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ABSTRACT

The focus of this dissertation is the use of a twin quadrupole inductively coupled
plasma mass spectrometer (ICP-MS) for the simultaneous detection of two m/z values.
The twin quadrupole ICP-MS is used with laser ablation sample introduction in
both the steady state (10 Hz) and single pulse modes. Steady state signals are highly
correlated and the majority of flicker noise cancels when the ratio is calculated. Using a
copper sample, the isotope ratio "Cu'^/"Cu'^ is measured with a relative standard
deviation (RSD) of 0.26%. Transient signals for single laser pulses are also obtained.
Copper isotope ratio measurements for several laser pulses are measured with an RSD of
0.8S %.
Laser ablation (LA) is used with steel samples to assess the ability of the twin
quadrupole ICP-MS to eliminate flicker noise of minor components of steel samples.
Isotopic and internal standard ratios are measured in the first part of this work. The
isotope ratio "Cr'^/^^Cr'^ (Cr present at 1.31 %) can be measured with an RSD of 0.06%
to 0.1%. For internal standard elements, RSDs improve from 1.9% in the Cr"^ signal to
0.12% for the ratio of

to ^^Cr"^. In the second part of this work, one mass

spectrometer is scanned while the second channel measures an individual m/z value.
When the ratio of these two signals is calculated, the peak shapes in the mass spectrum
are improved significantly.
Pulses of analyte and matrix ions from individual drops are measured
simultaneously using die twin quadrupole ICP-MS with monodisperse dried
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microparticulate injection (MDMI). At modest Pb concentrations (500 ppm), a shoulder
on the leading edge of the Li^ signal appears. At higher matrix concentrations (1500
ppm), a dip in the leading edge of the Li^ signal becomes apparent. Space charge effects
are consistent with the disturbances seen. A model for this behavior is proposed. In this
model, deflection of Li"*^ by space charge causes part of the ion cloud to be driven ahead
of the Pb"^ and part to be trapped behind the Pb"^ cloud resulting in a shoulder on the Li^
signal.

1

CHAPTER 1. GENERAL INTRODUCTION

Inductively coupled plasma mass spectrometry (ICP-MS) has become a widely
used technique for trace elemental and isotopic analysis

Attractive features of ICP-

MS include detection limits routinely in the part per trillion (pptr) range, a linear
dynamic range of 6 to 8 orders of magnitude, and the ability to rapidly,
semiquantitatively analyze a single sample for 70 elements while using only a few
standard elements^.
ICP-MS has developed rapidly since its inception in 1980*. The attractive features
and rapid development have enabled scientists in many disciplines to benefit from the
attributes of ICP-MS. These fields include geochemistry^ ®, the semiconductor industry' ®,
environmental chemistry® '", clinical chemistry" '-, and the nuclear industry" to name a
few.
Problems associated with the early ICP-MS instruments have been identified and,
in many cases, ways around these problems have been found. Polyatomic ion
interferences originating from the solvent have been attenuated to levels at which practical
analysis can be accomplished'^". The dynamic range of ICP-MS has been extended by
using new types of detectors'®. Matrix effects due to space charge in the mass
spectrometer have been described"-^ and new instrumentation has been developed that
minimizes the nJz dependence of these matrix effects^'*^. Space charge is, however still
under investigation and new solutions to this problem are being sought out. Finally,
sources of noise associated with ICP-MS have been characterized in an effort to improve
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the precision attainable in ICP-MS^".
In this general introduction, the instrumentation and sample introduction systems
used for ICP-MS will be discussed. Attributes and problems of the currently available
systems will be illustrated. Sources of noise associated with ICP-MS and the implications
of these noise sources to certain types of analyses will be addressed. The combination of
instrumentation, sample introduction, and sources of noise associated with ICP-MS lead
into the research to which this dissertation is devoted.

ICP-MS Instrumentation
The instrumentation used in all ICP-MS instruments can be broken into three
sections; first, die ICP, second, the extraction system and ion optics, and third, the mass
analyzer and detector. A schematic diagram of a basic system containing these individual
sections is shown in Fig. 1. Each of these basic sections will be discussed in more detail
below.

Sampler Skimmer

Mass Analyzer

Torch

ICP

Ion Lenses

Fig. 1. Schematic diagram of a typical ICP-MS device

Detectar
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The ICP is an electrical discharge sustained in an argon (Ar) atmosphere. Radio
frequency (RF) power (typically 700-15(X) Watts) is supplied to a coil, known as the load
coil, that surrounds a quartz torch. The torch consists of several concentric tubes to
which different flows of Ar are supplied. The largest amount of Ar (~ 16 1 min"') is
introduced to the outermost region of the torch and is commonly referred to as die outer
gas. RF power supplied to the load coil directly interacts with the outer gas to form a
zone known as the induction region, A second flow of Ar is added to the middle
concentric tube of the torch. This flow, commonly known as the auxiliary or make-up
flow, is typically about 1 1 min"' although a large range of flows are used. The third Ar
flow to the torch is used to transport the sample from the sample introduction system (see
next section) to the plasma.

Usually called the nebulizer flow, this flow "punches" a

hole through the plasma to form a relatively cool region referred to as the central
channel. In this fashion, power applied from the load coil does not directly interact with
the sample, rather it is indirecdy coupled to the sample through the induction region.

A

typical flow rate used for the nebulizer flow is 1 1 min*'.
In the plasma, the sample is dissociated, atomized and ionized. For the most pan,
singly charged atomic ions are formed which are extracted into the mass analyzer.
The extraction system used in most ICP-MS instruments consists of a sampler and
skimmer^. Ions created in the plasma must be transported from the ICP to a vacuum
system capable of maintaining pressures suitable for analysis by mass spectrometry
(~ 10"^ torr). The plasma, as a quasineutral mbcture of neutral atoms, electrons, and
ions, is first extracted through the sampler cone (typical orifice diam. = 1 mm) and into
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the first vacuum stage where the pressure is typically about one torr. A supersonic jet is
formed from the extracted plasma in the first stage. In the axial direction, the supersonic
jet is free from collisions to a zone known as the Mach disc. At the onset of the Mach
disc, the extracted plasma and background gases collide. A second cone, known as the
skimmer (typical orifice diam. = 1 mm), is inserted through the Mach disc into the
supersonic jet expansion (also known as the zone of silence). The pressure in the region
behind the skimmer is typically ~ 10"* torr. As the mbcmre of neutral atoms, ions and
electrons expands behind the skimmer, interactions with the first ion lens begin to occur.
The quasineutral state breaks down and a beam comprised mainly of singly charged
positive ions is formed. A detailed description of the extraction process is given
elsewhere^®.
The extracted ion beam is transferred through a set of ion lenses into the third
pumping stage of the system where the pressures are typically 5 x 10"^ torr or less during
operation. The beam is then guided through more ion lenses to the mass analyzer.
Several types of mass analyzers have been used in conjunction with the ICP
including quadrupole'""-""^, double focusing magnetic sector^'-^, ion trap^'-^-, and time of
flight^^-^. Each of these mass analyzers is unique in the technique used to differentiate
ions of different m/z values. A detailed description of each type of mass analyzer is
beyond the scope of this discussion. Suffice to say, each mass analyzer has advantages
and drawbacks.
Due to the robusmess and ease of operation, the quadrupole is by far most
common type of mass analyzer used in conjunction with the ICP. Popular though it may
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be, the quadrupole does have limitations. Since only one m/z value is transmitted at a
time, the majority of ions transmitted to the quadrupole are discarded. Also, in order to
do multielement (i.e. multi m/z) determinations, the quadrupole must be rapidly peak
hopped or scanned. Peak hopping or scanning can limit the precision obtained when
doing isotope ratio measurements (see Sources of Noise).
The type of device used for detection of the mass resolved ion varies depending
on the type of mass analyzer used. For a typical quadrupole system, electron multipliers
are most commonly employed. Basically, the mass resolved ion impacts the detector
which begins an electron avalanche. From this electron avalanche, an analog signal is
produced which can be processed in different ways to yield a readable signal.

Sample Introduction Techniques
Samples are usually delivered to the ICP as a fine mist of aqueous droplets
known as an aerosol. The device which generates the aerosol is generally termed a
nebulizer. There are several different ways in which an aerosol can be generated. In the
most common type of nebulizer, known as a pneumatic nebulizer, aqueous sample is
delivered to a thin quartz tube which is surrounded by a larger concentric tube. Argon
gas flows through the outer tube and as the sample is delivered to the tip of the inner
tube, the gas shatters the liquid into a polydisperse aerosol. The largest droplets are
removed fi^om the aerosol by a spray chamber and only the smallest droplets are
ino-oduced to the plasma. As such, only about 2% of the nebulized sample actually
enters the plasma. The droplets that are transported to the plasma are polydisperse in
nature and are thought to be a major cause of flicker noise in the plasma^"®.
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Several different types of nebulizers have been introduced in recent years with the
advantage of increased efficiency. These include the ultrasonic nebulizer® '"', direct
injection nebulizer*'"^^, the hydraulic high pressure nebulizer^-*^ and the monodisperse
dried microparticulate injector (MDMI)'", The increased efficiency of these nebulizers
has enabled increased sensitivity and lower sample consumption in ICP-MS.
Advantages of solution sample introduction include relative ease of calibration and
possibility of chromatographic separation prior to introduction. In cases where the
original sample is a solid, solution sample introduction does, however, have drawbacks.
These drawbacks include time consuming dissolution procedures, the possibility of
contaminating the sample during dissolution, and occurrence of interferences in the mass
spectrum arising from polyatomic ions derived from the solvent.
Solid sample introduction has also been used in conjunction with ICP-MS.
Several systems have been used for solid sample introduction including laser ablation
arc nebulization^-^', direct sample insertion"-^^, and electrothermal
vaporization^-^^ Advantages of solid sample introduction include no sample dissolution
and lack of solvent related spectral interferences. However, due to the lack of matrix
matched standard materials, calibration is complicated and quantitative analysis is
difficult.

Sources of Noise in ICP-MS
The precision attainable for any analytical mediod is based on the reproducibility
of the technique. ICP-MS can obtain a precision level for an individual signal of about
2-3 % relative standard deviation (RSD) and about 1 % RSD when an internal standard is
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used.
Several sources of noise contribute to the total noise level seen in ICP-MS. Two
of these are flicker noise and shot noise. Flicker noise is a non-fundamental noise source
arising mainly from the plasma and sample introduction system. The flicker noise
contribution to the overall noise level increases directly with the signal. Shot noise is a
fundamental source of noise due to the random arrival of panicles (ions in case of ICPMS) at a detector. The level of shot noise on a signal is proportional to the square root
of the signal.
At high signal levels, flicker noise is typically the dominant source of noise in
ICP-MS measurements. High precision measurement of isotope ratios (RSD< 0.1%) is
difficult in quadnipole ICP-MS. To minimize the effects of flicker noise, the quadrupole
must be rapidly peak hopped to the isotopes of interest. During rapid peak hopping, the
amount of signal acquired is small and precision can become limited by shot noise. This
problem is worse for noisy steady state sample introduction systems such as LA and
systems which yield transient signals such as chromatography, flow injection, and single
shot LA. For these reasons, ICP-MS has not seen widespread use for high precision
isotope ratio measurements.
High precision isotope ratio measurements are important in the nuclear industry'^
geochemistry^®-" and clinical chemistry^*. Currently, thermal ionization mass
spectrometry (TIMS) dominates the field of high precision isotope ratio measurement^®-^'.
However, the time consuming sample preparation and data acquisition as well as isotope
fractionation make TIMS less than ideal. Clearly, a quadrupole ICP-MS system capable
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of high precision isotope ratio measurements would be a welcome addition to the field of
high precision isotope ratio measurements.

Dissertation Objectives and Organization
Using ICP emission spectroscopy, several groups have shown that simultaneous
detection of different lines is an effective method of removing flicker noise" ®'. In ICPMS, Walder et

developed a double focusing magnetic sector mass analyzer

equipped with multiple Faraday cup collectors for simultaneous detection of up to 9
adjacent m/z values. Using this instrument, isotope ratios with a precision that
approaches that of TIMS have been obtained. However, the multicollector ICP-MS
device is large and expensive. Since the position of each detector is fixed, the device is
not capable of scanning. As such, the multicollector has, to this point, only been used
for isotopic analysis.
The emphasis of this thesis is the use of a unique, quadrupole based ICP-MS
instrument that enables simultaneous detection of two m/z values. This device, known as
the twin quadrupole ICP-MS", was suggested by M. Janghorbani and designed largely by
A. R. Warren. The extracted ion beam is split into two parts. Each part is then sent to
its own quadrupole mass analyzer and detector.

In this work, the twin quadrupole ICP-

MS is used in conjunction with solid sample introduction by LA and solution sample
introduction using the MDMI.
Chapters 2, 3, and 4 of this thesis each stand alone as individual scientific
manuscripts and are either published, submitted for publication or ready for submission to
a scientific journal. Chapter 5 is a general conclusion with suggestions for future
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research in the areas presented in the previous ch^ters.
Chapter 2 presents isotope ratio measurements using LA sample introduction of a
copper sample. Copper isotope ratios are measured for both steady state (10 Hz laser
repetition rate) and transient signals resulting from a single laser pulse. In this chapter,
die sensitivity of the instrument is mediocre, however cancellation of flicker noise in both
the steady state and transient case is demonstrated. The measured precision of the
isotope ratio is poorer than the theoretical counting statistics limit, however a significant
improvement in precision is realized when using simultaneous detection.
Improvements were made to the instrument resulting in higher sensitivity and
improved precision. These results are discussed in Chapter 3 using LA sample
introduction of steel standard reference materials. Isotope ratio measurements are made
with a precision that is shown to be limited by counting statistics. Isotopes of two
different elements (i.e. internal standards) are also measured. The precision of the ratio
of isotopes of two different elements is poorer than the precision of isotopes of the same
element.

Significant reduction in flicker noise is, however, demonstrated for a wide

range of internal standard elements. Chapter 3 also presents results in which one
quadrupole is scanned while the other quadrupole remains in the single ion monitoring
mode. When the ratio of these two signals is taken, spikes in die mass spectrum
resulting from flicker noise in the plasma and sample introduction system cancel and a
smoother mass spectrum results.
In chapter 4, the MDMI is used to introduce individual droplets to the plasma.
Ion signals from individual droplets are measured simultaneously. The effect of a high
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concentration of heavy, easily ionized matrix ion (Pb) on a light, easily ionized analyte
(Li) is evaluated. As the concentration of Pb is increased, a shoulder on the leading edge
of the 'Li"^ signal is seen. Deflection of ions due to space charge in the extraction system
and ion optics of the mass spectrometer are consistent with the observed signals. An
intuitive depiction for this behavior is presented. This depiction indicates that the first
extraction lens may have an effect on the profile seen. The voltage applied to the
extraction lens is increased and a change in the profile is observed.
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CHAPTER 2. SIMULTANEOUS MEASUREMENT OF ISOTOPE RATIOS IN SOLIDS
BY LASER ABLATION WITH A TWIN QUADRUPOLE INDUCTIVELY COUPLED
PLASMA MASS SPECTROMETER'
A paper published in the Journal of Analytical Atomic SpectrometryLloyd A. Allen, Ho-Ming Pang, Arnold R. Warren, and R. S. Houk^

Abstract
A twin quadrupole inductively coupled plasma mass spectrometer (ICP-MS) is
used with laser ablation sample introduction in both the steady state (10 Hz) and single
pulse modes. The twin quadrupole instrument allows the measurement of ions at two m/z
values simultaneously. A 10 Hz laser produces a noisy, steady state ion signal In both
channels. The signals are highly correlated and the majority of flicker noise cancels when
the ratio is calculated. Isotope ratios for copper are measured with a relative standard
deviation (RSD) of 0.26%. Transient signals for single laser pulses are also obtained.
The integrated peak area of the transient signals is correlated even when flicker noise on
the transient is present. Copper isotope ratio measurements for several laser pulses are
measured with an RSD of 0.85 %. For a single pulse the RSD is 1.6%.
Keywords: Laser ablation; inductively coupled plasma mass spectrometry; isotope ratio;
solids analysis.

' Presented at the Seventh Biennial National Atomic Spectroscopy Symposium,
Hull, UK, July 1994.
- J . Anal. A t . Spectrom. ,1995, 10, 267.
^ To whom correspondence should be addressed.
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Introduction
Since the original work of Gray in 1985', laser ablation (LA) ICP-MS has been
used for direct analysis of a wide variety of solids including metals", powders^ ®,
glasses^-^, and single mineral grains'. This technique combines the attractive features of
ICP-MS and laser ablation. ICP-MS offers excellent detection limits and the ability to give
isotopic information, while laser ablation requires little or no sample preparation, does not
require the sample to be conductive and can provide spatial resolution. Laser ablation is,
however, an erratic process. Using a short pulsed laser (pulse width slO ns), the sample
material is vaporized or ejected to the surrounding gas environment and a microplasma is
formed above the ablation site'". This process creates particles of various sizes which may
or may not leave the ablation cell. The material leaving the cell is carried to the plasma
via a transfer tube. In the transfer tube, the particles can undergo several processes
including deposition, collisions, and coalescence into larger particles". These ablation and
transport processes yield solid particles with a substantial size distribution, which causes
flicker noise in the ICP. At higher signal levels, plasma flicker noise usually limits the
precision obtainable for isotope ratios or internal standard ratios in commercial quadrupole
ICP-MS instruments due to the time lag required for peak hopping or scanning.
For this reason, LA-ICP-MS with conventional quadrupole devices is seldom, if
ever, used for isotope ratio determinations. In principle, simultaneous measurement of the
various ions of interest should eliminate flicker noise from the resulting ratio. Ion ratios
can be measured simultaneously using a magnetic sector equipped with multiple Faraday
cup collectors*

This instrument employs either solution nebulization'^ or laser
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ablation* with RSD values better than 0.03% and 0.05 % respectively. Recent work with a
double focussing device of Mattauch-Herzog geometry'^, and with time of flight'^ '® and
ion trap analyzers'^-'*, also shows substantial promise for providing simultaneous or
sequential detection on a very r^id time scale.
Recendy, we described an ICP-MS instrument in which the ion beam from the ICP
is split into two parts'^. Each part is then sent to its own quadrupole mass analyzer and
detector. Results for solution nebulization demonstrate that signals for two isotopes of the
same element and internal standard analyte isotopes are highly correlated. Precision is
improved significantly by taking the ratio of the individual signals.
This paper presents results for laser ablation of a copper sample with the twin
quadrupole ICP-MS. A repetition rate of 10 Hz at an energy level of 6 mJ/pulse is used
to yield a steady state Cu"^ signal. Transient signals are obtained with a single laser pulse
at both II and 20 mJ/pulse. Significant noise on the transient signal is obtained at the
lower laser energy. However, the noise is highly correlated in either die steady state or
transient case, and precision can be improved significantly by taking the ratio of the two
isotope signals.

Experimental
The ICP-MS system used in this work has been described previously". Briefly, the
ion beam from a typical ICP is split into two parts by an ion beam splitter placed in the
third vacuum stage. The splitter is essentially two electrostatic analyzers back to back.
Once split, each portion of the beam is sent to its own quadrupole mass analyzer and
electron multiplier. The ICP-MS operating conditions are listed in Table I. The voltages
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applied to the ion lenses for both the steady state and single pulse experiments were
optimized to yield a maximum Cu"^ signal in both channels using 10 Hz laser pulses.
A Nd:YAG laser (Model NY 82-30, Continuum) was frequency doubled to yield a
beam at 532 nm with a maximum Q-switched energy of 400 mJ/pulse. The pulse width
was 8 ns. Decreasing the Q-switch delay attenuated the beam to approximately 6 mJ/pulse
in the 10 Hz experiment and 11 and 20 mJ/pulse for the two transient experiments. As
shown in Fig. 1, a quartz lens (f = 10 cm) was used to focus the laser beam onto a rotated
copper sample. The beam was directed to the sample slightly off center in order to yield
fresh ablation sites during each ablation sequence. Laser energy was measured in real time
with a 50 mm pyroelectric energy detector (Model Rm-3700) and universal radiometer
(Model RjP-736) from Laser Precision (now Laser Probe). A copper plate was cut to fit
the dimensions of the cell, placed on a stepper motor (AMSl Corp. model 301SM) and
rotated at 30 rpm. No other sample preparation was required. Copper was selected for
two reasons: a) the isotope ratio is - 2/1 and is therefore measured relatively easily, and b)
the previous paper" describing this device also concentrated on Cu isotope ratios.
The ablation cell (Fig, 1) consisted of a glass pipe with an i.d. of 2.54 cm and a
volume of approximately 40 cm^. The beam passed into the cell through a quartz window
and was focused to maximize the intensity of the microplasma above the sample surface.
The cell was held onto an 0-ring in the stepper motor.
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Table 1. Instrumental Components and Operating Conditions.
OPERATING CONDITIONS

COMPONENT
ICP:
Plasma Therm generator
(now RF Plasma Products)
Model HFP-2000D
RF Plasma Products torchbox
(modified in-house for horizontal
operation with home-made copper
shielding box)
Ion Extraction Interface:
Ames Laboratory construction

Forward power
Reflected power
Aerosol gas flow
Outer gas flow
Auxiliary gas flow

Sampler orifice
Skimmer orifice
Sampling position
Sampler-skimmer separation

Vacuum System:
Three stages differentially pumped
Welded stainless steel
Ames Lab construction

Mass Analyzers:
From VG Plasma Quad
Model SPX 300 with RF-only pre-filters
Model SXP 603 Controllers and RF
Generators
Electron Multiplier:
Galileo Model 4870
pulse counting mode
Counting Electronics:
EG&G ORTEC
Model 660 dual 5 kV bias supply
Model 9302 amplifier/discriminator
Model 994 dual counter/timer

Differential pumping orifice
Operating pressures (torr)
Expansion chamber
Second (ion lens) chamber
Third (quadrupole) chamber

Mean Rod Bias

Bias voltage

1.25 kW
40 W
0.8 L/min
16 L/min
0.8 L/min

1 mm diam.
1 nun diam.
6 mm from coil
on center
12 mm

1.5 mm diam.
1.2

6x lO-*
6x 10-<>

0V

-3000 V

19

The outer case of the stepper motor was sealed with epoxy cement in order to
maintain consistent gas fiow dynamics through the cell. The ablated particles were
transported to the ICP with argon at a flow rate of 0.8 L/min (velocity of - 41 cm/s)
through Tygon tubing (1 m long, 6.4 mm i. d.).

Results and Discussion
Steady State Signals
A mass spectrum for copper is shown in Fig. 2 with a 10 Hz laser repetition rate to
yield a steady state signal. The irregular peak sh^es are similar in both channels and are
due mainly to noise in the ablation process. Under normal conditions of solution
nebulization the peak shapes are much smoother, as usually obtained with a typical
quadrupole device. The background level is - 50 counts s"'.
A plot of count rate versus time is given in Fig. 3 for a dwell time of 0.5 sec. The
absolute stability of each signal is rather poor at 8.5% RSD. However the precision
improves to 1.0% RSD when a ratio of the two signals is taken. Visually, it can be seen
that the two signals fluctuate together across the 12 second data acquisition period. The
dotted lines in Fig. 3 represent regression lines for each ion signal. These lines show that
the sensitivity for both ^^Cu"^ and ^^Cu"^ drifts upward with time in this experiment. The
ratio for the points making up the regression line was calculated and a slight drift (- 1.8%)
in the ratio was observed. This drift, however, was substantially less than the drift in the
individual regression lines which was -20%, demonstrating the ability of the instrument to
compensate for some drift in the sample introduction process.
Mermet and Ivaldi^ used ICP atomic emission spectroscopy with an echelle

20

spectrometer and array detector to obtain two different signals for the same emission line
of an element. Correlation of signals was demonstrated by plotting the normalized
intensity of one signal versus that of the other. Fig. 4 shows the correlation plot for the
ICP-MS data in Fig. 3. A high degree of correlation in obtained (r = 0.9978) even
though the signals fluctuate over a large range (70 - 100 units). A correlation coefficient
close to unity indicates that flicker noise cancels when the ratio is measured®.
Table 2 shows the effect of increasing dwell time on precision. The measured
precision improves by increasing the number of counts accumulated, as would be expected
from counting statistics, up to a dwell time of 2.0 s. However, the precision deteriorates
for dwell times longer than 2.0 s, as seen in the previous paper", for reasons that are
unclear at this time. Table 2 also lists the precision predicted for the ratio based on
counting statistics, the calculation for which was previously shown''. Clearly, all the
measured values of precision listed in Table II are poorer than the counting statistics limit.
Perhaps the beam position at the entrance to the splitter, the relative transmission of the
two mass analyzers and/or the relative response of the detectors drifts on a time scale of
several seconds or longer.
Note that the measured isotope ratio (2.4 in most cases) does not exactly equal the
actual isotope ratio for Cu (2.24) due to mass bias through the splitter and different
responses from the quadrupoles and detectors. The measured ratio can be changed
manually by adjusting a set of ion lens voltages prior to the splitter. Previous results using
solution nebulization indicate that the measured ratio can be related to the actual ratio by
the use of a calibration curve".
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Table 2. Effect of Dwell Time on Precision of Cu Isotope Ratio

%RSDof^Cu^/"Cu^ Ratio
Mean Ratio*
"Cu-^/^Cu-"

Measured

Counting Statistics

0.5

1.82

1.04

0.21

1.0

2.04

1.17

0.14

1.5

2.43

0.55

0.17

2.0

2.43

0.39

0.14

2.5

2.43

0.41

0.13

3.0

2.39

1.03

0.13

Dwell Time (s)

•accepted natural abundance ratio = 2.24

The ratio values shown in Table 2 were determined in the order shown over a 1 hour
time period. For the earlier measurements (dwell time = 0.5 and 1.0 s), the measured ratio
drifts from 1.82 to 2.04. The ratio then stabilized at - 2.4 for the subsequent measurements.
Such drift in the measured ratio is common with this device, particularly with measurements
in the early phases of a day's experiments.
Fig. 5 shows a plot of count rate versus time for an optimum dwell time (2.0 s). The
absolute stability of the signals is somewhat better at 4.5 %. The precision improves to 0.39%
when the ratio of the two signals is calculated. The correlation plot (not shown) has a
correlation coefficient of 0.9986. As was the case in the initial study", the precision of the
ratio can be fiirther improved by averaging 5 consecutive ratios. The RSD of 5 such averaged
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ratios is 0.26%, whicli is only - 60% worse than the best RSD of 0.15% obtained for Cu
isotope ratios during solution nebulization".

Transient Signals
Transient signals were obtained by firing individual laser pulses. The sample was
rotated as before and the dwell time for the counters (0.1 s) was selected to give an adequate
number of points to define the shape of the ablation pulse. The ablation crater from an
individual shot had a central pit that was 25 ^m diam. and - 10 fim deep. This pit was
surrounded by an irregular, distorted region of several concentric ridges similar to those shown
by Denoyer ef

for a Q-switched NdrYAG laser at 1064 nm. This edge region was -140

^m diam. A plot of signal versus time for 7 such laser pulses with an average energy of - II
mJ/pulse is shown in Fig. 6. Several of the peaks, especially peaks 3, 5, and 7, show
significant fluctuations in signal during the peak. However, this fluctuation is still correlated
in both channels, as indicated clearly by the inset in Fig. 6. The correlation plot (not shown)
corresponding to the areas from Fig. 6 yields a correlation coefficient of 0.9796. The isotope
ratio was obtained by integrating over the entire peak in both channels. The RSDs of the
individual signals and the ratio are 4% and 0.85 % respectively. The counting statistics limit
for the RSD of this ratio is 0.33%.
A plot of signal versus time for a higher laser energy (- 20 mj/pulse) is shown in Fig.
7. The peaks in this plot have a smoother, more uniform shape than was the case at lower
laser energy. At 20 mJ/pulse,the Q-switch delay is more nearly optimum, which yields better
beam quality and reproducibility. The Cu"^ counts in Fig. 7 are higher than those in Fig. 6
but do not increase linearly with energy, because the latter pan of the laser pulse is absorbed
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by the microplasma formed above the sample sur&ce"'. At higher pulse energies, a greater
percentage of the pulse energy is absorbed by the microplasma and does not reach the sample.
The RSD of the individual peaks is 5% while the ratio yields an RSD of 0.85%. Thus,
reasonable precision for an isotope ratio can be obtained for either an irregular or smooth
ablation pulse. The counting statistics limit in this case is 0.27 %.

A correlation plot for this

experiment is shown in Fig. 8. Again, there is significant fluctuation in the integrated peak
areas, but these fluctuations are correlated in the two signals measured.
Several applications of laser ablation require removal of a very small amount of
material and/or a high degree of spatial resolution. In order to evaluate the precision in the
isotope ratio for only one laser pulse, the ratio for seven consecutive points across the top of
each individual peak in Fig, 7 was calculated.

A summary of the results for these

measurements is given in Table 3. The average RSD for these ratios is 1.6%. These
measurements demonstrate the ability of this LA-ICP-MS system to give an isotope ratio from
a single laser pulse with adequate precision for some applications. To our knowledge, this has
not been previously accomplished with ICP-MS.
In Table 3, the mean ratio (- 1.3) has substantial bias. This is not surprising because
the bias is strongly affected by the lens voltages used at the entrance to the beam splitter, so
different isotope ratios are obtained on different days, depending on the particular lens
voltages used.
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Table 3. Precision of the Cu Isotope Ratio for the Seven Top Points Across Each Peak in
Fig. 7.
Peak

Mean Ratio ®^Cu''/"Cu'^

%RSD of«Cu"/"Cu-

1*

1.34

1.57

2

1.34

1.59

3

L3l

2.63

4

1.33

1.80

5

1.31

1.21

6

1.32

1.37

7

1.34

1.37

8

1.32

1.51

9

1.32

1.06

10

1.30

2.46

11"

1.30

1.19

*Left-most peak in Fig. 7.
••Right-most peak in Fig. 7.

Conclusions
Results indicate that, using a twin quadnipole ICP-MS, precision can be improved
by simultaneous measurement of ion signals. Effective cancellation of plasma flicker noise
was observed for both 10 Hz and single pulse laser ablation. The signals for the isotopes
measured were highly correlated. Preliminary results indicate that a modest RSD (1-2%)
can be obtained on an individual laser pulse. The precision obtained in all experiments is
still poorer than that predicted by counting statistics, for reasons that are unclear at this
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time. Also, ion transmission must be improved in order to make the instrument an
effective tool for trace elemental analysis. Possible ways to improve transmission are
currently being studied.
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Fig. 1 Schematic diagram of ablation system and transport mbe to plasma.
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Fig. 2 Mass spectra from both mass analyzers using 10 Hz laser ablation of the Cu
sample. The spectrum from quadrupole 2 is offset to the right for clarity.
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Fig. 3 Plot of count rate vs. time during steady state laser ablation (10 Hz 6 mJ/pulse) of
the Cu sample, dwell time = 0.5 sec. The RSD of each signal is 8.5% while the
RSD of the ratio is 1.0%. The dashed lines are regression lines for the signals.
See text for explanation.
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Fig. 4 Correlation plot for copper isotopes, dwell time = 0.5 sec. The correlation
coefficient is 0.9978.
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Fig. 5 Plot of count rate vs. time during steady state laser ablation of the Cu sample,
dwell time = 2.0 sec. The RSD of each signal is 4.5% while the RSD of the
isotope ratio is 0.39%.
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Fig. 6 Plot of count rate vs. time for seven laser pulses, average laser energy = 11
mi/pulse, dwell time =0.1 sec. The RSD of the integrated area for each isotope
is 4%, while the RSD of the isotope ratio is 0.85%. The plot for quadrupole 2
has been offset upward by 50,000 counts s ' for clarity. The inset is an expansion
of the right-most peak.
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mJ/puIse, dwell time = 0.1 sec. The RSD of the integrated area for each isotope
is 5%, while the RSD of the isotope ratio is 0,85%. The plot for quadrupole 2
has been offset upward by 50,000 counts s"^ for clarity.
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35

CHAPTER 3. PRECISE MEASUREMENT OF ION RATIOS IN SOLID SAMPLES
USING LASER ABLATION WITH A TWIN QUADRUPOLE INDUCTIVELY
COUPLED PLASMA MASS SPECTROMETER
A paper submitted for publication in the Journal of Analytical Atomic Spectrometry
Lloyd A. Allen, James J. Leach, Ho-Ming Pang and R, S. Houk'

Abstract
Laser ablation (LA) is used with steel samples to assess the ability of a twin
quadrupole inductively coupled plasma mass spectrometer (ICP-MS) to eliminate flicker
noise. Isotopic and internal standard ratios are measured in the first part of this work.
Results indicate that flicker noise cancels and significant improvements in precision are
possible. The isotope ratio "Cr^/^^Cr"^ can be measured with a relative standard deviation
(RSD) of 0.06% to 0.1 %, depending on the dwell time and averaging method used. The
level of noise above the shot noise limit is greater in internal standard measurements than
when doing isotope ratio measurements. Nevertheless, RSDs improve from 1.9% in the
Cr"^ signal to 0.12% for the ratio of

to "Cr"^ in a steel standard reference material

(SRM). In the second pan of this work, one mass spectrometer is scanned while the
second channel measures an individual m/z value. When the ratio of these two signals is
calculated, the peak shapes in the mass spectrum are improved significantly for a wide
range of elements. This technique corrects for flicker noise from the LA process while
scanning a mass spectrum for multielement determinations.

' To whom correspondence should be addressed.
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Keywords: Laser ablation; inductively coupled plasma mass spectrometry (ICP-MS);
internal standards; isotope ratios; solids analysis.

Introduction
ICP-MS has become a major force in elemental mass spectrometry in the past
several years. The simplicity of the spectrum and the speed of analysis make it an
attractive technique. ICP-MS does, however, have several limitations. The usual
quadrupole mass analyzer is a sequential or scanning device, which can limit the precision
of internal standard and isotope ratio measurements. It is desirable when doing these type
of measurements to use long dwell times in order to increase the total number of ions
measured to reduce the effects of shot noise. However, when using a typical quadrupole
system, the mass analyzer must be scanned rapidly or peak hopped for multi-mass
measurements to reduce the effects of flicker noise introduced by the plasma and sample
introduction system. Such fast scanning or peak hopping limits the amount of signal
obtained and therefore runs the risk of propagating shot noise in the measurement. Begley
and Sharp' discuss these effects and describe a detailed procedure for optimizing precision
for isotope ratio measurements.
There are presently two basic types of scanning, single-channel ICP-MS devices:
quadrupole or magnetic sector. Over the last several years, the precision and stability of
commercial quadrupole ICP-MS devices have been improved to the point where isotope
ratios can be measured with an RSD of 0.1 % (sometimes better), in cases where at least
10® ions are detected for the minor isotope. This level of precision is obtained for steady
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state signals resulting from continuous nebulization of solutions'*^. Precise measurement of
isotope ratios using a scanning, double-focusing magnetic sector instrument have recently
been reported^. Using the device in the low resolution mode, a precision of 0.04% RSD
was reported for the measurement of Pb and Mg isotope ratios.
A great deal of work has also focused on alternative mass spectrometers for
elemental analysis. Hieftje and co-workers'^ have used a time of flight (TOF) mass
analyzer for the very rapid detection of an entire mass spectrum. This system has been
used in both glow discharge

® and ICP-MS^-'-® experiments. The best ratio precisions

reported for this ICP-TOF-MS device are 0.46% RSD for steady state signals during
solution nebulization' and 1.6% RSD for transient signals generated by LA with single
shots*. Barinaga and Koppenaal' '" introduced an ion trap MS in which ions from an ICP
are trapped and later detected.
Finally, Walder et al.described an ICP-MS instrument with magnetic sector
mass analyzer and multiple Faraday detectors. Halliday and coworkers have used this
device to obtain accurate atomic masses of some elements'^. This instrument is capable of
simultaneous measurement of up to 9 adjacent m/z values. Isotope ratios can be measured
with very high precision (0.01% RSD) even when a noisy sample introduction method like
LA is used. The ICP multicollector (MC) MS has recently been used with LA to measure
isotope ratios for Sr in fledspar" and Hf in zircons'®. The precision of these isotope ratio
measurements approaches that of thermal ionization MS. LA-ICP-MCMS has the
additional advantages of spatial resolution and minimal sample preparation.
These MC studies in ICP-MS and other ICP emission studies with multichannel
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detection" show that simultaneous ratio measurements correct for most of the flicker noise
in the ICP. In the last two years, Houk and coworkers'®'" developed a twin quadrupole
instrument that simultaneously detects ions produced from an ICP (Fig. 1). This
instrument splits the ion beam into two parts. Each part is then sent to its own quadrupole
mass analyzer and detector. The eventual objective of this project is to produce a device
that is capable of high precision ratio measurements but is much smaller and less expensive
than the ICP-MCMS device and easier to use for measurements at widely different m/z
values.
This paper presents results for laser ablation of two steel standard reference
materials (SRMs) using the twin quadrupole ICP-MS instrument. The poor precision of
LA-ICP-MS is one of its main limitations. Because of the erratic nature of the ablation
process, the noise level on the signal is significant. For this reason, LA-ICP-MS with a
conventional single quadrupole instrument is not commonly used for isotope ratio
measurements.
The emphasis of much of the work that has been done using LA-ICP-MS for
isotope ratio measurement is in the field of geochemistry. Pb isotope ratios have been
measured in zircon grains with a precision of -0.5 %^. Using LA-ICP-MS, a close
correlation between the experimentally measured precision of the isotope ratio and the
precision predicted from counting statistics has been reponed for the measurement of Pb
isotope ratios in zircon^'. However, the precision obtained using LA-ICP-MS was worse
than similar analyses using solution nebulization ICP-MS^', most likely due to the noisy
nature of the ablation process.
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With the twin quadrupole device, most of the flicker noise can be removed when
the ratio of a signal between an isotope of the same element or that of an internal standard
element is taken'*. The precision of these measurements more closely follows counting
statistics when an isotope ratio is measured. The device also provides significant
improvements in precision for the ratios of signals for ions of different elements (i.e., for
internal standardization), although the precision of internal standard ratios is generally
poorer than that of isotope ratios of the same element. Results are also presented in which
one mass analyzer is scanned over a mass range while the other remains on a single m/z
value. When the ratio of these two signals is taken, peak shapes in the mass spectrum
improve significantly for a wide range of elements. This feature is investigated as a
correction for flicker noise during mass scans.

Experimental
ICP-MS Device and Conditions
The ICP-MS system used in this work has been described previously'® and is
depicted in Fig. 1. The ion beam fi^om the ICP is extracted in the normal fashion^-. The
beam then passes through a set of beam shift plates in front of the beam splitter. The
splitter divides the beam into two parts. Each part of the beam is then sent to its own
quadrupole mass analyzer and detector. In this fashion, signals at two m/z values can be
measured simultaneously.
Modifications to the system include a decrease of the sampler-skimmer separation
from 10 mm to 8 mm. This change decreased the background from -40 counts s ' to -10
counts s"'. The sensitivity of the instrument also improved -10 fold. For elements with
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ionization energy below -7 eV, the total sensitivity of the device (i.e., the sum of the
sensitivity of both channels) is -4 x 10® counts s ' per ppm when ultrasonic nebulization
and desolvation are used.
Next, the voltages on the beam shift plates prior to the splitter were offset to give a
split in the ion beam of about 4:1. This enabled simultaneous measurement of ions of very
different signal levels while keeping shot noise to a reasonable limit. This does mean,
however, that a calibration curve for accurate measurement of isotope and ion ratios would
be required as is typical for isotope ratio measurements with commercial ICP-MS
instruments. The absolute value of the split ratio can be altered by applying different
voltages to the beam shift plates before the splitter.
The ICP-MS operating conditions are listed in Table 1. Some care is taken to
match the behavior of the two electron multipliers. The voltage applied to each detector is
chosen such that the measured count rate does not change substantially as the detector
voltage is altered slightly. This procedure ensures that small, independent fluctuations in
the voltage output of each power supply do not affect the measured ratios greatly. The
sampling position, ion lens potentials and aerosol gas flow rate were optimized to yield the
best precision for

for SRM 1263 and

for SRM 1767. The voltages

on the beam shift plates were modified slightiy to increase the signal for minor isotopes or
small concentrations in some cases.

Laser Ablation Conditions
A Nd;YAG laser (Model NY 82-30, Continuum) was frequency doubled to yield a
beam at 532 nm. The laser was pulsed at 15 Hz and a steady state signal resulted in the

41

Table 1. Instrumental Components and Operating Conditions
COMPONENTS

OPERATING CONDITIONS

ICP:
Generator
(now RF Plasma Products)
Model HFP-2000D

Forward power
Reflected power

RF Plasma Products torchbox
(modified in-house for horizontal
operation with home-made copper
shielding box)

Aerosol gas flow
Outer gas flow
Auxiliary gas flow

Ion Extraction Interface^:
Ames Laboratory construction

Sampler Position

1.25 kW
< 8W
0.8 L/min
16 L/min
0.8 L/min

Sampler orifice
Skimmer orifice
Sampler-skimmer separation

8 mm from
load coil on
center
1 mm diam.
1 mm diam.
8 mm

Vacuum System":

Differential pumping orifice

1.5 mm diam.

Three stages differentially pumped

Operating pressures (torr)

Welded stainless steel
Ames Laboratory construction

Expansion chamber
Second (ion lens) chamber
Third (quadrupole) chamber

Mass Analyzers
From VG Plasma Quad
Model SXP 300 with RF-only prefilters
Model SXP 603 Controllers and RF
Generators

Mean Rod Bias 0 V

Electron Multiplier:
Galileo Model 4870
pulse counting mode

Bias voltage -2800 V

Counting Electronics;
EG&G ORTEC
Model 660 dual SkV bias supply
Model 9302 amplifier/discriminator
Model 994 dual counter/timer

1.1

4 X 10^
5 X 10"^
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ICP-MS. The pulse width was 8 ns and the energy was -TO mJ/puise. Laser energy was
measured using an energy detector (Scientech model PHF50) and radiometer (Vector
S200). The ablation system was similar to the one depicted previously^' with two
improvements. First, the quartz window into the cell was fitted at a 45 degree angle,
which minimized back reflection. Second, the aerosol gas was added tangentially at the
base of the ablation cell and exited tangentially slighdy above the sample. This tangential
flow of aerosol gas minimized deposition of particles in the cell and improved panicle
transport efficiency from the cell.
Steel samples were obtained from the National Institute of Standards and
Technology (NIST). The samples were cut to fit the dimensions of the cell and smootiied.
No otiier sample preparation was required. The sample was held onto the stage of a
stepper motor (AMSI Corp., Model 30ISM) and rotated at -30 rpm. The laser was
focused onto the sample slightly off center with a quartz lens (f = 10 cm). In this fashion
a circular track was made in the sample during ablation. The lens was positioned to yield
a maximum metal ion signal which was obtained with the focal point slightly below the
surface of the sample. The ablated particles were transported to tiie ICP through Tygon
tubing (~1 m long, 6.4 mm i.d.)

Results and Discussion
Isotope Ratio Measurements
A plot of count rate versus time is given in Fig.2 for "Cr"^and ^^Cr"^ in SRM 1263
for a dwell time of 0.5 sec. One mass analyzer transmits only m/z = 52, and tiie otiier
transmits m/z = 53 for this entire experiment. The certified Cr concentration in tiiis
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sample is 1.31% w/w. The RSD of the individual signals is 3%, typical of LA-ICP-MS.
However, when the ratio of the two signals is calculated, the RSD improves to 0.54%. If
5 consecutive ratios are averaged, the RSD of 5 such averaged ratios is 0.24%. A longer
dwell time (2 s) (Fig. 3) improves the RSD of the ratio to 0.29%. This is due to the
accumulation of more counts and a decrease in the shot noise limit, as has been described
previously'®. Again the RSD can be improved by averaging 5 consecutive ratios. In this
case the RSD of 5 averaged ratios is 0.058%. Table 2 shows the effect of increasing dwell
time on precision for the Cr isotope ratio measurements and the precision predicted from
counting statistics. The procedure for calculating the RSD expected from counting
statistics is described in equation 1 of ref 18. Application of the F test^ indicates that for
dwell times up to 2.5 s, the measured RSD and the RSD predicted from counting statistics
are not significantly different. Beyond 2.5 s precision deteriorates, for reasons that are
unclear at this time.
Table 2 also shows that the precision can be improved by averaging every 5 ratios,
as noted earlier. This averaging procedure may be considered to be an "artificial" way to
extend the dwell time and reduce the precision limits imposed by counting statistics.
Fig. 4 shows the signals for ^Pb"^ and ^^Pb"^ from this sample (SRM 1263). The
dwell time is 2 s, and Pb is present at 22 ppm. The resulting signals for each isotope are
very noisy, with an RSD of -17%. The precision of the isotope ratio ^Pb"^/^®Pb'^ is
2.6%. If every 5 ratios are averaged, the RSD of the averaged ratios improves to 0.68%.
This value is essentially the same as the counting statistics limit of 0.66%.
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Table 2. Effect of Dwell Time on Precision of Cr Isotope Ratio
Precision of "Cr^/"rr^ Ratio
Dwell Time (s)

Mean Ratio*
"Cr'^/^^Cr'^

Measured
RSD (%)

RSD (%) from
Counting
Statistics

%RSD of 5
Averaged Ratios

0.5

0.530

0.543

0.50

0.240

1.0

0.525

0.338

0.34

0.090

1.5

0.523

0.358

0.28

0.228

2.0

0.522

0.288

0.24

0.058

2.5

0.521

0.253

0.21

0.226

3.5

0.520

0.255

0.18

0.186

4.5

0.578

1.20

0.18

1.14

7.7

0.555

0.563

0.13

0.478

Accepted natural abundance ratio = 0.113

Note that the signal for ^Pb"^ is higher than that for ^^Pb"^ in Fig. 4. In contrast,
the actual sample contains roughly half as much ^Pb as ^®Pb. A similar bias occurs in the
measured ratios for ^^Cr'^/^^Cr'^ shown in Table 2. As described in the Experimental
section, the signals for the less abundant isotopes (^'^Pb'^ and "Cr"^) have been enhanced
artificially by adjusting die voltages applied to the deflection plates (Fig. 1) to send most of
the ion beam through the appropriate channel. This ability to enhance the signal for the
minor isotope actually helps improve the counting statistics contribution to the precision.
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Internal Standardization
A plot of count rate versus time for

and ^^Cr"^ is shown in Fig. 5 for a dwell

time of 7.7 s using SRM 1263. The certified concentration of V is 0.31%, and Cr is
present at 1.31% w/w. Each signal has an RSD of 1.9%. This RSD value is in fact
quite good for LA-ICP-MS. However the RSD improves to 0.24% when the ratio of the
two signals is taken. The counting statistics limit for this measurement is 0.12%. Again
the precision can be improved fiirther by averaging every 5 ratio measurements. The
RSD of 5 such averaged ratios is 0.12%. In this case application of the F test indicates
that the measured RSD is significandy higher than that predicted firom counting statistics.
It should be noted that the measurement of

represents the easiest

internal standard measurement for different elements. The masses of V and Cr are very
close (Am= 1 amu) and their ionization energies are low and nearly the same (6.74 and
6.77 eV respectively), so they should behave similarly in the ionization, ion extraction,
and beam splitting processes.
A more difficult case is demonstrated in Fig. 6. A plot of count rate versus time
for

and ^^Cr"^ is shown again using SRM 1263. The concentration of these two

elements is 0.046% and 1.31% w/w respectively. The large difference in mass (Am =
132) and ionization energy (AIE = 1.21 eV) should make for a poor internal standard
pair. At a dwell time of 3,0 s the RSD of the individual signals is 3%. When the ratio
of the two signals is taken, the RSD improves to 0.63%. This value is higher that the
counting statistics limit (0.39%) by a factor of only 1.6.
Table 3 gives values of RSD with dwell time for the signal ratios

and
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mw+yszcr"^ at various dwell times along with the counting statistics limit and the RSD
value obtained when using the 5 ratio averaging technique. The best RSDs obtained are
-0.12% for

and 0.35% for '"W^/^Cr"^. These NIST steel standards are

generally considered to be homogeneous. Thus spatial changes in sample composition
probably do not contribute to the differences between measured precision and that expected
from counting statistics. The precision obtained for signal ratios of different elements is
generally poorer than that obtained for isotope ratios of the same element, regardless of
whether the sample is introduced by LA or as a solution aerosol"-". The RSD values
reported above represent substantial improvements over those obtained in our early work
with this device'®-".

Improvements in Peak Shape and Precision During Scans
The previous results are all obtained with each mass analyzer sitting on one m/z
value. A unique feature of this instrument is the ability to scan one quadrupole, while the
other quadrupole measures a single m/z value. Thus, an internal standard ion can be
measured at precisely the same time as each analyte ion to correct for flicker noise during
multielement determinations.
Fig. 7 demonstrates such an experiment. SRM 1767 is ablated and the resulting
mass spectrum and count rate versus time plots are shown in Fig. 7a. One quadrupole
measures

while the other quadrupole scans over the region m/z = 89 to 102. Each

data point in the

signal versus time plot is measured at the same time as the point

directly beneath it in the scanned spectrum. Also, note that the dwell time for both the
scan and single m/z measurement is 1.2 s. The use of this relatively long dwell time
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Table 3. Effect of Dwell Time on Precision using Internal Standard Elements.
%RSD Qf"V^/"Cr^ Ratlp
Dwell Time (s)

Measured

Counting Stats.

%RSDof5
Averaged Ratios

0.5

0.882

0.440

0.350

1.5

0.493

0.255

0.348

2.5

0.374

0.200

0.226

3.5

0.326

0.171

0.149

4.5

0.479

0.153

0.416

7.7

0.241

0.119

0.119

10

0.369

0.107

0.294

%RSD of'«^W^/«Cr^ Ratio
Dwell Time (s)

Measured

Counting Stats.

%RSD of 5
Averaged Ratios

0.5

1.41

0.900

0.477

1.5

0.817

0.526

0.354

2.0

0.964

0.470

0.721

3.0

0.632

0.390

0.427

5.0

1.85

0.317

1.72
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allows for accumulation of sufficient counts to reduce the importance of shot noise, which
is not removed by these simultaneous ratio measurements.
In Fig. 7a the RSD of the

signal is 7.0%. The dashed lines in Fig. 7a indicate

several places where flicker noise has perturbed the

measurement and the mass scan at

the same time. The ratio of the two signals is taken and the corrected mass spectrum is
shown in Fig. 7b. As can be seen irregularities in the peak shapes are corrected and a
smoother mass spectrum results. This result is consistent with the results presented above
in that flicker noise cancels for a wide range of elements.
The accepted abundance ratio for '^Mo/'^Mo is 1.048. The measured ratio,
obtained using peak height after subtraction of background and '^Zr'^signal, is 1.157. This
value has a relative error of 10.4%. The value obtained for the same ratio using the
corrected mass spectrum is 1.060 with a much lower relative error (1.14%). This value
represents the mass bias in just one side of the beam splitter and one of the mass analyzers
and is comparable to the bias seen with conventional single quadnipole instruments^. This
moderate value for mass bias, -1 % per mass unit, is somewhat surprising considering the
fact tiiat the beam splitter could act as an energy analyzer and cause more mass bias than
usual.
Fig. 8 shows a similar mass spectrum and count rate versus time plot for several
elements. One quadnipole is scanned over the region m/z = 44 to 53 while the other
quadrupole measures

The dwell time used is once again 1.2 s. Again irregular

peak shapes result in Fig. 8a due to flicker noise in the plasma and sample introduction
process. As indicated by the dashed lines, these noise spikes in the peaks correspond to
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similar spikes on the

signal. The RSD of the

signal is 7.4%. The shapes of the

peaks in the mass spectrum improve substantially when the ratio of the two signals is
calculated as shown in Fig 8b.
Suppose that V and Ti are homogeneously distributed and have natural isotopic
abundances, selective ablation is not a problem and that both elements are 100% ionized in
the plasma. Under these assumptions a comparison of accuracy can be made. The
cenified value of the atomic abundance ratio of ^^V'^/**Ti'^ is 3.813. Following
background subtraction, the uncorrected mass spectrum gives a value of 4.204. The
corrected mass spectrum yields 4.128. Again both measured values are higher than the
actual certified value. However, the relative error using the uncorrected mass spectrum
(10.25%) is higher than the relative error using the corrected mass spectrum (8.26%).
This error is somewhat higher than that expected from mass bias. Once again, it appears
diat signals from different elements do not correlate as well as signals for different isotopes
of the same element'®.
This mediod can be valuable in two ways. First, it yields a more representative
mass spectrum since flicker noise in the plasma and sample introduction process has been
removed. Second, since a more accurate mass spectrum is obtained, the presence of a
spectral interference can be deduced and corrected more readily. As can be seen, the
correction using two different elements is not as good as an isotope ratio correction;
however a more accurate and value results in both cases.
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Conclusion
Results indicate that, using a twin quadrupole ICP-MS, precision can be improved
by simultaneous measurement of ion signals in both a mass scan and selected ion
monitoring. Flicker noise firom laser ablation and from the plasma are correlated and can
be cancelled. For ratios of isotopes of the same elements, measured values of precision are
only slightly above the counting statistics limit. Internal standard ratios improve precision
values to about 1.6 times the counting statistics limit. Thus, flicker noise does not cancel
as effectively when two different elements are measured, compared to an isotope ratio of
the same element. Mass spectra from one channel are corrected using an internal standard
from the other channel. The corrected mass spectrum gives more accurate results for
isotope and elemental ratios than an uncorrected spectrum. Interestingly, a similar
principle, although without simultaneous detection, could be used with a single channel
instrument equipped with the appropriate controlling software to hop or scan rapidly,
thereby minimizing flicker noise during multielement determinations.
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Fig. 1 Schematic diagram of ICP twin quadrupole device.
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Fig. 2 Plot of count rate vs. time during 15 Hz laser ablation of steel SRM 1263, dwell
time = 0.5 sec. The RSD of each signal is 3.2% while the RSD of the
ratio is 0.54%. The concentration of Cr = 1.31% w/w.
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Fig. 3 Plot of count rate vs. time during 15 HZ laser ablation of SRM 1263, dwell time
= 2.0 sec. The RSD of each signal is 1,3% while the RSD of the ratio is 0.29%.
The concentration of Cr = 1.31% w/w.
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Fig. 4 Plot of count rate vs. time during laser ablation of SRM 1263, dwell time =
sec. The Pb concentration is 22 ppm.
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1263, dwell time = 7.7 sec. The RSD of each signal is 1.9% while the ratio is
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CHAPTER 4. SIMULTANEOUS MEASUREMENT OF ANALYTE AND MATRIX
IONS IN INDIVIDUAL ION CLOUDS USING A TWIN QUADRUPOLE
INDUCTIVELY COUPLED PLASMA MASS SPECTROMETER WITH
MONODISPERSE DRIED MICROPARTICULATE INJECTION
A paper ready for submission to the Journal of the American Society of Mass
Spectrometry
Lloyd A. Allen, James J. Leach, and R. S. Houk

Abstract
Pulses of analyte and matrix ions from individual drops are measured
simultaneously using a twin quadrupole inductively coupled plasma mass spectrometer
(ICP-MS) with monodisperse dried microparticulate injection (MDMI). At modest Pb
concentrations (500 ppm), a shoulder on the leading edge of the Li^ signal appears. At
higher matrix concentrations (1000 ppm), a dip in the leading edge of the Li"^ signal
becomes apparent. Space charge effects in the extraction system and ion optics of the
mass spectrometer are consistent with the dismrbances seen. A qualitative depiction for
this behavior is proposed. In this model the Li"^ cloud undergoes space charge deflection
out of the preferred ion path followed by refocussing in the ion optics. Deflection of Li^
by space charge causes part of the Li"^ ion cloud to be driven ahead of the Pb^cloud and
part to be trapped behind the Pb"^ cloud. The result is a shoulder on the leading edge of
the Li"^ signal.

Address reprint requests to R. S. Houk, 108 Spedding Hall, Ames Laboratory Iowa State
University, Ames lA, 50011, rshouk@iastate.^u
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Introduction
ICP-MS is a widely accepted tool for elemental and isotopic analysis. Advantages
include low detection limits, a linear dynamic range of 6-8 orders of magnitude, and
rapid semiquantitative determination of 70 elements using only a few standard elements.
ICP-MS does, however, suffer from several problems caused by matrix elements at high
concentration in the sample. Problems associated with matrix elements include
suppression of ionization in the plasma and decreased ion throughput in extraction and
transmission processes. Such effects are termed matrix effects.
One such matrix effect is known as space charge [1]. Put simply, space charge is
the coulombic repulsion of like charges when a high charge density occurs. To a first
approximation, the ICP is a mixture of neutral atoms, electrons, and positive ions. The
number of charged particles in this mixture balance one another to form a quasineutral
plasma. However, as the plasma flows through a typical sampler-skimmer arrangement
and into the ion optics, electrons are lost and quasineutrality breaks down. The exact
location of this charge separation is not known, but calculations indicate that it is likely to
occur very shortly after the skimmer orifice of a typical ICP-MS [2]. A beam consisting
mostly of positively charged ions is formed [3]. This high density of positive ions repel
one another until a stable ion beam is formed. Light ions with low kinetic energy, such
as Li"^, can be deflected out of the normal ion path much more easily than heavy ions
such as Pb^ and U^.

An iterative procedure for calculation of space charge in ICP-MS

has been developed [4]. This procedure predicts space charge effects at ion beam
currents up to an order of magnitude lower than those experimentally measured.
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Reduction of space charge effects has been attempted by several workers. Tanner
[5,6] uses a conventional sampler-skimmer arrangement along with a reducer orifice to
decrease the overall ion beam current and thereby minimize space charge effects while
maintaining high analyte ion signals. Acceleration of the ion beam to high potential,
similar to that used with magnetic sector mass analyzers, has also been used as a means
of minimizing space charge in quadrupole ICP-MS [7].
Several workers [1,8,9] suggest that the effect of a concominant species could be
minimized by adjusting the voltages on the ion lenses. This procedure involves
reoptimization of the lenses in the presence of the matrbc element instead of a 1 % HNO3
standard solution of the analyte of interest.
Numerous studies have been done to investigate space charge effects. Targets
placed in the vacuum chamber after ion extraction have been used to collect ions in order
to assess the loss of analyte ions with high concentration of matrix species present [10,11]
Such a procedure is time consuming and results must be interpreted with care. Olesik
and coworkers [12,13] used an MDMl [14] to measure time resolved signals from ion
clouds created fi-om individual, monodisperse droplets. ICP optical emission signals were
used to trigger collection of ICP-MS data. Using this time resolved technique, matrix
effects on the analyte in individual droplets are examined and evidence for matrix effects
not originating in the plasma are observed [12,13].
These time resolved measurements do an excellent job of observing the effect that
the matrix ion has on the analyte. However, using a conventional quadrupole based ICPMS system, it is difficult to measure signals from both die analyte and matrix ions from
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the same drop. Ion signals resulting from individual drops are short in duration (~ I ms
full width). Peak hopping and quadrupole settle time limit a typical ICP-MS to the
measurement of only one m/z value per drop.
In this work a twin quadrupole ICP-MS [15] device is used to measure signals
firom both the analyte and matrix element simultaneously. Using an MDMI, individual
drops are introduced to the ICP-MS . Simultaneous detection gives additional
information about how the matrix and analyte ion cloud interact. Information on this
interaction may be helpfiil as solutions to the space charge problem are sought.

Experimental
ICP-MS Operation
The ICP-MS instrument used has been described previously [15]. The ion beam
from a typical ICP is extracted in the usual fashion [16]. The beam then passes through
a set of ion beam shift plates and into a device known as the ion beam splitter. The ion
beam is split into two parts with each part being sent to its own quadrupole mass analyzer
and detector. Using this arrangement, ions at two m/z values can be observed
simultaneously. The ICP-MS operating conditions are listed in Table 1.
In order to detect both the matrix and analyte ions at reasonable levels, the major
portion (~ 75%) of the ion beam was sent down Channel 1 of the beam splitter. This
was accomplished by adjusting the voltages on the beam shift plates prior to the splitter.
The voltage applied to the electron multiplier used to detect the matrix was
adjusted to a less negative potential as the concentration of matrix increased. This was
done to protect the detector from the high ion currents and avoid detector saturation.
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Table 1. ICP-MS and MDMI Operating Conditions

ICP-MS Operating Conditions
RF Generator; RF Plasma Products

Forward Power

1250 W

Model HFP-2000D

Reflected Power

< 8W

Torchbox: RF Plasma Products

Outer gas flow

15 L/min

(modified for horizontal operation)

Auxiliary gas flow

LO L/min

Ion Extraction Interface;

Sampler orifice

1 mm diam.

Ames Laboratory Construction

Skimmer orifice

1 mm diam.

Sampler-Skimmer

8 mm

separation
Mass Analyzers:

Mean Rod Bias

0V

Extraction lens

-lO.O V;

VG Plasma Quad
Model SXP 300 with RF-only prefilters
Model SXP 603 Controllers and RF
Generators
Ion Lens Potentials (see Fig. 1 of ref.
15)
Second Stage

unless
First Ion lens

otherwise

Differential pumping plate

noted
-220.0 V
-99.0 V

Third Stage
Beam shift plates

Left shift plate

0.0 V

Right shift plate

-1-0.3 V

Top and bottom shift plates

-f-3.5V
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Table 1. (Continued)

ICP-MS Operating Conditions
Beam Splitter

Fringe Field Plates

Ch. 1 Ion lenses

Ch. 2 Ion lenses

Ch. I electrode

-67.3 V

Ch. 2 electrode

-72.4 V

Center electrode

-59.4 V

Top Plate

+75.7 V

Bottom Plate

-48.5

Ch. 1

-116.0 V

Ch. 2

-169.0 V

Ion lens 1

-230.0 V

Ion lens 2

-37.0 V

Quadnipole Entrance

-0.9 V

Ion lens 1

-218.0 V

Ion lens 2

-73.0 V

Quadrupole Entrance

-10.0 V

Electron Multipliers:

Bias Voltage;

Galileo Model 4870

Ch. 1

-3.1 kV

Ch. 2

varied: -3
-2.4 kV

MDMI Operating Conditions
carrier gas flow

1.4 L/min

droplet introduction frequency

100 drops/sec.

oven temperature

900 °C
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Signals were obtained by connecting the output of each electron multiplier directly
into separate channels of a dual channel digital oscilloscope (Le Croy, Model 94S0A).
Data acquisition for both channels was triggered by the signal in one channel. The data
were then transferred to a personal computer through a GPIB interface using software
written in-house in ASYST. At low signal levels, the analog signal was fourier smoothed
using GRAMS/386 (Galactic Industries Corp.) and normalized using commercial
spreadsheet software. Fourier smoothing was done to remove the high frequency noise
component from the plasma RF generator.

MDMI Operation
Individual droplets were introduced to the plasma with the MDMI mounted
horizontally. Operation of the MDMI in the horizontal orientation is more difficult than
in the vertical position typically used for ICP-OES measurements. Maintaining consistent
droplet trajectory over the distance from the droplet generator to the plasma is
complicated by gravitational pull on the drops. The difficulty in horizontal operation of
the MDMI has been mentioned previously [12,13]. Despite this problem, individual
drops can be examined under different conditions and definite trends can be observed.
The operating conditions used for the MDMI are listed in Table 1.
Space charge effects should be most severe for a light analyte element such as Li
in the presence of a high concentration of a heavy, easily ionized element such as Pb.
For these reasons, Li and Pb were chosen for this and an earlier study [13] of space
charge using the MDMI.
Solutions were made by dilution of standards for lithium (ICP standards, as
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LiN03) and by dissolving PbCNOa); (Fisher Scientific) to make a stock lead solution
followed by dilution to desired levels. All solutions were made as 20% methanol/water
(Fisher Scientiflc HPLC grade methanol). This mixture gave the best performance with
the MDMI mounted horizontally. Droplets formed from this mixture dried more quickly
in the laminar flow oven of the MDMI than those from pure aqueous solutions. The
result is a more reproducible train of sample introduced to the plasma.
Solutions were degassed in an ultrasonic bath prior to use with the MDMI.
Degassing removed the dissolved air from the sample solution. This minimized
formation of air bubbles in the micropump of the MDMI. Droplet formation stopped if
air bubbles reached the micropump.

Results and Discussion
Li^ signals, No Matrix
Previous work showed that signals from one side (ch. 1) of the twin quadrupole
ICP-MS are highly correlated with those from the other side (ch. 2) on a time scale >0.5
s. These experiments were done using pulse counting data acquisition with sample
introduction by ultrasonic nebulization [15] and laser ablation [17,18].
Fig. 1 shows typical Li"^ signals resulting from an individual drop containing 1
ppm of Li with no matrix element present. The onsets of the two signals are matched to
within 10 fts and the peak tops occur at the same time. The width of the peaks is slightly
different with ch. 2 being slightly wider (—70 fis). With no matrix present, the trend of
ch. 2 being wider is consistent, but the absolute value of the difference in peak width
varies over about 20 /xs. Once these parameters were established, a more detailed
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exploration of the effect of a high matrix concentration could be done.
It should be noted that the shapes and peak height of die ion signals produced
from successive droplets vary substantially. This is die case for all peaks shown in this
work. This can be explained by flicker noise in the plasma causing varying amounts of
ions to be extracted into the mass analyzer from drop to drop (see Fig. 5 for example).
When the MDMI is used horizontally, the spatial location of successive droplets wavers
over time. However, the onsets and peak tops of the two Li^ signals from a panicular
droplet always match closely, as shown in Fig. 1. The reader should also note that the
tops of the peaks shown throughout this p^er have been normalized so the peak shapes
can be compared.

Li"^ Analyte, Pb^ Matrix
A plot of normalized ion signal vs time is shown in Fig. 2 for a solution
containing 1 ppm Li and 100 ppm Pb. Fig. 2 shows that the initial onset of'Li"^ (ch. 1)
is earlier than that of

(ch. 2) by ~90 fis. This value represents the difference in

flight time of the initial part of the ion clouds of 'Li"^ and ^Pb^ through the ion optics
and quadrupole to the detector of the mass spectrometer. This delay time is similar in
magnitude to that measured by Olesik [12] for a single quadrupole ICP-MS device.
However, measurement of the delay time using a single quadrupole ICP-MS is
complicated by the need to trigger the MS data acquisition by an optical emission signal.
Under these conditions the 'Li"*" cloud (ch. 1) is slightly broader than that of the ^Pb"^
cloud (ch. 2) by ~ 115

/JLS.

A similar plot is shown in Fig. 3. In this case, the concentration of Pb is
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increased to 500 ppm. Again, the initial arrival of'Li"^ is earlier than ^Pb"^. With a Pb
concentration of SOD ppm there is a noticeable shoulder on the leading edge of the ^Li*^
signal. The peak of the ^Pb"^ signal is earlier than the 'Li^ and die signals reach
baseline at about the same time. It appears that the front edge of the ^Li^ beam has been
suppressed by the Pb"*" matrix. Oddly, the maximum Pb^ signal is seen after die initial
Li"^ shoulder, at a time when the Li"^ signal is rising sharply. At first, diis observation
appears to be inconsistent with space charge suppression as a cause of the shoulder on die
'Li"^ peak. However, when die difference in initial arrival time of 'Li"^ and ^Pb* is
considered, the suppression of the 'Li"^ signal could very well have taken place in the
center of the Pb"^ cloud but early in the ion optics. Again it is intuitively unclear why the
remaining 'Li"^ ions maximize after the ^Pb"^ matrbc. A qualitative depiction for such
behavior is described below.
Four sets of ion signals from drops containing 1 ppm Li and 1000 ppm Pb are
shown in Fig. 4. In each case, the 'Li"^ signal has a noticeable dip in die leading edge at
about the same location as the shoulder in Fig. 3. This indicates a more severe space
charge repulsion in the center of the initial ion cloud, consistent with the higher matrix
concentration used. As previously mentioned, the exact shape of the ion signals is not
identical, however the same general shape occurs for each plot.
Fig. 5 shows a plot of normalized ion signal vs. time for a solution containing 50
ppm Li and 1500 ppm Pb. In diis case, both mass analyzers were set to transmit m/z =
7 CLi"^). Once again, the pulse from ch. 2 (dashed line) is slightly broader than that
from ch. 1 (solid line). There is a large shoulder and a slight dip in the leading edge of
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both

signals. The overall shape of the signals is similar which illustrates two useful

points. First, if space charge repulsion occurs in the splitter or in the ion optics past the
splitter, the nature of the repulsion on both sides is similar. However, the transmission
of ch. 1 is about three times higher than that of ch. 2, so the space charge effect should
be greater inside ch. 1. Thus, the similarity in pulse sh£q)es in Fig. 5 shows that the
main space charge effect does not occur inside or after die splitter. Second, if the space
charge repulsion occurs prior to the splitter, the profile of the ion beam is maintained
through the splitting process indicating some degree of symmetry in the space charge
process.

Qualitative Depiction of Space Charge in Individual Pulses
In order to explain the previous observations, an intuitive depiction for space
charge repulsion is shown in Fig. 6. When the sample is introduced by the MDMI,
assume that the ion pulse at the exit of the skimmer is spherical with Li"^ and Pb"^
intermingled. The positive ions are balanced by roughly an equal number of electrons.
Before the pulse interacts with the potential fields of the first ion lens, the velocity of the
Li^ and Pb"^ are the same because collisions in the supersonic jet accelerate all ions to the
terminal velocity of neutral Ar [3]. Somewhere behind the skimmer, some or all of the
electrons are lost, and the remaining positive ions repel each other. As the space charge
repulsion occurs, there are several possibilities for its effect on the Li"^ cloud. The front
of the Li"^ cloud could be driven forward by space charge out of the influence of the Pb"^
matrix ions. The remaining portion of the Li"^ cloud would either be driven in the
reverse direction in back of the Pb"^ cloud or deflected laterally out of die preferred path.
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Some of the laterally deflected Li*** would either be lost firom the ion optics, while the
remainder is refocused back into the ion path by subsequent ion lenses.

The Li^ that

has been deflected out of the preferred path will have a longer path length than that of
Pb"^ which remains close to the axis of the ion beam. The refocused Li"^ is now upstream
(i.e. farther from the detector) with respect to Pb"^. In the ion optics, the refocused Li"^
tries to move past the Pb"^ to its "naniral" position. However with the intense Pb"^ cloud
blocking the path, the Li"^ cannot get past the Pb"^ cloud and never accelerates to its
desired velocity in the ion optics. Thus, the most severely deflected Li"^ as well as the
Ll"^ initially driven in the reverse direction, arrive at the detector after the intense Pb"^
cloud.
A two dimensional diagram of the proposed model is shown in Fig. 6. Of course,
the ions actually travel in three dimensions. In a three dimensional case, the spherical
nature of the ion cloud would cause the majority of the Li"^ cloud to have an extended
path length and appear at the detector after the Pb"^. This is consistent with the
observations made here explaining why the peak maximum of the "^Pb"^ occurs before or
at the same time as the maximum in the 'Li"^ signal.

Effect of Voltage Applied to Extraction Lens
The above depiction indicates that the distance the analyte ion moves out of the
preferred path influences the extent to which the leading edge of die ion cloud is
separated from die back of the ion cloud. In order to test this, the potential on the
extraction lens was varied. The plots shown previously were obtained using an extraction
potential of -10 V.
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Fig. 7 shows signals obtained for two different extraction lens potentials. Signals
for an extraction lens potential of -90 V are shown in Fig. 7a. Clearly there is a
shoulder on the leading edge of die ion signal, similar to but less severe than for signals
shown previously at -10 V on the extraction lens.
The signals shown in Fig. 7b were obtained with a more negative extraction lens
voltage (-130 V). Under these conditions, no shoulder is seen on the leading edge of the
Li*^ signal. A slight shoulder on the tailing edge of the Li*^ signal may be evident.
Similar peak shapes resulted for extraction lens potentials down to -190 volts.
Unfortuantly, a more negative potential on the extraction lens resulted in very low signals
for Li^ that became difficult to distinguish from background.
These data indicate that the voltage ^plied to the extraction lens may play a role
in the extent of space charge seen in the presence of a matrix. Interestingly, this
observation is consistent with earlier work done using a helium-argon mixed gas ICP-MS
[8]. This study found that, as the concentration of matrix element increased, a more
negative potential on the extraction lens along with adjustment of subsequent ion lenses,
can be used to reoptimize the analyte ion signal.
An effort was made to determine if the effect of a more negative extraction lens
voltage, along with reoptimization of subsequent lenses, mitigated the space charge effect
on the overall signal. However, this experiment was complicated by the large fluctuation
in ion signals seen from drop to drop. Therefore, it is difficult obtain a statistically
meaningful relationship between the signals seen with and without the Pb matrix along
with retuning of the ion lenses.
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Conclusions
Using the twin quadrupole ICP-MS instrument, ion signals from individual drops
were measured. For ions of the same m/z, the initial onset and the peak of the ion signal
occur at the same time. When 'Li"^ and ^Pb"^ are measured simultaneously, the ^Pb"^
pulse is delayed after that for ^Li*^. Lead concentrations greater than 500 ppm, perturb
the shape of the

pulse. This perturbation can be explained as a space charge

repulsion of the Li"^ out of the preferred ion path. Repelled ions can be lost from the ion
optics or refocused into a stable ion path. An intuitive depiction for such behavior was
presented.
Caution should be taken when comparing the results shown here with fmdings
using a typical nebulizer. The MDMI introduces discrete drops of sample to the ICP and
individual, spatially separate ion clouds result. The effect of a continuous stream of
matrix ions, seen when using a typical nebulizer, may be different than the effects
observed in this work. However, the results presented give fundamental insight into the
interaction of ions with each other.
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Fig. 1 Plot of normalized ion signal vs. time for a drop containing 1 ppm Li.
Measurement of identical m/z values yields the same onset of signal and peak
height. Before normalization, the pulse in ch. 1 is actually three times higher than
that in ch. 2.
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Fig. 2 Plot of normalized ion signal vs. time for a drop containing 1 ppm Li and 100 ppm
Pb. The onset of the Li"^ signal is -90 /lis earlier than the onset of the Pb"^ signal.
The Li"^ signal is wider than die Pb"^ signal by -115 /xs.
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3 Plot of normalized ion signal vs. time for a drop containing 1 ppm Li and 500 ppm
Pb. A noticeable shoulder can be seen on the leading edge of die Li"^ signal.
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Fig. 4 Plot of normalized ion signal vs. time for a drop containing 1 ppm Li and 1000
ppm Pb. The shape of the ion pulses seen in each case is different, however the
overall profiles are similar.
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Fig. 5 Plot of normalized ion signal vs. time for a drop containing 50 ppm Li and 1500
ppm Pb. Both mass analyzers were set to transmit m/z = 7. The shape of each
peak is the same indicating that the same space charge effect is seen on both
channels of die instrument.
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Fig. 6 Illustration of proposed model for space charge in an individual droplet. See text for explanation. For clarity, the sizes
of the Li^ and Pb^ ions have been greatly exaggerated.
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Fig. 7 Plot of ion signal vs. time for 50 ppm Li and 1500 ppm Pb using two different
extraction lens potentials. An extraction lens voltage of -90 V (Fig. 7a) produces a
noticeable shoulder in the leading edge of the 'Li"^ signal similar to previously
shown peaks. An extraction lens potential of -130 V is shown in Fig. 7b. The
leading edge of the ^Li"^ signal is smooth and shoulder develops on the trailing
edger of the pulse.
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CHAPTER 5. GENERAL CONCLUSION

The focus of this dissertation has been the use of the twin quadrupole ICP-MS
device in conjunction with LA and MDML The aim has been the removal of flicker noise
from the plasma and sample introduction system and fundamental study of matrix effects
due to space charge in the mass spectrometer.
Chapter 2 demonstrated die ability of the twin quadrupole to effectively eliminate
flicker noise during steady state and transient (single laser pulse) sample introduction using
LA. The ability to do isotope ratio measurements using single laser shots could become an
important tool in geochemistry where elemental and isotopic analysis of single mineral
grains has already been done'.
Chapter 3 reported on improvements in sensitivity and precision of the twin
quadrupole ICP-MS. LA was used to introduce steel reference materials. Isotope ratio
measurements were found to be limited by counting statistics for dwell times of 2 sec. and
less. An internal standard was used to compensate for flicker noise during multielement
determinations. The simultaneous detection capability of the twin quadrupole device make
this correction very good, however, this procedure could also be used with commercial
ICP-MS instruments to compensate for flicker noise during multielement determinations.
In chapter 4, the MDMI was used to introduce individual particles to the ICP. Fast
data acquisition was used and it was shown that the onset of and the maximum ion signal in
each channel of the device are correlated in time. 'Li"^ ion signals were measured with and
without a matrix concentration of Pb. As the concentration of Pb was increased, first a
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shoulder and then a dip was noticed on the leading edge of the ''Li'^ signal. Using the twin
quadrupole device, 'Li"^ and

ion signals produced from a single drop were detected

simultaneously. Simultaneous detection gave additional information on the interaction of a
heavy matrix ion with a light analyte ion. The observed effects are most likely due to
space charge repulsion in the extraction system and ion optics of the mass spectrometer.
To date, the work that has been done using the twin quadrupole ICP-MS has
demonstrated the usefulness of a quadrupole based system that give simultaneous detection.
However, in order for this device to become established in the analytical community
several problems need to be addressed.
First, although improved from earlier experiments, the sensitivity of the instrument
must be increased. One possible way this might be realized is by using a different type of
splitting device. The current splitting device is rigid and alignment of the splitter with both
quadrupoles is difficult. A compromise position for both quadrupole entrances has been
used up to this point. Independent alignment of both sides of the splitter could be
accomplished using a metal mesh material. A splitter made from mesh could extend from
the initial splitting point to the entrance of the quadrupoles with only a small separation
allowed for ion optics.
Second, a recurring problem has been the inability to further improve the precision
of a ratio measurement by extending the dwell time past 2 sec. Although it is still unclear
why further extension of dwell time is not beneficial, one possibility is detector instability.
To this point, channeltron electron multipliers (CEM) have been used for ion detection.
Most commercial ICP-MS instruments now use discrete dynode detectors. The use of
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these type of detectors may be helpful in extending dwell times and accumulation of more
signal to fiirther improve the precision of ratio measurements.
Finally, when using the MDMI in the horizontal orientation, reproducible transport
of droplets/particles to the plasma is difficult. A possible way around this problem is to
construct a vertical ICP-MS device. This idea has, in fact, been proposed by others*, and
conversion of the twin quadrupole ICP-MS to the vertical orientation should prove helpful
when using the MDMI.
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