI), digitized and stored on a personal computer (model Z-248, Zenith, St.

Joseph. MI) for processing and display.

RESULTS AND DISCUSSION

For the series of test elements used in the present work, sample solutions of I

to 10 ig/:nL were aspirated into the air-hydrogen flame. The air-hydrogen flame

was chosen as an alternative to the air-acetylene flame which generates

considerable background due to multiphoton ionization of hydrocarbon species. The

wavelength of the dye laser was optimized prior to each experiment by tuning the

unfocussed laser beam to a particular atomic transition using the lowcst possible



irradiance to avoid saturation broadening and subsequent distortion of the line

profile (12). Transitions were selected for the various test elements that satisfied the

requir2.+-nt,; for resonant two-photon ionization, i.e., the combined energy of two

photon> , a st be sufficient to excite the atom into the ionization continuum. The

Qt ':, ::u'ranl in Fieurc I illustraecN ihii point. The test eleennts. resonant

transi: , transition probabilitieC relevant encrgy levels, energy defects, and

cn r,_r ,,\.crshoots. are listed in Table I. To investigate the laser power dependency

of resonant two-photon ionization for each element, incident laser power was

incrementally adjusted, and the ionization signal and relative power value were

recorded. Blank signals were also recorded at each power increment. Ionization

signals wxere sampled for 10 seconds (100 laser pulses). For each of the elements and

transitions investigated, log-log plots of net ionization signal vs. laser power were

constructed. Figures 2 through 7 illustrate the laser power dependency of the

ionization signals recorded for the test elements listed in Table 1. Laser power values

on each log-log plot are relative. The levels of irradiance used in the various

experiments were similar, up to 120 MW/cm 2 and the power values have been

normalized to the same log scale. Each ionization signal plotted in Figures 2-7

represents the average of 100 measurements with an approximately 5% R.S.D.

Strontium. The strontium transition at 293.2 nm is not easily saturated at moderate

laser powers as suggested by its low transition probability (Table 1). The energy

defect of 11,828 cm - 1 is reasonably low to allow for adequate collisional ion~ization

from the laser-populated level at 34,098 cm-1. Figure 7 shows that the strontium

ionization signal increases linearly (with a slope of one) up to a distinctive break

point where the slope changes abruptly to a value of two. This point represents the

laser power at which the rate of two-photon ionization overtakes that of single-

photon enhanced, colli,:onal ionization. No optical saturation of the strontium



rosonant transition at 20. .2 nni was evident and therefore, second-order power

de penece C1 \:as p .:, r, ed. AI though the two-photon energy overshoot for this

i. - OTI i a ,re . a', s fficient laser p cr, the two-photon rnci1anisT1

i, dr:!;l a.t :.h,;uc, by the <coua) order power dependence hc,. ,nd the brea k

's i i:t" III. (ransition it 505.a ono .,enates 16,;73 em above the iriind

il !Irs-a is eail\ sauraitcd and has a small energy dcfc:t of 6,901 cm -1.

Vwo-photon ioni/ation of sodium using the 3p-4d resonant transition is a special case

because the pholon energv is less than one-half thc ionization potential. However,

be,:au,c the process originates at a level that is 16,973 cm- 1 above the ground state.

tw,\o-photon ionization is still possbibe. Two-photon absorption from an excited state

natay be gencrally less probable than from ihe ground state. However, this penalty is

compensated for by the moderate energy overshoot of 10,675 cm-1 . Figure 6

illustra,cs po,,er dependence of the ionization signal when sodiun is excited at 568.3

nm. It is assumed, based on the log-log plot, that there was no net increase in the

rate of laser-indnced collisional ionization beyond the level of irradiance required to

optically saturate the excited state resonant transition of sodium. After a brief

saturation platcau. the ionization signal was observed to increase linearly (slope of

one) wkith laser power. The post-sal iation increase in ionization signal with laser

power was Tiost Fraably due to the absorption of a second resonant photon although

thbc cpctced s rnd-order power dependence was obscure] by optical saturation of

tlc firt r-son-mt 'tep.

GAIi in. 'lie gallium transition :it 294.4 im, is easily saturated as a consequence of

its li,' I ran, ition probability ('Table I). The small energy defect of 13,503 cm " 1

tatc. this tran.ition 1,.vorablc for IFI vork. For two-ph(ton ionitation at 294.4 na,



there is a considerable energy overshoot of 20,368 cm "1 Figure 2 is a log-log plot of

LIII :',na1 vs. laser power for gallium. In Figure 2, the signal is observed to incrcase

' ith laser power up to the point of opticad satuiation, at which a plateau is

AI . Nfter a further increase in laser power, the signal again incrca, se linearly

,.,'c oi ones with laser powe; Athough the two-photon pathway to ioni/ation

K me,>',: predominant after tlhe resonant transiti on leading to collision-al ionizai on

i been optical!v saturated, a second-order power dependence is not observed. This

bcnavior is analogous to that observed for the optically saturated sodium tran, ition.

Thalliuie. The thallium transition at 377.6 nm was excited with radiation obtained

by frequency-mixing the dc laser fundamental with a fraction of the Nd:YAG

fundamental. This transition is easily saturated but has a moderately large energy

defect of 22,786 cm "1. The energy overshoot for two-photon ionization, of 3,692 cm "1

is the smallest encountered in the present study. Figure 4 illustrates the laser power

dependency for ionization of thallium, excited at 377.6 nm. The signal increases

linearly until a brief saturation plateau is reached. The signal then almost

immediately begins to increase linearly with laser power. Because of the large

energy defect, collisional ionization may not be very efficient. The small energy

overshoot increased the probability for two-photon ionization, hence its appearance

soon after the saturation point of the resonance transition.

Cobalt. The cobalt transition at 292.9 nm is r'elatively weak (Table 1) suggesting that

considerably high irradiance might be needed to optically saturate the transition.

The large energy defect (Figure 3) of 29,304 crn "1 is not conducive to efficient

collisional ionization, and therefore, this transition is not optimum for conventional

lEl use. However, a two-photon ionization scheme using the same resonant

transition results in a small overshoot of 4,830 cm-1. The log-log plot of ionization
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signal vs. laser power in Figure 3 shows a slope of two at low laser power with some

deviation slope less than two) at higher power. This suggests that collisional

] ioni/ation 1,i!o~king one-photon cxcitation was not appreciable due to the large

encrv d,_ :,', and, thcrc orc, the tw o-photon mechanism was predominant even ao

!O\k lasc, ?,,o cr. he slope deviation observed at higher powers may have been the

CSLIt ot ornsCt of optical satlLration of the resonant transition. A nearly five

ordcr-ol-i:t.itude increase in ionization si gnal was obtained by increasing the

laser power by less than two and one-half orders of magnitude.

Thalliuri. The thallium transition at 291.8 nm differs from the thallium transition

at 377.6 nim in several respects. Although the former does not originate at the

ground state but at a low-lying thermally-populated level (see Table I), it is a

somewhat stronger transition as indicated by its transition probability (Table I). The

energy defect for this transition is 7,215 cm "1, much smaller and more optimum for

LEI work than that of the previous thallium transition. The energy overshoot for

two-photon ionization using this transition is 27,041 cm " 1 , and is the largest

overshoot encountered in the present study. The log-log plot of LEI signal vs. laser

power for this transition is shown in Figure 5. The ionization signal increases

linearly with laser power until optical saturation occurs. Beyond the point of

saturation, the signal continues to increase with a slope of about 0.5. This is in

contrast with two-photon behavior observed for other elements for which the

resonant transitions were optically saturated, resulting in slopes of one above the

saturation plateau. Considering the small energy defect, and large two-photon

ene-gy overshoot associated with this resonant transition. it is likely that collisional

ionization from the laser-populated level at 42,049 cm -1 predominated over two-

photon ionization even at the higher laser powers. The slope of 0.5 above the onset

of s.ouration is puzzling, but may be a function of the relative contributions of the
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two competing ionization mechanisms. In the complete absence of two-photon

ionization, a slope of near zero would be expected beyond the onset of saturation.

CONCLUSION

The preceding experimental results illustrate that, for a variety of atomic

transitions, both lascr-induced collisional ionization (i.e., LEI) and resonant two-

photon ionization occur in flames as a result of excitation of analyte atoms by a

single laser source. The resonant two-photon ionization mechanism, where

applicable, provides additional ionization yield in flames, beyond that which is

possible with optically-saturated, single-step LEI using the same resonant transition.

Several examples have been presented that illustrate the interaction between the

competing mechanisms of LEI and resonant two-photon ionization in flames. Using

these examples it should be possible to qualitatively predict the relative importance

of collisional and direct photoionization processes. Table II summarizes the

experimental data and indicates the optical saturation status of Lhe resonant

transition and whether or not second order laser power dependence was observed.

In each case, the observed dependence of the ionization signal on incident laser

power provided a means by which the ionization mechanism(s) could be

characterized. The relative probabilities of the two mechanisms determine where

along the ordinate of laser power they will occur. For example, when the energy

defect between a laser-populated level and the ionization continuum was small, !aszr-

induced collisional ionization was favored at low laser power, and two-photon

ionization was apparent only at higher laser powers. However, when energetics

dictated a low probability for collisional ionization (large energy defect), and

conditions for two-photon ionization were favorable (small energy overshoot), the
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latter contributed to the total signal even at low laser power. Resonant two-photon

ionization in flames appears to be most effective where laser-induced collisional

ionizalion is inefficient. Thcrefore, it is likely that the results of similar experiments

ca icd out in the higher temperature air-acetylene flane would reflect the greater

c .:.icn,'v of collisional ionization in that flame.

The dependence of ionization yield on laser power observed in the prescnt

study differs from that of similar studies conducted for resonance ionization mass

spectrometrv. The absence of abundant collisional processes providing a competing

ionization mechanism in RIS and RIMS allows the two-photon pathway to

predominate throughout the range of irradiance. We have shown tha! for resonant

two-photon ionization in flames, the characteristic second-order power dependence

is not apparent when the resonant transition through which that mechanism

proceeds is optically saturated. Optical saturation of the resonant transition used in

RIS or RIMS also precludes observation of a second-order power dependence for the

two-photon ionization process (2). However, the apparent laser power dependence of

RIS or RIMS is more directly determined by illumination and detection geometries,

and the true order of the quantum processes is often masked in those techniques as it

is in the pesent work. It is highly probable that resonance ionization in flames

suffers losses in spectral selectivity similar to those observed in RIS and RIMS due to

saturation broadening of the resonant transijion. This is not as serious a problem in

RIMS ,ccause of the elemental selectivity afforded by the mass spectrometer (2). In

addition, non-specific multiphoton ionization of sample matrix elements and native

species in flames may also degrade spectral selectivity, thus, limiting the analytical

utility of this approach.
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Table I

Relevant Encrgetics for Resonant Two-Photon Ionization

A. Enerv Tr~msition Ionization Enerey Enerev

I,1.mcm Exc. Levels Probability* Limit Defct Overshoot

(nm) (cm -I) (10s/sec) (cn- 1) (ca-1) (cn-r)

Sr 293.2 0-34098 0.055 45926 11828 22270

Na 568.3 16973-34549 0.88 41450 6901 10675
Ga 294.4 826-34787 11 48380 13,93 20368

TI 377.6 0-26478 1.0 49264 22786 3692

Co 292.9 0-34134 0.043 63438 29304 4830

TI 291.8 7793-42049 15 49264 7215 27041

*Ref. 13



1 7

Table UI

Summry- of Experimental Results

EF:mcnrt Resonant Optical Energy% E n ergy Power

Transition SaIturation Defect Overshoot Dependence *

Sr 293.2 nii no0 moderate large 2nd order

Na 568.3, nni ves small moderate 1 st order

Ga 294.4 nrai yes moderate large I1st order

TI 377.6 ram Yes large small 1 st order

CO 292.9 nni no large small 2nd order

TI 291.8 nra Yes small1 large 1 st order"*

*Slope of log-log plot

*"Slope < 1
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FIGURE CAPTIONS

Figure 1. Energy diagram illustrating the competing mechanisms of laser-

induced collisional ionization and resonant two-photon ionization.

Photons for re>,Mant and photoioni/ation step are of equal cncrgy.

[- curc 2. Energy dia,,ram and log-log plot of strontium ionization signal vs. laser

po~kcr at 293.2 nm.

Figure 3. Energy diagram and log-log plot of sodium ionization signal vs. laser

power at 568.3 rnm.

Figure 4. Energy diagram and log-log plot of gallium ionization signal vs. laser

power at 294.4 rnm.

Figure 5. Energy diagram and log-log plot of thallium ionization signal vs. laser

power at 377.6 rnm.

Figure 6. Energy diagram and log-log plot of cobalt ionization signal vs. laser

power at 292.9 nm.

t-igurc 7. Energy diagram and log-log plot of thallium ionization signal vs. laser

power at 291.8 nm.
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ELECTRICAL CHARACTERISTICS OF MICROWAVE-INDUCED
PLASMAS FOR LASER-INDUCED IONIZATION SPECTROMETRY

Key Words: Laser-induced Ionization, Microwave-induced Plasmas,

Active Nitrogen

M.D. Seltzer and R.B. Green

Research Department, Chemistry Division (Code 3851)

Naval Weapons Center, China Lak-e, CA 93S55

ABSTRACT

The electrical properties of microwave-Lnduced plasmas (MIPs),

relevant to signal detection of laser-induced ionization, have

been investigated. DC current vs. applied voltage relationships
have been characterized for both argon and argon-active nitrogen
plasmas. Suppression of signal detection for laser-induced
ionization in the active nitrogen plasma is similar to that

encountered in flames in the presence of thermally-ionized Group
IA elements.

INTRODUCTION

This paper reports further developments in a previously

reported investigation of the feasibility of laser-induced
ionization in microwave-induced plasmas (MIPs) (1). In the
previous study, an active nitrogen plasma was investigated as an

atom reservoir for laser-enhanced ionization (LEI) and direct
laser ionization (DLI). The active nitrogen was generated at
atmospheric pressure by exciting a mixture of argon and nitrogen
using a resonant microwave cavity. The plasma atom reservoir
performed adequately to allow low picogram sensitivity for the
test element indium which was introduced in discrete quantities
using a microarc atomizer (2). We have also recently reported a
detailed study of the background spectra obtained by laser-
induced ionization of nitrogen in the plaeea (3).

A goal of the previous investigation was tc elucidate the role
of the active nitrogen in the excitation end ionization process.
One approach to this problem was to vary !he concentration of
active nitrogen in the plasma plume and observe the effect on the
laser-induced ionization signal. It was anticipated that the

efficacy of collisional ionization would be related to the active
nitrogen concentration and that some optimum would be observed qs

nitrogen was added to the argon stream. '= the contrary, it we!
observed that the LEI signal decreased as the percent nitrogen in
the argon stream was increased and more active nitrogen was
produced. The maximum signals were observed for minimum nitrogen
flow rates into the plasma and low applied microwave power, both

of which result in minimum production of the metastable nitrogen

L .. .. _... .....



species. However, Ionization signals measured in a pure argon
discharge were one to two orders of magnitude smaller than those
with nitrogen added. We originally postulated that highly

efficient excitation by increasing amounts of active nitrogen in
the plasma may have resulted in partial depletion of ground state
atoms, hence, the drop in sensitivity (1). It has been suggested
that electrical suppression of ion detection by the highly-
charged active nitrogen plasma may be responsible for the
observed behavior (4). The purpose of the present study was to

investigate some of the electrical characteristics of the
microwave-induced plasma and evaluate their effect on ion

detection.

EXPERIMENTAL SECTION

The instrumentation used in the present study is similar to
that used in Ref. 1 with two exceptions. A 10 Hz Nd:YAG laser-
pumped dye laser (Quantel, Santa Clara, CA) was used in the
present study in place of the 30 Hz flashlamp-pumped dye laser.

Also, a graphite furnace atomizer was modified to allow sample
introduction into the MIP. Atomizer platforms made in the
laboratory were inserted into the furnace tubes to delay sample

atomization until the temperature of the entire tube was
stabilized. Vaporized samples were entrained directly in the
plasma gas flow (nitrogen and/or argon). Typical sample
introduction reproducibility was 10% R.S.D.. Signal processing
was facilitated by computerized data acquisition. The plasma
plume was illuminated along its longitudinal axis with detection
electrodes positioned symmetrically on either side of the plasma
plume (1). A 0.22 m monochromator (Spex, Edison, NJ) and
photomultiplier were used for fluorescence detection in a
diagnostic experiment (see Results and Discussion).

RESULTS AND DISCUSSION

The concentration of active nitrcgen in the plasma can be
adjusted by varying the flow of nitrogen relative to the argon
flow rate. In the previous study, it was not clear whether
varying the plasma gas composition affected the plasma, the
microarc atomizer, ion collection, or all three. Since the
microarc employs a combination of sputtering and thermal
desorption to atomize samples, it is probable that its
performance is sensitive to gas composition. The graphite
furnace atomizer used in the present study appeared to be
unaffected by variations in the nitrogen/argon ratio and
therefore should allow clarification of the effects of plasma gas
composition on ionization signals relative to microarc sample
introduction. Figure 1 illustrates the effects of varying the
nitrogen flow rate into the plasma on the size of the LEI signals
obtained for individual furnace atomizations of I ng samples of
manganese, excited at 279.5 nm. Since the flow of nitrogen
amounted to only a few percent of the total gas flow, sample
transport was assumed to be reasonably constant. The applied

2



voltage for ion detection was -100o V. Similarly to the
previous study, the LEI signal was observed to decrease with

increasing nitrogen flow rate and subsequent increases in the
concentration of active nitrogen. However, the most significant

difference in Figure 1 and previous results (1) is that the
ionization signal in the present work was maximized when the
nitrogen flow was reduced to zero resulting in a pure argon
plasma. This suggests that in the previous study the microarc

:tomizer s:npl- may have woried better wdhen 3 small amount of
-itrogen was p-esent than in a pure argon 5tMosphere. The

n icroarc .:a+h:..e appeared to glow more bri,-,iy in the presence
r nitrcge" :rdl:cating higher temperature= which should

Fac!litata thermal desorption of the sampie. :nce the effect zf

Increasing nitrogen flow rates on ionizst:on signals using
grachite rnace 5tomization was otherwise similar to that for
microarc atomization, atomization processes can be eliminated as
the .ause of the observed behavior.

Quenching of e-oited-state analyte atoms by ground state
nitrogen molecules also presents a possible explanation for
decreased ionization signals at high nitrogen flow rates. To
evaluate this possibility, laser-excited atomic fluorescence was

carried out using lead as a test element because of the

availability of a direct-line excitation scheme. The lead
resonance transition at 283.3 nm was excited and fluorescence was
detected orthogonally at 405.8 nm. Fluorescence was detected for
lead samples introduced into a pure argon discharge and
discharges with increasing nitrogen flows. Differences in the
fluorescence signal of approximately 10% were observed throughout
suggesting that quenching effects due to increased nitrogen flow
rates were negligible.

In analytically-useful flames where Group IA elements are
thermally ionized to a large extent, suppression of analyte
signal detection is a well-characterized problem (5). Signal
suppression is due to the accelerated formation of a space charge
in the region between the anode and cathode which forces the
retraction of the detecting field to the immediate vicinity of

the cathode. Analytically-useful flames such as the air-
acetylene flame are usually characterized by high electrical
resistance. In the presence of easily-ionized elements
like sodium or potassium, the resistance of the flame is lowered
substantially resulting in an increase in DC current through the
flame when a voltage is applied across the flame. Figure 2
illustrates the effect of increasing the applied voltage across

an air-acetylene flame on the DC current measured by connecting a
digital multimeter in the electrode circuit. An electrode

configuration similar to that used for signal detection in the
active nitrogen plasma was used, i.e., plate electrodes were
positioned symmetrically about the slot burner-supported flame.
The lower trace in Figure 2 represents the behavior for an air-
acetylene flame into which pure water has been aspirated. The
data for the upper trace was obtained by aspirating a solution of
100 pg/mL sodium into the flame. The slopes are inversely

proportional to the flame resistance. As can be seen in Figure

3I



2, the OC current increases more rapidly with applied voltage
when sodium is present in the flame at levels sufficient to
produce space charge and subsequent suppression of the analyte
ionization signal (5).

Figure 3 shows the results of a similar experiment performed
in the microwave-induced argon and argon/active nitrogen
plasma!. The applied voltage was varied and the resulting DC
curre- .a monito-ed. Tne DC current in the acti~e nitrogen
oqasm_ :-:-eased rapidlyv with ople , vclitage compared t: that ,r
the puL'e !-gcn dicvnarge. Electrical arcing across the pure

e~g q Z li [m-ted the usable _ipplled '.-Itage. rc ing in tihe

actl:e -ir ogen discha-ge did not occur ntil much hioher applied
'-Itage=. Figures 2 and 3 are similar in form. .lthough the DC

cumrer-i measured for the active nitrogen plasma are much lower
than trncse *observed for the socium-seeded flame, trtey are greater
tan hcZse measured for the pure argon discharge. This indicates
that tne resistance of the active nitrogen plasma is much lower

maFing tne formation of space charge in the active nitrogen more 4

Ill el v.

It :s difficult to make a direct comparison between the active
nitrogen plasma and the pure argon discharge for several reasons.
The active nitrogen plasma includes long-lived metastable species
which permit the plasma plume to propagate several centimeters
downstream from the original point of discharge in the Beenakker
cavity. The argon plasma dwells primarily inside the cavity
although argon plasma species exist in the cavity outflow.
(Otherwise the argon plasma would be useless in the present

application.) Therefore, the active nitrogen plasma is more
dense than the argon plasma at the point of signal detection
(i.e., the region between the electrodes). This may account for
the higher DC current observed in the active nitrogen plasma.

Since the active nitrogen plasma appears to be space-charge
limited with respect to detection of laser-induced ionization
and larger ionization signals are detected in the pure argon
discharge, it is worth investigating the argon plasma as an
alternative to the active nitrogen discharge. Preliminary
results in this laboratory, using graphite furnace sample
introduction into an argon MIP for LEI, indicate low picogram

sensitivity for a few elements.

CONCLUSION

Further investigation of a microwave-induced atmospheric

pressure active nitrogen plasma suggests that the highly ionized
discharge is space-charge limited with respect to detection
of laser-induced ionization. Preliminary indications are that a
pure argon discharge, although lacking the robust excitation
properties of the active nitrogen plasma, is less subject to
space charge and may be more useful as an atom reservoir for

laser-induced ionization spectrometry.

4
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FIGURE CAPTIONS

Fig. 1. Effect of varying the nitrogen flow rate on the peak LEI
signal for I ng samples of Mn. (The signal traces have
been offset for clarity)

Fig. 2. DC current v5. applied vi~tage for air-acetylene flame,
vith aspi-ation of deiznized water and 100 )pgmL Na
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