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ABSTRACT

FUNDEMENTAL STUDIES AND APPLICATIONS OF LASER-ASSISTED

IONIZATION IN A HYDROGEN - OXYGEN - ARGON FLAME

By

King-Chuen Lin

Laser-enhanced ionization (LEI) is an application of
the optogalvanic effect in flames. A laser is used for
resonant excitation of an analyte. Excited atoms
subsequently undergo collisional ionization and are
detected as ions. This provides considerable
enhancement over ground state collisional ionization.

Dual laser ionization (DLI) is similar to LEI, but

involves two lasers to produce the analyte ions in flames.
In our DLI technique, an N,- laser pumped dye laser is used
to resonantly excite an alkali analyte to a higher
electronic state and then the ultraviolet N, laser serves
to further promote the excited analyte population into the
ionization continuum. Alternatively, collisions in the
atmospheric pressure flame may result in ionization of

the analyte following the dye laser excitation. The ions
produced are collected by a pair of voltage-biased nichrome

wires suspended inside the flame, and the signal is
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processed by a boxcar integrator.

This thesis convers two main topics: (1) flame and
ion properties probed by DLI, and (2) the relative merits
of the DLI and LEI techniques. The first subject includes
flame temperature determination by DLI, through the
measurement of ion mobility and diffusion coefficients
(Chapter V). This is the first time that the optogalvanic
effect has been used to measure flame temperature. A
current- and voltage-dependent formulation has been
derived to characterize the ion production by the laser
and to estimate the ion density in the flame (Chapter
vI).

On the second subject, two theoretical models based
on quantum mechanical methods (Chapter III) and rate
equations (Chapter IV) have been studied and compared with
the experimental results. 1Insight is gained with regard
to ionization mechanisms, the spectral and temporal profiles
of ionization, the relationship of ionization and fluorescence,
and the relative enhancement of DLI over LEI. In addition,
optimal use of DLI, based on the energy levels of the
analyte, has been investigated (Chapter VII). Finally
suggestions for the future development of DLI are proposed

(Chapter VIII).
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CHAPTER I

INTRODUCTION

A. Overview

A-1 Laser-enhanced Ionization (LEI)

Laser-enhanced ionization (LEI) is a technique to
detect analytes in a flame by forming ions with the aid of
a laser. Based on the Boltzmann distribution, collisional
ion formation in a flame is much less favored from ground
state analytes than from excited analytes. Therefore, the
laser is employed in the LEI technique to promote an
analyte to a higher energy state, so that collisional
ionization becomes more efficient. The collisional rate
constant is enhanced by decreasing the energy defect
between the ionization continuum and the discrete state.

Actually, while investigating the photoionization
of alkali elements, Mohler et al., early in 1925, observed
Cs ions produced by irradiation of a Cs sample with a
wavelength corresponding to the principal series lines of

Cs atoms (1). This phenomenon 1is often called the
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optogalvanic effect. With the advent of powerful lasers,
this effect was first applied to analytes in a flame in
1976, and the technique is now more aptly called LEI
(2-4). The atmospheric pressure flame used as an atomic
reservoir 1is similar to those wused in other analytical
atomic spectroscopic techniques. Electrostatic probes have
been utilized to detect positive ions and electrons
generated in a gas discharge since the 1920's (5).
Surprisingly, an instrument consisting of a radiation
source (laser), an analyte reservoir (flame), and an ion
detector (electrostatic probe), 1led to a dramatic
rediscovery of the optogalvanic effect.

LEI differs from conventional flame spectroscopic
methods (such as absorption, emission and fluorescence)
and other laser-induced optical methods (such as
laser-induced fluorescence) in at least two
characteristics. First, LEI involves the continuum states
of analytes, whereas other optical methods deal solely
with the discrete states; second, an ion detector
(electrostatic probe) is employed in LEI, whereas an
optical detector (e.g. photomultiplier tube) must be used
in the others. Based on these specific characteristics,
LEI has been developed as a new, powerful technique in the
area of flame spectroscopy. For example, Table 1 compares
the detection limits of LEI to those of other optical

methods. It can be seen that LEI shows superior

sensitivity in trace metal analysis for many elements
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Table 1. Comparison of Detection Limits (ng/ml)*

ele- laser
ment LEI FAA2 FAEP FAFC FAFd
Ag 1 1 2 0.1 4
Ba 0.2 20 1 -_— 8
Bi 2 50 20000 5 3
ca 0.1 1 01 20 0.08
Cr 2 2 2 5 1
Cu 100 1 0.1 0.5 1
Fe 2 4 5 8 30
Ga 0.07 50 10 10 0.9
In 0.006 30 0.4 100 0.2
K 1 3 0.05 —_— _—
Li 0.001 1 0.02 _— 0.5
Mg 0.1 0.1 5 0.1 0.2
Mn 0.3 0.8 1 1 0.4
Na 0.05 0.8 0.1 _— 0.1
Ni 8 5 20 3 2
Pb 0.6 10 100 10 13
Sn 2 20 100 50 -—
1 0.09 20 20 8 4

*Taken from G.C.Turk, J.C. Travis, J.R. DeVoe and T.C. O'Haver,
Anal. Chem. 51, 1890 (1979).

8rlame atomic absorption.
brlame atomic emission.
Crlame atomic fluorescence, conventional light sources.

dLaser induced flame atomic fluorescence.



(6-8).

A-2 Current LEI Development

Most LEI research has been carried out by
scientists at the National Bureau of Standards (NBS) since
1976; the publications have been recently reviewed (2).
Briefly, the mechanism of LEI is as follows: the analyte,
nebulized into a flame, is first excited by a dye laser
tuned to resonance with a selected excited state; then,
the excited atoms are ionized mainly by collisions with
foreign gases in the flame. The collision-dominated
process is the principal pathway to ionization following
resonant excitation of the analyte with a us pulsed flash
lamp-pumped dye laser (4).

LEI, as a new powerful ionization spectroscopy,
shows several advantages over other optical methods: (1)
LEI is free from certain optical interferences, such as
scattering of the laser light, stray 1light and flame
background emission. (2) The efficiency of ion detection
can be much higher than that for photon detection; i.e.
one ion produced from one atom can in principle be
detected by a simple ion probe detector, whereas the

quantum efficiency of photomultiplier tube is < 0.50 (3).

There are no solid angle restrictions as in fluorescence
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where photons are emitted isotropically. (4) Local
dynamics in the flame can be monitored by LEI by
positioning the probes and laser beam, but the averaged
dynamics are viewed by fluorescence. (5) LEI is free from
post-filter effects.

Current developments in LEI can be divided into
three main subjects:

(1) Trace metal analysis: this is the major
application of LEI. Various approaches have been used to
optimize LEI for the detection of trace elements. At
present more than 20 species have been measured; detection
limits for some elements are as low as 0.001 part per
billion (ppb) (e.g. Li) (6-8). The approaches to improving
LEI include: (a) use of different types of lasers (CW,
pulsed, atomic resonance-line lasers) and dual-dye laser
combinations (each dye 1laser being resonant with a
particular atomic transition, and the two lasers sharing a
common intermediate state) to upgrade the sensitivity and
the selectivity of LEI (6-12). (b) employment of various
energy schemes including single photon, two-photon,
stepwise and thermally nonresonant processes in efforts to
extend the applicability of LEI (6,8,10,12). (c)
utilization of various probe configurations and probe
shapes in order to increase the ion collection efficiency
(4, 13-14).

(2) Electrical interferences in LEI: although the

LEI technique is free from many optical interferences, it



is affected to some extent by electrical interferences
that originate from thermal ionization of the analyte and
matrix species and from combustion reactions in the flame
(7,8,11). Flame composition, easily-ionized matrix
components, bias voltage applied to the electrodes, probe
shapes and 1laser position with respect to the probes have
all been found to affect the LEI signal (7-8, 11, 14-15).

(3) Extension to molecular LEI: investigations in
this field have been carried out mainly by another
division at NBS. Oxide molecules in a C2H2/air flame can
be ionized collisionally or ionized by two photons with
resonant irradiation of a dye 1laser. The ionization
process depends on the energy defect between the
ionization threshold and the resonantly excited state
(16-18). The LEI spectra of oxide molecules were shown to
be identical to one photon absorption spectra from the
ground state to the resonant intermediate state.
Furthermore, the intensity and the resolution (e.g. for
the NO molecule) were reported to be better than those
from laser-induced fluorescence (16-18). Clearly, LEI can
complement conventional optical spectroscopy, not only in
trace metal detection, but also in structure elucidation.
However, a disadvantage of molecular LEI 1lies in its
restricted applicability; only oxides and a few other
molecules (e.g. C2, CH) can exist in flames.

There are a few additional papers related to the

fundamentals of ©LEI. Mallard and Smyth obtained ion
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mobilities in C2H2/air and CO/O2 flames, by measurement of
the laser-pulse to the ion-arrival time gap (19). A simple
three-level system of LEI has been developed to describe
the ion signal production by neglecting relaxation
processes from the ions (20). The temporal and spatial
behaviors of ions produced by LEI in an Hz/air flame have
been investigated in terms of a unique imaging method
(21).

From the above brief review, it is obvious that LEI
is not as mature as most optical spectroscopic methods
(e.g., fluorescence, emission). The major reason is
because of its relatively recent discovery and the small
number of groups involved in LEI development at this time;

however, it has a very promising future.

A-3 Dual Laser lIonization (DLI)

Dual laser ionization (DLI) is similar to LEI, but
employs two lasers in producing the analyte ions in
flames. In our laboratory, the two beams are formed by (a)
directing an N, laser-pumped dye 1laser beam and (b)
reflecting a portion of the N, pumping laser collinearly
into the same area of an H,-0,-Ar flame. The detailed
experimental set-up is described in Chapter 1II.

The idea to use two beams to produce ions in a






flame was first triggered by T.F. George (U. of
Rochester) in a departmental colloquium in 1980 where he
discussed a laser-assisted collisional ionization model.
However, the method utilizes a two-step process as had
been suggested previously by various authors (22,23). Our
results demonstrate that the nonresonant N, laser can
interact significantly with the excited analyte population
produced by the tunable dye laser, and thus can enhance
ion production.

Briefly, in our DLI technigue, the dye 1laser is
used to resonantly excite the analyte to a higher energy
state. Then the ultraviolet, N2 laser (A = 3371 Z) serves
as the ionizing beam to further promote a portion of the
excited analyte population into the ionization continuum.
Alternatively, collisions in the atmospheric pressure
flame may result in ionization of the analyte following
the dye laser excitation. This is the ionization pathway
that occurs in atomic LEI. Because the <collisional
ionizaiton rate for species present in the excited state
is nearly an exponential function of the energy defect
between the continuum and the excited state, it can
predominate over photoionization if the energy defect is
small. Likewise, photoionization can predominate for
large energy defects. Thus the energy defect, which
depends on the particular excited level, determines which
process is dominant. The experimental results and

calculated predictions are presented in Chapter VII.



Moreover, the photoionization process in DLI differs from
that of the so-called multiphoton ionization spectroscopy
(MPI) which 1is carried out in a low pressure cell. The
former requires only on photon from the N2 laser to
achieve ionization; however, MPI involves absorption of N
(N > 2) photons from the laser source, and 'thus requires a

more intense laser field to achieve ionization.

B. Historical

B-1 The Optogalvanic Effect (OGE)

The irradiation of a gas discharge or a flame by
light at a wavelength resonant with a transition of the
analyte may induce a variation of the impedance which can
be detected as a voltage change across the discharge tube
or the flame. The rediscovery of this effect with laser
irradiation was achieved at NBS in 1976 (3, 24-25). In
fact, the OGE was first observed by Mohler et al. and
Penning (1, 26-27). Mohler detected Cs ions with a
thermionic diode upon irradiation of the Cs with
wavelengths corresponding to the principal series lines

(). Penning found the current across the discharge tube

changes when radiation from another similar discharge tube
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was incident (26,27). This was the first observaiton of
the OGE in a discharge with a resulting current change in
response to the absorption of radiation. Following
Penning's observation, several analogous experiments were
carried out by various groups (28-32).

Although the OGE was first observed over 50 years
ago, the potential of the phenomenon as a detection method
was recognized only since its rediscovery by Green et al.
(3, 24-25). Green et al. first applied the OGE in hollow
cathode tubes to 1lock a CW dye laser to several
characteristic atomic transition frequencies. The voltage
change across the discharge tube was used to monitor the
wavelength instead of conventional optical detectors (33).

The OGE results make many weak resonance and excited
state transitions available for frequency locking (33).
King et al. used a similar technique to calibrate the
output of a laser and to determine the laser band width
(34). Keller et al. calibrated wavelengths emitted by
species in a hollow cathode discharge tube through OGE
measurements. The correspondence between laser-induced
voltage changes and emission intensities permits the
establishment of an atlas of emission lines, useful for
optogalvanic wavelength calibration (35). Stephens
demonstrated that the OGE detector 1is capable of showing
selectivity towards atomic resonance radiation (36). Smyth
et al. investigated a possible ionization mechanism for

OGE spectroscopy in a neon discharge (37,38). The OGE has

l..........lIIIIlIIIIII----------c;_f
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been observed in the discharge of such gas lasers as the
He-Ne laser, the xenon laser and the carbon dioxide laser
(39-43), and in the subnormal glow discharge of commercial
indicator lamps (44).

The OGE spectra of molecules (NH2, NO,, N,) in a
discharge excited with a tunable CW dye laser were first
reported by Feldmann (45). His results show that
optogalvanic spectroscopy is a simple and sensitive method
for the detailed study of the spatial and velocity
distribution of plasma atomic and molecular species which
cannot be detected by fluorescence spectroscopy without
background radiation. Zare and coworkers, reported the
OGE in a pure iodine discharge upon irradiation with a CW
dye laser (46). The resulting B-X spectrum of 12 closely
resembles the laser-induced fluorescence (LIF) excitation
spectrum when the laser beam is off the center line of the
discharge axis. In addition, I lines (neutral and ionic)
were also found.

High-resolution spectroscopy on single-photon
transitions has been performed using Doppler-free
intermodulated optogalvanic spectroscopy (47).
Doppler-free two photon optogalvanic spectra (TOGS) in a
dc discharge tube were reported by Goldsmith et al., who
claimed that the method provides a simple and powerful
alternative to fluorescence detection of two-photon
transition. The result shows TOGS may provide a practical

means of observing Doppler-free two photon transitions
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from nonmetastable or from metastable states (48).

Ausschnitt et al. reported multiphoton OGE
detection of hydrogen and deuterium in a discharge plasma
(49). Beenan et al. observed an OGE signal in pulsed
hollow cathode discharges (50). The signal in the pulsed
mode was increased by factors of 1.7 to 650 over that in a
CW mode.

Keller et al. used the laser-induced impedance
change in a uranium hollow cathode discharge for standard
spectroscopic measurements, for determination of
oscillator strengths, for measurement of the electron
temperature of the discharge, for isotope ratio analysis
and for information about the sputtering process (51).
Bridges characterized the OGE in cesium, argon, neon,
hydrogen and mercury gas discharge plasmas. The
polarities, magnitude and saturation of the
induced-voltage changes were determined (52).

Optogalvanic double-resonance spectroscopy was
probosed by Vvidal as a new method of state-selective
spectroscopy applicable to plasma discharges (53).
Engleman and Keller irradiated a hollow cathode discharge
with two lasers with wavelengths corresponding to
different optical transitions in which a common
intermediate energy 1level is involved (54). Their
experiments indicated that the induced impedance changes
are useful for determining and confirming spectral

assignments and for studying energy transfer.
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Atomic Rydberg states are usually detected by (1)
fluorescence, (2) field 1ionization, (3) collisional
ionization in a space charge limited diode, and (4)
photoionization. The field ionization method, in
particular, has been used in many experiments involving
high-lying states of atomic beams, because the Rydberg
states can be easily ionized by a dc electric field, and
the ions and the electrons thus produced can be counted
almost without loss (55). Bridges first reported a study
of the Rydberg states of cesium with the optogalvanic
effect and CW laser excitation (52). Camus et al. used the
technique to study Rydberg states of barium, with J values
ranging from O to 5, using a two-step pulsed laser
excitation, starting form the 5d6$3D1'2’3, metastable
levels populated by the discharge (56). Delsart et al.
reported the optogalvanic detection of krypton Rydberg
states under two-step pulsed 1laser excitaiton, starting
from either the 2P2, or the 2P3 intermediate level. These
states were populated by the first-step N, laser-pumped
dye laser (57). They have obtained information about the
nd [3/2]2 and nd [7/2]3 levels, for values of n not
accessible to their analogous Kr Rydberg state study with
field ionization detection (57,58).

The magnitude of the OGE is dependent on the
magnitude of the ionization rates of levels whose

populations are perturbed by the laser. Based on this,

Lawler developed a linear steady state analytical model of
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the OGE by a rate equation approach applied in a positive
column on the 587.6 nm He transition (59).

This review of optogalvanic effect in discharges
shows only a few examples of this promising technique.
Compared with OGE in discharges, the OGE in flames (LEI)

is still in its 1initial stages of development.

B-2 Ionization Spectroscopy with Thermionic Diode Detection

It is hard to clearly distinguish each
laser-induced ionizaiton technique. Techniques are
typically classified on the basis of the ionization
process (collisional or photoionization), the sample type
(atom or molecule), the atomization system (discharge,
flame, vapor cell, or supersonic nozzle beam) and the
detection system (thermionic diode, proportional counter,
ionization chamber, electron multiplier or mass
spectrometer). These types of ionization spectroscopy are
closely related; several of them are discussed in
subsections B-2, B-3 and B-4.

Mohler was the first scientist to use a thermionic
diode to detect ions. As noted earlier, he monitored the
concentration of the cesium ion when the vapor was

irradiated with wavelengths of the principal series (1).

Because of its high sensitivity, the thermionic diode has
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been popularly adapted to measure ion formation (59-61).
Typically the thermionic diode contains a plate anode and
a dc-heated filament electron source. The amplification

3 to 106, (comparable to that

factor is in the range of 10
of photomultiplier tubes); it is ascribed to the trapping
of ions within the space charge potential well (62). 1In a
space-charge detector, all the ions created are detected,
whereas sample fluorescence emitted isotropically is often
detected only over a small solid angle. The current pulse
of the thermionic diode are much longer than the
excitation laser pulses or the emitted 1light pulses in a
fluorescence experiment. Thus, a fast electronic system
is not needed.

Marr and Wherrett employed such a detector with a
mercury irradiation of Cs to study the ionization
potential of Cs,, the ionization processes leading to 052+
and Cs+, and the molecular absorption cross section of
C52 (62).

Thermionic diodes have also been employed in the
investigation of Rydberg states. Aymar et al. used
two-photon absorption spectroscopy with an N, laser-pumped
dye 1laser and thermionic diode detection to obtain new
data on the even-parity J = O and J = 2 levels of neutral
barium. The energies of the 6snsls0 series (16 < n < 61),
the Gsnd]'D2 series (15 < n < 8l) and the 6snd3D2 series
(15 < n < 30) have been determined (63). Multiphoton

ionization of alkali metals with space charge detection
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has been investigated by Collins et al. (64).

B-3 Resonance lonization Spectroscopy (RIS)

RIS, pioneered by scientists at the Oak Ridge
National Laboratory is a photoionization method in which
atoms are promoted to an intermediate state with laser(s)
radiation and then converted into ion pairs by absorption
of photons from precisely tuned 1laser(s) (22). The
electrons produced can be detected either by a pulsed
ionization chamber or by a proportional counter. The
former is used only as an analog device with a lower limit
of sensitivity of approximately 200 electrons; the latter
may be used as either a digital or an analog device with a
sensitivity of one electron (65,66).

With current laser technology, it is possible to
saturate specific transitions and to convert each atom to
a positive ion and a free electron. With the aid of a
proportional counter the RIS technique was employed to

19

detect a single Cs atom in the presence of 10 Ar atoms

and 1018

CH4 molecules (67). Similar experiments were
carried out to detect a single xenon atom and a single
lithium atom (68,69). Several other applications of RIS,
such as photo-dissociation of salts, collisional 1line

broadening measurement, identification of Rydberg states,
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gas amplification fluctuations in proportional counters,
and studies of atomic diffusion in the counter have been
reported (69-75). P. Lambropoulos has also contributed
experimental and theoretical results in the field of
atomic multiphoton ionization spectroscopy (76,77).
Another branch in this field is being studied in France by
Lompre, Mainfray, Manus et al. (experimentalists) and
Gontier, Trahin, Crance et al. (theorists) (78-84). 1In
several studies of the multiphoton ionization of atoms,
factors such as spatial effects (including the ac stark
effect, the enhancement effects, and the effective order
of nonlinearity) and temporal properties have been

investigated (78-84).

B-4 Multiphoton lonization Spectroscopy (MPI)

In order to avoid confusion with the fields
reviewed in subsection B-3, only molecular multiphoton
ionization spectroscopy is discussed here. The research
groups of Johnson (85,86) and Petty (87) were the first to
show that multiphoton ionization spectroscopy (MPI) with a
proportional counter or an electron multiplier detection
can be a powerful tool to study multiphoton transitions of
normal molecules. To date, MPI has been used primarily to

discover and identify new electronic states. Examples
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include: 1iodine, benzene, ammonia, alkanes, amines and
polyenes - where new states can be predicted
theoretically, but were not previously observable because
of the unfavorable selection rules (87-93). In addition,
MPI can provide a means of probing excited-state repulsive
potentials (94). With MPI, the ionization spectra of the
molecules cooled in a supersonic nozzle have been
obtained; this greatly simplifies rotational and
vibrational structure (95-97). The first studies of
multiphoton ionization in effusive molecular beams, with
mass analysis to provide identification and relative
abundances of the fragmentations, were carried out by
Bernstein and coworkers (98,99). From an analysis of the
MPI process one can estimate the photon numbers absorbed

by the resonant intermediate state (98,99).

C. Organization of the Dissertation

This thesis contains eight chapters and two
appendices. This introductory chapter and the following
experimental chapter are general in nature. Theoretical
and model treatments, experimental results and
applications follow.

Chapter ITI considers the mechanism of ion

production in DLI. The detailed multiphoton ionization
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profiles of DLI and LEI with respect to the detuning
wavelength are compared with a theoretical model derived
from time-dependent perturbation theory. This simplified
analysis must be modified somewhat to account for the
experimental observations.

DLI and LEI are considered on a more
phenomenological basis in Chapter IV through a rate
equation approach. The temporal relationship between
ionization and fluorescence for the optogalvanic effect in
a flame is theoretically described. The predictions have
not yet been tested experimentally. In addition, a
comparison is made of the enhancement of ionization and
fluorescence in DLI to those in LEI, respectively, and of
the impact of prolonged irradiation on both DLI and LEI.
The rate equation approach can be applied successfully to
many aspects of DLI diagnosis.

Chapter V treats the use of DLI to determine flame
temperatures. This is the first time that the optogalvanic
effect has been applied to measure flame temperatures.
Information on ion mobilities and diffusion coefficients
in a flame is also provided.

Chapter VI presents further consideration of the
behavior of ions in the field of the electrostatic probes.
An attempt is made to relate DLI to the probe theories,
which have been developed primarily for the diagnosis of
gas discharges. A simple model is used to characterize the

regions including charged particle sources, sheath and
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probe. The behavior of saturated ion current in the field
of the probe 1is described, and ion densities are
estimated.

Chapter VII considers the efficacy of the DLI
technique. The domination of collisional ionization or
photoionization following promotion of the analyte to an
excited state can be controlled by selection of the
excited state which is in resonance with the tunable dye
laser. An examination of which process prevails is made
for various selected excited states of sodium and lithium.
The results are in agreement with the calculations.
Energetic considerations for the optimum application of
DLI are discussed.

Suggestions for future development of the DLI
technique are presented in Chapter VIII. The DLI-based
diagnosis of the temporal and spectral occurrence of
excited states is proposed. Also, the possibility of DLI
saturation studies and the applicability of DLI in a vapor
cell are presented.

Appendix A deals with some basic characteristics of
DLI and presents our first experimental results (obtained
jointly with C.A. van Dijk and F.M. Curran). Appendix B
deals with the calculation of the photoionization cross
section of atom based on the quantum defect method. The
calculated results by different numerical methods agree

with Peach's table of related parameters (100).
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CHAPTER 1II

EXPERIMENTAL

A. Instrumentation

The basic block diagram of a laser-induced
ionization apparatus is depicted in Figure 1. A laser
source irradiates the sample and excites the atoms (or
molecules); this is followed by absorption of additional
photons or by collisions to yield ions. Alternatively,
sample ions can be generated by direct multiphoton
processes from the ground state. The resulting ions are
then collected or counted by an ion detector. Following
amplification, the ion signal is recorded by a readout
device such as a strip-chart recorder, an oscilloscope or
a computer data acquisition system. In resonance
ionization spectroscopy (RIS) and the multiphoton
ionization (MPI) technique, the sample is introduced in a
vapor cell. Typical ion detectors are proportional
counters, mass spectrometers, thermionic diodes and
electron multipliers (22,62,86,98). By contrast, in

laser-enhanced ionization (LEI) the sample is introduced

into a flame and biased electrostatic probes are employed

21
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laser &.l sample ion detector

recorder ,l-—»amplifier

Figure 1. Schematic laser-assisted ionization apparatus.
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as ion detectors (2-4). Signal processing devices are
typically boxcar integrators and lock-in amplifiers for
pulsed lasers and CW lasers, respectively.

The dual laser ionization (DLI) apparatus used in
this research is analogous to that used in LEI, and is
illustrated in Figure 2. The DLI apparatus includes three
major components: (1) the light source, composed of a
pulsed N2 laser-pumped tunable dye 1laser, with the N,
laser radiation utilized as the second, non-tunable beam;
(2) a flame cell as an atom-reservoir, providing a
selected concentration of metal atoms; (3) the detection
and readout system. The latter includes a pair of biased
nichrome wires and a current-to-voltage conversion device
for ionization detection, a monochromator (with
photomultiplier tube) 1located at an angle of 90° with
respect to the incident light for fuorescence measurement,
and a strip-chart recorder and an oscilloscope used as
readout devices.

The LEI technigue was first developed as a
potential trace analysis technique at the Naitonal Bureau
of Standards (NBS) (2-3); the NBS workers employed a
flashlamp-pumped, s pulsed dye laser or a CW dye laser.
The choice of a ns pulsed N2 laser-pumped dye laser in
these experiments was predicated on the following factors:

l. The ns pulsed 1laser source had not been used in
previous LEI experiments, and was available in our

laboratory.
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Figure 2. Block diagram of experimental set-up for DLI.
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2. Dual laser ionization may offset the lower ion
population induced by a ns pulsed dye laser, as compared
to that induced by alls source. For example, the simple
equation n™® kAt (n is the ion density, k the ionization
rate constant and At the laser pulse duration) predicts
that the ion population obtained from a 10 ns pulsed laser
is 1less by about two orders of magnitude than that
obtained from 1 us pulsed laser, if both lasers have the

same power density (W/cm2

). Thus the N, laser-pumped dye
laser leads to lower sensitivities in the LEI technique.
However, the DLI method may actually show analytical
sensitivity superior to that of LEI.

3. Time-resolution of the ion signal can be
measured with a ns pulsed laser, and studies of the
dynamics of ion behavior are possible.

During the DLI experiment (see Figure 2), the N,
laser-pumped dye laser was focused in the center of an
H,-0,-Ar flame. A portion of the N, laser beam was split
off and reflected with a flat mirror into the opposite
side of the flame. Both beams are collinearly focused in
the same region. The path lengths and lenses were adjusted
for maximum temporal and spatial overlap of the two laser
pulses at the burner. The ionization signal was detected
with a pair of biased,~0.9 mm diameter nichrome wires.
These probes were mounted on micrometer-driven transition

stages and 1located in the vicinity of the beam path. The

signal from the probes were processed by a boxcar averager
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with gated integrator; data were recorder on an x-t
recorder. The fluorescence emitted by the sample was
spectrally resolved by a monochromator placed at an angle
of 90° with respect to the incident laser radiation to
minimi ze the interference of elastically scattered
radiation. Following the monochromator, a photomultiplier
tube was used to detect the fluorescence. Both the
ionization and fluorescence signal could be observed on a
storage oscilloscope (Model 564 Tektronix, Inc.,

Beaverton, OR).

A-1l Laser Sources

(a) N, Pump Laser

N

The laser used to pump the tunable dye laser was an
N, laser with output at 3371 A° (Model 0.5 - 150, NRG,
Inc., Madison, WI). When the N, laser is fired
repetitively (10-60 HZ), a train of short pulses (each~
Sns FWHM) irradiate a fluorescent dye in the cavity of the
tunable dye laser. The general characteristics of the N2
laser are given in Table 2. During the operation of the N2

laser, the flow of prepurified grade nitrogen (Airo Inc.,

Montvale, N.J.) is controlled by a high quality pressure
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Table 2. Specifications of Nitrogen Laser

Repetition Rate: 1l - 60 Hz
Peak Power at 60 Hz: 0.5 MW
Pulse Dration: 5 nsec FWHM
Average Power at 60 Hz: 150 mwW
Power Requirement at 120 volts, 60 Hz: 10 amp

Beam Divergence: 3.8 mrad x 10.7 mrad
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regulator (also Airco) having both high and low pressure
gauges; the low pressure gauge is used to set the pressure
in the spark gap, which normally operates in the pressure
range of 20 to 28 psi. The following N, passes through the
spark gap, then through the laser tube where the pressure
is adjusted to be about 70 Torr by a needle valve. A
filter dryer 1is 1located between the spark gap and the
laser tube in order to remove any carbon that may be
released in the spark gap. A diagram of the flowing
nitrogen system is shown in Figure 3. A water on-off valve
is located on the input side of the power supply. This
interlock protects against operation of the laser without
water cooling.

The conditions used in the experiment maintain the
laser tube pressure at 70 Torr, the pressure in the spark
gap at 25 psi, and the repetition rate of the 1laser at 20
Hz. These conditions provide satisfactory output power and
stable peak-to-peak ratio. The pressure in the N, laser
tube affects the output power of the N2 laser, and thus
that of the dye laser; subsequently, it also affects the
sensitivity of ionization induced by the N, laser -pumped
dye laser. The ionization signal, and the power output of
dye laser versus N2 pressure in the laser tube are shown

in Figure 4.
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Figure 4.

50 55 60 65 70 75
Pressure of N2 Laser Tube (Torr)

Dependence of dye laser power (o) and sodium
ionization (A ) on Ny pressure in N laser

tube. The ionization signal of sodium is
related to the dye laser power. Sodium ions

are produced by dual laser ionization (DLI)

with the dye laser tuned to a transition of the
35Sy + 3P3/3 level of sodium. The concentration
of sodium 1s 10 ppm (ug/ml).
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(b) N, Laser-Pumped Dye Laser

N

The dye laser was first discovered by Sorokin and
Lankard in 1966 in describing the stimulated emission from
a fluorescent organic dye in 1liquid solution and by
Schafer et al. in realizing the tunability of such a
source (101,102). Since then, the dye 1laser has been
highly developed. It offers a simple and versatile method
for generating tunable, coherent radiation over a broad
range from the ultraviolet to the infrared. Several
properties of optically pumped dye 1lasers are described
below:

(1) frequency range: The output tuning range of a
dye laser, usually pumped by a fixed wavelength laser,
depends mainly on the particular dye or dye mixture used
in the laser. This range may vary from several nanometers
to over a hundred nanometers. Figure 5 depicts the
wavelength ranges for various dyes when pumped by an N,
laser.

(2) spectral width: The linewidth (FWHM) of the
simplest dye laser configuration is on the order of 5 nm.
This width can be reduced dramatically by adding a
spectral resolution element, such as a prism, a
diffraction grating, an interference filter or a

(-]
Fabry-Perot etalon. For example, a linewidth of 0.01 A for

an N2 laser-pumped dye laser was obtained by uéing a
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telescope in the optical cavity, together with a grating
and an etalon (103); the typical value is on the order of
l to 10 3 when a single diffraction grating is employed
for tuning (104).

(3) pulse duration: Typically, the pulse duraiton
of flashlamp-pumped dye lasers is on the order of s, and
that of N2 laser-pumped dye lasers is on the order of ns.
Through mode-locking techniques, the pulsed or CW dye
laser can be broken up into a train of very short pulses,
on the order of ps (105,106).

(4) power and energy: A typical specification of a
flashlamp-pumped dye laser is a 10-100 mJ energy output in
a 0.3 to 1 us pulse with a repetition rate of 10-100 H3Z.
Thus the average output power is on the order of 1 W, and
the peak output power is on the order of 100 KW (107). In
contrast, the N2 laser-pumped dye laser has a typical
output energy of 10 wW - 1 mJ and a pulse duration of 2-8
ns (103). The peak output power of dye lasers pumped by an
N2 laser is also on the order of 100 KW, although the
pulse energy is less than that of flashlamp-pumped dye
lasers.

The block diagram of the N, laser-pumped dye laser
employed in these experiments is illustrated in Figrue 6.
For such Hansch-type dye lasers, the cavity is constructed
by a front mirror and a diffraction grating, which is used

as the wavelength tuning element. A cylindrical quartz

lens focuses the N, j,5er beam to a narrow line inside the
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dye cell. The subsequent fluorescent radiation is
collected by an achromatic telescope which also expands
the beam before it reaches the grating, thereby causing a
larger fraction of the grating surface to be illuminated
and providing a consequent reduction of the output
radiation bandwidth. Similarly, the second order of the
plane diffraction grating (lines/mm = 1180, blaze » = 2500
A) is used to reduce the output pulse bandwidth. The
output power can be measured by a joulemeter (Model J3 -
05, Molectron Corp., Sunnyvale, CA) connected to an
oscilloscope; the temporal dependence of the pulse can be
observed on the oscilloscope by using a photodiode to
convert the radiation into an electric signal.

The properties of the dye laser with Rhodamine 6G,
one of the laser dyes used in these experiments, are
characterized by the following:

(1) frequency range: The Rhodamine 6G dye laser
covers a range of 20+ nm (+10 nm FWHM). The laser output
power as function of wavelength is plotted in Figure 7.

(2) spectral width: The bandwidth of the dye laser,
with Rhodamine 6G, is about 0.7 % 0.1 ;. This value was
obtained by two different methods: laser-induced atomic
fluorescence and dual laser ionization. These methods are
described in detail in Chapter III.

(3) pulse duration: A pulse length of 3-4 ns (FWHM)
is obtained.

(4) peak power: Peak output powers of ~45 KW (or
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peak energy ~3160 wJ) at 5890 R andv85KW (or peak energya.
300 uJ) at 5787 & can be achieved.

In order to increase the power density of the
laser, a 1lens with 15 cm focal length was set at an
appropriate position between the front mirror and the
flame. The cross section of the beam waist focused by the
lens was measured with a 50 um pinhole moved in three
dimensions by a micrometer-driven translation stage. At
first the pinhole was moved along the 2Z axis, the
direction of the laser beam, and fixed at the position
with the maximum output power as measured by the
joulemeter; then the pinhole was moved in the X and Y
directions, respectively. A spatial profile of output
power against the X (or Y) axis was obtained, as shown in
Figure 8. By multiplying the full width at half maximum
(FWHM) of the Gaussian profiles obtained in the X and Y
axes, respectively, an effective cross section of the beam
waist (cm2) was estimated. The focal area of the dye laser
through the lens was determined to be (1.0 ¢+ 0.3) x 10'3

cmz; similarly, the focal area of the N, laser through a

quartz lens was determined to be (2.0+ 0.4) x 1074 cm?.

Although we may take full advantage of the high
output power, the short pulse duration and the small
spectral 1linewidth of the N, laser-pumped dye laser in
these experiments, several disadvantages exist:

(1) The tunable frequency range of each dye is

small. In order to excite different elements, many
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Measurement of the effective cross section of
beam waist of N, laser along the X axis (the
direction parallel to the optical table, but
perpendicular to the laser beam). A joulemeter
is used to monitor the power output of N, laser
by irradiation through a 50 um pinhole moving
alorg theX axis. The pinhole is positioned by a
micrometer-driven translation stage. Full width
at half maximum (FWHM) of the laser beam is

estimated to be 220 um.
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different dyes must be used and an appropriate optical
alignment is required to maintain a maximum output power
for each dye.

(2) Each dye solution has a finite lifetime.
Degradation of the dye solution and a consequent reduction
in output power were noted during long-term experiments.
The ouput power of the dye laser also depends on
temperature. Peters et al. pointed out that at
temperatures higher than n 20 °C, the peak power of Exciton
C460 drops toa70% of the original power and the divergence
angle of the laser beam increases by ~13% (108).
Fortunately, this effect is small for the dye solutions
selected in our experiments.

(3) High intensity radio frequency interference
(RFI) is generated, which introduces noise into other
electronic devices operated in the vicinity. For this
reason, two rf chokes, consisting of several wire turns
around a ferrite core, were soldered into the high-voltage
power line of the N, laser. Both the laser and the chokes
were placed inside a grounded Faraday cage, consisting of
0.5 mm copper plating. These measures substantially
decreased the RFI from the N, laser discharge.

(4) Large pulse-to-pulse variations of about 10% in
the laser output.

(5) A significant background of broad band lasing
from each dye solution is generated (see Figure 7). Such

lasing may interfere with the ionization signals,
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especially those induced by the DLI process; fortunately,
the wavelength range of broad band lasing is invariant and
several hundred ; away from the selected wavelength. By
selecting carefully the baseline, we may avoid its
interference with the DLI signal. This is discussed in

detail in Chapter VII.

A-2 Flame Cell

The laminar flow, premixed, Hz—oz-Ar flame utilized
in the experiments is illustrated in Figure 9. Prepurified
grade gases: 02,32 and Ar, are controlled by dual pressure
regulators, having high and 1low pressure stages. After
passing through the pressure gauge, each gas is divided
into two branches which form the inner and mantle flames,
respectively. By adjusting a control valve to provide a
predetermined setting on each calibrated flowmeter, a
selected flow rate (1/min) for each gas can be obtained.
For each branch of the flame, 0, and Ar are premixed first
in a mixing chamber fitted with a safety spring; the
subsequent gas mixture then mixes with H, in another
chamber prior to reaching the burner head. 1In this way,
spontaneous combustion of H, and 02 inside the mixing
chamber can be safely avoided. The atomic analyte is

introduced into the inner flame by carrying its salt
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Figure 9. . EHlock diagram of gas flow system in an Hy-O2-X
flame. CYL, high pressure cylinder; HPR, high
pressure regulator; CV, capiliary valve; M,
flow meter; Spr, sprayer; MC, mixing chamber;

WB, washing bottle; B, burner house.
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solution out of a pneumatic nebulizer with Ar gas (see in
Figure 10) before mixing with other gases. The mantle
flame has the same composition as the inner flame, but
contains no metal salt.

The laminar premixed H,-O,-Ar flame is one of the
most important premixed flames (109,110). Two important
properties of the flame are:

(1) Low flame background emission, and low
temperature resulting in less ionization interference.

(2) A high quantum yield for fluorescence, because

2

the quenching cross section of Ar is very small (< 2 A
(111). Essentially, laminar premixed flames are less
turbulent, less audibly noisy and have less flame flicker
than turbulent flames, in which each flame gas is
introduced separately and mixed above the burner head
(112). Accordingly, the Hz-oz-Ar flame results in less
electrical interference from ionized combustion products
in ionization experiments, and provides an intense signal
with high signal-to-noise ratio for fluorescence
measurements.,

The burner of the flame is of the Mékér type; the
gases reach the burner head through 631 circular holes of
0.5 mm diameter and 5 mm 1length, arranged in concentric
circles with a 2 mm interval between sucessive rings. The

diameter of the inner flame is 15 mm, and the height of

the primary combustion cones is approximately 2 mm. The

burner head is cooled by a water jacket (1l13).
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In comparison to the ultrasonic nebulizer or the
Hieft je-Malmstadt type nebulizer (114), the homemade
pneumatic nebulizer used in this work produces larger
droplets and less spatial resolution, which may result in
optical scattering or imcomplete vaporization of solvent
or solute. Nevertheless, DLI and LEI suffer no optical
interference from flame background or stray 1light. Thus
the disadvantage of the nebulizer 1is negligible in
ionization experiments.

The mantle flame prevents entrainment of air and
smooths the radial temperature distribution of the inner
flame. The effect of the mantle flame on the ionization
signal is insignificant. However, if the mantle flame is
of higher temperature than the inner flame, energy
transfer to the inner flame can occur, which results in a
disturbance of local thermodynamic equilibrium. Thus the
mantle flame should be as identical in temperature to the
inner flame as possible. Strictly speaking, in a flame or
other high temperature plasma, it is impossible to reach
true thermodynamic equilibrium because the flame radiates
heat to the environment, undergoes secondary combustion at
the flame boundaries and undergoes convection; these
processes lead to a net transfer of heat, mass and
radiation within the flame. However, even though these
transfers occur within the flame gases, it is still

possible to maintain a "local" thermodynamic equilibrium

as long as the transfer rates are small compared with the
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‘rates of equipartitioning of energy over the different
energy forms. In a laminar premixed flame the region of a
local thermodynamic equilibrium can be extended over a
considerable portion of the flame gases; in contrast, the
local equilibrium region is very small in the turbulent
flame (115,116).

When the inner and mantle flame have the same flow
rate of HZ' 02 and Ar (equal to 1.0 1/m, 0.5 1/m and 3.2
1/m, respectively), the temperature was determined by the
DLI method to be about 2100 K, which satisfactorily agrees
with that obtained by line reversal methods in similar
flames. Flame temperature measurement by the DLI technique
is described in detail in Chapter V.

In all atomic flame spectrometric methods, a sample
solution is aspirated into the flame to produce an atomic
vapor. There are five basic steps occuring throughout the
process:

(1) solution transport: In the initial step, the
solution is carried from a container into the nebulizer.

(2) droplet formation: The salt solution is broken
into droplets after reaching the nebulizer; the size of
the droplets formed decreases as the solution uptake rate
increases.

(3) solvent evaporation: The solvent evaporates
from the droplet to 1leave a salt particle (This step may

be completed with a chamber type nebulizer, such as

pneumatic and ultrasonic nebulizers, before the analyte
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reaches‘ the flame.). The rate of solvent evaporation
depends on several factors: the size of the droplet, the
characteristics of the solvent, the number of solvent
droplets per cubic centimeter and the flame
characteristics.

(4) solute evaporation: The remaining salt mist
evaporates at a rate dependent on the size of the salt
particles, the number of salt particles, the
characteristics of the salt particles and the flame
characteristics.

(5) atomization: The final step is the production
of atomic vapor after the solution is introduced into a
flame. The free atom fraction 1is the ratio of the
concentration of analyte species in the form of atoms to
the combination of analyte in all forms such as ion, oxide
and hydroxide.

A general expression relating atomic concentration
N in the flame gases to the analyte concentration Co in

the solution sprayed into the flame is (112,127):

1
N = (6 x 1023) EcBCg (1)
Q ¢ 2
Here F indicates the solution transport rate (cm3/sec); €
is related to the sprayer efficiencye

spray
; 8 is the free atom fraction; g

and the degree
of solute vaporation €sols

is the statistical weight of the ground state; Q. is the

flow rate of wunburnt gases into the flame; e is the
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expansion factor for the flame gases; Zy, is the normalized
electronic partition function. The atomic concentration N
is a linear function of the analyte concentration over a
wide concentration range. This is demonstrated in Figure
10 for thermal emission vs. sodium concentration in sodium
chloride solutions; the deviation from linearity around
200 ppm is mainly due to the decrease in sprayer

efficiency ( ), as the analyte concentration

€ spray
increases, or to self-absorption.

A-3 Optical Detection

The optical detection system used in these
experiments consists of a filter/grating double
monochromator (Model EU 700-56, GCA,Mcpherson), coupled to
a photomultiplier tube (Model EU 701-30, GCA, Mcpherson),
located at an angle of 90° with respect to the incident
laser beams. The analyte fluorescence from the flame is
focused by a lens onto the entrance slit of the
monochromator. The resolution element is a plane
diffraction grating. (48 mm x 48 mm ruled area;lines/mm =
1180, blaze A= 2500 i ). The monochromator has an assembly
of eight filters with controlled spectral transmittance

characteristics,which provide a preliminary stage of

wavelength discrimination. This feature serves to reduce
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- Figure 10.

i0 00 1000
Na Concentration (x..g/ml)

The concentration dependence of thermal emission
of sodium atom in an Hy-O,-Zr flame. 2 RCA IP
28 photomultiplier tube (no filters) is used as
detector. The applied voltage is 700 V. The
thermal emission signal tends to deviate from the
linearity when the sodium concentration becomes
>100 ug/ml due to self-absorption and nebulizer
inefficiency.
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higher order diffracted radiation and stray light,
resulting in higher purity of the measured fluorescence
signal. The spectral band pass of the monochromator is 2 2
when a 100um slit width and 1 mm slit height are employed.
It is possible to reach 0.3 A spectral resolution with a 5
um slit width and 1 m slit height (118).

A photomultiplier tube (RCA, IP 28A) was set right
behind the exist slit to detect the incident radiation
already spectrally resolved by monochromator. The
photomultiplier tube (PMT) typically has a wide linear
dynamic range of about lO6 or more (112,119); nonlinear
response ensues as the photomultiplier approaches
saturation, which is caused by space charge limitations at
the last few dynodes, and by finite photocathode
resistivity effects (120). The nonlinear behavior can be
easily checked by inserting a set of neutral density
filters in front of the entrance slit of monochromator.
The bias voltage between the anode and photocathode was
set to -800 volts. The output current of the PMT was
converted to a voltage and processed by a Dboxcar
integrator. The output of the boxcar was read out on a

strip chart recorder.
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A-4 Ionization Detection

The alkali metal ions produced in the flame by the
DLI or the LEI technique are collected by a pair of
voltage biased nichrome wires suspended inside the flame,
about 10 mm above the burner head in order to avoid the
combustion 2zone close to the burner head. The probe
current passes through an electronic circuit formed by a
preamplifier and a high-pass filter. The resulting voltage
output is the input to the boxcar integrator for signal
processing. The nichrome probes (~0.9 mm in diameter) are
inexpensive and resist satisfactorily the high temperature
environment of the flame. The probes last several hundred
hours. The disadvantage of ﬁsing nichrome probes results
from analyte contamination, which grows gradually on the
probe surface upon continued use. Leaching from the probe
may lead to significant electrical interference upon the
ionization signal when different analytes are introduced
into the flame. Therefore, probes are changed often to
avoid this interference.

The nichrome wires were positioned parallel to one
another in a plane perpendicular to the burner head. The
probes were typically 4-10 mm apart. The bottom probe was
placed about 10 mm above the burner head, and was mounted

on a micrometer-driven translation stage with a positional

accuracy of +0.01 mm; the top probe was also mounted on an
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electrode holder and was movable in three dimensions by
tuning an adjustment knob. The ionization sensitivity was
found to have an unsymmetrical response to the probe
voltage polarity. Superior sensitivity was achieved when
the bottom probe was biased negative with respect to the
top probe and located closer to the irradiated area. A
detailed discussion of the ion behavior in the field of
the probes is given in Chapter VI.

The advantage of using metal wires to collect the
ions is one of convenience and economy. Such electrodes
are suitable for high temperature flames, although
different ionic species cannot be distinguished. However,
by using a high resolution laser source, the DLI technique

can compensate for this disadvantage.

A-5 Signal Processing

The output signal from the ion detector or the
photomultiplier tube is the input to a dual channel boxcar
averager (Model 162-164, Princeton Applied Research Corp.,
Princeton, N.J.) for signal processing. A boxcar averager
can increase the signal-to-noise ratio by repetitive
sampling of the signal-plus-noise with a gate at the

appropriate time after a trigger pulse. It is advantageous

to employ a boxcar averager to manipulate a signal induced
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by a pulsed, low duty cycle excitation source, since the
gate of the boxcar opens only when triggered by the
signal, and the background noise is measured for the very
short gate duration time.

The boxcar averager was triggered synchronously by
radio frequency noise produced when the N, pumping laser
is fired. There 1is a delay of =~75 ns before the boxcar
aperture opens to manipulate the signal. The lifetime of
ions produced by the laser pulse is on the order of us.
Hence it is not necessary to employ a delay 1line to
prevent the signal from appearing prior to the gate.
However, the lifetime of atomic fluorescence is on the
order of ns; in this case, a delay line is useful. Since
no impedance transformer device is <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>