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AN ACTIVE NITROGEN PLASMA ATOM RESERVOIR
FOR LASER-INDUCED IONIZATION SPECTROMETRY
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Naval Weapons Center, China Lake, CA 93555

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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AN ACTIVE NITROGEN PLASMA ATOM RESERVOIR
FOR LASER-INDUCED IONIZATION SPECTROMLTRY

Key Words: Active Nitrogen, Laser-enhanced lonization,

Dual Laser Ionization

Michael D. Seltzer and Robert B. Green

Research Department, Chemistry Division (Codz 2851)

Naval Weapons Center, China Lake, CA 93555

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
iptroduced 1into the active nitrogen plasma by a wmicroarc
atomizer. Both laser—enhanced ionization (LEI) and dual laser
ionization (DLI) were carried out 1in the plasma plume that

extended from the Beenakker cavity.

INTRODUCTION

Because of its Interesting energetic propnrties, the active

niciogen plasma has been investigated as an alternative to 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 (LE1) 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 =" are comparable to those reported for laser-excited atomic
fluorescence spectrometry [LEAFS].S’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 makes possible the excita-

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

LEI and DLI’ 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.® 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.’»8 Pphotoion-
ization of a laser-excited atom usually requires the addition of a

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

adequate, or a third laser may be required.

Most of the laser-induced ionization studies, to date, have
employed 1analytical flames as atom reservairs. Flames ~ro nom-

monly used to desolvate and atomize samples for spectrometry. In
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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 ioni tion techaigues
where group IA and 1IA 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.? 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,10 and sample pretreatment for
removal of interferents.!! Only recently have alternative atom
reservoirs for LEI received attention. Turk and Watters?'?
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 wheire the LEI

measurements were carried out.

More recently, Magnusson et al.,2 and Axner and Rubensztein-
Dunlop3 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 change in furnace purge
gas from argon to nitrogen, or a wmixture of argon aad methane
might create a better collisional environment in the furnace.
This could lead to further enhancements in ionization and, thus,

higher sensitivity.
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Niemczyk and Nal!3 have reviewed the fundamentals and applica-
tions of the wmicrowave-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.“’:15 in an active nitrogen plasma, non-thermal
energy transfer of up to several electron volts 1is possible
through very efficient collisions of analyte atoms with plasma

13

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

which the nitrogen molecule with a Boltzmann energy of around
0.2 eV is the major collisional partner in the LEI process.l2
Hood and Niemc:zyk16 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 for
excitation and ionization of a large number of elements. 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 wmicrowave 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

14 successful liquid aerosol sample introduction into a

18

solvent.

low power MIP has recently been reported however.

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 atomic emission studies. The microarc

T —rw — v w e————— e -




[

[

atomizer separates sample desolvation and atomization steps. It

employs both sputtering and thermal desorption to efficiently

20 The microarc atomizer has more recently

21

atomize small samples.
been explored as an atomic emission source and as an atom reser-

voir for LEI and DLI.?2

The preliminary results presented here demonstrate the
feasibility of using an active nitrogen plasma atom reservolr for
both LEI and DLI spectrometry. LEI has also been observed in an
MIP by Lysakowski.23 In the present work, a comparison of LEI and
DLI signals for indium indicates that DLI photoionization enhance-

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

ment
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 aud 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
LEL experiments. The laser wavelength was optimized prior to each
experiment by observing the optogalvanic effect in a hollow
cathode lamp. A standatrd LEI detection system was used, including

y

a preamplifier2 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.. using a laboratory-

25 The microwave

constructed Beenakker type microwave cavity.
power oscillator (Micro-Now, Skokie, IL) was used to deliver
powers between 50 and 150 W. The microwave cavity was carefully
designe:. so thatr 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 mizvowave 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 dlode-array spectrometer (Tracor-Northern, Middleton, WI). The
most stable plasma conditions were obtained with applied microwave
powers in the range of 60 to 70 W and nitrogen flow rates between

30 and 40 mL/min.

Signal Collection

The laser beam was directed along the lcngitudinal axis of
the plasma plume. Ion collection electrodes (12 x 60 mm) were
positioned on either side of the plasna 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 plume, ion collec-

tion electrodes, and preamplifier were shielded by a copper screen
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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 1-pyl 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 curve of rhodamine 590.
Excitation at the indium resonance line at 303.9 nm 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 environment. 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 oJut to determine whether the reso-
nant transition at 303.9 mm 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-

22 The fundamental laser wavelength of 607.8 nm was

put beams.
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 607.8 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 overshcot beyond the ionization
potential of indium. This overshoot was relatively small and,

therefore, near optimal for observing a DLI enhancement over LE1. 8

In DLI studies, the ‘egree of overlap of the excitation and
ionization laser beams in the atom reservoir is critical.® The

tunable dye laser used in the present study produced a second




harmonic beam that was displaced vertically above the fundamental
output beam. The cross—sectional overlap between these beams wasg
about 30%, creating a non-optimum condition for DLI enhancement.
To circumvent this problem, the laser ocutput 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
beamn. 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 nL/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 ionizatlion 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 plasuma 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 nitrogen 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 LEL signal. The nitrogen flow rate was
varied between 7 mL/min and 75 mL/min and LEI mecsurements were

made for 10 ng aqueous samples of indium. The applied microwave
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power was fixed at 60 W. The nitrogen flow rate was small in
comparison with the argon flow rate, which was maintained at
..2 L/nin in order to keep the rate of sample transport through
the systenm constant. The LEI signals were maximum at a flow rate
of 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 plasnma
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-
gen concentration may have been the result of depletion in the
popularion of ground state analyte atoms due to effective excita-
tion and ionization of the analyte by the plasma itself.!? The
reduced sensitivity for atomic fluorescence as compared to atomic

26 provides

emission measurements made in active nitrogen plasmas,
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 wlL/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 subsequent

increase in active nitrogen concentration.

DL1 Enhancement of the LEI Signal

A comparative study of DLI and LEl was carried out in the
active nitrogen plasma. In both cases, indium was excited at

303.9 nm. Measurements for replicate 10 ng samples of indium were
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made with and witnout the addition of a photoionizing beam. The
addition of the photoionizing laser beam resulted in DLI signal
enhancements of up (o a factcr of two relative to LEIl 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 UV 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 l-ng samples of indium. The reproducibility at this level
was approximately 15% relative standard deviation. Figure 4 shows
signals recorded for consecutive ] ng indiun samples. The best
DLI detection 1limits 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 *“o spatial filtering in the DLI/LEI comparison

experiment.

Background Tonization and Limiting Noise

Measurements made in the active nitrogen plasma with the
microarc atomlizer turned off and no analyte prosent 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 from

pickup of RF interference from the laser. The combination of
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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

indiumn 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 samall energy
overshoot s.® 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 collisiounal
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 1in the active
nitrogen plasma, relative to analytical flames, implies that

analyte atom excited states are more highly populated in the

" TR e———— o —
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plasma. This is exemplified by the high sensitivity obtaine. for
atomic emission in the active unitrogen plasma.13 This being the
case, non-resonant LEI excitation of analyt® 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. ! High voltage interferent removal schemes?’ 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

1 ng indium samples.
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LASER-INDUCED IONIZATION SPECTROMETRY: ALTERNATE ATOM RESERVOIRS

Robert B. Green and Michael D. Selwzer
Chemistiry Diviston, Rescarch Department
Naval Weapons Center, China Lake. California 93555-6001]

Abalragt

Premixed flames have heen commoniv used 1o atomize samples o laser-induced ionizdation spedtrometrs
Detection Limits have been excellent but the intrninsic sensitivity of the jaser-based methods has been comrromise
when analyzing real samples. A total comvumption thame and Sceveral energetic piasmas have been imvestizated as
atom reservorrs tor laser-enhanced wnizanon  LED and direct laser vonrzanon (DL spectrometry. lonizetion trom
a laser-excited state proceeds by collixtons in LEL and absorption of photons in DLI. Laser-enhanced sonizaton
occurs in a flame whenever a laser is tuned to an atomic ransition. Whether or not phototonization (1 ¢ . DLy wal;
supplement the LEI signal depen s on the cotlisional properties of the atom resecvoir and the ditterence between the
energy required to reach the 1onization potential and the energy of the phowionizing beam.  The total consumption
flame, active nitrogen. 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 technrques (see Figure 1), Laser-enhanced
ionization involves thermal or collisional tonization from an excited state that is populated by single-step or
stepwise laser excutation.! In DLI. sometimes referred to as dual laser ionization,? the final step is laser
photoionization. The DLI excitation schemes are similar to those used for resonance lonization spectroscopy (RIS,
the distinction being the atom reservoir. Resonance ionization spectroscopy is performed in low pressure atom

;  eservoirs, such as the source of a mass spectrometer.  Laser-enhanced 1onizatton and DLI are implemented 1n
atmospheric-pre: sure plasmas, typically a tlame supported by 4 premix burner. lLaser-enhanced onization and DLI
may be viewed as complementary techniques. The tormer 1s more well developed but much ot the research applies
equally well to DLI. Maluphoton wmzaton tMPL mav also occur n tlames but 1s not usetul tor trece metasd
determination. Multiphoton wenization can proceed by the simultaneous absorpuon of three or more photons ot the
same wavelength via bound or virtual states. A background signal may result from the MP! of added or nauve
species 1n the flame. particularly at high incident laser powers. The noise carried by this additive signal can himut
minimum detectable concentrations ot analytes.

M +
_—e_ N M * %
!
! .
— ™
! M

LEI DLl (RIS) MPI

FIGURE 1. Lascr-induced ionization schemes: LEI, DLI. and MPL.

Laser-enhanced 1onization 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
oefore introduction to a boxcar signal averager. A photodiode which monitors the laser output assures that the
signal 1s 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 nebutized sample solution in a chamber prior to combusunn. The large sample dropiets condense 1n the
premixing chamber and return to waste via a drain. The choice of fuel and oxidant 1s limited to combinations that
vield flames with lower burning velocities. This avotds explosive tlashbacks 1n the premixing chaumber,

The clectroade contizarations that have been used tor biser-ennanced onzation tall mio tao Culerories exierndl

and immersed. Lither approacn will produce excellent Cctecnon himus tor anatyies disserved an pure. aducoas
soluttons. Sample matrices contanmg IA or HA efements winien have high 1on tractions in bprcal analvocar thames
produce severe clecirical interterences when externdl electroges are used. This has been attributed to the formation
of a4 space charge at the cuthode

The origin of electrical mnterterences may be understood by considering space charge tormation at an electrode.
In a flame. posiuve 10ons, electrons, and neutral species exint in the bulk phase. It the region near a neganve
electrode inserted in the tlame 1y examuned. several zones may be distinguished. Between the bulk phase and the
electrcde surface. there is a transition region where charged species separate.  Near the electrode surface, cations
predominate. As the concentration of cations in the flame iy increased. the signal collectunyg field withdraws to the
cathode surface. If the laser beam is outside the collecting field. none of the tons 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 concentranon in the flame is high and the signal
collection region 1s severely compressed. Using immersed electrodes it is possible to collect 100% of the analyte
signal in the presence of sodium concentrations up to 3000 pg/mL in an air-acetylene 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 thev are amenable to flame spectrometry.) Most detection limits that have been reported were
determined in the air-acetylene flame. A nitrous oxide-acetylene flame has been used for more refractory elements.
It 1s important to recognize that although the use of an immersed electrode has mitigated electrical interferencey
from easily-ionized species :n air-acetylene tlames. the hotter nitrous oxide-acetylene flame has not yielded to this
solution. 4

i

‘® 1.

YbiLu

FLAME: AIR-ACETYLENE [_] PROPANE-BUTANE-AIR [
NITROUS OXIDE-ACETYLENE [} NOT DETERMINED
AIR-HYDROGEN []

FIGURE 2. Periodic table showing types of flames used as atom reservairs for
laser-enhanced 1onization spectrometry.
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The limits of detection for laser-enhanced ionization in premtixed flames, compiled and reported in Reference 5,
extablish the technique as competitive with other high sensitivity analytical methods, such as inductively-coupled
plasma emission spectrometry. One component of laser-enhanced ionization spectrometry that might be improved 1s
the atom reservorr. The scarch for alternate stom reservorrs was riven hy the following goals: ¢l increasing the
anavte restdence tume 1o the aaser beam. 2y ancrcasing the Guaatity ot analvre i the laser-excited volume. (3)
reducing analvie consumption, and (h curther reducton or elimnauon ot electrical interterences. Realistically, it
shotad be recognized that some o1 these goss may be mutually exclusive.

One approach to increasing signal is to increase the number of atoms that can be interrogated by the laser beam.
This can be accomplished by subsututing 4 total consumpuion burner for the premixed burner which has been
commonly used for LEI spectrometry. In the towal consumption burner, the fuel. oxidant, and nebulized sample are
not mixed untl they exit the burner nozzie. Although 100% of the sample enters the flame, all of it is not available
for laser excitanion. Large droplets of sample pass through the flame without evaporation. Light scatiering from
these droplets 1s the main reason that total consumption burners are no longer used as atom reservoirs for optically-
detected spectrometry. Since an electrical current is measured directly in LEl 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.® An additional benefit of using the total consumption burner is the
availability of oxygen-based flames without the threat of explosive flashback.

Laser-entanced 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 detectinn limits was to increase the laser power until MPI was observed. Then the
taser power was reduced slightly below the MPI level and the detection limits were determined in the absence of
MP1 noise. The appearance of MPI background is also possihle with a premix burner: the difference is that most of
the solvent is eliminated by condensation before 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 tiame concentration (or density) of ions when signal suppression occurs is

probably the same tor both burners. The difference is that this flame concentration occurs at much lower solution
concentrations of the mterterent when using a total consumption burner. It s the absolute flame concentration ot

interterent that determines the level of LEL signal suppression not the ratio of interferent to analyte.’

Sample desolvation prior to introduction was one approach to attacking the ¢ ficiencies of the total consumption
hurner.  Sample desolvavon has long been used in atomic spectrometry but the reported sample transport
etfictencies for avarlable technmiques were tow.  Less than complete sample transport negates the value of using a
total consumption hurner.

A successtul approach involved using a graphite furnace to desolvate the sample prior to introduction into the
total consumption burner.® 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 asptration tuhe of the burner. A water vapor generator was connected in the gas line from the furnace for
comparison of the introduction of dry and wet samples into the total consumpuion burner. Wet samples could not be
introduced directly from the furnsce because spattering would cause sample loss making the results equivocal.
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The advantages of sample desolvation are illustrated in Figure 3. Five trials are shown. In the thrccvlr;alx w;\fcrc
the manganese sample was desolvated. sharp signal peaks r.esull. The MPI background leldh» a DC sngna.l 0 sctl_
tor the two trials with solvated samples. The increased noise carried by the signal 1s obvious. The rcduult)n of !
peabh amphtodes i the solvated trials 1s probably due to the cooling of the flame by water vapor introduction,

Merebs reducing tne analyte atom fracton.
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diate stgnas tor the solvated camples. spectrometry in a microwave-induced plasma.

samples

In sammary . sampic deseivation with the total consumpuon burner provides many advantages that are apphcable
voLaser anduved aomization spectrometry. ™ Higher laser powers can be effectively used 1o saturate atomic
sransinions. 1o abso possible 1o condense the total consumpnion flame by introducing 1t into a Vycor tube. The
exaiting laser beam mav then be directed down the length of the flame and longer pathlength electrodes may be
oed Flame cordensation and pathlength extension can be applied to the total consumption flame without sample

desolvanon but the mereased MPLnoise nullities any improvements an signal. Finally, intninsic flame temperatures

are mantaned byothe removal of agucous solvents. Al of these advantages lead to order-of-magnitude

amprovements in o detecunon hmits for laser-enhanced ionization spectrometry using total consumption burners with
e degny) ~

ST e desoavation

bFrergein

Revently, mucrowave anduced plasmas have been investigated as atom reservoirs for laser-induced ionization.
The apparatus s shown in Figure 40 The gas for plasma formation is directed through the sample introduction
device Several sample introduction devices have been used: an AC microare, ultrasonic nebulization with ~olvent
sicppinyg. and a graphite furnace The sample vapor is then carried through the microwave cavity where th 1sma

Catcd N ot this rescaien has involved atmospherie pressure plasmas. The plasma s conducted bes.ond the

Lfoaas ooy iy sl a guartz tubes Stgnal collection and provessing are similar to the approach used in flames.

The first plasma to be investgated was active nitrogen.? Active nitrogen has interesting energetic properties and
In capabie of efficiently producing oadito ?wectal atorms and 10ns on collision with ground state species.  The metal
¢natisvion in sub-atmospheric pressure sources has been detected photoelectrically for analytical determinations. 19
e active mitrozen in the present work was generated by adding molecular nitrogen to an argon flow in about a 1-
to- T rate. Microwave powers in the range from 50 to 150 W were used.

Both TELand DL experiments were run to evaluate the collisional properties of active nitrogen. The excitation
wwhemes for indium are shown in Figure 5. Laser-enhanced wonization occurs in 4 plasma whenever a laser 18 tuned
o an dtomie transion, For otherwise wdentical experiments. the enhancement of the DLI signal over LEIL depends
an the collistonal environment of the plasma and how well the energy of the photon matches the energy required for
prototonization In this case, the energy overshoot was 0,34V,
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FIGURE 5. LEI 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 opumization of the laser-induced ionization processes, some interesting signal behavior was noted.
Figure 6 illustrates the res . lts of experiments in which the LEI signal was monitored while increasing the nitrogen
tlow 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. [t was first speculated that the luser excitation prior to the
signal collection region could be significantly depleting the ground state atom  population. On further
consideranion, 1t seemed unlikely that a major signal suppression was caused by a relatively minor loss of atoms.
Experiments in which atomie tluorescence was measured for idenucal concentrations ot lead in both the rure argon
plasma and the acuve nitrogen plasma (1.e.. nitrogen 1n argon) gave essentially idenucal hmus 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 = 1/R) for air-acetylene flames (sodium-sceded 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
vharge formation in argon was minimal. The laser-induced ionization background was low and featureless in the
waveiength region of interest.  (The active mitrogen laser-induced ionization spectrum has been characterized tfrom
279 to 285 nm. !y 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 collection voltages will be limited.

Conclusions
The total consumption burner has been demonstrated as a viable atom reservoir for laser-induced 1onization
spectrometry but further research must be undertaken before these results can be translated into practice. Energetic

plasmas present some interesting possibilities. Because of its good collisional properties and long li etime, active
nitrogen plasmas may be incorporated into an interferent removal scheme. 2  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-INDULED

ACTIVE NITROGEN PLASMA

Chamisory Zivisice, fasearcn Tezartrent) Naval Leisors lzoter

ST LT

Optogalvanic spectra nave heen obtained for a micrcwave-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 selectad nitrogen transitions.

Index Headings: Optogalvanic Spectroscopy, Laser-Induced lonization,

Active Nitrogen
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INTROOUCTION

Laser-incuced optogalvanic spectroscopy is a simple, yet powerful tech-

nique fir :st:itving nigh-resolution excitation spectra for ctoms ang mol=cules
in elect~ 730 Iischaruss.” Gptodalvanic signals are cenerated Dy impegance
Lhanges that sIcur in resgonse to tne apsorplicn ol iaser radiaticn Ty 2tomic

and molec. ir szscies within the discnarge.? Optogalvanic spectroscopy is
charactarizzg ov niahly efficient signal collection ana, because electric
current ratner -nan light is detectea, one does not have to conteng with
discriminating 2aainst background emission or scattereda source radiation. In
this respect, optooalvanic detection provides some advantages over laser-
induced flucrescence technigues.

I of galvanic detection of

Following the initial report by Green et al.,
optical absorptions in a gas discharge, there have teen numerous applications
of optogalvanic spectroscopy for the study of moleculas in a variety of dis-
charges. Felamann’ reported an optogalvanic study of NH,, NO,, H,, and N, in
an electrical aischarge. 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.,*»% 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.> Suzuki et al.,® have also carried out similar studies in a low pressure




[

. ": . 7
microwave discharge. Miyazaki et al., »3 reportad double resonance optogal-

vanic spectroscipy of nitrogen in ~cllow cataode discharges. This stata-

salactive method allawed the recording and assigament of nzw visiblz zancs.

Toyarg] rfezpad ooTotaivanic snioteioof vpleznlas sracisc nayz o3l cesr
oo o - .-
caser=induced cotogalvanic 3mECIfLSCsny nas I29n usst o study Tolerliar
- ~ 12 )
specizg n “iames as w4211 as discharaes Schenck 2t al.,*’ racorde? tne
ansorotion soictra 27 Tetilooxides i Tlamas using ontogalvanic deracticn,

The metal oxides were cbtained by ascirating metal salt solutions into a pre-
nived air/nydrogen flame. Mallard 2t 21.,!* Cool,'® and Rockney at al.,'®
have carrizsd out multipnoton jonization for optogalvanic detection 2f N0 in
flames. Cool and Goldsmitn!” nave recently reported a laser-enhanced flams
ionization cnromatograpnic detector for hydrocarbons. For a more complete

overview of the literature of optcgalvanic spectroscopy, the reader is

referred to reviews by Webster and Rettnar? and Goldsmith and Lawler. 13

Active Nitrogen Plasma. Microwave-induced plasmas employing both atomic

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

9

trcmetry.1 The active nitrogen plasma is unique among these plasmas in terms

0

of 1its energelics and the presence cf metastable species.2 In the active

nitrogen plasma, diatomic nitrogen molecules 2xist in a variety of electronic,

1

visrational, and rotational excited states.?! The active nitrogen plasma is

an efficient excitation <ource because of its ability to collisionally trans-

far up to several electron volts of energy to analyte species in the plasma.??




-

zecently, we investigated a microwave-induced, active nitrogen o

131 ate~ resarvoir for laser-<nducad jonization spectrometry. 23

!
[
)
ct
(1
3
ot
{w

Liser-inzuzed fomization? iacludes ifezct photoicatzation and lascr-snnancesd
o2 ITITy trizEzitn (T2 Tattsr 235 Zeen rafzrred K0 35 tne Totoniiaic o
sETat e R o A SR e 73 waI favestitine BTl
Sive TroTe2 Flaecl o gnizn o n35 Ioen trzoteiditional anom reseryoic Tor 13gie-
inJulsd forizatisn InEcicomenny notr2 cours2 of Ihat dnvestizition, 3 Izc«-
IrounT fInization sitnal was Jetecltaz’e fa fhe adsence of analyte i the
213573, 3ven 2% lcw 3tar Grradiinge v incragsad Y laser drraZizncae of

the oiasma, 3 hizhly structured hackcround spectrum was rovealed, corre-
sponding to the second positive band system of nitrogen., The sacond positive
system originates ‘rcm electronic transitions that axist several electren
volts adove the ground state but are commonly observed by emission in low

25 Tne ooservation of these tran-

pressure electrical dischargss in nitrogen.
sitions in this laboratory prompted further investigation cf the laser-induced

background jonization 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 technigues. The long focal length monochromators used to
provide the necessary resolution, do so at the expense of light throughput and
consequent loss of sensitivity. Laser-induced optogalvanic techniques are
characteristically well suited for the study of dense spectra in radiating
plasmas, where conventional optical rethods demonstrate only limitad sensi-
tivity.7 The high photon flux and spectral selectivity of a laser, couplad
with the high signal collection efficiency of the electrical detection system

provide a useful alternative to traditional emission techniques.
4
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The maiority of published results of optogalvanic studies of molecules
nave invalved (e use of visible or infrared laser sources. The prasent sacer

reports for the Tirst time, 3 oV optogalvanic study of a nicrowava-inducsd,

3UasIrevis orassur? 3otive nitegnen Slasma. The zxistence 2F siimifizacs
XIS 0TET2 oD Lrzng Grotrs active nitrguen Siasma, tnozzdition o oea

avaiiaziiie, of ~in M Taszr feradiance, 3llowed the recordirs of nign

"280LTi%n, 2xCitad-state axcitition spectra The spectra of ragresentaciva

il

cortisns of the sacond positive system of nitrogsen were observed by detecs?
tne laser-induced denization wnile scanning the laser wavelength, using i
frequency doubler with autotrazxing capadility. Simultaneous interferometri:
calibration of the laser wavalength cermitted the accurate identification of 2

series of excititicn peaks in this band system.

The information obtainad from an optogalvanic study of the active nitro-
gen plasma is valuable in terms of its relevance to laser-inducad ionization
spectrometry carried out in the plasma. Detailed knowledge of the plasma
background facilitates the selection of analyte excitation lines and is an
asset in obtaining optimum signal-to-background ratios and, hence, greater

-

sensitivity.

SXPERIMENTAL 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 W. A mixture of argon and nitrogen with flow rates
: _




o

1.2 L/min 3~d 50 ml/min respectivaly, sustiined tne plasma. The pur2 nitrogen

43S obtained frm liau’d nitrogen 90il-cff and the argon used was ~igh purity

~rzde 3§,338% from Matneson.  These nas sourcss were selectzd to ~ininize
tecdutiin 3 s, N, 3nd wWatsr Jaclr alo o toe niasma. Tag s Ziscnar s
TET o435 YEesrater otTocon axTand Tiotac o Tas T otsre visinioy oF tte micen-
S3V3 cavitg. The m2tastic’e nitragena oiasma, cswevar, oropalitac ssvecad
T2atimetars Jownsir2an Sroam fne Jischarze and formad a Converging slaswa plume
st tne end of the aquartz flow tuce. The roie 3f the argon in genarating the

aztive nitrogen 35 not s.ell understood altnouzn it §s possible that znergy s
transferred between araon nlasma species and ground state nitrogen molecules.
In the absence of nitrcgen in the plasma, only 3 featureless, waveiengtn-
independent signal was detected for excitation of argon over the region of
study. There was no indication of signals originating from arcon transitions

with nitrogen present in the plasma.

A Nd:YAG pumped dye laser (model £81-C/TOL50, Quantel) with fraquency
doubling and autotracking capability was used for all experiments. The Tlaser
was operated at 10 Hz with rhodamine 590 tetrafluoroborate (Exciton). The UV
output pulsewidth and bandwidth of the laser weré 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
fonization spectrometry. The active nitrogen plasma plume was i1luminated
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




tne laser t2am from striking the electrodes in order to minimize pnotoelectric
amission. A pctential of -1500 V was applied to the catnode using a highly

1

~2zu’atad nower supp’, (model 223, Pacific Instruments). Tre anode circuis
120N Trad rasistor, a3 SO0 pf olocking cacacitor, ind 3 prezmo-
S oweT processad witT 4 II¥CIir avericar
(sedel T5Z2, Srincaton Applied Researcnh) witn a3 model
“saule. A4 Teus SOXCZET o aperture was usel to sample the donisition pulses.  An
sffective time constant of 2.1 s was chosen oecause it orcduced the least
istortion of tne sp2ctra as the laser wavelengtn was scanned 3t 31 nemina)l
rate of 0.025 &/s. A 5-us nigh pass filter was used between the preamplifizr
and boxcar to attenuatz Tow frequency nois2. The boxcar outout signal was

recorded on one channel of 3 digital oscilloscope (model 4024, Nicolat).

Havelength Calibration. Mecnanical flaws in the sine bar drive of the
dye laser grating can cause discrepancies petween the actual output wave-

* Similar behavior

length and that indicated by the laser readout display.’
was observed for the laser used in the present work. This necassitated 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 hy 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.




The dve laser used for this work employs a prism 2utout s2parztor to

iiszersivaly separate the second harsonic UV output from the fundamental

Seam.  Cedtnardly, the fundamental bezm Is direzted 4o 3 fexn Zfuto. For the
nragans snzlication, the sisinle 237 waS Zonvertontt, sraitilo oo 35 usa:
Tir 2 Tentn Z31i0ratton £) 3vstd disiorting tne LV ezt oant oIl g

INtensg it savelenasns S0 othe vizinle ragicq datiemipos fa Trfs cinner wors

dividad -y I to o2tain the corrsssonding Y owavalengths,

AS tne iaser wavelencth was scanned, tne sinusoidal moduiation of the
intensity of the reflectad intaerference fringss was monitsred at the photo-
diode. The pattern was <imilar to that typically oroducad by i very low
finesse Fabry-Perot interferometer. Monitoring of the transmitiad intar-
ference pattern from a high finesse etalon is mora common. Monitsring the low
finesse transmitted pattarn produces 3 sinusoidal type medulaiion that varies
from maximum to about 32% of maximum. A large zero-offsst would be required
for photoelectric detection of this signal, and th2 signal would be relatively
noisy. However, tne 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 wnen 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

N o= et (n2 - n? sinZg) /2 (1
air  mn,




where m iz the order of the etalon (an integer, typicaliy zround 17,000),

Yaip 1S tne laser ceanm wavelength in air, t is the gnysical itnickness of tne

stalan (53 units 25 Yyiel, Mo 1S tne ratractive ingex of the wizlon at

Fage, M- T3 The ec2tractive Incex of airoal b y. oanc - e INGie Lebaesr

e TaASer LSat g LT qrtal tootne 2taion Surtiaces. s reroiCtly2 inlllas
~ -~ - -~ - -3 - NS 7

Wwere JoNIo.ted L4SInT Uhne eguatlilons tn o -~eid 7.

“t

The valug Tor & 4as geterminea Tromn Tthe positicns tne incigent ang

o

reflectec aeams. The values for v ang t were obtainea by iterating m in tie
following nanner. First, the interferometer was calitratea oy using laser-

enhanced ionization in an air-acetylene flame to detect known spectral lines.
The wavelength region containing these lines was scanned while simultaneousiy

v

recording the sinuscidal interference pattern (as was done fcr all scans). In
the sinusoidal interference pattern, a peak of maximum intensity was
arbitrarily assigned the integer order M (having as yet an unknocwn value).
This was called the reference order. Two of the spectral lines were chosen,
one near each end of the scan. The exac. aumber (including fraction), ahj,

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

measured. For each spectral Tine, M + aMj was used for m in Equation 1

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

T, — -

then solved for ¢ and the integer M was iterated until the predicted values of
t for the twc wavelengths were closest to each other. Then the value of t for
the -1tme ciosest to the reference order was used with Equation 1 to calculate
the wavelength of any new line. 1In the latter calculation, an iterative
method was used to calculate the wavelength because the refractive indices are

functions of wavelength.




"he rhoics of spectral lines and conaitions t2 calibrate tne laser are
hl

important to "Htain accurate results. Spectral 1ines should be chosen whose

wavelengths are accurately known and wnese spectral orofl

Taie o averIs ouncsrtingy in Tocating tne Centee 57 Tne Tire profile ag o the
contor w38 ores,tabls 821 ansn Tae waveiSnain tinlie e SriIireily TEneTe
atec TSNS zise trportant ©3 oaveld optical saturation, crefilter agsorstion
fang costriilter assorpticn 1F fluorescence cetaction 13 L3=d,, «wnica gan

unnecessarily troaden and often distort the spectril prorile.s Jften a
comprosise ust Le wmage between a Tine tnabt Goes nol SNCw SuCn JISLGriichs,
yet provides a strong enougn signal to pe useful. The Cs lines at 279.70s and
279.377 nm were used to calipbrate the interferoneter Decause tney were in tne

wavelength region of interest, symmetrical, and not cistarted.

RESULTS AND DISCUSSION

Ootogalvanic 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 sinusaiaal interference signal was simuataneously recorded. Figures
2 and 3 show these excitation spectra with approximate wavelength scales.

Note the 0.05-0.10 nm overlap between consecutive spectra. The spectra
presented here were not normalized for laser intensity. Tnhe average power of
the secona harmonic output of the laser was 35 ~w inc was maintained within

10% of this value for all scans.
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The “ntarfzrometer was calisrated in tne manner described above. For

- -~ ~ - ! -~ ) ~ 2 - c - ~
2ach recorded ::3n, th2 29siticns of the maisr spectral faatures uers
o -~ h - YA e N - ~ £+ ~ 1 ~ T
sccurata2l, a0Tan oy ousing the woartizal aurscre of ftne diiitat osciliticone
RPN - P - - -~ ~ - Ay [ fo NP o - e e
S larYIicie =S aR Sy Lrase (0l ol ratnion) wds ilIl o mLTes
T O ~ - : - T e N Ty DR ATECR R T {1~ = I

8 Lo 2lLatEL G 2 SR 213 (2o IR

N D - - . . s mm o~ a= - - ~ Y ae - -
[ESRAUAN ST I ool Tz SRS IR~ A I ST 227 234 §as Z3ituaidteIouson
Tt Inifoeatior TLITIrs Than Wi oravisusis Zztzemined for Ineg nlzoror-
NmET S Thnca s nlan~+*n 3gcisrmantz ore ro--33ylitad and Mparad to ne:
relz L2 o4Z/2I8NTIA asstianTants wer 30U 1at2d and comparzsl T 2 i<

Futtartentdery and Herzherna for ontics v

sositive system of nitrogen in a iow

(o]
W
W
(]
O
3
Q

pressure 2lectrical discrarge. Enission sands corresponding to th
nositive system actually range from 200 nm to 520 nm.“° The nitrogzen second
positive systam consists of transiticns between vibrational states in tne

- 3 :
C3my and 877 2lzzironic

iy

evels of nitrogen. Tne sgectra shown in Fig. 2
include transitions cetween vibrational states 3+J and 4+1. The inc¢ividual

—

peaxks tnat make up the spectra in Figs. 2 and  represent fransitions

originating from and terminating at specific rotational states within the

respective vibrational states.

The optogalvanic excitation spectrum shown in Fig. 4 was recorded netween
280.70 and 283.3%5 nm and was selected for calibration and wavelength assign-
ment. The majority of tnre peaks in Fig. 4 are well resolved with full widtns
at nalf maxinen of 3.008 nm or less. [t is nossible that some of the broader

peak profiles may he the result of distortion cue to overlap with peaks of the

sate or other sand systemns.> For the spectral ragion batween 280.20 anc

Ny

S0.85 nm, wivelength assignments were obtained for 32 peaks. These peaks

were the most easily distinguishable and represent only a fraction of the one
11
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srisly oeomaTioen 1tatas of odtrogor G0 fynItion Y Sr:otitnarature DT oing
2lazmz, oand tn2cafore, many transitiors T2y a0t 22 cosarvad untir 3 Livan set
Of 2l: ma cparatiag conditicons. The resoiition 3fF tnz tegianinue 13 Timdtad by
: ~umner T Yacitrs,  Szectral freadening vecaanists witain tns olasma may

L

caus2 overlao of 3djacent lines. This factor may 52 addrzssad by employing

o :

Plation techinigues”® znd 3150 oy working *noa low prassars

[en
~

asma. Harrowing the lassr scandwidth may also dmprove the

resoluticon.

CCNCLUSION

An optogalvanic spectroscopic study of a microwave-induced active
nitrogen plasme nas ze2n carried out. Recordings of portions 3f the optozal-
vanic spectrum of the nitrogen second positive system demgnstrate that several
of the transitions that are routinely observad in a nitrogen electrical
discharce by enissinsn technigues can also Se abservad Sy liser-induced
ionization of an active nitrogen plasma. The conspicuous absence of several

paaks indicates that the population of various rotational states in excited
12




e

alectreonic Tavels of nitrocen varies ztween different types of discharges.

Additional Zata’led information r2zzczi77 tre 2lectrical discrirne szd in

Qer, 22 L0uld te orenuirad Cor g vt II70arTson Detween a2t 4iscrar-ce ard
g e o123l ioad ot oresent T JONTD The neTY 3T In ST orltation:
At e : DIPRaE-T S z ToCUNITOn T TivcIenTra, LTl iatt
3pelIriiIlI. Ti, oLrsvids oaoLuer DIl ool o TOor paaina trvriraT . re
T23g rTTer L

~ e A ~

ne orasant a2r« provides sstll foTormation concerning ing
jonization backzround of the ictiva nizrogen plasma. The spectral ragion
chosen for tnis study overlaps several ztcmic lines commonly used for laser-
induced ‘onizatisn Soectrometry.zi Tre o dztection and calisration technicues
descrived here cian easily be used to 2xplore transitions in other wavelength
regions as well. The spectral mappin: ootained in the prasent study provides
a means by wnicn optimum analytical linss can be selected or background-

Timited lines can be avoided.
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TABLE |
P23k Coserved Literaturex wavelengtn
numper wavalength ~avalengtn diffarence
() (=) {1m)
o) ERDIE RERL DI
(2) S B -0
0o RER PEDIG i
(=) BT BEPIEN TL
=) B BEDNREE D
(2) REBREES SRR -3.203
(7) BRI ¥4 PSERERTs -2.028
(3) BRI 28T SLI032
(3) 230.2332 233.292 -3.227
(10) 223.352 232,375 3.233
(11) 230.425 230.423 c.2X
(12) 280.445 220,348 -2.300
(12) 230.462 280.489 0.292
(14) 280.483 237.431 -3.007
(15) 230.514 280.310 1.004
(16) 280.544 280.z44 J.300
{i7) 233.576 230.253 0.08
(18) 230.€05 280.303 0.J02
(19) 230.633 230.627 0.006
(20) 280.643 280.639 0.004
(21) 280.658 280.662 -0.004
(22) 280.675 280.880 -0.004
(23) 230.684 280.691 -0.007
(24) 280.703 280.707 0.001
(25) 280.731 280.732 -0.001
(26 280.751 280.746 0.005
(27) 220.771 280.776 -0.02%
(28) 280.789 280.739 0.000
(29) 280.302 280.799 0.003
(30) 280.8083 280.311 -0.003
(31) 280.823 280.823 0.00C0
(32) 280.838 280.835 .003
* See Ref. 25.
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Figure 4

Table |

Figure Captions

Tohzmanic dizrran 7 Srmzrfapamete i owaves Iroln rETsci70% o4nd

T3 iranion $s3mem

. . . . . - . e
CThT TR avANnIL 2AXxCit3T I inecnry PO norttIc o nranit izannd
A . e - ~a+ o~ ~7 N s T 0 e ~ I
fofel™ /2 system bataenn 279,07 ard 237002 am. Wavsleczio o scales

are ipproximat=.

Cptogalvanic excitation spectra recorzed 2atwesn 280.30 and
280.80 nm. Interferometric calioration siznal is also snown.

Wavelength scale is approximate.

Table Caption

Wavelength assignments for selected portion of nitrogen second

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

M.D. SELTZER und R.B. GREEN
Chemistry  Division, Rescarch  Department

Naval Weapons Center, China Lake. CA 933555

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 1to enhance 1ionization 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, Lascr-enhanced ionization, Photoionization.




INTRODUCTION

Photoionization of ecxcited-state analyte atoms often provides erhancement of
ionization viclds, relative to single-step laser-enhanced ionization (LEL.  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, 1s morc histornically
significant than it 1s descriptive. The excitation mechanisms by which DLI proceeds
are identical to excitation schemes for resonance ionization spectroscopy (RIS) (2)
and as such, arc 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
carricd out in a low pressurec, low temperaturc 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
procceds via collisional ionization of analyte atoms from the excited state. In DLI, a
sccond non-rcsonant 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 yiclds. The
photoionizing radiation can, in many cases. be obtained from the same laser that

pumps the dye laser, reducing instrumental requirements.




The feasibility of DLI has bcen demonstrated in both flames (1.3.4) and in
plasmas (5.6). Flame temperature determinations based on DLI measurements have
also been reperted (7). In addition, a DLI approach has been usced to cnhance ion
production in association with diagnostic measurcments carried out in an air-
acetvlene flame (8) and in an inductively-coupled plasma (ICP) (9). Direct laser
lonization may provide enhancements of two to three orders-of-magnitude in
ionization vicld in flames. relauve to the LED approach (43, DLI cnhancements of
otherwisc low 1onication vyiclds are maximized when the energy overshoot of the
photoionizing laser, into the clectronic continuum, is minimized (4). This is best
accomplished when the wavelength of the photoionizing laser is well matched to the
cnergy defect between the analyte cxcited state and the ionization potential. The DLI
signal can be incrcased lincarly with increasing power density in the photoionizing
beam, and achicvement of unity ionization yields is feasible. Therein lies the
potential for improving detection limits for atomic transitions which normally have
low collisional ionization yiclds and, hence, poor sensitivity by single-step LEI.  The
DLI approach also looks appcaling 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 1 sample matrix clements. Unfortunately, the lower atom
fractions obtained with low temperature flames may offset the benefits of reduced

interferences.

The requirements for DLI arc similar 1o 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 procecds via two resonant steps, a

high degree of spectral selectivity is inherent. DLI, using one resonant step and one




off-resonant step, ic infericr in terms of selectivity. The use of off-resonant
radiation may result in non-specific. multiphoton ionization (MPI) of background
and sample matrix species.  Background lonization can contribute signiticantly to  the

noise level since its magnitude varies with pulse-to-puise fluctuations in laser power.

In this paper, the results of o DLI study using air-acetyicne and air-hydrogen
flames are reported.  The atemizaton efficiency of these flames is superior to flames
previously used for DLI (1.3.4.7).  Thermal ionization of matrix clements 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 cxcitation 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

dctection limits for strontium and sodium and a comparisen of DLI vs. LEI signals in

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

EXPERIMENTAL SECTION

Figure 1 illustrates the experimental apparatus used for LEl and DLI
measurements. A Nd:YAG laser-pumped dye laser (Quantel International, Santa Clara,
CA) was opcrated at a repetition rate of 10 Hz for all experiments. A fraction of the
Nd:YAG laser 3rd harmonic (355 nm) was used for the photoionizing beam. Maximum
laser pulsc cnergy 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
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and burner head anode were used for signal detection.  The applied voltage to the

cathode was -1300 V. A prcamplifier and boxcar averager (model 162, Princeton
Apphied  Rescarch, Princeton, NJ) provided signal processing. The boxcar aperture
Jduration was > - and the processor module and mainframe time constants were

1o us and 1 s, respectively. The boxcar output was recorded with a dignal oscilloscope
(Maodel Houil Nicolet. Madison, W) or digitized and stored for later processing by a
personal computer (model Z-248. Zenith, St. Joseph, MI).  All cxperiments were
performed with premixed. parually fucl-lean flames supported on a l-cm diameter
capillarv or 5-cm slot burner head. A telescopic beam expander incrcased the
drameter of the reseonant excitation beam to 8 mm  while maintaining optical

saturation.  The photoionizing beam was used unfocused, with a diamecter of 8 mm.

RESULTS AND DISCUSSION

Strontium and sodium were chosen as test clements for DLI experiments
because resonant transitions of these elements coupled well into DLI schemes with
small cnergy overshoots.  Figure 2 illustrates the relevant energetics and possible
pathways for ionization of strontium and sodium using laser cxcitation. Shown in
Fig. 2 are schemes for LEI, DLI, photoionization of thermally-populared states, and
two-photon  phototonization of ground-state analyte. Photoionization from
thermally-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 cxcitation steps as those previously reported (4). In the
present work, the 355 nm, 3.5 ¢V photoionizing bcam yiclds a slightly lower cnergy

overshoot than the shorter wavelength nitrogen laser beam (337.1 nm, 3.68 ¢V) used




in Ref. 4. The energy overshoot of the 355 nm photoionizing becam is 0.50 eV for

strontium and 0.46 eV for sodium.

Laser-Enhanced lonization, Laser-cnhanced 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 LE! measurcments
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 lascr 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 arc given in Table 1.

Two-Photon Ilonization. In the absence of resonant excitation, ionization
signals werc observed for strontium and sodium due to illumination with the 355 nm
photoionizing bcam.  Simultancous 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 arc used (Fig. 2b), as in DLI, resonant
cxcitation competes with the two-photon process for ground state analyte atoms. The
resonant pathway to ionization is prefcrable for analytical work, beccause 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 was confirmed for both strontium and sodium.
The photoionizing step itself is not optically saturable in the traditicnal sense, since
it docs 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 mecasurements for a 10 pg/mL solution of strontium
while optically saturating the excitation step (460.7 nm) and incrementally adjusting
the power of the photoionizing beam. Blank measurcments 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.
Stepwisc 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
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lasers with ns pulscwidths, the temporal coincidence of the two beams in the flame
can be conveniently manipulated by adjusting the optical path length of one bcam
with respect to the other.  In the work reported here, the arnval of the UV photons
was delaved optically as shown in Fig. 1. By adjusting the optical delay of the
photolonizing beam and obscrving the magnitude of the DLI signal, the existence of
an optimum delay was established.  However, DLI signals obtained at optimum delay of
the photoionizing beam were only twice as large as thosc 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 dclay line was ecliminated and transmission power losses in the photoionizing

bcam were minimized.

Spatial Coincidence of Resonant and Photoionizing Laser Beams. In
DLI or any multistep excitation schcme, only the volume of analyte atoms intersected
by all radiation sources will expericnce 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 flamc at an angle of approximately 20 degrees. This arrangement facilitated the
maximum ovcrlap of the two beams. The positions of the two beams were carefully

adjusted while the DLI signal for strontium was monitorced.
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During 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 t(otal ionization signal produced by the two non-
coincident beams was significantly larger than the sum of the tionization signals
recorded separatcly for 460.7 nm (or 589 nm) and 355 um cxcitation.  This
unaccounted for signal was obscrved when the two beams were vertically displaced
from cach other in the flame by as much as 3 cm, and occurred regardless of which

becam was positioned nearest the cathode.

It was experimentally confirmed that the total ionization current should equal
ie 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 cqual 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 LEIl 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 interferenc~s. The two laser beams
were scparated laterally by 2 cm and positioned at the same height in the flame near
the surface of the same water-cooled clectrode, aligned along the length of the slot.
Fig. 5a illustrates the illumination geometry of the slot burner-supportcd flame. The
results for an cxperiment recording strontium ionization signals for the non-

coincident beams. alternately blocking-onc of the beams and illuminating the flame
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with both beams are shown in Fig. Sb. The total ionization signal obtained when both
beams were used is greatcr than the sum of the signals arising from illumination by

individual beams.

Reversing the position of the beams in the capillary burner climinated the
possibility that atoms excited by 460.7 nm radiation wcre being ionized by the 355 nm
beam higher in the flame. Obscrvation 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 plaic was insertcd 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. lonization
signals were recorded for illumination by the individual beams and for simultaneous
illumination by both beams. The total signal recorded for simultanecous illumination
by both beams was again greater than the sum of the individual signals. The total
signal was, however, smaller than that obscrved without the ceramic plate in the
flame.  These results <uggested that since fluorescence was effectively climinated 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 phecnomenon.
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Spectral interferences. The use of a UV laser beam to enhance analyic
ionization yiclds 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 sccond-
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 mecasurements of strontium ionization signals in the air-
hydrogen flame are summarized in Tables II and HI.  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 ﬁe'ld 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 thrce times the standard deviation of
the blank signal. The detection limits obtained by DLI for the test clements,
strontium and sodium, arc 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 T are




measurements made with maximum photoionizing laser power, which produced the
largest cnhancement of the ionization signal. The LEI and DLI detection limits
reported here were cobtained with 10 Hz laser repetition rate in flames supported on a
l-cm diameter capillary burner.  Conscquently, these detection limits are inferior to
LEl detection limits reported in the literature obtained with higher repetition rate
lasers in flames supported on longer path length slot burmers.  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 1) 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
under 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 LE{ detection limits. This is duc to the large 3.00 eV energy defect between
the strontium 5p leve! and the 569 eV jonization potential. Collisional ionization
from the sodium 3p level was equally limited due to the 3.04 eV energy defect betwcen
this level and the 5.14 ¢V 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,
rclative 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 yicld.» Also, since the magnitude of the DLI

g



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
LEI, the use of atomic transitions that exhibit large encrgy 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. Dectection 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 reporied for sodium in a
hydrogen-oxygen-argon flame (4). It is likely that collisional ionization yields for
sodium were cxiremely 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 cnhancement 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 ecnhancements of strontium and sodium obtained under similar
conditions (optically saturated excitation step, large energy defect, similar

photoionizing encrgy overshoot) may be attributed in part 1o differences in the
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collisional ionization kinctics 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 cnergy overshoot. However, the greatest cnhancement of
ionization sicid occurs when resonance is achieved with an autoionizing 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 DL1. Increasing the power density of the photoionizing beam
could produce larger DLI e¢nhancements, 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 sclective cxcitation 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 lonization of Strontium and Sodium.

Detegtion (no/m
DLI Signal
Flame Eiement LE! DLI Enhancement
air-hvdrogen Sr 3 0.03 134
Na 0.8 0.5 2
air-acetylene Sr 1 0.02 78
N~ 0.6 0.3 2
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Table Il Comparison of lonization Signals for 355 nm Excitation in an
Air-Hydrogen Flame.
Element Concentration Relative  Signal
St 10 pg/mL 8.4
Ca 10 7.3
L1 10 1.7
Na 10 1.0




~—

Table IlI. Calcium

Ionization Interferences

Strontium in  an  Air-Hydrogen Flame,

with LE!l and DLI of

LET Sional
Sr. S0 ng/ml 01s
Sro 30 ng/ml, Ca 5 pg/mL 0.6
DI Signal
Sr. 500 ng/mL 25
Sr. 300 ng/mL. Ca, 5 ue/mlL 39
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Figure

Fig.

Fig.
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Fig.

Captions

Schematic diagram of DLI instrumentation.  Tcelescopic beam expander

has been omitiec.

Energy level diagram for excitation and ionization of strontium and
sodi*m. a) LEl: b) DLI: ¢) Thermally-assisted photoionization; and d) Two-
photon photoionization of ground-statc analyte.

Effect of photoionizing laser power on strontium ionization signal.

Effect of photoionizing laser power on strontium DLI signal.

(a) Illumination geometry of slot burncr-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. Sclizer and R.B. Green
Chemistry Division, Rescarch Department

Naval Weapons Center, China Lake, CA 93535

ABSTRACT

Resonant two-photon ionization compctes 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 procceds precludes obscrvation of a second order dependence of
ionization signal on laser power. The laser power dependency of resonant (wo-
photon ionization for a series of elements is examined and results of diagnostic value

rcgarding the probable ionization mechanisms are obtained.

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




LASER POWER DEPENDENCY OF RiZSONANCE IONIZATION IN FLAMES

INTRODUCTION

This paper cxamines the dependence of resonance ionization in flames on
incident laser power.  The basis for resonance lonization spectroscopy (RIS) (1) is the
absorption of two or more photons with at least onc in resonance, providing
sufficient crergy to directly ionize analyte 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 bcams are typically used to produce the large
power decnzities required to saturate the ionization process. Resonant two-photon
ionization mecchanisms have been demonstrated for approximately fifty elements
using a single lascr for resonance ionization mass spectrometry (RIMS) (2).
Resonance ionization schemes have been carried out in flame atom rescrvoirs as
well, but have becn more commonly referrgd to as direct or dual laser ionization

(DLD (3.4).

In flames, collisional ionization of analyte atoms always occurs to somec extent
whether or not laser cxcitation is present. In laser-enhanced ionization (LEI) in
flames and in other atom rcservoirs (5), resonant photons from one or two lasers arc

used to cnhance 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-clectron pairs
in the atom reservoir.  In LEI the rate of collisional ionization is greatest when the
energy defect {(Figure 1h. or difference in encrgy between the laser-populated
cxcited state and the ionization limit, is minimized.  When a large energy defect exists
between  the laser-populated excited state and the ionization potential. the probability
of collisional ionization, following the absorption of a single photon. may be
extremely low and absorption of a sccond identical photon to directly photoionize
analyte atoms (i.e., DLI) may compcte with collisional processes to ionize analyte
atoms. At the relatively low 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 bc 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). Recsonant two-photon ionization schcmes with
small encrgy 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
cocfficient for that transition approaches zero and therc is no net increase in the

pepulation of the upper level due to additional incident photons.  Consequently, there
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is no nct increase in the rate of lascr-in'uced collisional ionization with increasing
irradiance.  The onsct of optical saturation is typified by lcss than lincar power
dependence of the ionization signal.  Beyond the saturation threshold, the slope of

the ionmization signal vs. drradiance plot rapidly approaches zcero.

Rosonant wwo-photon  ionization  generally  requires levels of laser irradiance
that exceed the saturation thresholds of the resonant transitions through which it
proceeds.  Thercfore, 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 sccond 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 lascr irradiance and absorption of the second photon becomes the rate-limitling
stcp (2). Conscquently, second order power dependence is not observed, despite the
cxistence of a two-photon pathway to ionization. Subscquent 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 eclements in flames will be
cvident at levels of irradiance that are lower than those required to optically saturate
the rcsonant 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

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




mcchanism.  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

range, a log-leg plot of ionization signal vs. laser power should yicld a slope of two.

Resonant two-photon ionization in flames allows increased ionization vields
relative to one-step LED excitation but gencrally requires higher laser power levels
than those tvpically used for conventional flame LELL The predominance of cither of
two competing mechanisms {or ionization depends strongly on factors that directly
influence the reclative probability of those processes for given atomic transitions.
The present paper illustrates several cxamples 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

cmphasized.

EXPERIMENTAL SECTION

The insirumentation used for the present study is similar to that described in
ref. 4. A Nd:YAG laser-pumped dye laser (Quantel Intermational, Santa Clara, CA) with
frequency doubling and mixing capability was opcrated at a repetition rate of 10 Hz.
Rhodaminc 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 cither used unaltered,
frequency doubled, or mixed with the Nd:YAG fundamental (1064 nm) to generate the
excitation wavcelengths. The laser pulsewidth and spectral bandwidth were specified

by the manufacturer to be 6-8 ns and €.003 nm, respectively. Incident laser power




was controlled using two variable laser attenuators (model 935-5, Newpcrt, Fountain
Valley, CA) in scries.  Laser power was monitored by illuminating a fast photodiode
with a fraction of the luser beam and observing the output of the photodiode with an
oscilloscope. A l-cm diameter capillary bumcer supported an air-hyvdrogen flame in
all experiments. A 300 mm Jocal length lens was used o partially focus the laser
heam in the {lame to an approximate spot size of 1 mm. Thiv arrangement was chosen
1o insure homogencous irradiance 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 truc laser power dependency (11).
Tonization 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 avcrager (mode! 162, Princeton Applied Rescarch, Princeton, NJ). The
boxcar aperturc duration and integrator time constant were 2 and 10 ps, 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 scrics of test clements used in the present work, sample solutions of |1
to 10 pg/L were aspirated into the air-hydrogen flame. The air-hydrogen flame
was chosen as an alternative 1o the air-acctylenc flame which generates
considcrable background due to multiphoton ionization of hydrocarbon specics. The
wavelength of the dye laser was optimized prior to cach cxperiment by tuning the

unfocussed lascr bcam to a particular atomic transition using the lowest possible
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irradiance to avoid saturation broadening and subsequent distortion of the linc
profile ¢12).  Transitions were sclected for the various test elements that satisfied the
requirersonts for resonant two-photon ionization. i.e.. the combined cnergy of two
photons must be sufficient to excite the atom into the ionization continuum.  The
cnerey dragramoin Figure 1 oillustraies this point. The test elements. resonant
transitions, transitton probabilities, relevant cnergy levels, energy defects. and
cneryy  overshoots: are listed in Table . To investigate the laser power dependency
of resonant two-photon ionization for cach clement. incident laser power was
mcrementally adjusted, and the ionization signal and relative power value were
recorded.  Blank signals were also rccorded at cach power increment. Ionization
signals were sampled for 10 scconds (100 laser pulses). For cach of the elements and
transitions investigated, log-log plots of nct 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 cach log-log plot are rclative. The levels of irradiance used in the various
cxperiments were similar, up to 120 MW/cm?2 and the power values have been
normalized to the samec 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 moderaic
lascr powers as suggested by its low transition probability (Table I). The cnergy
defect of 11,828 cm™! is reasonably low to allow for adequate collisional jonization
from the laser-populated level at 34,098 cm-!. Figure 7 shows that the strontium
ionization signal increases lincarly (with a slope of one) up to a distinctive break
point where the slope changes abruptly 1o a value of two. This point represents the
laser power at which the ratc of two-photon ionization overtakes that of single-

photon c¢nhanced, collivional ionization. No optical saturation of the strontium
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resonant transiton at 2932 nm was cvident and therefore. second-order power

dependence was preserved. Although the wo-photon encergy overshoot for this

pransiton s larges ar osurficient laser power. the two-photon medhunism

prodomindicos as oindicated by othe second order power dependence bheyond the break

AR PN

Soditum The sedium transivon at 3683 am originates 16973 cm - ahove the ground
1y Sl N ; . . . . A ~F -1

staies The trunsiion s easily saturated and has a small cnergy defect of 6901 em™.

Two-photon 1onization of sodium using the 3p-id resonant transition is a special case

because the pheton energy is dess than onc-half the onization potential. However.

1
1

hecause the process originates at a level that is 16973 ¢cm above the ground state,
two-photon fonization is stifl possibic.  Two-photon absorption from an excited state
may be gencrally less probable than from the ground state.  However, this penalty is
compensated for by the moderate cnergy overshoot of 10,675 c¢cm™!. Figure 6
ilustrates power dependence of the i1onization signal when sodium is excited at 568.3
nm. It is assumed. based on the log-log plot, that there was no nct increase in the
rate of laser-induced 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
onc) with laser power. The post-sataration increase in ionization signal with laser
power was most rrobably due 1o the absorption of a second resonant photon although
the cxpected second-erder power dependence was obscured by optical saturation of

the  first resonunt step.

Gallium.  The pallium wansition at 2944 nm, is casily saturated as a conscquence of
its Luroe transition probability (Table ). The small energy defect of 13,593 ¢m- !

mabtc . this transition tevorable for LEI work.  For two-photon ionization at 294.4 nm,
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there is a considerable energy overshoot of 20,368 cm ! Figure 2 is a log-log plot of
LEL signat wvs. laser power for gallium. In Figure 2, the signal is observed to increasc

lnearts with laser power up to the pomnt of optical sawration, at which a platcau is

ovidant, After a further increase in laser power. the signal again incrcases lincarly
c<lare of oned with laser powcer.  Although the two-photon pathway to ionization

bovomes  predominant after the resenant transition leading 1o collisional ionization
has been optically sawurated, o sccond-order power dependence is not observed.  This

hehavior is analogous to that observed for the opucally saturated sodium transition.

Thallium. The thallium transition at 377.6 om was cxcited with radiation obtained
by frequency-mixing the dve laser fundamental with a fraction of the Nd:YAG
fundamcntal.  This transition is castly saturated but has a modecrately large cnergy
defect of 22,786 cm-!. The cnergy overshoot for two-photon ionization, of 3,692 cm-!
i1s the smallest encounteted in the present study.  Figure 4 illustrates the laser power
dependency for ionization of thallium, excited at 377.6 nm. The signal increases
lincarly until a brief saturation platecau is recached. The signal then almost
immediately begins to incrcase linearly with laser power. Because of the large
cnergy defect, collisional ionization may not be very cfficient. The small cnergy
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 2929 nm is relatively weak (Table I) suggesting that
considerably high irradiance might be nceded to optically saturate the transition.
The large cnergy defect (Figure 3) of 29,304 cm ! is not conducive to efficient
collisional ionization, and therefore, this transition is not optimum for conventional
LEl usec. However, a two-photon ionization scheme using the same resonant

transition results in a small overshoot of 4,830 cml. 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 pewer.  This suggests that collisional
tonization  Ioilowing one-photon excitation was not appreciable duc to the large
cnergy defect and. therefore. the two-photon mechanism was predominant even  at
fow Taser power. The slope deviaton observed at higher powers may have been the
result of theoonset of epucal saturaton of the resenant transition. A nearly five
order-of-ivagnitude increase in jonization stgnal was obtained by increasing  the

laser power by less than two and onc-half orders of magnitude.

Thaltium. The thallium transition at 291.8 nm differs from the thallium transition
at 377.6 nm 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™}, much smaller and more optimum for
LEl work than that of the previous thallium transition. The energy overshoot for
two-photon ionization using this transition is 27,041 cm-!, 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
lincarly with laser power until optical saturation occurs. Beyond thc 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 onc above the
saturation plateau.  Considering the small cnergy defect, and large two-photon
energy overshoot associated with this resonant transition. it is likely that collisional
ionization from the laser-populated level at 42,049 cm-! predominated over two-
photon ionization cven at the higher laser powers. The slope of 0.5 above the onsct

of saturation is puzzling, but may be a function of the rclative contributions of the




two competing ionization mechanisms. In the completec absence of two-photon

ionization, a slopc 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 laser-induced collisional ionization (i.e., LEI) and resonant two-
photon ionization occur in flames as a result of cxcitation 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 LEl and rcsonant 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 (he 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
i along the ordinate of laser power they will occur. For example, when the encrgy
defect between a laser-populated level and the ionization continuum was small, laser-
induced collisional ionization was favored at low laser power, and two-photon
ionization was apparent only at higher laser powers. Howcver, when ecnergetics

dictated a low probability for collisional ionization (large cnergy defect), and

3

conditions for two-photon ionization were favorable (small encrgy overshoot), the




P

latter contributed to the total signal even at low laser power. Resonant two-photon
ionization in flames appears to be most cffective where laser-induced collisional
ienization is inefficient.  Therefore, it is likely that the results of similar experiments
carricd out in the higher temperature air-acetylene flame would reflect the greater

cfiicicney of collisional ionization 1n that flame.

The dependence of lonization yield on laser power observed in the present
studv differs from that of simitar studies conducted for resonance ionization mass
spectrometry.  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 that for resonant
two-photon ionization in flames, the characteristic second-order power dependence
is not apparent when the resonant transition through which that mechanism
procceds is optically saturated. Optical saturation of the resonant transition used in
RIS or RIMS also precludes obscrvation of a sccond-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 present work. It is highly probable that resonance ionization in flames
suffers losses in spectral seclectivity similar to those observed in RIS and RIMS due to
saturation broadening of the resonant transigion. This is not as serious a problem in
RIMS because of the elemental selectivity afforded by the mass spectrometer (2). 1In
addition, non-specific multiphoton ionization of sample matrix elements and native

species in flames may also degrade spectral sclectivity, thus, limiting the analytical

utility of this approach.
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“lement Exc.

{nm)
Sr 203.2
Na 568.3
Ga 294.4
T 377.6
Co 2929
T 291.8

*Ref. 13

Table 1

Relevant Energetics for Resonant Two-Photon lonization

Enerov
Levels

(cm D
0-34098
16973-34549
826-34787
0-26478
0-34134
7793-42049

Transition
Probability*

(10%/se¢)
0.055
0.88
11
1.0
0.043
15

lonization

Limit

(em'1)
45926
41450
48380
49264
63438
49264

Energy

Defteact

(cml
11828
6901
13593
22786
29304
7215

)

Energv
Overshoot

(cm™1)
22270
10675
20368

3692
4830
27041
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Table II
Summary of Experimental Results
Eiement Resonant Optical Energv Energy Power
Transition Sawraton Defect Overshoot Dependence™
Sr 293.2 nm no moderate large 2nd order
Na 568.3 nm ves small moderate Ist order
Gua 2944 nm yes moderate large Ist order
T 377.6 nm yes large small 1st order
Co 292.9 nm no large small 2nd order
Tl 291.8 nm yes small large 1st order**

*Slope of log-log plot

**Slope < 1




Figure 1.
Froure 2.
Figure 3.
Figure 4.
Figure 5.
Figure 6.
Figure 7.

1y

FIGURE CAPTIONS
Encrgy diagram illustrating the competing mechanisms of laser-
induced collisional ionization and resonant two-photon ionization.
Photens for resonant and photoienization step are of cqual cnergy.
Encrgy diacram and log-log plot of strontium ionization signal vs. laser
power at 2932 nm.
Energy diagram and log-log plot of sodium ionization signal vs. laser
power at 568.3 nm.
Energy diagram and log-log plot of gallium ionization signal vs. laser
power at 2944 nm.
Energy diagram and log-log plot of thallium ionization signal vs. laser
power at 377.6 nm.
Energy diagram and log-log plot of cobalt ionization signal vs. laser
power at 2929 nm.
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 Flasmas,
Active Nitrogen

M.D. Seltzer and R.B. Green

Research Department, Chemistry Division (Code 3851)
Naval Weapons Center, China Lake, CA 93555

ABSTRACT

The electrical properties of microwave-induced 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), 1In 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 guantities
using a microarc atomizer (2)., UWe have also recently reported 2
detailed study of the background spectra obtained by laser-
induced ionization of nitrogen in the plasma (3).

A goal of the previous investigation was tc elucidate the role
of the active nitrogen 1n the excitation snd 1onization process.
One approach to this problem was to vary the concentration of
active nitrogen i1n the plasma plume and cbserve the effect on the
laser-induced ionization signal. It was anticipated that the
efficacy of collisional 1onization would bz related to the active
nitrogen concentration and that some cptimum would be observed as
nitrogen was added tc the argon stream. 7T: the contrary, 1t wee
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
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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 fhat 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 heen suggested
that electrical suppression of ion detection by the highly-
charged active nitrogen plasma may be responsible for the
ohserved hehavior (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 18X R.5.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 ! 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 1 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




voltage for ion detection was -100Q 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 | and previous results (1) is that the
1onization signal in the present work was maximized when the
nitrogen flow was reduced to zero resulting in a pure argon

A plasma. This suggests that in the previous study the microarc

: atomizar s:mply may have worled better when 3 small amount of

H nitrcgen w2s presant than 1n a pure argon stmosphere. The

f microars cathods appeered to glow more brighily 1n the presence

i 5f nitroger rdicating higher temperatures which should

{ facilitata thermal descrpticon of the sampie. Zince the effect of

; increasing nitrogen flow rates on ionizat:or signals using

‘ graghite furrace atcmiczation was otherwise similar to that for
microarc siomiza‘:ion, atomization processes can be eliminated as
the cause of the cbserved behavicr.

Quernching of e«ci1ted-state analyte atoms by ground state

nitroger mclecules also presents a possible explanation for
. decreased 1onization 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 guenching 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
dig:ital multimeter in the electrode circuit. An electrode
configuration similar to that used for signa! 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 ug/mb sodium into the flame, The slopes are inversely
proportional to the flame resistance. As can be seen in Figure

— - e = o — — -
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2, the DC 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 performea
in the microwave-induced argon and argcon/active nitrogen

plasma=. The applied voltage was varied and the resulting OC
curre~t .az menitored. The 2C current irn the acti.e nitrogen
clasmz tnzreased rapidly with appliea voitage campared 42 that 1r
the pu-=z argon discnarge. Electrical arcing across the pure
argon Z.ssma limited the wusable applied v2ltage., rFroing in the
active nm:rersgen discharge did not occur until muzh higher appli=d
+2ltags:z. Figures 2 and I are similar 1n form. Although the OC
currert: measured for the active nitrogen plasma are much lower
than trize observed for the sodium-seeded flame, they are greater
than trisze messured for the nure argeon discharge. Thiz indicates

that tre r~esistance of the active nitrcogen plasma 135 much louwer
mabing <ne formation of space charge i1n the active nitrogen more
Likely,

It 1= 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 ionizatiaon
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 LEl, 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.
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FIGURE CAPTIONS

Fig. 1. Effect of varying the nitrogen flow rate on the peak LEI
signal for t ng samples of Mn. (The signal traces have
been offset for clarity)

Fig. 2. OC current vs. applied voltage for air-acetylene flame,
with aspiration of deisnized water and 10@ pg/ml Na
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