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Abstract

The present elemental analysis workhorse worldwide is Inductively Coupled
Plasma (ICP) Atomic Emission Spectrometry (AES) and Mass Spectrometry (MS). Due
to the high power requirements, large gas consumption and the more obvious attribute,
size, the ICP is tethered to the lab. Usually, samples must be collected, bottled,
sometimes stabilized by acids and then shipped back to the lab for analysis (hours to days
to weeks turnover rate). Due to the demand for a portable analyzer this thesis will focus
on further development of microplasma devices (MPDs) for portable on-site analysis, in
(near) real-time.

Mini-In-Torch Vapourization (mini-ITV) is the sample introduction method for
MPDs which removes the need for sample preparation (further necessitates portability).
Mini-ITV introduces the sample into the MPD via electrothermal vapourization of a dry
(water-free) nano- to micro- volume sample. Pneumatic nebulization, the commercially
available ICP sample introduction method would extinguish the microplasma.

Microplasma stability is the first issue addressed by confining the microplasma to
a quartz tube (“wall-stabilized”) in hopes of a more stable MPD background emission.
Once stabilized MPD conditions were found key microplasma parameters were studied
including MPD power, HVac frequency, operating mode, inter-electrode distance (IED)
and observation location, in hopes of improved MPD analytical performance.

Microplasma excitation mechanism and maximum energy available in the
microplasma for analyte are discussed. Some fundamental characteristics such as
excitation temperature (Texc) and changes in atom/ion population with variation in some

of the key MPD parameters were also determined.
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Chapter 1

Introduction
1.0 Preface

The environment is affected by pollution from indigenous and exogenous factors
and the need for environmental monitoring is vital. Environmental monitoring requires
“a representative sample from a heterogeneous material.”* For this, a series of samples
are typically collected from an area (e.g. lake, soil, etc.) at various depths and locations.
These representative samples must be shipped back to a lab for analysis. Sometimes
analytical results can take hours, days, or even weeks to obtain. Would it not be
expedient to eliminate this delay using a portable, battery operated elemental analyzer
that would in essence bring the lab to the sample for rapid on-site analysis?

This project further influences the paradigm shift in classical analysis with the
development of microplasma device (MPD) coupled to a portable spectrometer for
analysis of liquid microsamples. This miniaturized system will not only have the ability
to provide rapid on-site analysis (where the results are needed the most) but will also
significantly reduce the carbon footprint of analysis. The MPD is used as atomization,
ionization and excitation sources and a portable spectrometer captures the atomic
emissions for microsamples introduced into the MPD to determine elemental
composition. These low powered MPDs make use of a unique electrothermal sample
introduction system, consisting of a small-size In-Torch Vapourization (mini-1TV) that is
coupled to the MPD. These miniaturized plasmas have similar functional capabilities as
their large scale atomic emission counterpart, such as the Inductively Coupled Plasma
(ICP). Before introducing the widely used ICP, a brief overview of atomic spectroscopy

is required to further appreciate and comprehend the mechanism of the ICP and MPD.



11 Atomic Spectroscopy

Atomic spectroscopy uses electromagnetic radiation to probe properties of atoms.
When a gas phase atom is introduced into a plasma, an electron within the atom is
promoted to a higher energy level, bringing the atom to an excited state. Atoms prefer to
exist in their ground state causing this promoted electron to drop back to its original level,
which is lower in energy. The energy loss from the electronic transition is released as a
photon having energy,

E=hv, (Equation 1.0)
where h is Planck’s constant (6.626 x 10* J « s) and v is frequency (Hz).
The emitted photon can then be detected, differentiated and quantified by a spectrometer
coupled to a detector (Section 2.2).

To be analyzed by atomic spectroscopy, samples must be atomized, that is
decomposed into gas phased atoms using for example a flame, furnace, or plasma. In the
atomization step, the sample is introduced into the source (2000-6000 K) and
decomposed into gaseous atoms. These gas phase atoms have the ability to absorb and
emit electromagnetic radiation and each element has unique characteristic absorption and
emission wavelengths.* Fig. 1.0 shows a block diagram of atom formation within an
atomization and excitation source. Both ICPs and MPDs have sufficient energy to
vapourize and atomize a sample and to excite or even ionize atoms. In addition, the ICP
has sufficient energy to excite many ions and therefore ionic emissions along with atomic
emissions are detected for ICP atomic emission spectrometry (ICP-AES) analysis.
Because of the low power of the MPD, minimal ionic emissions are observed. As a

result, the spectrum for the MPD is simplified significantly having fewer characteristic



emissions per element and this is in part what allows for applicability in the field using a

small, portable spectrometer with relatively poorer resolution.

Equilibrium of Vapourized Species

Molecular __\ Atomic — N\ lonized Atomic  _
Vapour N Vapour D Vapour *t€
Vapourization
Desolvation

Sample Introduction

Figure 1.0: Block diagram of atom formation (modified from ).
1.2 Inductively Coupled Plasma (ICP)

Inductively coupled plasma atomic emission spectrometer (ICP-AES) was first
introduced in the mid 1970’s as an atomization, ionization and excitation source for
atomic emission measurements. Later on in the mid 1980’s, the ICP mass spectrometer
(ICP-MS) was introduced. Today, ICP is widely used in labs as an elemental analyzer
due to its sensitivity, reliability and applicability.

A plasma is a hot gas made up of neutrals, ions, and electrons. The ICP is an inert
Argon (Ar) plasma confined within a quartz torch that consists of three concentric tubes
forming central channel, and auxiliary and cooling channels. As illustrated in Fig. 1.1, an
ICP requires 12-20 L of Ar per minute. As the name suggests, radio frequency (RF) is
“inductively coupled” via a water cooled load coil located on the outside of the top of
torch. This RF is provided by a RF generator that operates typically at frequencies of 27

and 40 MHz and powers of 1 to 2 KW. The inductive coupling of RF provides a circular



motion of electrons and ions. The plasma is initiated by a seed of electrons or a spark
from the Tesla coil. The electrons are accelerated in the RF field and then collide with Ar
neutral atoms causing ionization of Ar atoms. The ionization produces free electrons and
Ar ions that can collide with more Ar neutral atoms thus causing further ionization of Ar
atoms. Eventually, the plasma reaches an equilibrium and is self-sustaining. The ICP
has the ability to vapourize, atomize, ionize and excite atoms, as well as ions, due to its
high operating temperatures of 6000-10 000 K. ICP atomic emission spectrometry and
ICP mass spectrometry are the most sensitive methods for elemental analysis with ICP-
MS being a more sensitive method than ICP-AES. Both methods proved to be very
useful for environmental monitoring and for analyses for example of samples of

importance to industries such as mining, food and beverage.?



Water Cooled
© Induction Coil
[©) 27 or 40 MHz
(€] 1-2 kW

12-20

— 15 L/min
Ar Cooling Gas

— 1 L/min
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% -

Sample Inlet
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Figure 1.1: Schematic of inductively coupled plasma (ICP) torch.

1.3  Why Miniaturize?

Miniaturization of a plasma source will not only reduce the cost of analysis due to
reduced power and gas consumption but it will also facilitate portability and on-site
determinations. In a microplasma review, Karanassios showed in a calculation that the
power density of the MPD can be similar to that of ICP (~0.1 W/mm®). Also, (if
required) MPDs can be made to have more power per unit volume than the ICP. This

finding suggests “that microplasmas could be made to perform potentially equally as well



as their laboratory-scale counterparts”.* Microplasmas do in fact provide useful

analytical results and since joining the Karanassios research group in 2007, Weagant has
yet to try a MPD configuration that has not successfully ignited.>®”’

Because of the low gas flowrate of the MPD, e.g., 150-300 mL min™, various
exotic noble gases (e.g., Kr, Xe and Ne) can be used as plasma gases. These gases have
some desirable performance characteristics (e.g., He and Ne for halogens which can not
be excited otherwise with Ar due to insufficient excitation energy). These gases are more
expensive as compared to Ar and would be impossible to use for an ICP because the
volume of gas per unit time required is large. He is an exception and has been used for
halogen detection with an ICP.?

1.4 Microplasma Applications

There are various applications for microplasmas including medical (e.g.,

destruction of cancer cells)®®, dental (e.g., spray coating of teeth)'°, nanoparticle

1112 nanosheets and nanoarchitectures,'? green energy (e.g., fuel cell power)®,

synthesis
etc. The microplasmas at interest for this thesis are for analytical applications.
1.5  Other Analytical Microplasma Research Groups

Many researchers are interested in microplasmas for analytical tools.****° In
order for something to be considered micro- it must have at least one dimension that is
sub millimeter and/or millimeter size or be micro-fabricated. The various types of
miniaturized plasmas include but are not limited to miniature inductively coupled
plasmas (ICPs); capacitively coupled plasmas (CCPs); microwave-induced plasmas

(MIPs); a dielectric barrier discharge (DBD); microhollow cathode discharge (MCHD) or

microstructure electrode (MSE) discharges, other microglow discharges; microplasmas



formed in micrometer-diameter capillary tubes for gas chromatography (GC) or high-
performance liquid chromatography (HPLC) applications, and a stabilized capacitive
plasma (SCP) for GC applications. The power requirements, design and mechanism of
plasma formation varied for the various types of microplasmas mentioned above but one
major similarity that stood out is that most miniaturized plasmas required samples that
were in gaseous form.* Our research group, with the convenience of mini-ITV as a
sample introduction system, has the ability to analyze sample types other than just
gaseous samples, e.g., liquids, slurries and solids. The removal of the water before
introducing the microsample into the microplasma is what allows such low power
operation (5-15 W) of the MPD.
1.6 Summary of Major Objectives

The purpose of this project is to address the stability of the microplasma
background. Past planar MPD research had problems with the microplasma background
emission changing when mini-1TV introduced samples into the MPD.>’ The MPD optical
emission was monitored using a fibre optic based spectrometer. Part of the problem was
associated with the microplasma channel being too wide and allowing for the
microplasma to move out of the view of the fibre optic cable. This instability caused the
need for rigourous normalization of the data (Section 3.0). For this project, a wall-
stabilized tubular geometry will be used to confine the microplasma, leaving minimal
room for the microplasma to move. This was expected to remove the need for
normalization of data. There is also a series of variables that directly influence the
background emission stability and the performance of the MPD. These variables include:

inter-electrode distance (IED); operating frequency of the microplasma power supply;



microplasma power; geometry and gas type; electrode size, shape and material; and
viewing location of microplasma emission. The effect these variables have on analytical
performance characteristics was examined. Since MPDs can be made to have more
power density than ICPs the question that needs to be answered is whether more power is
beneficial? Will more power just add spectral complexity with the appearance of more
spectral lines? Or will more power improve analytical performance? These are some of

the questions addressed in this thesis.



Chapter 2

Instrumentation

2.0  Sample Introduction

Analytical samples can exist as solids, liquids, slurries and gases. In order to
analyze a particular sample type, the sample must be first introduced via means that are
compatible with the instrument be it a large size ICP or a small size MPD. Described
below are two of the many sample introduction methods available today for ICPs.

2.0.1 Pneumatic Nebulization

On commercially available ICP instruments, the standard sample introduction
system is pneumatic nebulization. The nebulizer creates a fine mist or aerosol of sample
solution via a jet of high pressure gas. This mist then proceeds to a spray chamber which
collects larger droplets on the chamber walls for waste allowing only the fine mist
droplets to make it into the ICP torch.” This procedure works well for various
applications but also has multiple drawbacks. Firstly, the sample being analyzed must be
in solution which requires the additional step of acid digestion for solid samples and this
additional step is time consuming and can lead to contamination of the sample.
Secondly, when a sample is put into solution, the sample constituents are diluted. In
addition, one does not always have a large sample size and dilution may cause the
concentration of some elements to drop below their detection limits. Futhermore, the
pneumatic nebulizer is only 1-5 % efficient and most of the sample solution is collected
in a waste container (which requires waste disposal). Ideally, the sample introduction
method should be able to handle various sample types, i.e., solids, slurries and liquids and

should also minimize sample waste.



2.0.2 In-Torch Vapourization (ITV)

In-Torch Vapourization (ITV) developed in the Karanassios lab solves all of the
problems associated with pneumatic nebulizers. ITV is a dry sample introduction method
that is capable of handling solid, slurry, and liquid samples and is >95% efficient. Fig.
2.0 shows a schematic of a mini-ITV, which is a smaller version of ITV typically used
with ICPs, having lower power requirements and lower gas flow rate. The mini-ITV
system consists of a ceramic rod with a Rhenium (Re) coil at the end for holding the
sample. A Re cup has also been used with larger size ITV as used for ICPS for solid
samples but will not be discussed further because it was not used in this work. This Re
coil filament is connected to wires that run through the entire ceramic support. The wires
are connected to a direct current (dc) power supply. This Re sample holder is electrically
heated by passing direct current through the filament. Rhenium was chosen for the coil
material due to its relatively high melting point (3186°C) and for the fact that Re has no
known ductile-to-brittle transition temperature. The ceramic support fits into a glass
chamber and has a Teflon sleeve that also provides an air tight seal. The glass
vapourization chamber has tangential flow of carrier gas and is designed to ensure that a
centralized vortex draws the entire sample out of the vapourization chamber towards the
MPD. The mini-ITV has an optimal flow rate of 200-300 mL/min for the size and design
of the vapourization chamber. The support gas requires the addition of 3% hydrogen gas

17-20
In

(Hz), which acts as an oxygen scavenger and prevents formation of Re oxides.
order to introduce gaseous samples, the ceramic support and coil are simply removed and

the chamber is capped at the back with a septum. Gaseous samples are injected through
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the septum and into the chamber. There is no need for addition of H; to the plasma gas in

. . Cqe 6.22
this case because there is no Re to be oxidized.™

180-250 mL/min
Ar/ 3% H,
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Figure 2.0: Schematic of mini-In-Torch Vapourization (mini-ITV). (Illustration not to
scale)

How does one operate a mini-ITV sample introduction system? To introduce a
sample, the ceramic rod is drawn back to the opening in the aluminum sleeve by pulling
on the Teflon guide. Then using a micropipette (Eppendorf™) a liquid or slurry can be
carefully aliquoted onto the coil. Typically, sample volumes are in the puL to nL range.
This relatively large range of sample volumes demonstrates mini-ITV’s programmable
concentration ability. For example, if the sample is too dilute, one can simply increase
the sample volume to bring the analyte of interest into the dynamic range of the
instrument. After a sample has been deposited on the Re holder the Teflon guide is
pushed back into the vapourization chamber forming an air tight seal with the
vapourization chamber. A low power (~0.3 W) is applied to the Re holder to vapourize
the water solvent in the sample and leave only a sample residue on the coil. Typically,

drying times are 1-2 minutes on average depending on the sample volume. If the sample
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contains organic or biological material then 1-2 W can be applied to char the sample.
During the final vapourization step, higher power is applied to the coil (e.g., 20-100 W)
to vapourize all of the analyte off the Re holder which is picked up by the vortex towards
the MPD .57 17-20.22

The ITV sample introduction system has the ability to remove the water from the
sample prior to sample vapourization. One reason the ICP requires so much thermal
character and power is because a small fraction of that power is used solely for the
removal of water. Even with such high powers (1-2 kW), too much water can extinguish
the ICP. In Karanassios’ microplasma review paper, a “back-of-the-envelope-type
calculation” showed that the ICP requires at minimum 10 W to vapourize the water.* In
an earlier paper by Olesik, a more rigorous calculation showed that it requires
approximately 30 W for vaporization of pm size water droplets.”' If the MPD had to
remove water from the sample then it would no longer be a low power device.

2.0.3 Mini-ITV Operating Conditions

The vapourization power of mini-ITV varies from ~10-100 W (temperatures of
<1000 to just under 3000 °C, which approaches the melting temperature of Re) depending
on the element of interest.® The vapourization event lasts for a fraction of a second at
higher powers and up to 5 seconds for low powers. The longer vapourization time for
lower powers allows one to slowly release the analyte but this only works for the more
volatile elements. The “programmability” in vapourization temperatures of the various
elements allows for on-coil selective thermal vapourization. This selective vapourization
allows for separation of overlapping spectral emissions (if necessary) in the time domain

and removal of highly concentrated matrix elements (e.g., Na in sea water sample).
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Without the removal of potentially interfering matrix components, the detector would
otherwise saturate and stray light could add unwanted errors to the analysis.
2.1 Microplasma Device (MPD)

The microplasma device (MPD) research in the Karanassios lab at the University
of Waterloo has been in development for the past several years. Various geometries of
MPDs have been tried and these previous results have guided the designs of next
generation devices. Both high voltage direct current (HVdc) and high voltage alternating
current (HVac) MPDs have been tested. The HVdc MPDs applied constant stress on of
the electrodes because of the acceleration of ions due to the high voltage. This caused
sputtering of the electrode material. Sputtering decreases the longevity of the device and
adds unwanted emissions (from the electrode material) to the spectra. For the HVac
MPD, the electrons and ions will feel a pull in both the forward and reverse directions
because of the alternating electric field. The flow rate of the gas is what brings the ions
and electrons from the inlet to the outlet. The electrodes of ac MPDs do not have
emissions from the electrode material and because of this, all subsequent MPDs were
powered with HVac.'->* >

A typical MPD consists of two electrodes, one electrode connected to high
voltage alternating current (HVac) and one electrode connected to ground. It also has a
channel, a groove or a tube where the plasma can form between the two electrodes. It
also has and an inlet and outlet for the plasma gas (Fig. 2.1). A dc power supply feeds
either constant voltage with variable current or constant current with variable voltage into
the HVac power supply. The HVac power supply steps up the voltage to 3-10 kV and

provides a sine wave at 40-80 kHz. The MPD typically requires 5-15 W of nominal dc
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power and 100-500 mL min™ of plasma gas. Mini-ITV is the sample introduction
method that was used and is directly coupled to the MPD. The MPD optical emissions
have been captured in the past using a monochromator, i.e., one wavelength at a time, and
a portable polychromator spectrometer, i.e., multiple wavelengths from 200-850 nm

(discussed in Section 2.2).

Needle electrode Needle electrode

Inlet — X =) B ¢ > Outlet

Microplasma
channel

Figure 2.1: Schematic of tubular MPD.

2.1.1 Past Microplasma Device (MPD) Work

There are two main divisions of microplasma structures employed: planar
geometry and tubular geometry. Initially, the planar geometry was chosen because of the
desired future micro-fabrication on silicon wafers of an optimal planar MPD design. In
Fig. 2.2, there is a schematic of the micro-machined planar MPD developed by Kara
Johnson and Andrea T. Smith, past students of the research group. This is an example of
one of the first generation MPD developed by the group. The microplasma channel was
etched through the centre glass wafer using hydrofluoric acid. The top glass wafer
contained two holes for the inlet and outlet. The bottom quartz wafer allowed for viewing
the microplasma. Together, the top and bottom wafers confined the etched channel of the
middle layer making a sandwich-like three layer design. As electrodes, Nickel (Ni)

ribbon (among other materials) was used at both front and back end of the structure. The
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total area of the chips used to fabricate the MPDs was 25 x 25 mm” with various channel
dimensions (e.g., length of 5-20 mm, width of 1-5 mm and depth of 0.15-0.75 mm). This
initial device proved to have impressive analytical performance with absolute detection
limits of low pico- gram (pg) to nano- gram (ng) range using a PMT-based
monochromator. A minor drawback was the somewhat poor precision of ~18%.%
However this paved the way for future development of MPDs. The next generation
needed to have not only the confined plasma channel but also inlet and outlet tubes

parallel the channel to eliminate possible sample loss in the sharp corners.

Sample and
Plasma Gas Outlet
Inlet

l T

" 1 Electrode
Electrode
Top Wafer ‘
Middle

Bottom Wafer

I ac HV power supply |7

Micro-plasma
channel

Figure 2.2: Schematic of micro-machined planar MPD. Sandwich-type MPD with glass
etched through middle glass wafer and quartz bottom wafer for far ultraviolet (UV)
transmission and Nickel (Ni) ribbon as electrodes.”

The next generation MPD was the tubular geometry (Fig. 2.1) because the tube
acted as an air-tight confined channel that the plasma was able to fill entirely, having no
kinks in the design from inlet to the plasma channel. This design consists of a quartz tube
with an inner diameter of 1.3 mm or less and a stainless steel needle electrode in both
ends. This requires a metal to quartz bond. This was done successfully in the past by a
metal to glass and quartz or glass to metal bond. For convenience of being able to make

new devices quickly and cheaply, cement or glue was chosen as a metal-to-quartz

bonding agent. Although the glue worked when low MPD powers were used, once hotter
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or more powerful plasma was created, the glue would begin to show up in the
background spectra as carbon (C) atomic emission peaks, and sometimes would blacken
the device leaving it unusable. Nonetheless, these tubular devices provided promising
results that drove future MPD research.

Using the tubular MPD, Smith'® measured performance characteristics of the
plasma including excitation temperatures (Texc) using Fe as a thermometric species (3600
K for Ar and 3200 K for He) and rotational temperature (T;o) of He MPD (1180 K).
Estimated detection limits for He/H, tubular MPD using a PMT-based system ranged
from 3-1200 pg for 8 elements (Ba, Cd, Ca, Pb, Li, Na, Sr, and Zn). At this stage of the
MPD development, one was still seeing “if it will work™ and “how well will it work”
using completely unoptimized MPDs. Smith showed applicability for MPDs as ion
sources for mass spectrometry (MS) as well as field applicability for MPDs using a
portable spectrometer. Devices began to work on every attempt, and would last from
days to weeks, even months. Smith briefly used the CCD spectrometer for obtaining
background spectral information of various MPD gases and excitation temperatures of Ar
and He using Fe (from Ferrocene) as a thermometric species; no analytical data was
obtained using the CCD spectrometer.'’

Continuing with the tubular geometry MPD and using Ar/H, as the plasma gas,
Hou® found optimized mini-ITV operating conditions (i.e., gas flowrate, Re coil
insertion position within the vapourization chamber). This optimization was determined
for a smaller mini-ITV system than the mini-ITV used in this thesis. The inter-electrode
distance (IED) for the MPDs was varied 2-10 mm. The excitation temperature (Tex.) was

determined using a 2-point line method for Ar and Ar/H; background emissions (3500 K
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for Ar and 3000 K for Ar/H,). Rotational temperature (T;o) was also determined for Ar
(1200 K) and Ar/H2 (1150 K). Using an 8 mm IED MPD, estimated detection limits for 8
elements (Cd, Li, Mg, Mn, Na, Pb Sr, and Zn) ranged from 0.05-18 pg using the optimal
mini-ITV coil insertion position and gas flowrate determined for each element. These
clearly demonstrate (among others) the benefits of mini-ITV optimization and paving the
way for future MPD development.*

2.1.2 Planar MPDs on Plastic — Past Work by the Author

In the summer term of 2007, Weagant began research on MPDs. Both the
undergraduate work term and the master’s qualifying term research were done on a
planar MPD fabricated out of Teflon and various other plastics. As mentioned earlier,
planar geometry was chosen to facilitate possible future microfabrication of MPDs.
Plastic was chosen because it was cheap, readily available and easily modified. A
portable, fibre optic spectrometer Stellarnet© EPP 2000C (Stellarnet, Oldsmar, FL) with
charge coupled device (CCD) detector was used to capture emissions.

Initially, a three-layer sandwich design (quartz-to-plastic-to-plastic) was used for
the planar He/H, MPD design. The microplasma channel was cut out from the middle
layer with a knife. The three pieces were held together by a clamp or a screw (Fig. 2.3).
Sample introduction (via mini-ITV) was orthogonal (i.e., 90°) to the MPD and He/3% H,
was used as the carrier gas and the plasma gas. Throughout, a pinkish colour yem, was
used. In fact, since the beginning of MPD research, the brightest possible pinkish MPD

d.>'*?® The philosophy was that what is good for the microplasma

was always use
background, i.e., He (or Ar), H, and other impurities, must be good for the analyte. The

planar He/H, MPD had estimated detection limits ranging from 1.5 to 350 ng using the
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CCD spectrometer.” Instability of microplasma background emission was a key concern.
Part of this instability was due to the fact that the He/H, MPD had the plasma channel
width too large in comparison with the microplasma dimensions (4.9 mm channel and
0.700 mm microplasma). The channel was made wide in order to prevent the plastic
from melting but the width used was larger than needed. Future planar MPD designs had

a smaller channel width.
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Figure 2.3: a) Schematic of planar He/H> MPD three-layer sandwich design and b) 2-d
(intensity vs. wavelength) plot of He/H, MPD background spectrum (modified from°).

The He/H, MPD would provide a stable background when the appropriate

conditions were used. However, when mini-ITV reached higher vapourization powers
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(temperatures), the plasma would move as the hot gas from the mini-ITV came into
contact with the microplasma. As the plasma shifted, the background and the analyte
signal intensity would decrease since the plasma was moving out of the view of the fibre
optic cable. Spectral regions with larger background intensities, e.g., the hump from 200-
400 nm caused by H; and air peaks due to air entrainment would be affected more than
weaker background intensities. The mini-ITV event would only last for less than a
second and then the background would return to its original levels. Because of this
instability, some signal processing was required, e.g., normalization of background. The
high points of “the hump” at 252 nm as well as up to three other background spectral
features (Fig. 2.3b) were employed as an “internal standard” to normalize the episodes
containing analyte signal and background to an appropriate background episode. The
normalization would bring the background spectral features to equivalent intensities for
proper background correction. All of the analyte signals required some degree of
normalization, i.e., 1 to 4 point normalization, with this device.’

This configuration of planar MPD went through multiple design changes. One
flaw initially was that the outlet was too small and pressure built up in the back. To
avoid the back pressure and fluctuations of the microplasma background emission, the
outlet needed to be a larger diameter than the inlet. Also, the microplasma channel width
needed to be reduced for better confinement of the microplasma. Another flaw was air
entrainment through the top plate and through the outlet of the MPD. Addition of air
(molecular gases) into the Ar/H, MPD causes a crackling sound and also adds spectral
lines to the background emission spectrum. To address this problem, a more airtight way

of incorporating the top quartz plate into a Teflon structure was developed by the Student
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Technical Services (STS) machine shop at the University of Waterloo which reduced
unwanted spectral features (e.g., OH, N, and NH peaks) from 300-400 nm.

A new planar MPD design (Fig. 2.4) reduced the three-layer MPD to a two-layer
design (i.e., quartz and Teflon) with stainless steel sewing needles (1.02 mm diameter) as
electrodes, an inlet and outlet and a quartz plate on top of the channel. In order to
minimize fluctuation in background emission, a MPD with smaller channel width was
chosen. For example, channel width was reduced to 3.2 mm (compared to 4.9 mm used
previously with the He/H, MPD). In addition, the mini-ITV was made to be co-linear
with the MPD as well as Ar/H, rather than He/H, uses as the microplasma gas. The ease
of modification of the plastic allowed for inter-electrode distance (IED) to easily be
adjusted by simply adding another hole for one of the electrodes. As the inter-electrode
distance increased, so did the power being drawn from the dc power supply and this also
increased the temperature of the MPD.

With the Ar/H; planar MPD, two modes of plasma were clearly visually observed.
One mode of operation gave the MPD background emission a pinkish colour, the other a
bluish colour. In contrast to the work done with the He/H, MPD in which an MPD with a
pinkish colour background emission was used,” work done with an Ar/H, MPD involved
a microplasma with a bluish colour emission. Stable operating conditions were obtained
when a 12 mm inter-electrode distance (IED), 8.0V and 0.50A (4 W of power), and a sine
wave frequency of 70.7 kHz were used. The estimated detection limits for the 9 elements
tested ranged from 5-650 pg using the CCD spectrometer. This is over an order of

magnitude improvement for some elements. Some of the improvements were possibly
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due to use of mini-ITV that was co-linear with the MPD, with no sharp corners for

potential sample loss. Another reason for the improvement
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Figure 2.4: a) Schematic of planar Ar/H, MPD two-layer design and b) 2-d (intensity vs.
wavelength) plot of Ar/H, MPD background spectrum (modified from ).
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was due to the increased stability of the bluish background spectrum. In fact, the need for
normalization was reduced to 30% of samples run, normally requiring a 1-point
normalization at 280 nm. This represents a large improvement over the He/H, MPD, for
which tedious normalization of 1-4 points were needed for 100% of the samples
analyzed.” Such improvements in bluish MPD background stability will be discussed in
more detail in Chapter 3.

2.1.3 Normalization of MPD Data

Normalization of the MPD data was necessary to bring the background spectra of
the various episodes (or spectral scans) to equivalent levels. An example of a non-
normalized versus a normalized analyte signal for Cd (3 ng) is shown in Fig. 2.5. This is
an example of a 1-point normalization made at 280.77 nm for all of the episodes
containing signal. Since the channel width is ~4.5x the size of the microplasma, it leaves
room for the microplasma to move out of the view of the fiber optic cable. Fig. 2.5a)
shows the 3-d (intensity vs. wavelength vs. time) raw data for Cd (3 ng) and the dip in the
background is labeled with arrows. The dip in the background is even more evident
when the raw data is super-imposed in a 2-d (intensity vs. time) plot (Fig. 2.5b). The
normalization applied at 280.77 nm brings the background spectral episodes to the same
intensities and this can be seen in the normalized 3-d raw data plot (Fig. 2.5¢). The
improvement is even more evident in the super-imposed 2-d normalized raw data plot
(Fig. 2.5d). The background subtracted normalized 3-d plot demonstrates a flat
background correction (Fig. 2.5¢). The labeled Cd 2-d spectrum (Fig. 2.5f) was obtained

by summing only the spectral episodes that contained Cd signals in Fig 2.5e.
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Figure 2.5: An example of a non-normalized versus normalized Cd (1 ppm, 3 ulL) signal
obtained using the planar Ar/H> MPD coupled to a CCD spectrometer. a) 3-d (intensity
vs. wavelength vs. time) raw signal, b) super-imposed 2-d (intensity vs. wavelength) raw

signals, c) normalized 3-d raw signal, d) super-imposed normalized 2-d raw signals, e)
normalized 3-d net signal, and f) 2-d summed net Cd signal.”
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The normalization was only necessary (most often) for the more volatile elements
(e.g., Cd, Pb) because the more volatile elements leave the coil rapidly and the dip in the
background would occur shortly after the mini-ITV was turned on. Since the dip would
come and go before the episodes with medium to low volatility analytes, the background
instability had little to no effect on the signals from analytes having medium to low
volatility.”

2.1.4 Tubular Ar/H; Microplasma Device (MPD) - Current Work

To reduce or eliminate fluctuations in MPD background emission, a tubular
geometry (i.e., a wall-stabilized) MPD was used. Similar to the planar devices and
depending on operating conditions, a pinkish and a bluish colour background spectrum
was visually observed emanating from the MPD. Fig. 2.6 compares the background
spectral features of the pinkish and bluish microplasma modes. The pinkish mode has a
more complex background emission spectrum in comparison to the bluish mode. In Fig.
2.7, colour photographs of both the a) pinkish and c) bluish MPDs are shown, along with
their respective waveforms (b& d). The bluish MPD maintained the sine waveform
output from the HVac power supply. The pinkish MPD had a distorted waveform with
numerous spikes (zero crossings) which caused the frequency counter to read frequencies

beyond the output of the HVac power supply.
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background spectra from 200-850 nm (acquired using portable CCD spectrometer).
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Figure 2.7: Photograph of a) pinkish colour tubular geometry MPD and b) the distorted
waveform as well as c) bluish colour tubular geometry MPD and d) the sine waveform.
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2.1.5 MPD Battery Operation

Since the MPDs only require 5-15 W to operate, it has been shown in the past and
confirmed in the present that MPDs can operate either from a 18 V Dewalt® or from a
14.4 V Makita® rechargeable drill battery.”'>** Vander Wilp showed with a smaller
mini-ITV, which had a smaller diameter coil and smaller volume vapourization chamber,
that mini-ITV can be operated by a 14.4 V Makita ® drill battery.> For this thesis, I will
use the wall outlet powered digital dc power supply for both mini-ITV and MPD
operation as a result of the convenience of not having to recharge any batteries. Since
battery operation has already been demonstrated, this project will focus on further
development of MPDs and not on battery operation.

2.1.6 Microplasma Device (MPD) and Mini-ITV Instrumentation

For the MPDs used for the entire thesis, a tubular geometry was used. Gauge 18
(1.27 mm O.D. and 0.838 mm [.D.) stainless steel hypodermic syringe needles (Becton
Dickinson and Co., Franklin Lakes, NJ) with partially dulled tips are glued (5 minute
epoxy, LePage ) into either end of ~1.3 mm [.D. quartz tubing (LaSalle Scientific,
Guelph, ON), to form an airtight seal. The inter-electrode distance (IED) of the MPD is
30 mm unless otherwise noted. The operation of the MPD requires dc power and such
power was obtained using Xantrex ® XPL 18-3 regulated dc power supply (0-18.0 V, 0-
3.00 A, Xantrex Technology Inc., Burnaby, BC). The dc is delivered to an ac plasma
generator which converts the dc to ac and steps up the voltage to 3-10 kV. The HVac
plasma generator or driver being used is the PVM12 which is a high voltage ac (HVac)
power supply (model PVM12, Information Unlimited, Amherst, NH). The mini-ITV is

powered by a Xantrex ® XHR 20-30 dc power supply (0-20 V, 0-30A). An oscilloscope
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(20 MHz, Model 2125, BK Precision, Yorba Linda, CA) is used to monitor the waveform
generated by the ac plasma driver. A frequency counter (BK Test Bench 388A, BK
Precision) allows the HVac frequency to be monitored and reproduced. Standard
solutions were signal element ICP-grade solutions stabilized in HCl or HNO; from High
Purity Standards (Charleston, USA) and those stabilized in HNO3 from SPC Science
(Quebec, Canada). The standards were diluted with distilled water (18 MQ) to
appropriate concentrations.

2.1.7 Microplasma Device (MPD) Warm-up

In the past, planar MPDs were run for 20-30 seconds before starting the data
acquisition during introduction of the sample. This was done in order to warm up the
device and ensure a fairly constant background signal. The warm-up time of 20-30
seconds was chosen arbitrarily in the past but is 20-30 seconds long enough to obtain a
constant background?

In order to address this question a 30 mm inter-electrode distance (IED) bluish
MPD was monitored for 120 s at the Ag prominent emission line (328.07 nm) using a
monochromator. This spectral line falls on a higher point of the H, hump from 200-400
nm (Fig. 2.4) and will give an indication of the time required to warm up the device. Fig.
2.8 shows data taken at 100 Hz (total of 120 s) for a low power bluish MPD (8.26 W).
This figure clearly demonstrates that in order to have an MPD with reproducible
background emission (at this particular wavelength, plasma conditions, instrumentation,
etc.) the MPD must be warmed up for roughly 60 s. Using this new information and
extending the warm-up time to incorporate different conditions and IEDs, all of the data

in this thesis were acquired using a MPD warm-up time of 80 s, unless noted otherwise,
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prior to data acquisition (DAQ). This was done in order to enhance the precision of the

MPD.
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Figure 2.8: Bluish MPD background emission at 328.1 nm for 120 s at 100 Hz data
acquisition (DAQ) time demonstrating MPD warm-up time.

2.2 PMT-based Monochromator and CCD Spectrometer
The majority of experiments described in this thesis used a portable
polychromator equipped with a charge coupled device (CCD) detector because of the
large wavelength coverage and the useful information that can be obtained from viewing
such a spectral range. A monochromator with photomultiplier tube (PMT) detector was
also used for determining the limiting precision of the MPD. It was also to show the
estimated detection limit improvements when using the more sensitive PMT detector as

compared to the CCD detector.
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2.2.1 Mini-ITV Transient Signal

The mini-ITV vapourization event produces a transient signal that lasts from 100
ms to a few seconds depending on the vapourization power. The spectrometer used to
record the transient signal is a Heath monochromator with a PMT detector at it’s exit slit
(Fig. 2.9a). Data was acquired at a rate of 100 Hz, which is fast enough to capture the

entire transient signal generated from a microsample introduced via mini-ITV (Fig. 2.9b).
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Figure 2.9: a) Schematic of MPD with PMT-based monochromator (microplasma is
formed between EI and E2) and b) example transient signal.’

2.2.2  Monochromator with Photomultiplier Tube (PMT)

The monochromator is used for monitoring of a single channel (wavelength) at a
time. The Heath monochromator is a scanning Czerney-Turner spectrometer comprised
of an entrance and exit slit, mirrors and a grating (Fig. 2.9a). Scanning monochromator

simply means that the monochromator is capable of scanning a spectral range (depending
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upon the spectral response of the PMT detector) but only one wavelength at a time. The
monochromator has a 0.35 m focal length, an adjustable entrance and exit slit (200 um
slit is used unless otherwise noted), and a grating with 1200 grooves mm™'. Photons are
guided through the monochromator’s exit slit to the PMT (Model R928, 180-900 nm
spectral response, -800 V, Hamamatsu Photonics, Japan). Photons impringing on
photoemissive cathode are converted to electrons and multiplied by the dynode chain of
the PMT with a gain of 10° to 10° electrons. This current output at the anode of the PMT
is then amplified and converted to voltage (Stanford Research Systems Low-Noise
Current Preamplifier Model SR570, Sunnyvale, CA). This voltage is read by the
computer using custom Labview software (National Instruments, Austin, TX).**

2.2.3 Portable Polychromator with Charge Coupled Device (CCD)

The portable StellarNet© EPP2000C spectrometer (Stellarnet, Oldsmar, FL) uses
an integrating 2048 pixel CCD detector that covers the spectral range of 200-850 nm
simultaneously. This allows the user to monitor a wavelength range and not just at one
wavelength. The CCD detector is an integrating detector that can integrate the signal for
as short as 4 ms or as long as 1000 ms. The light travels through a fibre optic cable (0.3
m, 600 um) and into the spectrometer through a 25 um entrance slit. A flat field
concave grating then guides the light to the CCD detector for quantification, as
schematically shown in Fig. 2.10. This USB- or battery-operated spectrometer is small in
size, 44 x 94 x 150 mm, and can be easily transported into the field. The small size
means that the resolution suffers (~0.5-1 nm resolution) since the focal length of the

spectrometer is one of the factors contributing to resolution. Due to the simplicity of the
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analyte emission spectra that the MPD produces, (with on average 1-5 spectral lines per

element) the relatively poor resolution spectrometer is of no major concern.”
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Figure 2.10: Schematic of Stellarnet © EPP2000C concave grating CCD spectrometer.

Using the Stellarnet SpectraWiz software that comes with the spectrometer, there
is a function called “episodic data capture.” This allows one to capture data that contain
individual spectra or episodes, i.e., a snapshot of the complete spectrum from 200-850
nm, for a set increment of time (e.g., integration time of 4-1000 ms). For example, the
majority of data has been taken using 15 ms integration time and 16 ms for data transfer
(31 ms total per episode). Then the detector refreshes for another set increment of time
before taking the next spectrum or episode. This 16ms data transfer delay between
readings results loss in analyte signal and the need for a faster detector is evident.

In essence, one is losing half of the transient signal to data transfer. Although
compromised resolution and analyte emission loss are unwanted characteristics of the
CCD polychromator, the ability to record the entire background spectrum simultaneously
allows one to study microplasma conditions and monitor any disturbances or changes in

the MPD background. For example, if the mini-ITV is loosely connected to the MPD or
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air-tight seal is lost, the peaks caused by the air entrainment will show up in the
background spectrum and this will alert the user that something is wrong with the setup.
In the case of the PMT system, this is more difficult to detect. For example, one is “in
the dark” for everything except the one wavelength of interest being monitored so unless
the selected wavelength is in a plasma background region affected by air entrainment, the
user will not notice any change in MPD operating conditions.

Fig. 2.11, a) shows an example of 3-d plot (intensity vs. wavelength vs. time) for
raw Zn data (10 ppm, 3puL) obtained using episodic data capture for a bluish tubular
MPD. A background spectrum (i.e., one free of analyte signal) from pre- or post-
vapourization is selected and then subtracted from every spectral episode to give the
background correction spectra in b). Then the background corrected episodes containing
analyte signal are summed up to give the traditional 2-d net intensity vs. wavelength

graph shown in c).
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Figure 2.11: Zn signal (10 ppm, 3ul) for tubular MPD with 50 mm inter-electrode
distance (IED) in 3-d (intensity vs. wavelength vs. time) plot for a) raw data, b)
background corrected signal, and c) 2-d (intensity vs. wavelength) summed net Zn signal
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2.2.4 Fibre Optic Cable Diameter and Length

The CCD spectrometer has the ability to adjust it’s resolution simply by adjusting
fibre optic cable diameter (and length). The work done with the He/H, MPD was carried
out using a fibre optic cable with a length of 2 m and a diameter of 600 um, simply
because that is what was sold with the spectrometer. After purchasing fibre optic cables
with various diameters, i.e., 600 and 1000 pm, and various lengths, i.e., 0.3 and 2 m, it
became apparent that changing the diameter and the length of the fibre optic cable
changed the intensity and the resolution of the emission lines generated from a Hg lamp
(also available from Stellarnet). The effect caused by the change in cable diameter is
shown in Fig. 2.12. The larger diameter cable provided a non-even increase in intensity
but with poorer resolution. The increased diameter is the conceptual equivalent of
increasing the slit height for a fixed slit width. It is well known that increasing the slit
height for a fixed slit width, will cause spilling of light into adjacent pixels (or space) and
this results in poorer resolution and broadening of the emission peak.” Fig. 2.13 shows
what happens when the length of the fibre optic cable is varied. The shorter length
provided increased intensity but with (apparent) poorer resolution. For all of the
experiments requiring the CCD spectrometer a 600 um diameter and 0.3 m long fibre

optic cable was used to take advantage of mid-range light throughput and resolution.
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Figure 2.12: The effect of fibre optic cable diameter using a Hg lamp source.
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Figure 2.13: The effect of fibre optic cable length using a Hg lamp source.
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Chapter 3

Microplasma Stability
3.0  Tubular Microplasma Stability

A key issue that arose in previous work using planar MPDs was the plasma
background stability. Confinement of the microplasma with a tube (i.e., a wall-stabilized
MPD) was thought to improve the stability of the background emission since the
microplasma has less distance to shift or move (1.3 mm I.D. quartz tube and 0.600-0.800
pm microplasma). This reason alone was the motivation for switching to the tubular
Ar/H, MPD. With a more stable plasma background emission, one would be able to
further characterize the MPD with ease. Given that a tubular geometry will reduce the
distance that the plasma can shift, one must still investigate whether such a geometry will
produce more stable background emission spectra. Also, does the mode of the plasma,
i.e., bluish or pinkish influence the stability of the MPD background emission spectra?
3.1  Pinkish Tubular Microplasma Device (MPD)

All three lengths of inter-electrode distance (IED) tested, i.e., 10, 30 and 50 mm,
were able to form the pinkish plasma but reproducing the frequency, power and
background emission levels and spectral lines was very difficult. Sometimes the 80 s
MPD warm-up time did not stabilize the pinkish MPD. A problem associated with
having to run the pinkish MPD for prolonged periods of time is the generation of heat.
As the MPD electrodes heat up, the glue that binds the electrode and quartz glass begins
to melt. The pinkish MPD is more “thermal” in character than the bluish plasma and gets
hot to the touch. Overall, the pinkish MPDs had a much shorter lifetime than the bluish

MPDs.
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The pinkish plasma has a complex background spectrum with Ar atomic
emissions in 600-850 nm region, hydrogen lines at 434, 468 and 656.2 nm (ascending
order of line intensity) and H, hump from 200-400 nm (Fig. 3.0). The background
spectral features are dependent on the microplasma operating conditions. The pinkish
mode (for a given frequency) will occur when the dc power supply operates in variable
current and controlled voltage mode. The plasma switches into the bluish mode as soon
as the current becomes controlled (the dc power supply can be either voltage or current
controlled but not both simultaneously). The almost-saturated 656.2 nm H line is what

gives the plasma the pinkish colour.
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Figure 3.0: Labeled pinkish Ar/H; tubular 30 mm IED MPD background spectrum from
200-850 nm.
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Operating conditions with stable background spectra were found for various
pinkish MPDs but as soon as the mini-ITV introduced the hot gas containing the dried
microsample, (as would be expected during sample vapourization) the plasma
background spectra changed. This lead to poor background correction as demonstrated in
Fig. 3.2 (b-c). In Fig. 3.2a), the raw data for a Ca (1 ppm, 3 pL) and Li (100 ppb, 3 pL)
signal is shown for a relatively low mini-ITV vapourization power (20 W). Itis
impossible to see the fluctuation of the hump from 200-400 nm in Fig. 3.2a) but
fluctuation is clear in the background corrected Ca signal in Fig. 3.2b). The H lines
increase as the mini-1TV heats up and this shows up in background corrected spectra in
Fig. 3.2 (b-c). Fortuitously, the Ca 422.67 nm line is almost baseline resolved and the Li
670.78 nm line is baseline resolved but a number of elements would not avoid the affect
of the background change. These large fluctuations of the 656.2 H line and other spectral
features introduced the need for signal processing (i.e., normalization), which is what this
study was trying to remove altogether. Like the planar He/H, MPD?>, the fluctuations are
non-linear across the wavelength axis and would require rigorous 2-4 point
normalization. The confinement within the tube limits microplasma movement to ~200-
300 pum on either side. In this case, the fluctuations are in the positive direction
suggesting that within the pinkish mode some emission lines are sensitive to the heat

introduced by the mini-ITV (i.e., the H, hump, the H lines and Ar lines).
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Figure 3.1: Example of tubular pinkish MPD background instability when Ca (1 ppm, 3
ML) and Li (100 ppb, 3 pL) dried microsample is introduced via mini-ITV. a) Raw 3-d

(intensity vs. wavelength vs. time) plot and background corrected 2-d (intensity vs.
wavelength) plots for b) summed net Ca signal and ¢) summed net Li signal.
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3.2 Bluish Tubular Microplasma Device (MPD)

The wall-stabilized, tubular geometry MPD does exactly as thought with the
bluish mode, that is, it confines the microplasma to the tube which in turn, improves the
stability of the background spectra. This was observed for a variety of powers and inter-
electrode distances (30, 50 mm IEDs). If there was a background disturbance caused by
mini-ITV, it was minimal, primarily within a few episodes ahead of the analyte signals.
The 10 mm IED MPD could not form bluish plasma (for this particular plasma frequency
generator, geometry, tube diameter, electrode diameter and material, etc.). The tubular
bluish MPD background emission (Fig. 3.2) is very similar to that of the planar bluish

MPD.” The intensity of the background varied with IED, power and observation location.
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Figure 3.2: Labeled bluish Ar/H, tubular 30 mm IED MPD background spectrum from
200-850 nm.
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The tubular bluish MPD can operate for minutes at a constant background (once
the initial “thermal” equilibrium has been reached) without heating up sufficiently to melt
the glue but it has been noted that with an increase in power and IED, the temperature of
the bluish MPD would become hot to the touch. Overall, due to the stability and
simplicity of the bluish MPD background spectrum there was never a need for
normalization of any of the data in this thesis (0% compared to 30% for planar Ar/H,
MPD’ and 100% for He/H, MPD?).

An example of this background stability is demonstrated in Fig. 3.3 using Cu (1
ppm, 3 pL) at medium to high mini-ITV power (~60 W). In Fig. 3.3a), superimposed 2-
d (intensity vs. wavelength) plots are shown for 23 spectral episodes. In this case, 3
spectral episodes contain raw analyte signals (e.g., Cu), 10 episodes contain pre-
vapourization background emission and 10 episodes contain post-vapourization
background emission. Minor fluctuations in the spectral hump observed around 280 nm
(Fig. 3.3a) occurred before the Cu signal appeared but background correction was not

affected and baseline resolved peaks were obtained (Fig. 3.3b).
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Figure 3.3: Example demonstrating the stability of tubular bluish MPD using Cu (1 ppm,
3 yL) with mini-1TV at higher vapourization power (~60 W), a) super-imposed 2-d
(intensity vs. wavelength) plots for 23 spectral episodes containing Cu raw signals (3
episodes) and background emission spectra (10 episodes pre-vapourization and 10
episodes post-vapourizaiton) and b) 2-d plot of summed net Cu signal.
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The bluish MPD can be tuned to have more power by increasing the current limit
and/or adjusting the voltage or frequency. Once the dc power supply switches from
current control to voltage control, the microplasma switches from bluish colour to pinkish
colour instantly (for the bluish frequencies tested in this thesis). As the bluish MPD
increases in power and becomes more hot to the touch and pinkish-like, the lifetime of
the device decreases as well as the stability of the background emission.

To further test for background emission instabilities of the higher power bluish
MPD the PMT-based system was used (Fig. 3.4). In a), Fe (1 ppm, 3 uL) is introduced
into the MPD at increasing vapourization powers (temperatures). As the vapourization
power surpassed ~60 W (for the particular MPD conditions), a second peak began to
appear in the analyte emission signal acquired at 248.8 nm. In Fig. 3.4b), a coil blank
with mini-ITV turned on for about 0.5 s at the highest vapourization power demonstrates
that an artifact occurs at this wavelength. The next coil blank with mini-ITV left on for
about 5 s (i.e., the duration of signal acquisition) shows the increase in the background
levels to the same height of the previous blank but with the background never returning
to the original level. Finally, the third figure in this sequence shows the Fe (1 ppm, 3 pL)
with mini-ITV left on. This series of figures clearly demonstrates that the hump from
200-400 nm changes with increasing mini-ITV power/temperature, as seen with the
pinkish MPD, reconfirming that the H, hump is sensitive to the heat from mini-ITV.
From these data (Fig. 3.4) it can also be concluded that using maximum mini-ITV

vapourization power is not always beneficial.

45



0.35 . 1 . .
a) 295 W 41.4W 553 W 70.4 W 873 W

0.30 -

o
N
a

Intensity (A.U.)
o
3

e :

0.10

b) 0351 1 1
Coil Blank @ 87.3 W Coil Blank @ 87.3 W Fe @ 87.3W
with mini-ITV left on with mini-ITV left on

0.30

o)

: 0.25 4

<

2

a

I 0.20 1 1

£ A T e
0.15 + B 1

0.10

0 1 2 3 4 50 1 2 3 4 5 0 100 200 300 400 500
Time (s)

Figure 3.4: PMT signals acquired at 248.8 nm demonstrating a) the effect of mini-ITV
power on Fe (1 ppm, 3 pL) signal and higher power bluish MPD background. b) To
confirm that Fe was not responsible for both peaks observed at higher mini-1TV
vapourization powers, coil blanks at 87.3 W with mini-1TV turned on briefly (<0.5 s) and
mini-1TV left on for about 5 s were tested as well as Fe (1 ppm, 3 pL) signal with mini-
ITV left on for about 5 s.

In summary, using a rule-of-thumb from the past that states that “the higher the
mini-ITV vapourization power the higher the signal peak height” one would expect an
increase in signal-to-noise ratio (SNR) with increasing mini-ITV power and an
improvement in the detection limit. This rule is only beneficial for elements in
wavelength range unaffected when using high vapourization power by mini-ITV. For

example, the improvement in SNR in the Fe signal obtained when vapouring an Fe

containing microsample at 55.3 W is marginal as compared to the improvement obtained
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when vapourizing the same amount of Fe containing sample at 87.3 W (Fig. 3.4a). Itis
noteworthy that ~90 W is the maximum vapourization power that can be applied to this
mini-1ITV coil and that SNR is related to the detection limit. Getting back to the signal
shown in Fig. 3.4a, as vapourizing power is increased from 55.3 W to 87.3 W
background correction gets progressively more complicated. Clearly, the slight
improvement in SNR is outweighed by complicated background correction.

Mini-ITV coil blank signals (i.e., those obtained without pipetting a sample or
water on the coil) were obtained as shown in Fig. 3.4b. As vapourization power
increased (e.g., 87.3 W), a peak signal appeared. In this case the 87.3 W vapourization
power was applied to the coil for about 0.5 s. Since nothing was placed on the coil and
the coil was not retracted from the vapourization chamber (as would be required to
pipette a microsample), is this signal due to spectral interference vapourizing from the
coil, or from the ceramic or from the vapourization chamber?

To address these questions, a coil blank was run one more time at 87.3 W, but
with mini-ITV left on for about 5 s. Interestingly, the peak disappeared and was replaced
by a constant-intensity signal (e.g., between 2-5 s in the middle frame of Fig. 3.4b).
Furthermore, the constant intensity signal had the same intensity as the maximum
intensity of the peak signal obtained when 87.3 W of power was applied to mini-ITV for
only 0.5s. This experiment was replicated several times yielding similar results. Thus,
spectral interference was ruled-out because had it been interference from material
vapourizing from the coil, the ceramic or the chamber the intensity levels would change
the more times the experiment was run. In fact, the post-vapourization intensity levels

were the same as those observed when running a coil blank (Fig. 3.4b, middle frame and
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right-frame). Furthermore, peak height of the Fe signal observed when applying 87.3 W
for 5 s (right-most frame, Fig. 3.4b) was statistically the same (right-most frame, Fig.
3.4a) when applying 87.3 W for only 0.5 s. Thus, based on these results spectral
interference was ruled-out.

From these results, it can also be concluded that for MPDs operated as described
in this thesis, using the maximum vapourization power is not always beneficial, at least
from the SNR and background correction points of view. From these results, it can also
be speculated that as vapourization power increases (e.g., to 87.3 W), the temperature of
the mini-ITV carrier-gas entering the microplasma becomes a significant fraction of Tgas
inside the microplasma channel. In the future, it would be interesting to examine this
possibility.

3.3 Bluish Tubular Microplasma Device (MPD) Limiting Precision

The bluish MPD has reproducible background emission levels from one run to the
next but will the same be true for analyte signals? What is the limiting precision of the
MPD for background and analyte signals? The limiting precision of the MPD was tested
using the monochromator/PMT system (Fig. 3.5) because data can be acquired faster than
the CCD spectrometer. Since the majority of work for this thesis has been carried out
using the CCD polychromator (which has poorer precision due to the known fact that
over half of the transient mini-ITV signal is being lost due to data transfer delays), the
limiting precision of the CCD polychromator must also be determined.

The limiting precision of the PMT was determined by running 10 separate runs of
Ag (1.5 ng) at 328.07 nm on the Heath monochromator. In Fig. 3.5, the raw data for

these 10 runs is shown. This figure demonstrates that the background and peak height do
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not change significantly from run to run. In Table 3.0, the precision of the background,
net peak height and net peak area is calculated. The limiting precision of the device was
determined to be 2.7, 4.5 and 4.0 % for the bluish MPD background, net peak height and
net peak area, respectively. Note that in these precision values there is an added error
from the Eppendorf© pipette (certified to < 3% error). Also, the peak heights are 0.5 %
worse than peak areas since peak height depend on the placement of the microsample on
the coil and the rate at which the coil heats up. Since the data acquisition (DAQ) time is
sufficiently fast and no data are lost (as with the CCD spectrometer), peak areas will

account for the entire microsample introduced into the MPD, and thus should have better

precision.
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Figure 3.5: PMT raw signals for 10 individual consecutive runs of Ag (500 ppb, 3 L) at
328.07nm demonstrating the limiting precision of the MPD with a PMT-based system.
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Table 3.0: Average, standard deviation and relative standard deviation for PMT signals
from run 1-10 of Ag (500 ppb, 3 pL) at 328.07 nm.

Run Raw Average Net Peak Net Peak
# Signal Background Height (A.U.) Area (A.U.)
1 0.5017 0.0754 0.4263 6.689
2 0.47 0.0821 0.3878 6.338
3 0.4612 0.0814 0.3798 6.119
4 0.5118 0.0815 0.4303 6.885
5 0.4752 0.0813 0.3939 6.356
6 0.502 0.0816 0.4205 6.807
7 0.501 0.0816 0.4195 6.750
8 0.4704 0.0833 0.3868 6.252
9 0.4958 0.0827 0.4131 6.630
10 0.4817 0.0826 0.3991 6.488
Average 0.4871 0.0813 0.4057 6.531
Stdev 0.0174 0.0022 0.0183 0.258
%RSD 3.57 2.71 4.52 3.96

The limiting precision of the CCD polychromator was determined by using 25
individual runs of Ag (500 ppb, 3uL) and monitoring the peak height and the peak area of
the 328.07 nm Ag emission line. The average background was determined by averaging
background intensities at 282 nm for all episodes. The results for the 25 Ag runs are
shown in Table 3.1. The relative standard deviation (RSD) for the background is 1.4 %
and the RSD of the net peak height and area is ~17.5 %. The precision is therefore 3-4x
poorer than the PMT system. In order to improve RSD, a faster detector is required with
shorter data transfer delays. Since this suggestion does not lie within the scope of this

project, 3-4 replicates will be run for each sample where statistical confidence is required.
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Table 3.1: CCD polychromator limiting precision for the background, net peak height
and net peak area (328.07 nm) for 25 individual Ag (500 ppb, 3 pL) runs.

Run Average Background Net Peak Height Net Peak Area
# (A.U) (AU (AU
1 213.74 1562 12872
2 214.94 1811 14753
3 216.56 1537 12985
4 216.21 2002 16521
5 219.03 1995 16120
6 212.23 1275 10339
7 212.75 1673 13106
8 215.50 1784 14583
9 215.38 1722 14118
10 216.56 1566 12861
11 215.38 1361 11119
12 218.73 1442 12141
13 218.86 1158 9464
14 218.52 1547 12610
15 216.50 1582 13345
16 215.46 1288 10278
17 215.95 1190 9626
18 219.49 1865 15206
19 222.56 1560 12527
20 222.96 1109 9120
21 218.82 1188 9810
22 219.95 1421 11456
23 221.78 2006 16411
24 222.01 1882 14944
25 221.44 1574 12953
Average 217.65 1564 12770.72
Stdev 3.05 274.00 2224.29
% RSD 1.40 17.52 17.42

3.4  Conclusions

The stability of microplasma background emission when introducing dried
microsamples via mini-ITV has been a key issue since the beginning of the MPD
research using the CCD spectrometer. With past students, the monochromator was
mostly used for acquiring data. Since the entrance slit on the monochromator is less than
or equal to 200 um, any minor movement of a 600-900 um microplasma would not affect

the analytical signals. With the CCD spectrometer, the diameter of the fibre optic cable
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is 600 um and since the microplasma is 700-900 um in diameter, any instability will
show up in the spectrum. Confining the plasma to a tube provided even more stability
than the planar MPD geometry with a relatively wider channel.>’ The bluish mode of
plasma also increased the stability of the plasma. With increasing MPD power, the bluish
mode shifts towards the pinkish mode and the microplasma becomes more unstable,
especially in the vicinity of the broad Hydrogen signal spanning 200-400 nm. Hydrogen
lines are sensitive to the heated gas from mini-ITV, especially when the MPD is operated
in pinkish mode. As the vapourization power (or coil temperature) increases and using

higher power bluish MPD, so does the Hydrogen hump instability.
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Chapter 4

Analytical Performance of the Microplasma Device (MPD)

40  Overview

Emission of the microplasma device (MPD) background has been shown to
change depending on the region of the plasma that is viewed between the electrodes
(observation location), frequency, power and whether a pinkish or bluish mode is used.
Furthermore, it has been shown that the Li signal intensity varies with MPD power at a
fixed observation location.” And, it has also been visually observed that with high
concentrations of Na (> 5-10 ppm), as one increased the power of the MPD (i.e., by
increasing the voltage, current or both and/or by increasing the IED), the yellow emission
(588.995 and 589.592 nm) would only occur at the front part of the microplasma (with
front defined as the part of the microplasma closest to the mini-ITV outlet). At lower
MPD powers, the entire channel would fill with yellow colour.° What is happening to the
Na signal?

Although electrical power has been shown to affect the analytical performance, it
is not known whether other parameters (mentioned above) that affect the plasma
background emission will also affect the analytical performance of the MPD. In the past,
the philosophy was that the brighter a pinkish plasma was the better and more intense
analyte signals of the MPD would be.”"***?? Does the pinkish MPD have better
analytical performance than the bluish? Does more power mean improved signal
intensity?

This chapter will focus on the analytical performance of the tubular MPD by
demonstrating the effect of observation location of 4 elements, having different

volatilities and covering a wide wavelength range. In particular, inter-electrode distances
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(IEDs) and the MPD operating modes (i.e., pinkish and bluish); the effect of MPD power
and operating mode on fixed observation locations; and estimated detection limits of 16
elements will be determined using both the CCD spectrometer and the more sensitive
monochromator system with PMT.

4.1  Observation Location of the Microplasma Device (MPD)

Observation location can be compared to viewing location for the ICP torch. The
analyzable elements by ICP have different signal response (or intensities) depending on
the viewing distance above the load coil of the ICP torch. Analyte residence time, i.e.,
the amount of time that analyte interacts with (or resides) in the plasma, is one factor
responsible for this variability in viewing locations. Another factor is the excitation and
ionization energy of the element. Easily ionization elements (EIEs) such as group I
metals, i.e., Na, Li, K, require a region that is far above the torch (~20 cm). The
prominent lines for the EIEs are atomic lines, not ionic lines because most ionic lines for
these elements have excitation energies that are higher than the ICP can provide. Thus,
EIEs must be viewed in a “colder” region where population of atoms is higher.
Commercially available ICP systems have the default viewing height set to a
compromised position that allows for analysis of a wide variety of periodic elements at
the cost of analytical performance.’

Other plasma researchers have also noted an observation height dependence for

: . e 3,26,27
signal intensities.™

In past work with the planar MPD, the fibre optic cable was fixed
arbitrarily in the centre of the microplasma (i.e., middle distance between the two

electrodes) due to the stability at this particular location.”” Is this the best observation
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location for all elements? What happens to the observation location as the IED and
consequently power changes?

An observation location study maps the emissions of 3uL samples of Ca (1 ppm),
Li (100 ppb), Ag (1 ppm) and Zn (1 ppm) at four locations, i.e., front, mid-to-front,
middle and back with three inter-electrode distances (IEDs), i.e., 10, 30 and 50 mm was
undertaken. Bluish and pinkish modes will be used for 30 and 50 mm IED and only
pinkish mode will be used for 10 mm (unable to form the bluish mode at this IED with
the current setup). Dried microsamples of the standard solutions were introduced into the
MPD using fixed mini-ITV vapourization power of 20 W (4.0 V, 5.0 A). These elements
were chosen due to their wide spectral range coverage (213-670 nm) and variable
excitation energies of the emission lines (1.8-5.8 eV). In Table 4.0, the operating
conditions for this study are listed. The most prominent line of each element was used,

i.e., Ca (422.67 nm), Li (670.78 nm), Ag (328.07 nm) and Zn (213.86 nm).

Table 4.0: Observation location study conditions including inter-electrode distance
(IED), voltage, current, frequency, power density and mode.**due to distorted waveform

Inter-
electrode MPD Operating Conditions
Distance Voltage Current  Frequency Nominal Power Density
(mm) (V) (A) (KHz) Power (W) (W/mm?) Mode
10 8.4 0.63 **670.0 5.3 0.6738 Pink
30 8.1 1.10 64.1 8.9 0.3782 Blue
30 8.4 1.35 *%280.0 11.3 0.4813 Pink
50 8.3 1.83 61.4 15.2 0.3868 Blue
50 11.0 1.93 **300.0 21.2 0.5406 Pink

In Fig. 4.1 and 4.2, it is clearly evident that the MPD behaves similarly to that of

the ICP, that is, the optimum observation location changes depending on the element of
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interest. In fact, observation locations are not only element dependent but also dependent
on [ED, MPD power and operating mode. This power dependence for observation height
(location) has also been observed with an ICP and other analytical plasma sources.>*%*’

General trends from Fig. 4.1 and 4.2 show that of the 4 elements and 5 MPDs, the
maximum emission does not appear at the front or the back electrode. The only
exception is Zn, with 30 mm IED bluish MPD. Residence time in the microplasma is
likely to explain why the maximum emissions do not occur at the front and back
observation locations. At the front, the analytes do not interact with the plasma long
enough. At the back, it is likely that the analytes reside too long in the microplasma,
losing atomic population to ions. As the power density increases within a fixed IED, the
device becomes hotter to the touch and likely, analytes will require less residence time to
obtain similar net intensities.

An inter-comparison of all the MPDs tested is only possible at the front viewing
location. For example, looking just at the front observation location for the MPDs tested,
Ca and Li have their maximum net intensity with the 50 mm IED pinkish MPD (Fig. 4.1
and 4.2). This suggests that more MPD power density for Ca and Li is better at this
particular viewing location (power density dependence of these 4 elements will be looked
into in the next section). Beyond that, other observation locations can only be compared

within the same IED, i.e., mid-to-front location for 10, 30 and 50 mm IED is 2.5, 7.5 and

12.5 mm from the front electrode, respectively.
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Figure 4.1: Emission profiles for 3 pL of Ca (1 ppm), Li (100 ppb), Ag (1 ppm), and Zn
(1 ppm) at front, mid-to-front, middle and back observation locations for 10 and 30 mm
IED pinkish MPD and 30 mm IED bluish MPD.
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Figure 4.2: Emission profiles for 3 pL of Ca (1 ppm), Li (100 ppb), Ag (1 ppm), and Zn
(1 ppm) at front, mid-to-front, middle and back locations for 50 IED pinkish and bluish
MPD.
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Now focusing on Ca and 30 mm IED MPDs (Fig. 4.1), one can see that higher
power density of the pinkish MPD provides the more intense Ca signal. It can also be
noted that the maximum emission for Ca comes out at mid-to-front location for the
pinkish MPD and middle location for the bluish MPD. In the last chapter, the pinkish
MPD is referred to as being more “thermal” than the bluish MPD. It appears that Ca
requires less residence time in the more powerful and “thermal” pinkish MPD and had
maximum net signal intensity at mid-to-front location. With the “softer” bluish 30 mm
IED MPD, the maximum net Ca signal intensity was observed at middle location. This
similar trend is seen with Ca and 50 mm IED MPDs (Fig. 4.2).

The last comment on the general trend of Fig. 4.1 and 4.2 suggests that
observation location can be an “a good signal or no signal at all” situation depending on
the element and MPD conditions. For example, by viewing the “wrong” location, one
could conclude that a sample being analyzed did not contain the element of interest,
which may not necessarily be the case. This clearly demonstrates the importance of
observation location.

4.2 Microplasma Device (MPD) Power Study

From the analyte emission mapping study, it was shown that the pinkish MPD can
provide very intense signals for some elements, e.g., Ca. As mentioned in Chapter 3
(Sec. 3.1), the pinkish MPDs had unstable background emission spectra and operating
conditions. What if the bluish MPD could be tuned to higher powers to get the benefits
of higher signal intensities (for elements like Ca) but still have the more stable and less
intense emission background? The power of the MPD (within a given frequency) can be

increased by either increasing the IED, the nominal dc power or both. There is a turning
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point in the mode from bluish to pinkish as the current is allowed to increase to a point
where the dc power supply automatically switches from current controlled to voltage
controlled.

The purpose of the power study is to find operating conditions at mid-to-front and
middle locations that provide increase signal intensities for Ca, Li, Ag, and Zn. Once
again these four elements were chosen due to their spectral range coverage. The results
from the power study will be used as a guide to obtain an indication of the preferential
MPD power of 12 other elements, i.e., Ba, Cd, Cu, Eu, Fe, K, Na, Mn, Mg, Pb, Rb and
Sr. From the mapping study, 3 of the 4 elements tested have maximum net signal
emission when using the 30 mm IED MPDs. Zinc was the only element that has the
maximum emission with bluish 50 mm IED but the second best emission for Zn was
obtained using the bluish 30 mm IED MPD (~20% less). For these reasons, the power
study will use a 30 mm IED MPD. Since front and back observation locations do not
show net analyte emissions for any of the 4 elements tested at this IED, this study will
only look at mid-to-front and middle observation locations (7.5 and 15 mm from front
electrode, respectively).

The operating conditions used are listed in Table 4.1. Four electrical powers that
generated microplasmas with bluish colour background emissions were tested. For three
of the four microplasmas, the same HVac frequency was used (64.0 kHz). For the fourth
microplasma, the maximum possible power that can used to sustain a microplasma with
stable, bluish colour background emission was employed. To do so, the HVac frequency
was changed to 56.6 kHz. Only one microplasma with stable pinkish colour background

emission could be established (Table 4.1) and therefore, only one was tested. Once
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again, the dried microsamples of Ca (3 ng), Li (300 pg), Ag (3 ng) and Zn (3 ng) standard
solutions were introduced into the MPD at a fixed mini-ITV vapourization power of 20
Ww.

Table 4.1: MPD operating conditions for power study including voltage, current,

frequency, nominal dc power, nominal power density and mode.
**due to distorted waveform

MPD Operating Conditions
Voltage  Current Frequency Nominal Power Density
(V) (A) (kHz) Power (W) (W/mm?) Mode
8.1 0.95 64.0 7.695 0.3261 Bluish
8.1 1.15 64.0 9.315 0.3947 Bluish
8.2 1.33 64.0 10.906 0.4621 Bluish
9.5 1.26 56.6 11.97 0.5072 Bluish
8.4 1.28 **208 10.752 0.4556 Pinkish

Figures 4.3 and 4.4 show the effect of power, frequency and bluish and pinkish
operating mode on Ca, Li, Ag, and Zn signals at mid-to-front (Fig. 4.3) and middle
observation locations (Fig 4.4). Data acquired for pinkish MPD shown encircled in Fig.
4.3 suggests that for the experimental conditions used, it is not advantageous to use an
MPD with pinkish colour background emission. In fact, not only is the background
unstable (which adds the need for signal processing) but also the net intensity is less (for

the elements tested, observation location, operating conditions used in this thesis, etc.).
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Figure 4.3: The effect of power on 3 pL of Ca (1 ppm), Li (100 ppb), Ag (1 ppm) and Zn
(1 ppm) signals at the mid-to-front observation location for 30 mm IED MPD. Five
microplasma powers were used. Four of them generated bluish colour background
emissions and the fifth (data shown encircled) generated a microplasma with pinkish
colour emission.

As mentioned in the Chapter 3 (Sec. 3.2.), the highest power bluish colour MPD
was starting to approach the limit of the current control to voltage control turnover point
where bluish colour MPD switches to pinkish colour MPD. At the mid-to-front
observation location (Fig. 4.3), the highest power bluish colour MPD provided analyte
signals with the best intensities for the 30 mm IED for all four elements. For example,
Ca and Li signal intensities increased by a factor of two in going from a higher power

bluish colour MPD operating at 64.0 kHz (10.906 W in Table 4.1) to the highest power,

bluish colour MPD operating at 56.6 kHz (11.97 W in Table 4.1). In addition, increases
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in net signal intensity were also observed for Ag and Zn. In this case, net signal
intensities increased by a modest 20-25 % when bluish colour MPD power increased
from 10.906 W (Table 4.1) to the maximum used in this thesis of 11.97 W (Table 4.1).
Interestingly enough, Ca when using highest power bluish colour MPD had the 422.67
nm (I) line become the second prominent line next to the 393.37 nm (II) line, suggesting
that MPD power also affects atom-to-ion net intensity ratios (discussed in the next

chapter, MPD Characterization).
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Figure 4.4: The effect of power on 3 pL of Ca (1 ppm), Li (100 ppb), Ag (1 ppm) and Zn
(1 ppm) signals at the middle observation location for 30 mm IED MPD. Five
microplasma powers were used. Four of them generated bluish colour background
emissions and the fifth (data shown encircled) generated a microplasma with pinkish
colour emission.
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At the middle observation location (Fig. 4.4), the highest power is not always the
best power. For example, Ca net intensity improves by ~10% as compared to mid-to-
front observation location (Fig. 4.3) and the pinkish colour MPD and has comparable
signal intensity to high power bluish colour MPD. Zinc also improves by 10% as
compared to mid-to-front observation location (Fig. 4.3). In contrast, Li and Ag,
decrease in intensity with increasing power (Fig. 4.4).

The observations described above were also confirmed visually by running 3 pLL
of concentrated Na solution (e.g., 1 ppm to as much as 100 ppm). Depending on IED and
applied MPD power (at a given HVac frequency), a yellow colour emission was clearly
seen above the bluish colour MPD background when the Na sample was introduced into
the MPD. Depending on operating conditions (primarily MPD power and IED), yellow
emission from Na at different parts of the microplasma was observed. Only two extreme
cases will be described. In one case observed when low power was applied to a bluish
colour MPD, Na yellow emission filled the entire microplasma from electrode to
electrode. In the other case observed when high power was applied to a bluish colour
MPD, Na yellow emission was observed only close to the entrance of the MPD. When
intermediate powers were applied to a bluish colour MPD, the location of the maximum
Na yellow emission varied between the two electrodes that were used to form the
microplasma. In many respects, these visual observations confirm the spectroscopic
measurements described above (e.g., the data shown in Figs. 4.3 and 4.4).

Spectroscopically, these decreases in signal intensity were likely due to atomic
population loss to ions. In summary, this power study clearly illustrates that observation

location, MPD power, HVac frequency and operating mode are intertwining variables
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that affect the analytical performance of the MPD. As mentioned in the introduction,
similar results have been observed in large scale ICPs, in particular, for observation

height above the load coil.

4.3 Microplasma Device (MPD) Estimated Detection Limits

4.31 Estimated Detection Limits with CCD Polychromator

Estimated detection limits E.D.L.s (3 6) where obtained by setting the standard
deviation of the background noise to 1o (i.e., signal-to-noise ratio (SNR) of 3). The SNR
can be improved by either increasing the signal, or by decreasing the background noise or
both.**

Using the information gained from the power study for Ca, Li, Ag and Zn, two
MPD powers will be used to estimate the detection limits of 16 elements (i.e., Ag, Ba,
Ca, Cd, Cu, Eu, Fe, K, Li, Mg, Mn, Na, Pb, Rb, Sr, Zn) from a tubular 30 mm IED bluish
colour MPD using the CCD polychromator. The observation location will be fixed at the
mid-to-front location (i.e., 7.5 mm from the front electrode located next to the outlet of
the vapourization chamber).

The MPD power and observation location studies described above were used for
selection of “optimum” MPD power level and observation location. Specifically, a
medium power (9.315 W, 64.0 kHz) bluish colour MPD and a higher power (11.682 W,
56.6 kHz) bluish colour MPD were selected and used. Although an higher power bluish
colour MPD gave the most intense analyte emission as compared to the other four powers
tested (at mid-to-front observation location), some elements such as Ag and Zn, did not
improve that much when MPD power increased. In addition to MPD power, mini-ITV

vapourization power also plays a key role in SNR (and as a consequence in detection

65



limits). For example, in general, detection limits improve when analyte signals become
taller and sharper. In turn, taller and sharper analyte signals can be obtained when
vapourization power is increased, for instance to about 75-90 W (it is worth repeating
that about 90 W is the maximum power that can be applied to this coil). But, as
vapourization power increases and signals become narrower, fewer spectral episodes are
collected by the CCD spectrometer. Out of the 12 other elements that were tested, it is
possible that the medium power or “softer”” microplasma will provide better SNR,
especially in the 200-400 nm region.

In Table 4.2, estimated detection limits of 16 elements (Ag, Ba, Ca, Cd, Cu, Eu,
Fe, K, Li, Mg, Mn, Na, Pb, Rb, Sr, Zn) for medium and high power bluish colour MPDs
are listed. Some elements perform relatively the same (within 1-3x) at both powers (e.g.,
Ag, Pb, Mn, K, Cu, Na, Zn, Cd, Rb, Mg, Li). Other elements requiring higher
vapourization temperatures require a higher power bluish colour MPD (Ca, Sr, Fe, Eu,
Ba). There is up to 10x improvement in estimated detection limit for these elements
when using higher power bluish colour MPD versus medium power bluish colour MPD.
Figure 4.5 shows Fe and Eu example signals for medium power (9.315 W) and high
power (11.682 W) bluish colour MPD for the same concentration (1 ppm, 3 pL). This

further illustrates how crucial MPD power is for some elements.
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Table 4.2: Estimated detection limits with 30 mm IED bluish colour MPD at medium
power (9.315 W) and higher power (11.682 W). The data was acquired at mid-to-front
observation location with the CCD spectrometer.

9.315W 11.682 W
Estimated Detection Estimated Detection
Element Limit (pg) Limit (pg)
Na 5 5
Cd 70 55
Li 15 5
Rb 120 85
Sr 600 195
Zn 125 95
Ca 235 40
Cu 35 60
K 35 35
Mg 90 35
Mn 25 35
Pb 170 195
Ag 20 30
Fe 275 40
Eu 1100 120
Ba 3500 310

Examples of net signals used for the estimated detection limit calculations of each
element are shown in Figs. 4.6 to 4.21. These were acquired using a 30 mm IED bluish
colour MPD at medium power (9.315 W, 64.0 kHz) and higher power (11.682 W, 56.6
kHz). Unlike the ICP, which has very complex analyte spectra,’ all of the elements tested
thus far by the MPD have relatively simple spectra. The most complex spectra of the 16
elements are for Eu and Fe. Although not all of the spectral lines are baseline resolved for

Eu and Fe, there still is a variety of useable lines.

67



1400

Fe 1ppm, 3L 11.682 W, 56.6 kHz
1200 - _—— 9.315 W, 64.0 kHz
1000
)
< 5004
>
G
[
< 600
c
@
Z 400 -
200
0 ~F
T T T T
200 250 300 350 400 450
Wavelength (nm)
1000
Eu 1 ppm, 3 L
ulppm, 34 11.682 W, 56.6 kHz
— — —  9315W, 64.0 kHz
800 -
-)
< 600 -
>
G
o
£ 4001
©
z
200 -
/ Vi
0 M’J v \ Y
T T T T T T T
360 380 400 420 440 460 480 500

Wavelength (nm)
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and high power (11.682 W) bluish colour MPD at mid-to-front observation location.
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spectrometer. 3-d (intensity vs. wavelength vs. time) plots for a) raw data and b)
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The present tubular geometry (or simply tubular) 30 mm IED MPD had estimated
detection limits for 16 elements ranging from 5-310 pg (at mid-to-front observation
location). How do these estimated detection limits compare with those of the most recent
planar geometry (or simply planar) Ar/H, MPD?’ Before a direct comparison can be
made, there are a few main differences with the planar MPD and the tubular MPD that
must be discussed. Firstly, the planar MPD does not have a limiting orifice. For
instance, the outlet tube of the vapourization chamber of mini-ITV microsample
introduction system had a 1.8 mm 1.D.. This outlet was directly connected to the inlet of
the planar MPD. Thus, there was no flow restriction between vapourization chamber
outlet and MPD inlet. Furthermore, the outlet of the planar MPD was designed to be 7.1
mm 1.D.. Thus, there was no flow restriction at the MPD outlet either.

For the tubular MPD there were some flow restrictions. For instance, the 1.8 mm
(1.D.) outlet of the vapourization chamber was connected to a 0.84 mm (1.D.) of the
syringe that formed the inlet to the MPD (and the grounded or front MPD electrode).
Thus, a flow restriction was formed between the vapourization outlet and the inlet of the
tubular MPD. The needle electrode that also served as the MPD outlet and as the HVac
electrode (Fig. 2.1) had the same I.D. as the electrode that served as the inlet to the MPD.
This symmetric, tubular MPD was used throughout.

For completeness and to reduce possible flow restriction effects placed by the
electrode that served as the MPD outlet, the 1.D. of this electrode was enlarged. This
made the tubular MPD asymmetric. No statistically significant analytical results were
obtained between the symmetric and the asymmetric geometries. For design simplicity,

and as mentioned above, the symmetric tubular MPD was used throughout this thesis. In
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this geometry, the 0.84 mm 1.D. was the limiting orifice that provided a flow restriction.
This limiting orifice speeds up the linear flowrate of the carrier gas from 160 to 650 cm/s.
In other words, due to this restriction the linear flowrate of the carrier gas at the outlet of
the vapourization chamber increased 4 times when the gas went through the front MPD
electrode to become the microplasma gas.

Secondly, the total data acquisition time per spectral episode was also changed
when comparing spectral data obtained between the planar geometry and the tubular
geometry MPD. More specifically the time required transferring data between the CCD
spectrometer and the controlling computer was 32 ms when using the planar MPD. By
reducing software overhead on the computer that controlled the CCD spectrometer, this
delay was reduced to 16 ms. This 16 ms reduced software delay was used for all data
acquired when employing the tubular MPD. Since the same 15 ms integration time was
used for both planar and tubular MPDs, the only difference was in the time delay that was
required for data transfer. For example, 15 ms integration time plus 32 ms required for
data transfer made the total time per spectral episode equal to 47 ms. The 47 ms per
spectral episode was the total time per episode that was used for the planar MPD.” But
when experiments began with the tubular MPD, the data transfer time delay was reduced
to 16 ms. For the same 15 ms integration time, this made the total time per spectral
episode equal to 31 ms. Doing a rough calculation and assuming that everything else is
equal (e.g., MPD conditions, stability of the microplasma background emission, sample
loss, capturing the mini-1TV transient signal at the exact same time, observation location,
etc.), the CCD spectrometer will acquire ~2.5 times less signal for the tubular MPD as

compared to the past planar MPD.
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Table 4.3 shows the comparison of the estimated detection limits for the planar
MPD versus tubular MPD. A few elements (e.g., Na, Li, K, Rb, Mg) had similar
estimated detection limits, within experimental error. For both Ca and Sr, the detection
limits are poorer. The larger improvements in estimated detection limits from 1.5-3.8
times were seen for Ag, Pb, Mn, Cu, Zn and Cd. The increase in power density was
likely a main driving force in the improvement of analyte signal. Also, the added
stability of the background emission may have contributed to a decrease in the noise.

Table 4.3: Comparison of estimated detection limits with past planar Ar/H, MPD’and
current tubular Ar/H, MPD.

Planar Ar/[H,-8W  Ar/H, -9.315W Ar/H, - 11.682 W Planar to
Estimated D.L. Estimated D.L. Estimated D.L. Tubular
Element (pg) (pg) (p9g) Improvement
Na 5 5 5 1.0
Cd 120 70 55 2.2
Li 5 15 5 1.0
Rb 100 120 85 1.2
Sr 120 600 195 0.6
Zn 250 125 95 2.6
Ca 15 235 40 0.4
Cu 130 35 60 3.7
K 40 35 35 1.1
Mg 30 90 35 0.9
Mn 50 25 35 2.0
Pb 650 170 195 3.8
Ag 30 20 30 1.5
Fe - 275 40 -
Eu - 1100 120 -
Ba - 3500 310 -

When factoring in the linear flowrate and time delay differences between the
planar and the tubular geometry MPDs, the estimated detection limits of the tubular for
all of the elements could be further improved by about 2.5 times by either lowering the

linear flowrate or speeding up the DAQ time or both.
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4.32  Estimated Detection Limits with Monochromator

This next section will use the monochromator and PMT detector to obtain
estimated detection limits of the same 16 elements (Table 4.3). The MPD power (Table
4.3) that worked best with the CCD spectrometer will be used. Since the PMT is a much
faster detector, there will be no signal loss to data transfer. Improvements were expected
due to the increased sensitivity of the PMT. Data were taken at the following settings:
100 Hz DAQ rate, 5 seconds per run (i.e., 500 data pts), PMT gain of -800 V and inverted
500-1000 nA/V gain on the amplifier with 3 Hz cut-off frequency filter. Microsamples
of standard solutions were vapourized at the highest mini-ITV vapourization power (87.3
W). The entrance slit viewed ~3-5 mm from to the front electrode to the middle region of
the MPD.

Comparative data between the polychromator with a CCD detector versus the
monochromator with PMT detector are shown in Table 4.4. The PMT system (Fig. 2.9)
had a minimum of 2.5 times improvement for all of elements tested, excluding Fe. As
shown in the Stability section (Sec. 3.2), the 248.8 nm Fe line falls on the maximum of
the H, hump (Fig. 2.6) and the instability at higher vapourization powers causes the
background hump to increase with the introduction of the hot gas from the mini-ITV.
Also, the voltage, current and frequency at high power bluish colour MPD would
sometimes drift from one part of the day to the next. Iron is very sensitive to MPD power
and this drift in MPD power may be the reason why Fe detection limits did not improve
when using the PMT based system. The elements with spectral lines from 200-450 nm
had the highest improvements (as high as 24 times improvement for Eu). The CCD has a

UV sensitive coating to enhance it’s spectral response from 200-380 nm, but the PMT
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remains more responsive in this wavelength range. The estimated detection limits for the

16 elements obtained using the PMT system were 1-35 pg.

Table 4.4: Comparison of estimated detection limits with the CCD spectrometer and the
more sensitive monochromator PMT system.

Polychromator with Monochromator with
CCD PMT
9.32 W 11.7W 9.32 W 11.7W PMT to CCD
Estimated Estimated | Estimated Estimated
Element | D.L. (pg) D.L. (p9) D.L. (p9) D.L. (pg) | Improvement

Na 5 5 - 1 5.0
Cd 70 55 - 3 18.3
Li 15 5 - 2 2.5
Rb 120 85 - 30 2.8
Sr 600 195 - 15 13.0
Zn 125 95 - 4 23.8
Ca 235 40 - 5 8.0
Cu 35 60 3 - 11.7
K 35 35 - 6 5.8
Mg 90 35 - 2 17.5
Mn 25 35 4 - 6.3
Pb 170 195 20 - 8.5
Ag 20 30 2 - 10.0
Fe 275 40 - 35 1.1
Eu 1100 120 - 5 24.0
Ba 3500 310 - 25 12.4

44  Conclusions

There are multiple factors affecting analytical performance of the MPD such as
observation location, the MPD power, IED, frequency, mode, etc. The optimal
observation location was shown to change drastically in some cases and gradually in
others, depending on the element tested (e.g., Ca, Li, Ag, Zn) and the operating
conditions used. The Ca and Li gave most intense signals with a more power-dense MPD

in the observation location study whereas Ag and Zn had maximum emissions when an
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MPD with lower power density was used. There was usually no useful analytical
information when the fibre optic cable was placed directly on the front or back electrodes
due to lack of or to excess of residence time, respectively. The more “thermal” pinkish
colour MPD led to the idea of using a bluish colour MPD with more power (on the edge
of turnover point from bluish to pinkish mode of microplasma). The higher power bluish
colour MPD, although slightly unstable due to increase in H, broadband emission in the
200-400 nm spectral range caused by the heat generated by mini-ITV, showed to have
improved analytical performance for a variety of elements (up to 10 times as compared to
medium power bluish MPD). It was concluded that more MPD power means better
analytical performance for some elements like Ca, Ba, Eu, and Fe. But, the
improvements in analytical performance were element dependent with some elements
have better performance at lower MPD power levels. The CCD spectrometer showed
estimated detection limits of 16 elements to be 5-310 pg. The more sensitive and faster
response PMT showed the true potential of the MPD with estimated detection limits of

the 16 elements to be 1-35 pg.
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Chapter 5

Some Fundamentals of Microplasmas

50  Overview

Unlike the thermal ICP, the MPD is non-thermal (as operated here) and this is
evident for the simple and obvious fact that the MPD requires no external cooling and the
quartz tube does not melt nor does electrode material sputter. At higher MPD powers,
the glue that fastens the electrodes into the quartz tubing begins to melt but this is for
glues with fairly low melting points (~100 °C). The ICP requires ~18 L/min of coolant
gas and a water-cooled load coil in order to prevent melting the quartz torch and the
copper induction coil. The lack of MPD thermal character (in comparison to the ICP) is
clearly demonstrated in the spectra for microplasma background (Fig. 2.6) and analyte
emissions (Figs. 4.6 - 4.21). For some elements the ICP would have thousands of lines
from 200-850 nm but with the MPD, no more than 10 lines are populated for the
elements tested thus far.””

There are a series of questions to be addressed in this chapter such as “If the
MPDs are non-thermal, cold plasmas, then what is the excitation mechanism of the
microplasma?”’; “How hot does the microplasma get?”’; “Does the temperature change
with an increase in power?”’; “Does the pinkish colour MPD have higher Ar excitation
temperature since a pinkish colour MPD becomes physically hotter than a bluish colour
MPD?”; and “What is the highest energy emission line that the MPD can excite?”

This chapter will focus on describing possible excitation mechanisms of the

3,37-42

microplasma using ICP and other discharges as a guide and some recent plasma

29, 35, 43-52

literature. The differences in plasma modes i.e., pinkish (likely a y mode) and

bluish (likely a o mode) will be discussed. In the past, a weak Cd 214 nm signal was
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observed in the spectrum from the CCD spectrometer.” There is a Cd (IT) 214.438 line
that has excitation energy of 14.7 eV. The 214 nm region will be scanned using the
monochromator to determine whether it is the ion line or some other neighbouring atomic
line. The excitation temperature (Te) of Ar for various IEDs, observation locations,
modes of operation and power is calculated using a Boltzmann plot. These values for
Texe Will be compared to other plasma characterization studies. Finally, atom-to-ion
ratios will be compared for Ca and Sr to demonstrate the effect of power on the analyte
atomic and ionic populations.
51 Microplasma Excitation Mechanism

Since an MPD is a non-thermal, non-equilibrium excitation source there has to be
some other explanation for the microplasma excitation mechanism. Most measurements
of plasma temperatures and other fundamental characteristics require the assumption that
there is complete thermodynamic equilibrium (TE) within the plasma. Since the
microplasma is not in a “closed” system, complete TE is impossible. Also, since various
temperatures calculated for ICP using analytes and background features (e.g., Ar spectral
lines) are different depending on the method used (i.e., calculated Ty range from 2300 K
to ~15 000 K). The large variation of Tex. shows an observation location dependence
thus providing further evidence that TE cannot be assumed. Local thermodynamic
equilibrium (LTE) is a deviation from TE that assumes a localized area of the plasma to
be in thermal equilibrium. LTE assumption still is not completely valid and there are
deviations from LTE but this assumption for the “plasma or plasma region is said to be

close to LTE.” In ICP literature, two main non-LTE excitation mechanisms include the
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Penning lonization Reaction and the Charge Transfer Reaction. Another likely excitation
mechanism is electron-impact ionization.’

A brief overview of excitation mechanisms will be provided. It should be
strongly emphasized that a brief review of the literature will be presented in the following
section. And that, based on the review, a great deal of conjecture and speculation will be
presented. From the review it can also be concluded that there is a relative lack (in
relation to an ICP) of fundamental studies and such studies are required before any
definitive conclusion on microplasma excitation mechanisms can be drawn. The
following sections can be used to offer starting points.

5.1.1 Penning lonization Reaction

The Penning Ionization reaction involves the transfer of high energy Ar
metastable (Ar™) to ionize analyte atoms (X). Until the electron number density was
determined experimentally, the Penning ionization mechanism was thought to be the
dominant mechanism for ICPs. More recently, a charge transfer reaction involving Ar"
(a species known to be abundant in ICPs) is believed to be the reaction responsible for
species excitation.”

5.1.2 Charge Transfer Reaction

The charge transfer reaction has a similar mechanism to the Penning ionization
reaction but now with Ar’ (not the metastable). As mentioned above, Ar™ is known to
exist in high concentrations.

A+ X > Ar+ X' (Eq. 5.0)

Arf+X > Ar+ X (Eq. 5.1)
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The reverse reaction is not shown due to the high concentration of Ar". This mechanism
is limited to the total available energy from Ar' (15.76 eV) and analyte emissions cannot
occur above this energy (excitation + ionization energy). Thus far, no emissions have
been observed with the MPDs that exceed the energy of Ar™.?

5.1.3 Electron-Impact lonization

Another process thought to be responsible for the excitation of Ar and analyte
atoms is electron-impact ionization. This model suggests energy transfer due to
collisions of electrons with other species in the plasma. In fact, this is how the ICP is
initiated, with a seed of electrons.” When characterizing a He (or Ar) plasma probe for
ambient mass spectrometry, Hieftje et al. determined that the dominant excitation
mechanism for N, and N, species (because the air contains ~80% N;) was not through
electron-impact. They suggest that excited N, molecules come from recombination of
N, " with an electron.?®

Some key mechanisms that may be responsible for species excitation in

microplasmas have been outlined above. Admittedly, these possible mechanisms were

3,37-42 29, 35,43-52

gathered using the literature on ICPs and other types of plasmas asa
guide. But the question still remains: “what is the dominant excitation mechanism for the
microplasmas used in this thesis?” To the author’s knowledge, there is a relative lack of
fundamental data and of excitation mechanisms as applied to microplasmas.** *"#%*!
Furthermore, the few examples of fundamentals and excitation mechanisms for
microplasmas were done for microplasmas different than the MPDs used in this thesis.

This makes fundamental studies an interesting and potentially useful future research area.

Some fundamental data on microplasmas are provided below.
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5.1.4 Microplasma Modes

The excitation mechanism of the microplasma is influenced by its operating
modes. For the MPD work, the modes were referred to as pinkish and bluish due to the
colour of their MPD background emission observed visually. In the literature, there are
two distinct modes observed as well but they are referred to as o and y modes.””~ The a
mode is sustained by bulk ionization and can only be maintained over a limited power
range. There is a sharp transition from o to Yy mode where the electron density reaches a
critical concentration and plasma sheath breaks down.”'

In the literature, both modes showed a dependence on gap distance, a conceptual

equivalent to inter-electrode distance with the MPDs.****

For the current experimental
setup, the bluish MPD mode was not observed at shorter IEDs (i.e., 10 mm IED).
Plasma power and frequency also influenced the mode of microplasma.*>* Also, the two
modes are described to be different in size. It has been reported that the o mode
produced a more diffuse microplasma and the y mode produced a microplasma that was
half the size of the a mode.>' This was also visually observed with MPDs. The bluish
mode produced a “diffuse” microplasma while the pinkish mode produced a thinner and
“string-like” discharge.
5.2  Prominent Emission Lines of Analytes

The charge transfer reaction states that total energy for a transition has to be less
than Ar" (15.76 eV).**** Not surprisingly, analyte signals seen thus far with the MPD
have all been less than 15.76 eV. Table 5.0 lists the 16 elements studied in the past
chapter and their atomic or ionic emission wavelengths, and excitation and ionization

energies. The total energy requirements of the 16 analytes range from 1.6-14.7 eV.****
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The elements that were shown to be very sensitive to power, namely, Ca, Sr, Ba, and Eu
all have either high energy ionic transitions as prominent lines. Iron is another element
that is very sensitive to power. Iron has thousands of lines by ICP from 200-850 nm™
and Fe also has the most complex MPD spectrum (of all elements tested by the MPD thus
far to this date). In fact, the spectrum for Fe has many overlapping emission lines that

can compete for available energy.
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Table 5.0: Physical properties of prominent emission lines populated with MP

**Excitation potential + ionization potential for ion lines

D.33' 34

Atom (1), lon Wavelength Excitation potential lonization potential
Element (1)) (nm) (eV) (eV)

Rb I 780.023 1.6 4.18
I 794.760 1.6

K I 766.490 1.6 4.34
I 769.896 1.6

Cd Il 214.438 **14.7 8.99
I 228.802 5.4
I 479.991 -
I 508.582 -

Na I 589.592 2.1 5.14
I 589.995 2.1

Zn I 213.856 5.8 9.39
I 472.216 6.6
I 481.053 6.6

Mg I 278.297 4.5 7.65
I 280.976 4.4
I 383 cluster 5.9
I 518 cluster 5.1

Li I 610.364 3.9 5.39
I 670.784 1.8

Sr Il 407.771 **8.7 5.69
Il 421.552 **8.6
I 460.733 2.7

Ca Il 393.529 **Q.2 6.11
Il 397.371 **Q 2
I 422.673 2.9

Eu I 381.967 - 5.67
Il 412.973 **8.6
Il 420.504 **8.6

Pb Il 220.351 **14.7 7.42
I 283.306 4.4
I 363.958 4.4
I 368.347 4.3
I 405.783 4.4

Ba Il 455.404 7.9 5.21
Il 493.409 7.7
I 553.555 2.2

Mn Il 259 cluster **12.2 7.43
I 279/280 cluster 4.4
I 403 cluster 3.1

Ag I 328.068 3.8 7.58
I 338.289 3.6

Cu I 324.754 3.8 7.73

Fe I 248.327 49 7.87
I 374.556 3.4
I 381.584 3.2
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The Cd (IT) 214.438 nm has an excitation plus ionization potential of 14.7 eV
(Table 5.0). A spectral line for Cd around 214 nm was observed here and in previous
work done with Ar/H, planar MPD.” However, due to the poor resolution of the CCD
spectrometer it was not possible to confirm if this spectral line was indeed the Cd (II)
214.438 nm (with a total energy requirement of 14.7 eV) or some other spectral line
having a total energy requirement of less than 14.7 eV. The wavelength of this emission
line will be confirmed by using a spectrometer with higher resolution than the CCD
system, namely by using the scanning monochromator with the PMT detector (Fig. 2.9).’

Figure 5.0 shows a scan of the 214 nm region using the monochromator PMT
system. For the data shown in Fig. 5.0a), a 200 um entrance slit was used. This entrance
slit width was used for all of the PMT data included in this thesis. The monochromator
scans are from 214.1 to 214.9 nm at 0.1 nm increments, and at each location Cd (3 pg) is
introduced into the MPD at a fixed vapourization power of 87.3 W. At this entrance slit
width, it appears that two peaks may contribute to the shape of the curve (Fig. 5.0a). For
the data shown in part b) of this figure, the entrance slit width was reduced to 100 pm and
214.4 to 214.7 nm was scanned at 0.02 nm increments with the Cd introduced at the same
vapourization conditions. These data clearly show that only one peak contributes to the
emission seen in this region. Surprisingly, they also demonstrate that the spectrometer
needs to be calibrated (off by ~0.05 to 0.1 nm). For example, the location where the
maximum net Cd signal was observed read ~214.53 nm on the monochromator dial
instead of 214.438 nm. When referring to the NIST spectral online database,’ there are

no other Cd emission lines listed that appear in this region, reconfirming that the MPD
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can excite up to 14.7 eV emission lines. The relatively low intensity of this Cd (II)

214.438 nm line (as compared to an ICP) is noteworthy.

Cd (Il) 214 nm Scan

a) 200 pm entrance slit
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0.6

b) 100 pm entrance slit

0.5 4

0.4 4

0.3 A1

0.2 A1

Net Peak Height Intensity (A.U.)

0.1 A

0.0 4

2140 2141 2142 2143 2144 2145 2146 2147 2148 2149 2150

Dial Reading of Wavelength (nm)
Figure 5.0: Cd (Il) study scanning 214 nm region using the monochromator with a) 200

pm entrance slit and b) 100 um entrance slit. Cd (1 ppm, 3 pL) was introduced via mini-
ITV at fixed vapourization power (87.3 W) for each wavelength tested.

Since the beginning of the MPD work, the Pb (II) 220.351 nm line has not been

observed by the CCD spectrometer. The last chapter clearly showed that the
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monochromator PMT system is more sensitive in the UV region (200-380 nm). If the
220.351 nm line is populated and is not observed with the CCD spectrometer simply due
to the low sensitivity of the CCD detector in this region, then the PMT-based system will
detect emission from this line. In Fig. 5.1a), a mini-ITV coil blank at 87.3 W is shown.
The mini-ITV has minimal to no effect at this particular region of the microplasma
spectrum. Fig. 5.1b) and 5.1 c) show the raw Pb (II) 220.351 nm signal and the net

signal, respectively. Once again, the MPD is confirmed to excite emission lines as high

as 14.7 eV.
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Figure 5.1: Pb (I1) 220.351 nm line with monochromator PMT system: a) coil blank, b)
raw Pb signal and c) net Pb signal at high mini-ITV vapourization power (87.3 W).
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5.3  Excitation Temperature (Tey) of the Microplasma Device (MPD)

The temperature of plasma is the average energies of components that make up
the plasma (ions, electrons, radicals, and neutral atoms and molecules) and their degrees
of freedom in terms of translational, vibrational, rotational, and electronic excitation
energies. From this, it seems quite evident why plasma can exhibit multiple
temperatures. The excitation temperature is one of them and it can be determined by
using Ar or analyte emission lines and a Boltzmann plot. For a system in LTE, the
population density of atomic and ionic species at a given temperature (T) is given in

Equation 5.2:

-E
n(p)=n- Zg('ll)') -exp ( kTp) (Equation 5.2)

Where, n is concentration of neutral atom or ions
g, 1s statistical weight for the particular transition
Z(T) is partition function of an atom or ion
E, is excitation energy level p
k is Boltzmann constant
T is the excitation temperature.

The observed emission intensity I,q (with an optically thin radiation source) is:

(1/4)-n(p)-A,, -hc
g 1

Pq

(Equation 5.3)

Where: 1= cell path length
A, = transition probability for spontaneous emission of a photon
h = Planck’s constant
¢ = speed of light
Apq = wavelength of the emission line.

When Equations 5.2 and 5.3 are combined, Equation 5.4 is obtained:
-E
I, = (ij | o |a | lexpl “22 | (Equation 5.4)
4 Z(T) Ao KT
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Expressed in logarithmic form, Equation 5.4 becomes Equation 5.5:

I A -E
In| 22| = ® +1n nihe (Equation 5.5)
9,A KT 47Z(T)

I A
A plot of ln(M] versus E, will be linear, with a slope of -1/kT.?

g p"Pq
To get an indication of the T of the MPD, Ar will be used as a thermometric
species. There are 3 Ar lines used in applying Equation 5.5 and the wavelength,
degeneracy, transition probability and upper energy level are listed in Table 5.1.

Table 5.1: Ar lines used with wavelength, degeneracy, transition probability and upper
energy level *®

. Wavelength
(nm) g A (5-1) Eupper (€M »1)
763.51 5 24500000  106237.55
3
3

794.82 18600000  107131.71
826.44 15300000 107496.4

Using the information from Table 5.1 combined with microplasma background
emission data (e.g., pinkish MPD background from 600-850 nm, Fig 5.2a) a Boltzmann
plot is obtained as shown in Fig. 5.2b. The slope of the best-fit line is then used to
determine Tey.. The calculated Ty for the various IEDs and modes from the
Observation Location Study are shown in Table 5.2. The T ranges from 1574-2412 K,

with the pinkish colour 50 mm IED MPD having the highest T.
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Figure 5.2: Pinkish colour MPD background from 600-850 nm and the resulting
Boltzmann plot using Ar as a thermometric species.

Table 5.2: Calculated excited temperatures using a Boltzmann plot for the various IEDs
and modes tested in observation location study at mid-to-front (MTF) and middle
observation locations.**due to distorted waveform

IED MPD Conditions Texc (K)
Voltage  Current Frequency Power Density

(mm) V) (A) (kHz) (W/mm3) Mode MTF Middle
10 8.4 0.63 **670.0 0.6738 Pinkish | 1871 1894
30 8.1 1.10 64.1 0.3782 Bluish 1589 1614
30 8.4 1.35 **280.0 0.4813 Pinkish | 2005 2075
50 8.3 1.83 61.4 0.3868 Bluish 1574 1665
50 11.0 1.93 **300.0 0.5406 Pinkish | 2412 1992
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The Tex. was also determined for the various powers tested in the 30 mm IED
MPD power study (Table 5.3). The T ranges from 1590-1976 K, with the pinkish
colour MPD once again having the highest Teyx.. The Teyc results for the bluish colour
MPD are interesting since the highest MPD power density does not have the highest Tex.
at either mid-to-front or middle observation locations.
Table 5.3: Calculated excitation temperatures using a Boltzmann plot for the various

powers tested in the 30 mm IED MPD power study at mid-to-front (MTF) and middle
observation locations.**due to distorted waveform

MPD Conditions Texc (K)
Voltage Current Frequency Power Density
(V) (A) (kHz) (W/mm?) Mode Mid-to-Front  Middle
8.1 0.95 64 0.3261 Bluish 1655 1881
8.1 1.15 64 0.3947 Bluish 1643 1648
8.2 1.33 64 0.4621 Bluish 1674 1634
9.5 1.26 56.6 0.5072 Bluish 1590 1780
8.4 1.28 **298 0.4556 Pinkish 1915 1976

But how do these calculated Tex. compare to that of an ICP and other

microplasmas? The range of excitation temperatures listed in Table 5.4 below is

53-57

comparable to the range more recently reported for ICPs and other plasma

. 27,58-61
discharges.””

Table 5.4: Excitation temperatures for an ICP using Ar lines and a Boltzmann plot.’

Frequency Power Observation
Texc (K) Method (MHz) (kW) Height (mm)
5000 - 7000  Ar Slope 5.4 6 0-12
4380 Ar Slope 50 0.27 0.5
7000 Ar Slope 27 15 15
7000 Ar Slope 27 15 15

The Texe for an ICP is quite hot in comparison to the Ty for an MPD which

ranges from 1600-2400 K. As observed for ICPs and other plasma discharges, the Tex. of
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various microplasmas also have a wide range of T... For example, Hou? calculated T exc
of tubular MPD (<10 mm IED) to be 3000 K, using the two-line method. Hopwood and
Iza,” determined Ty for an Ar microwave—frequency microplasma that was 3500 K.
Oliveria et al.*® determined Tex. for a 50 W Ar/H, microplasma jet was 8000 K.

Although the Ty for the MPD showed very little difference in the power and
observation location study, determining Ty using Ar as the thermometric species does
not necessarily give an accurate picture of analyte excitation temperature. In the future,
determination of Ty, using an analyte will give a better indication of the microplasma
excitation energy. Due to the few spectral lines observed using the MPD for the elements
tested and also due to the poorer resolution of the CCD spectrometer, no excitation
temperatures were determined using analyte as the thermometric species.
54  Atom-to-lon Ratio Using Ca and Sr

The difference in analyte emission intensities for the variety of MPD powers and
power densities, HVac frequencies, IEDs and modes tested was an indication that
energetics of the microplasma are not the same for all operating conditions. The atom-to-
ion ratio (atom/ion) of Ca and Sr were noted to change depending on operating conditions
and observation location. Figure 5.3 shows how the atomic emission line for Ca (422.67
nm) is more prominent at lower power density (Fig. 5.3a) and how the ionic emission line

surpasses the atom line at higher power density.
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Figure 5.3: Main atomic emission lines for Ca (1 ppm, 3 pL) for 30mm IED MPD at a)
low power density (0.3953 W/mm?®) and b) high power density (0.4958 W/mm?®) for the
mid-to-front observation location [393.37 nm (1), 396.85 nm (I1) and 422.67nm (I)]. In
a), low power MPD, the 422.67 nm line is prominent, that is, the atomic line. In contrast,
as the power density increased the 393.37 nm ion line became the prominent emission
line as shown in b).

A similar change in atom/ion was observed with Sr signal from the planar
geometry Ar/H, MPD and the current tubular geometry Ar/H, MPD (Fig. 5.4). The
planar MPD has a lower power density and at the middle observation location the atom

line (460.773 nm) is the more prominent line (Fig. 5.4a). As the power density was

increased, the ion line (407.771 nm) became the most prominent line. Although the Texc
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data did not suggest any differences in energetics for the various power densities (for Ar
lines), this change in atom/ion confirms that the energetics of the microplasma (for
analyte) changes with increasing power density. The energetics of the microplasma are
not just power density dependent but rather a contribution of the inter-dependent
operating variables including HVac frequency, IED and observation location, to name a

few.
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Figure 5.4: Main atomic emission lines for Sr with a) medium power density (0.4244
W/mm?®) 12 mm IED bluish planar MPD and b) higher power density (0.4958 W/mm?®) 30
mm IED bluish tubular MPD. In a), medium power planar MPD, the 460.733 nm line is
prominent, that is, the atomic line. In contrast, as the power density increased the
407.771 nm ion line became the prominent emission line as shown in b).’
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55  Conclusions

Non-thermal microplasma excitation mechanisms were reviewed and it was
postulated the Penning ionization reaction, charge transfer reaction and electron-impact
ionization mechanisms may be operative. Further fundamental studies are needed in
order to draw any concrete conclusions on the actual excitation mechanism of the
microplasma. The charge transfer reaction states that the total energy (excitation +
ionization energy) of possible analyte emissions must be less than excitation energy of Ar
(15.76 eV). To this date, it has been shown that the MPD has the ability to excite
analytes with potentials from 1.6-14.7 eV for the 16 elements tested, which are less than
15.76 eV. The 14.7 eV ion line for Cd (214.438 nm) and Pb (220.351 nm) are the highest
energy lines excited by the MPD. The bluish and pinkish modes observed for the MPD

2932 11 this thesis,

are similar to two modes described in the literature as a and y modes.
the o mode MPD was more diffuse (as observed with the bluish colour MPD) and the y
mode MPD was smaller in diameter and more “string-like” (as observed with the pinkish
colour MPD).

The excitation temperature (Tex) of the MPD was determined using Ar as a
thermometric species and was found to be 1600-2400 K depending on the microplasma
power, the HVac frequency, the inter-electrode distance (IED) and operating mode. The
change in atom/ion for Ca and Sr with increasing MPD power density demonstrates that
the energetics of the microplasma change depending on the operating conditions.

In summary, in the future more fundamental studies (of the type described above

and others) are needed to fully characterize microplasmas and to aid in understanding of

their excitation mechanisms and their other fundamental characteristics.
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Chapter 6

Conclusions and Future Work

6.0  Conclusions

Stability of the MPD improved drastically when planar geometry MPDs>”’ were
replaced by wall-stabilized tubular geometry MPDS (as described in this thesis). In fact,
the He/H, planar MPD required that 100% of the analyte episodic spectra to be
normalized.” The next generation Ar/H, planar MPD only required 30% of runs to be
normalized.” Now with the tubular MPD, no normalization was required. The bluish
colour microplasma proved to be more stable than the pinkish colour microplasma. As
MPD power was increased within a fixed IED and frequency, the bluish mode MPD
would eventually turn into the pinkish mode MPD when the dc power supply switched
from current controlled to voltage controlled. The high power bluish MPD would
become unstable when higher mini-ITV vapourization power was used (e.g., ~90 W),
disturbing, primarily, the spectral region between 200-400 nm. In addition, with the
pinkish colour MPD, the intensity of the more sensitive Hydrogen atomic and molecular
lines increase due to an increase in temperature from mini-ITV.

The background emission stability and analytical performance of the MPD are
influenced by a number of inter-dependent variables including nominal dc power
(voltage, current); frequency; IED; electrode size, material, sharpness of tip; observation
location, etc. The optimum observation location varied depending on these variables and
on the analyte introduced into the MPD. The observation location results clearly show
that where the microplasma is viewed is crucial. Observation locations close to the front

or the back electrode did not contain any appreciable emissions for Ca, Li, Ag, and Zn.
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Furthermore, varying MPD power, HVac frequency, IED, etc. causes the optimal
observation location to change.

The MPD had 4-4.5% precision for 10 consecutive Ag (500 ppb, 3 uL) signals
acquired with the single channel PMT based spectrometer. The multichannel CCD
spectrometer had 17.5% precision for 25 consecutive Ag (500 ppb, 3 pL) runs. The
limiting precision when using the CCD spectrometer was due to the “data transfer time
delay” which was taking up to half of the total integration time (integration time + data
transfer time). In essence, half of the useable analyte signal was being lost to the data
transfer time.

The MPD power study confirmed that similar to the ICP, some elements/emission
lines for the MPD require a hotter plasma or higher energy plasma for improved
performance. From the 16 elements tested, Ca, Sr, Ba, Eu and Fe had maximum
emissions from a higher power MPD. The CCD spectrometer showed estimated detection
limits for the 16 elements of 5-310 pg. The more sensitive and faster response PMT
showed the true potential of the MPD with estimated detection limits for the 16 elements
of 1-35 pg.

The excitation mechanism for the microplasma was briefly examined and it was
concluded that more scientific evidence is required to arrive at even an approximate
excitation mechanism. The bluish and pinkish operating modes observed for the MPD
appear to be similar to two distinct modes of plasma described in the literature as o and vy
modes. The a mode microplasma was more diffuse (as observed with the bluish colour
MPD) and the y mode microplasma was smaller in diameter and more “string-like” (as

observed with the pinkish colour MPD).
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In general, total energy (excitation + ionization energy) of possible analytical
emissions must be less than excitation energy of Ar’ (15.76 V). The MPD has shown
the ability to excite lines ranging from 1.6-14.7 eV for the 16 elements tested. The 14.7
eV ion line for Cd (214.438 nm) and Pb (220.351 nm) are the highest energy lines excited
by the MPD albeit at reduced sensitivities.

The excitation temperature (Tex) of the MPD was determined using Ar as a
thermometric species and it was found to be 1600-2400 K depending on MPD power,
HVac frequency, inter-electrode distance (IED) and bluish colour or pinkish colour mode
of microplasma operation. A change in atom/ion for Ca and Sr with increasing MPD
power density was observed and it demonstrated that the microplasma energetics change
as power changes.

In summary, MPDs show a very promising future as a reliable and sensitive
analytical tool for trace analysis. MPDs have come a long way since the days when the
lights had to be turned off in order to see if a microplasma was actually being formed or
not. Now, MPDs have been shown to be interesting excitation and quite sensitive
analytical emission sources.

6.1  Future Work

There are still many variables to be studied for even partial understanding of
MPDs. These variables include geometry; electrode material and diameter, geometry and
sharpness; nominal dc power (voltage and current); HVac frequency; IED; observation
location; and plasma gas type. Also, other temperatures and characterization yardsticks
should be determined to try and further understand excitation mechanisms and modes of

operation of the microplasma.
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Planar geometry, if made to have a more stable background emission can be
comparable to the tubular MPD. The channel width can be made smaller to stabilize the
microplasma (as seen with the wall-stabilized quartz tube) and the material can be
changed to a higher temperature material if need be. A hybrid planar-tubular geometry or
a tube in a plastic substrate with planar electrodes may gain the benefits of the two
geometries. If tubular geometry MPD is continued to be studied then a smaller mini-ITV
needs to be made in order to reduce the increase in linear flowrate.

The length study should be mapped out from the middle to front with more
locations for 30 and 50 mm IED (4 observation locations x 0.6 mm = ~2.5 mm of total
distance). The MPD power study showed that more MPD power can be beneficial for
some elements and that the 50 mm IED bluish colour MPD showed some promising
results for some elements. Finding a higher power bluish MPD with increased stability
from 200-400 nm, would be beneficial. It is possible that shorter IED can increase the
power density and increase the analytical response of some analytes, i.e., Ca. More IEDs,
both shorter and longer than the ones tested in this thesis, should be studied in the future.
Will longer MPDs cause other lines (atomic and/or ionic) to appear in the analyte
spectra?

The MPDs are being developed for future field applications but the setup has yet
to be brought out of the lab. The first step would be to try and analyze field samples
(e.g., lake water) in the lab. Multi element solutions have been tested successfully with
MPDs but only with six elements.” It will be interesting to see how MPDs operate with
more complex samples. Although the emission spectra for the elements tested thus far

are simple, overlapping analyte emissions may become a problem with “real” samples.

112



In this case, an array of spectrometers, e.g., 2-3 CCD spectrometers, each with shorter

wavelength range, may be needed for improved resolution.
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