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Abstract

Elemental analysis of solid samples often involves a dissolution step
prior to analysis, which can introduce contamination and result in further dilution
of trace analytes. Methods of direct solid analysis obviate this step, and can
provide compositional information for solid materials. To achieve very low
detection limits for analytes in solid samples requires special methodology.
One way to achieve lower limits of detection is to increase the observation time
for an analyte. Quadrupole ion traps have demonstrated single ion detection
using laser based ion detection methods, making the combination of laser
ablation for direct solid sampling and quadrupole ion trap mass spectrometry a
logical choice for ultra-trace (sub-femtogram) analysis. This thesis examines
the use of laser ablation coupled with quadrupole ion trap mass spectrometry
as a potential analytical method for ultra-trace direct solid multielemental mass
spectrometry.
This thesis develops an analytical method for direct solid mass
spectrometry, called Laser Ablation Ion Trap Mass Spectrometry (LAITMS).
Through a series of investigations, a hybrid mass spectrometer has evolved
which embodies many characteristics that are desirable for LAITMS analysis.
The function of this new spectrometer was subsequently investigated by a
series of parametric studies to determine optimum conditions for it’s operation
as a simple mass spectrometer, capable of direct solid analysis.
Parameters considered included laser irradiance & wavelength, ion
storage field characteristics and sample surface quality. The use of modified
hyperbolic electrodes as well as cylindrical electrode configurations has been
examined. Selective ionization schemes for analytes in solid samples has
been investigated by a two-color LAITMS experiment. The effect of

synchronizing laser ablation with the phase of the ion storage field has also
been examined. The present LAITMS spectrometer has demonstrated
picogram detection limits for analytes present in samples of stainless steel.
Future laser induced fluorescence ion detection schemes should realize much
lower detection limits.
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CHAPTER 1

INTRODUCTION

1.1 Mass Spectrometry
In its simplest form, a mass spectrometer performs three essential
functions. Firstly, a sample is converted to gaseous ions (in a vacuum
environment), then these ions are separated or analyzed according to their
mass-to-charge ratios, and finally the analyzed ions are detected by a device
capable of measuring the number of ions which strike it. The detector output is
converted into a plot of intensity versus mass-to-charge ratio (a mass spectrum),
which provides information about the sample based upon the ions created from
it. Closer inspection of any one of these functions shows that it is much more
intricate than the simplistic description given above. Mass spectrometers are
generally complex analytical instruments, requiring complex electronics,
vacuum technology and precisely made components. Despite all the
complexity however, mass spectrometry is a powerful analytical tool which can
be applied to determinations of both atomic and/or molecular information for
almost any sample whether it is a solid, liquid or gas. The next section of this
thesis presents an historical perspective of mass spectrometry leading up to the
development of quadrupole ion trap mass spectrometry.

1.1.1 Historical Development of Mass Spectrometry
Mass spectrometry predates the majority of instrumental methods
available to analytical chemists today. In 1898, Wien [1, 2] demonstrated the
deflection of cathode rays (‘Kanalstrahlen’) by magnetic and electric fields. This
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observation was used to deduce that these rays were composed of positively
charged particles with specific charge values much smaller than that of
electrons. J. J. Thompson [3] had demonstrated the existence of electrons, and
upon continuing his investigation of the positive cathode rays, he began to
discover their remarkably complex nature. His investigations were conducted
using the positive-ray parabola apparatus [4, 5] which is schematically depicted
in Figure 1.1. This experimental analyzer arrangement was first employed by
Kaufman [6] for his studies of cathode rays. Cathode rays were formed in the
discharge bulb A, and then were passed as a collimated beam to the analyzer
region through a long narrow tube. The beam was acted upon by magnetic and
electric fields, which analyzed the beam into its various charge-to-mass
components.
In a uniform electric field E of length x, a particle of mass M and charge q
experiences an acceleration in the z direction of Eq/M. If the velocity of the
particle is given by v, and its time spent in the field given by x/v, the particle
will emerge from the field with a vertical displacement z given by:
z =(Eq/M)(x/v)2

1.1

Simultaneously, in a uniform magnetic field B, the particle experiences an
acceleration in the y direction of Bqv/M and emerges with a lateral
displacement (for small deflections) given by:

y

=

-Bqx2/Mv

1.2

From Equations 1.1 and 1.2, the following relationship can be obtained:

y
k
2
z

1.3

c)

F

D
E

Figure 1.1: J.J. Thompson
s positive-ray parabola (From Aston, 1942) apparatus. The components are as follows: A,
1
discharge tube; B, cathode; C, water jacket cooling cathode; D, anode; E, gas inlet; F, pump lead; G,
photographic plate; I, magnetic shield; M, M’, magnetic poles; N, N mica (for insulatIon); P, P soft iron
(serves both as condenser plates and to define the magnetic field).
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where the constant k depends upon the specific charge of the ion, the
apparatus geometry, and the magnitude of the applied deflecting fields. The
result is that particles of the same q/M strike the photographic plate G (Fig. 1.1)
in a parabola whose vertex lies at the undeflected position of the particles.
There is a different parabola for each value of q/M represented in the positiveion beam. Thompson’s research studied various gases introduced to the
discharge, whereby he proved that the positive rays were the massive
fragments remaining when one or more electrons were removed from a neutral
atom or molecule. This work provided strong evidence that neon exists as two
isotopic forms, one of atomic weight 20 and a rarer variety with an atomic weight
of 22. This was the first indication that isotopes exist among the stable
elements.
The increase in mass spectrometric research which evolved from these
experiments was enormous. F. W. Aston, who was encouraged by Thompson
while a research student at Cambridge, developed a mass spectrograph in
1919 [7] that achieved much better resolution than the Thompson Parabola
apparatus. Aston’s first experiments provided unequivocal proof [8] that neon
had two isotopes. Further investigation of other atoms such as chlorine,
mercury, nitrogen and the noble gases lead him to deduce that all atoms
possessed integrally related mass values. Although further improvements were
made to the Aston mass spectrograph, other researchers were active in the
field. The Canadian researcher A. J. Dempster (at the University of Chicago,
U.S.A.) [9-12] also constructed a mass spectrograph which he used to
determine isotopic ratios for Mg, Li, K, Ca and Zn. In the early 1930’s, K. T.
Bainbridge [13-18] constructed a mass spectrograph based upon the Dempster
type semicircular instrument geometry. A schematic diagram of the Bainbridge
mass spectrograph is given in Figure 1.2. The semicircular geometry utilized a
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+

Plate

Figure 1.2: Schematic diagram of Bainbridge’s first mass spectrograph. (From
Aston, 1942) The components are as follows: Si, S
, and S
2
, slits;
3
Pi, P
, Wien velocity filter condenser plates, Plate, photographic
2
emulsion used for ion detection. As indicated, the radius of
curvature in the magnetic analyser is linear with ion mass for a
constant degree of ionization.
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uniform magnetic field to produce directional focusing of ions from a monoenergetic ion source. He modified Dempster’s design by adding a second
element to the device, a Wien velocity filter. This was an additional section of
crossed and coterminous electric and magnetic fields through which the ions
must pass. The velocity filter obviated the need for a mono-energetic ion
source. For an ion to pass through the velocity filter and enter the magnetic
analyzer, it was required that the forces exerted by the Wein velocity filter
balance, or

Eq=Bqv

This required the transmitted ions to possess a unique velocity v

1.4

=

EIB which

resulted in the radius of curvature for magnetic deflection by the analyzer being
inversely proportional to the q/M value for the ion. The mass scale was
therefore linear, which was convenient for the photographic detection methods
used.
Bainbridge used his instrument for isotopic mass determinations,
including the newly discovered heavy hydrogen atom and the atoms involved in
the nuclear reaction

4
H
1
L
7
H
i—>2
+
e

1.5

This research provided [181 the first experimental proof of Einstein’s mass
energy relationship. In addition, isotopic determinations were made using this
instrument for Zn, Ge and Te.
The pioneering research of Thompson, Aston, Dempster and Bainbridge
was done in spite of grave limitations in experimental technique and with only
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primitive knowledge of ion optics. The 1930’s heralded dramatic changes in
these conditions. Studies of the focusing properties of magnetic and electric
fields were conducted by Herzog and Mattauch, whose definitive works [19, 20]
provided general focusing equations for homogeneous electric and/or magnetic
fields. Further technical improvements were made for vacuum technology, ion
sources and electrical detector systems. In 1935, Nier [21] combined all of
these advances to his benefit and used his instrumentation to demonstrate the
sensitivity and accuracy that could be achieved in the determination of isotopic
abundances. This seminal work set a standard which subsequent researchers
have steadily improved.
The availability of commercial instruments in the early 1950’s allowed
non-physicists to use mass spectrometry to study phenomena of interest to
them, yet with little concern for the basic instrumentation. Mass spectrometry
quickly became a standard method for analytical measurement, and has seen a
variety of instrument types develop and become commonplace in many
laboratories. As the technology and design of mass spectrometers improved,
the originally expensive and experimentally limited equipment has become
affordable and easy to use to the extent that undergraduate analytical
laboratories are often equipped with simple mass spectrometers for laboratory
experiments. Many new types of mass spectrometers have been developed to
suit a variety of experimental situations. They resolve charged atoms or
molecules using magnetic and/or electric fields, or on the basis of their
velocities in time of flight mass spectrometry [22, 23]. Other researchers
developed mass spectrometers based upon the storage of ions using magnetic
and electric fields. These included the quadrupole ion trap [24], the Penning
trap [25], and the ion-cyclotron resonance [26] mass spectrometers. A very
important variation of the ion cyclotron resonance technique was developed at
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The University of British Columbia in 1976 by Comisarow and Marshall [27]
called Fourier Transform -Ion Cyclotron Resonance (FT-ICR) Spectroscopy,
which studied the ions confined in an ion cyclotron mass spectrometer on the
basis of their cyclotron frequencies. FT-ICR has developed into a potent mass
spectrometric method, capable of providing mass resolutions in excess of 108.
The advent of the quadrupole ion trap mass spectrometry in the early 1950’s
[24] eventually lead to the development of versatile, compact and inexpensive
mass spectrometers for use in a wide variety of mass spectrometric
experiments. Clearly, a discussion of all of the methods of mass spectrometry
which evolved from Thompson’s positive ray parabola is beyond the scope of
this thesis, which investigates quadrupole ion trap mass spectrometry. The next
section of this thesis presents the quadrupole ion trap mass spectrometer along
with the theory of its operation, some experimental applications, and several
analytical uses.

1.1.2 The Quadrupole Ion Trap
In 1989, the Royal Swedish Academy of Sciences awarded the Nobel
Prize in Physics to Wolfgang Paul of the University of Bonn and Hans Dehmelt
of the University of Washington. The awards were made “for the development
of the ion trap technique.

.

.

which has made it possible to study a single

electron or single ion with extreme precision.” [28]. This award has brought
much attention to ion trap mass spectrometry, which has seen intense research
activity since the advent of commercial instrumentation in 1983 [29, 30]. To
illustrate this activity, between 1989 and 1992 some 300 publications on
quadrupole ion trap mass spectrometry appeared in the literature. An excellent
review of quadrupole ion trap mass spectrometry was recently published by R.
E. March [31] as well as a comprehensive treatment of the field in a text by
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March and Hughes [32]. The following sections of this thesis present a concise
review of quadrupole ion trap mass spectrometry to provide readers with an
understanding of the method.

1.1.2.1 Theory of Operation
A detailed account of the theory of quadrupole ion trap operation is given
by March and Hughes [32], with a more concise summary presented in the
recent review article by R. E. March [31]. This section provides a concise review
of the theory presented therein to develop an understanding for this thesis.
The quadrupole ion trap, in essence, is composed of a three electrode
arrangement: Two end-cap electrodes and a central ring electrode. A
schematic diagram of a cross section through an ion trap is given in Figure 1.3.
The central ring electrode has an inner surface described by a hyperboloid of
one sheet and is located in space between the endcaps, which are defined by
two hyperboloids of two sheets. The geometry of the electrodes is described by
the following equations [33]

End Caps:

2
r
0
r

1.6

0
z

Ring:

2
r

2
z

0
r

0
z

1.7

For the quadrupole ion traps presented by this thesis, r
0 and z
0 are related by:
2
2
2z
0
r

1.8

0

End Cap

Ring

End Cap—

Figure 1.3: Cross section of a typical quadrupole ion trap electrode arrangement. (From March and Hughes, 1989)
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where r
0 is the internal radius of the ring electrode, z
0 is half the distance
between the end caps, with r and z denoting electrode surface coordinates. To
define a quadrupole ion trap, only r
0 needs to be selected; most ion trap
experiments have used r
0 values from 1-25 mm. For clarity, the device
described in this theoretical treatment will be called an ion trap. Physicists refer
to the device as the “Paul trap”, whereas chemists have adopted Dawson’s [34]
description of it as the “quadrupole ion trap” or Todd’s acronym “QUISTOR” [35].
The mathematics of ion trajectory stability within the ion trap follows the
Mathieu second-order differential equation [36] which was developed over 120
years ago to describe the vibrations of stretched membranes. The Mathieu
equation used to describe ion motion is given by:
u
2
d
+

(a

-

2qcos2)u

=

0

1 .9

where u represents the radial and axial coordinate axes, r and z respectively,
and

is a dimensionless quantity defined by ptJ2, p being the radial

frequency of the applied potential

For an ion trap operated by grounding

the endcaps and applying Io to the ring electrode (as is the case for this
thesis), solutions to Equation 1.9 give the dimensionless quantities a and qu:

az

=

a
2
r

-8eU
2p2
0
mr

1.10

q

=

-4eV
-2qr=
22

1.11

where V is the zero-to-peak amplitude of the potential to U is the d.c.
,

component of the potential c1
0 e is the proton charge and m the mass of an ion
,

confined by the ion trap. For an ion to be stored within an ion trap, it must
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describe a trajectory which is stable both axially and radially as defined by the
solutions of the Mathieu equation given in Equations 1.10 and 1.11.
If the dimensionless parameters au and q are plotted for an ion with
mass m and charge e, regions of stability and instability exist for both axial and
radial motion. As previously stated, for ion storage within an ion trap, both axial
and radial stability are required. Thus, it is the overlap of the stability regions for
both radial and axial motion which define the requirements for ion storage.
Figure 1 .4 is an au versus qu plot of the stability regions for both axial and
radial ion motion, showing the regions of z-stable and r-stable overlap. An
enlarged representation for the overlap region near the origin is given by Figure
1.5. An understanding of the ion motion stability diagram given by this Figure is
essential to understanding ion behavior within an ion trap.
The stability diagram given in Figure 1.5 applies to ion traps with any r
0
value and for the total range of mass/charge values. For an ion which has a
and q values within the stability region a pseudopotential well exists; if the
kinetic energy of the ion does not exceed the limits of this well, the ion is stored.
According to March [31], the stability diagram represents “a fishing net with an
odd shaped rim and where the depth of the net varies from about 1eV near the
origin to more than 10 eV near the
typical Isoz and
13

r
3
I5O

f3 =

1 stability boundary.” Figure 1.5 shows

lines. The values of

f3 and r
13 determine the frequency

spectrum of the stable ion trajectories. The parameter

is a function of the

L
13

stability parameters a and q, with the frequency spectrum of the stable ion
trajectories defined by:
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Figure 1.4: Mathieu stability diagram for the three dimensional quadrupole ion
trap. (From March and Hughes, 1989)
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Figure 1.5: Mathieu stability region near the origin for the three dimensional
quadrupole ion trap showing the iso-p-lines. (From March and
Hughes, 1989)
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where o is the nth order frequency, u

=

x, y or z, n has integer values and

is a function of defined a and qu stability parameters. For n

=

u
13

0, the

fundamental frequency w in either radial or axial direction is described by:

= 13up/2
0
w,

1.13

The ion trajectory in r, z space resembles a Lissajous figure composed of two
frequency components

and w, describing the secular motion with a

superimposed micromotion frequency of p127t (Hz), with the Wro and Oz,o
components given by:

(Or,o

=

=

f3z(p12

1.14

The theoretical treatment given by this section applies only to an ion trap
which confines a single ion. Although this theory is applicable to research
involving single-ion systems, the theory does not account for analytical
situations of multiple ion storage, which require a consideration of space charge
effects arising from the confinement of many charged particles. Although the
complex interactions arising from the storage of multiple ions within the ion trap
are interesting, their discussion is beyond the scope of the theoretical treatment
given by this thesis. Further discussion of the ion trajectories for multiple ion
storage is given by Benilan and Audoin [37].

1.1.2.2 Experimental Applications
1.1.2.2.1 Sample Introduction
Ion traps have a great diversity of experimental applications. One of the
difficulties with ion trap mass spectrometry is introducing the ions to the storage
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field inside the ion trap electrode arrangement. Many schemes for overcoming
this difficulty have been explored. The first commercial ion trap, the FinniganTM
Ion Trap Detector (ITD), was employed [38] as a detector for gas
chromatography. In this trap, ions were generated from gaseous analyte by
electron ionization directly in the storage volume of the ion trap. This eliminated
the complexities of having an external ion source, then injecting the ions
through the electrodes for storage. Ion injection has been investigated for ion
traps but has not yet seen wide application. This is because the storage of
injected ions is phase dependent [39, 40] and has been shown to have
experimental efficiencies of typically less than 10 %. A problem with electron
ionization of atoms or molecules with low volatility arises from their
generation/transport to the trap as neutrals. Thermal methods for volatilization
degrade large molecules such as proteins and, although Electrothermal
Atomization can be employed for external generation of atomic species, poor
transport efficiencies are observed for the neutral atoms [41] in their delivery to
the storage volume. Large biomolecules can be successfully introduced to the
ion trap for mass spectrometry by methods such as electrospray [42, 43],
membrane interfaces [44, 45] or by Matrix Assisted Laser Desorption Ionization
(MALDI) methods [46-49]. Atomic ions can be generated externally and then
injected into the trap for analysis [50, 51]. These ions can also be created
directly from low volatility samples by laser desorption/ablation directly within
the storage volume of the ion trap [52, 53]. This method will be presented and
explored by this thesis.
Other methods of sample introduction/ionization possible with ion traps
include chemical ionization methods. A pulsed reagent gas can be ionized by
electron ionization methods. Allowing for a suitable reaction period, the reagent
ions can then ionize neutral analyte species by gas phase ion chemistry [54].
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This facile method can be used to ionize fragile molecules which would be
fragmented by normal electron ionization methods, and also allows ion
chemistry studies [32] to be conducted with ion trap mass spectrometry. Laser
light can be employed for photolonization of neutral species introduced to the
ion trap and, in recent experiments at Los Alamos, ion tomography studies [55,
56] have been accomplished by laser photodissociation methods within the
storage volume of an ion trap.

1.1.2.2.2 Mass Spectrometric Capabilities
Quadrupole ion trap mass spectrometry allows a wide variety of mass
spectrometric techniques to be performed with relatively inexpensive
equipment. Much of the fundamental ion trap research in the last few years has
been directed towards the exploitation of the many mass spectrometric methods
possible with ion traps. In the recent review by March [31], these new methods
are explained. Most of the scan methods investigated for analysis of stored ions
involve the manipulation of the electric fields used for ion confinement. This
requires complex electronics and sophisticated computer control over the
experiment, but relatively few new instrumental components. Some of the many
possible mass spectrometric methods include tandem mass spectrometry (MSfl)
experiments, selective ion storage, selective ion ejection, mass range extension
by both ion trap electrode modification and by electric potential “RE-Tickle”
methods, mass range extension by scan rate control, and ion generation feed
back systems to control and quantify the number of ions generated and stored
within the ion trap. These new experimental methods reflect the great interest in
ion trap mass spectrometry. Ion trap mass spectrometers are simple, compact,
robust, extremely capable and versatile, providing many mass spectrometric
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methods with a single instrument; ion traps are becoming an important tool for
the analytical chemist.

1.1.2.2.3 Ion Detection Methods
Quadrupole ion traps store ions within a discrete volume, making them
interesting to chemists for both mass spectrometry and gas phase ion chemistry
investigations, as well as to atomic physicists for probing the structure of single
charged species. Many of the experimental applications listed above rely upon
ion detection by ejecting the stored species through the end caps of the ion trap,
and then detecting them using an ion detector (such as a channel electron
multiplier) which amplifies the current created by the impinging ions by an
electron cascade amplification. For detection, ions must successfully pass
through apertures in the endcap and, because the ions may be ejected through
either endcap, only a fraction of the ejected ions is actually converted to an
analytical signal. Because chemists are usually interested in the analysis of
many ions within a sample, this method of ion detection has proven to be a
useful means of providing signals corresponding to stored ions. For chemists
interested in pursuing very low detection limits, and for atomic physics research,
this method of ion detection does not provide sufficient sensitivity for a few to a
single ion stored in a trap. Physicists have demonstrated the ultimate
spectroscopic limit of detection [57], single ion detection, with ion traps. They
have achieved this by utilizing optical detection methods, such as laser induced
fluorescence. Optical detection methods have the advantage in that the stored
ion(s) may be observed for a longer period (or many times); integrating the
signal(s) obtained produces the enhanced sensitivity for this method. In
addition, all the stored ions may be observed, which eliminates the signal
losses incurred by ion ejection prior to detection mentioned previously.
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There have been efforts to observe the stored ions within a quadrupole
ion trap by in situ detection methods. This is the oldest method of ion detection
employed by ion traps. It was first described by Paul and Steinwedel [58] and
was followed by experimental demonstration of the principles in 1959 by
Fischer [59] and then again in 1967 by Rettinghaus [60]. Fisher’s experiments
detected ions within the trap by a complex resonance circuit which did not
provide a wide mass range or high degree of sensitivity. Rettinghaus
developed a sensitive resonance detection circuit for ion detection within an ion
trap. Although able to demonstrate detection limits of about 4 ions with his
experiment, his methods had difficulty with mass discrimination of the stored
ions. In 1987, Syka and Fies [61] reported that they had demonstrated mass
selective detection of ions within an ion trap by methods similar to those used
with Fourier Transform-Ion Cyclotron Resonance (FT-ICR) spectroscopy [62,
63]. Their instrument measured the induced image current across the endcaps
of the trap and, upon Fourier Transformation of this current, a mass spectrum for
stored toluene ions was obtained. Although the mass resolution for this method
was poor compared to conventional ion trap mass spectrometry, the results
were attributed to space charge effects within the stored ion cloud, similar to
those observed with FT-ICR instruments at high ion concentrations; the results
may be improved by reducing the number of ions stored within the trap.

1.1.2.2.4 Alternate Ion Trap Geometry
Quadrupole ion traps are constructed with very precisely machined
hyperbolic electrodes, made to exacting tolerances, in an effort to achieve
uniform quadrupole electric fields for ion storage and analysis. Chapter 8 of this
thesis discusses the use of cylindrical ion trap electrodes and presents
experimental results obtained in this laboratory. Cylindrical ion trap electrodes
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are much simpler to construct and are therefore less expensive than the
hyperbolic electrodes used by conventional ion traps. Cylindrical ion traps
have been studied by Lagadec and colleagues at Orsay [64] where they found
that cylindrical ion traps were able to store a greater number of ions than
hyperbolic ion traps of comparable dimensions. The mechanical simplicity of
cylindrical ion trap electrodes suggests that they might be very suitable for
optical probing experiments, where numerous apertures through the electrodes
for ion excitation and observation are required.
Recently it was announced [65] that FinniganTM ion traps were
constructed with a stretched endcap spacing. This trade secret provided some
improved performance characteristics, which are investigated and discussed
further in Chapter 6 of this thesis. The stretched endcap configuration was
introduced to eliminate mass defects observed for heavier ions stored within the
ion trap. This empirical geometry modification was found to improve the
reproducibility for ion trap mass spectrometry at the expense of resolution.

1.2 Laser Ablation
1.2.1 Historical Perspective
Since the discovery of laser action in ruby crystals [66], there has been
extensive use of lasers in science. For additional reading, there are many
excellent books on lasers and their applications for analytical chemistry [67-72].
The first use of laser produced plasmas (LPP) in chemical analysis appeared in
1962 when Bretch et. a!. [73] proposed laser microspectral analysis (LMSA) as
a useful analytical tool based upon atomic emission spectroscopy (AES) of
LPP. Advantages of using a laser produced plasma as a source/sampling
method are those of speed and simplicity.

Laser produced plasmas sample the
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surface of a solid directly, allowing spot analysis with minute sample destruction
(—50 pm crater) of both conducting and dielectric materials.
Laser produced plasmas used as (atomic) sources, and in materials
sampling, have undergone several stages of evolution. Emission studies
dominated the development of LPP as sources, but were quickly followed by
techniques based on absorption and fluorescence. It is only recently that LPP
have been used as a sampling technique for other analytical methods such as
inductively and capacitively coupled plasmas (ICP, CCP) and mass
spectrometry (MS).
There are many thorough reviews on the plasmas generated by the
interaction of laser light with solids: Radziemski & Cremers (1989)[74],MoenkeBlankenburg (1986)[75], Adrain & Watson (1984)[76], Fürstenau (1979,
1981)[77, 78], Hughes (1975)[79], Krokhin (1972)[80], DeMichelis (1970)[81],
and Ready (1965, 1971, 1978)[82-84]. The most recent articles emphasize
analytical applications of LPP while the earlier reviews concern high density
plasmas of interest for laser induced fusion research. A recent paper by Balazs
[85] models the processes which occur during the laser ablation of solids with
strong agreement to experimental findings. In addition, Blades et. al. published
a paper [86] in which the role of weakly ionized plasmas, including laser
plasmas, was examined for material sampling and analysis.

1.2.2 Theoretical Considerations
The interaction of a high power laser pulse impinging upon a solid target
is a complex process dependent upon the thermal properties of the target as
well as the wavelength, duration, and irradiance of the laser pulse. Initially,
intense, localized heating causes a rapid surface temperature increase of about
1010 K-s
1

.

This heat is then conducted to the target interior producing a thin
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molten layer below the surface. Eventually, the energy absorbed by the target
exceeds the latent heat of vaporization. This results in evaporation of material
from the target surface. At this stage, evaporation processes govern surface
temperature, and heat conduction acts only to preserve the thin molten layer
behind the evaporation front.
Since vaporization of the target relies upon the energy deposited upon
the molten layer exceeding the latent heat of vaporization (Lv), Krokhin [80]
gives the threshold condition:

Emin

=

1.15

P’-”1ti1/2J

where Emin is the minimum absorbed irradiance for evaporation, p is the mass
density of the target, a is the thermal diffusivity and ti the laser pulse duration.
Below the threshold

no evaporation of sample will occur. The mode of

operation of the laser is an important consideration since t1 can vary greatly. A
normal mode laser pulse consists of a series of output pulses over 150

-

300 ps,

whereas a Q-switched (QS) mode laser pulse is a single, higher intensity pulse,
typically less than 100 ns in duration.
After the sample has been vaporized, plasma production must be
considered. For irradiances just above the vaporization threshold (10

-

100

GW.m
)
2
, evaporation proceeds at the boiling temperature of the target, giving a
low density plasma which is transparent to the laser beam. The expansion
velocity and temperature of this plasma depend on the thermal properties of the
target, and not the laser irradiance.

These low density and temperature

plasmas are of use in atomic absorption spectroscopy (AAS), but their low
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temperatures may give increased matrix effects making them undesirable as
analytical sources.
Alternatively, irradiances well over the threshold (>1 PWm
) generate
2
extremely dense, high temperature plasmas, such as those used in laser
induced fusion studies. Plasmas produced by irradiances between these
- 1PW-m
2
extremes (100 GWm
) are generally the LPP used in LMSA and
2
other methods. The vapor pressure of these plasmas can be so high that laser
absorption is an important process, assumed to occur in a thin, dense, partially
ionized layer between the solid and vapor phases. As the electron density (ne)
of this layer approaches the critical electron density (ne) the target becomes
shielded from laser light. Furthermore, light is reflected by the plasma if 2 is
greater than the plasma wavelength 2 [79]

Xp

1.16

10’
(
5
ne)

where n is in units of m
3 and w- is in units of nm.

Blackbody radiation of the

hot gas is the dominant radiative process until the plasma volume increases
such that 1
e is less than n. After the electron density has fallen below n, the
vapor becomes highly absorbing and enters a “self-regulating’ regime. Laser
light is absorbed by inverse bremsstrahlung, which causes heating and
expansion, further reducing the vapor density. This allows more light to reach
the target and repeats the process, with the critical density boundary
approaching the laser at velocities as high as 10 kms
. This process continues
1
until the laser pulse is removed, after which decay and cooling of the plasma
ensues.
The high expansion velocity and irradiance of the plasma produces a
significant ablation pressure, which can affect the laser-target interaction. For a
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laser operating in the normal (non-QS) mode, the continuous heating/cooling of
the target results in a pool of molten material behind the evaporation front. This
molten pool is subsequently ejected by the high ablation pressure to form
craters 50-1 00 im deep. In the QS mode, shorter lived plasmas are generated
with significantly higher ablation pressures. Evaporation of the target occurs at
a much higher temperature than the normal boiling point, with most material
removed to the vapor phase. The craters formed in the QS mode are typically
much shallower (a few jim) than those produced by a laser operating in the
normal mode.

1.2.3 Direct Solid Sampling Method for Solid Matrices
The use of laser produced plasmas as sources and in material sampling
has many advantages. Because small amounts of practically any solid sample
can be readily analyzed with minimal preparation, errors associated with
sample preparation are minimized. The emission of LPP can be studied directly
for a sample; often enhancements in plasma emission are achieved by using
additional excitation such as spark, microwave or radio frequency (RE)
discharges applied to the plasma. Similarly, absorbance and fluorescence
based techniques can also be applied to LPP but they must be specialized to
deal with the relatively short lived and dynamic nature of the plasma. In AAS no
additional excitation of the LPP is required, but for atomic fluorescence
spectroscopy (AFS), an additional source of radiation (le.: dye laser) is usually
applied to the LPP.
Laser produced plasmas can also be used as a sampling method for
Inductively Coupled Plasma (ICP) and Capacitively Coupled Plasma (CCP)
spectroscopy. An ablation cell is employed for this purpose in which the LPP is
entrained in a stream of inert gas and then swept into the source as an aerosol
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of the sample. A similar arrangement is used in MS except that the bulk of the
inert gas is removed from the analyte gas stream prior to introduction into the
mass spectrometer with a skimmer device. Another interesting use of LPP as a
MS sampling technique is that of generating the plasma inside a quadrupole
ion trap, allowing several modes of ionization (including laser ablation). This
method of direct solid mass spectrometry has been called Laser Ablation Ion
Trap Mass Spectrometry (LAITMS) [52, 53] and is examined by this thesis.

1.3 Scope of Thesis
In this laboratory, we are primarily concerned with the development,
characterization and application of plasma based methods for atomic
spectroscopy/spectrometry. Important figures of merit for atomic analytical
methods include simultaneous multielemental capabilities, broad coverage of
the elements of the periodic table, low detection limits, high selectivity for
elements of interest, good accuracy and precision, large dynamic range,
freedom from chemical and spectral interferences, ability to accommodate gas,
liquid or solid samples easily, high throughput rate and ease of automation for
repetitive analysis. For this project, the specific aim was to develop an atomic
mass spectrometric method capable of direct solid analysis of conductors and
non-conductors; one that could provide multielemental detection for trace
analyte species in real sample matrices. It was decided that coupling laser
ablation for direct solid sampling and ionization with the advantages of
quadrupole ion trap mass spectrometry could address this problem. This thesis
examines the union of laser ablation and ion trap mass spectrometry, and
provides an understanding of some of the associated chemical and physical
processes which occur for this method.
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For this thesis, Chapter 2 presents preliminary investigations of pulsed
ruby laser ablation directly within the storage volume of a simple ion trap mass
spectrometer. Chapter 3 presents further investigation of the laser ablation ion
trap combination, using a Q-switched Nd:YAG laser for direct solid sampling
and ionization. This chapter also demonstrates potential for the method, but
presents experimental problems. Chapter 4 addresses the experimental
problems encountered earlier by the development of a new spectrometer
capable of specific investigation of Laser Ablation Ion Trap Mass Spectrometry
(LAITMS). From Chapter 4 onward, the new spectrometer is used and
improved upon for the direct analysis of solid samples. Chapter 5 evaluates the
effects of sample surface preparation, laser irradiance, laser focus and number
of laser shots upon signals obtained by LAITMS As well, estimated detection
limits for atomic analytes with the new spectrometer were determined. Chapter
6 compares the performance of normal and stretched electrode geometry upon
the operation of the quadru pole ion trap, and how this affects mass
spectrometry of ions created by laser ablation. Chapter 7 presents an
experiment which demonstrates selective ionization of a single analyte by using
a tunable dye laser, providing enhanced ion signals for that analyte. Chapter 8
surveys of the potential use of cylindrical ion trap electrodes for LAITMS,
detailing experiments which demonstrate the potential advantages and
disadvantages of using cylindrical ion trap electrodes. Chapter 9 presents
investigations where the laser ablation event is synchronized with the phase of
the applied storage potential. The final chapter summarizes the information
deduced by each chapter of the thesis, and presents future research directions
for fundamental LAITMS research.

27
CHAPTER 2

PRELIMINARY INVESTIGATIONS OF THE USE OF A RUBY LASER
FOR DIRECT SOLID SAMPLING I IONIZATION
INSIDE A QUADRUPOLE ION TRAP MASS SPECTROMETER

2.1 Introduction
For atomic mass spectrometry, analyte must be converted to gas phase
atomic ions for analysis. Unfortunately, many samples of analytical interest
exist as liquids or solids. Analysis of liquids involves some type of vaporization
step to convert the analyte to a gaseous form. In addition, analytical methods
for solids typically involve a dissolution step, whereby the sample is converted
to a liquid solution form; this may introduce contamination and also further
dilute trace analyte species. Methods for direct solid analysis which sample the
solid material directly obviate this pre-dissolution step and its associated
problems.
Many direct solid atomic mass spectrometric methods, such as Spark
Source Mass Spectrometry (SSMS) and Glow Discharge Mass Spectrometry
(GDMS) are available, but can only be used with solid samples which are
conductors or can be combined with a suitable conducting matrix. The RE
GDMS [51] can analyze non-conducting samples, although the method
provides only bulk solid analytical information. Direct solid analytical methods
based upon laser ablation sampling, such as Laser Micro Mass Analyzer
(LAMMA) or Laser Ablation-Inductively Coupled Plasma Mass Spectrometry
(LA-ICPMS) methods, are capable of direct solid atomic mass spectrometry for
both conducting and non-conducting sample matrices, while also providing
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spatial information regarding analyte distribution within a bulk sample.
Koppenaal [87] gives a fundamental review of these methods. A limitation of
these techniques arises during the analysis of trace atomic analytes: laser
sampling (and ionization) is a pulsed sampling method, which limits the
observation time for analyte in the mass analyzers used for these methods.
One solution to this problem is to increase the observation time for trace
analytes by employing a mass analyzer which stores the analyte. This mass
spectrometric method would allow increased observation of trace analytes,
hopefully increasing the sensitivity of the method for these species.
Ion storage atomic mass spectrometry has been demonstrated by several
authors for both Fourier Transform-Ion Cyclotron Resonance (FT-ICR) Mass
Spectrometry [88, 89] and Quadrupole Ion Trap (QIT) Mass Spectrometry [50].
Both authors were interested in using ion storage mass spectrometry for
investigating the gas phase ion chemistry of atomic species, but their
experiments demonstrated that storage mass spectrometry could be used for
analysis of atomic species resulting from laser sampling methods. The
following chapter presents the initial experiments conducted in this laboratory
whereby atomic mass spectrometry was attempted by using laser ablation to
sample and ionize solid materials directly inside the storage volume of an ion
trap. Although ruby laser ablation coupled with quadrupole ion trap mass
spectrometry was previously published in an earlier thesis [41], the
experimental results were not very satisfactory. The results presented in this
chapter are for spectra not examined in the previous thesis; this chapter
establishes the interest for pursuing an understanding of the processes
involved in Laser Ablation Ion Trap Mass Spectrometry (LAITMS) for direct
mass spectrometry of solid samples.
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2.2 Experimental
2.2.1 Equipment
The ion trap used for these experiments was initially developed [41] for
use as a mass spectrometer for neutral atomic species created in a graphite
furnace electrothermal atomizer. It was modified by machining 1.5 mm diameter
apertures through the ring electrode to facilitate laser ablation of solid metal
pins. The ion trap mass spectrometer and its operation have been described
elsewhere [41, 53] and in Chapter 3. For these experiments, a TRG Data
Systems model 104A ruby laser was used. This laser operated in free running
mode, providing pulses of up to 1 Joule lasting about one ms, with a duty cycle
of one pulse per minute. Because a low efficiency forced air cooling system
was used by the laser, a low duty cycle was required to prevent heat damage to
the ruby crystal.
The low shot repetition rate of the ruby laser made alignment for this
experiment difficult. By removing an access panel on the back of the ruby laser,
a Melles Griot (Irvine, CA) model 05-LHR-1 11 helium-neon (He-Ne) laser was
aligned so that the beam was directly down the bore of the ruby rod and optics
of the laser. Both lasers were fixed to a single 15 mm thick aluminum plate
which was mounted upon a 3 point kinematic mount. This mounting system
was constructed in house by the author so that lasers could be made coaxial,
then aligned with respect to the ion trap using the He-Ne laser alone. After
coaxial alignment of the lasers, the entire mounting plate was oriented to pass
the focused He-Ne beam through the modified ion trap ring electrode (Figure
2.1 shows the schematic optical arrangement). To facilitate this process, a
simple photodiode and amplifier circuit was constructed (Electronics Shop, U.
B. C.). By replacing the sample with the photodiode mounted in a TeflonTM pin,
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Ion Trap in Vacuum
Manifold

30.0 cm Bi-Convex Lens

1 J Ruby Laser

He-Ne Alignment Laser

Figure 2.1: Optical configuration for ruby laser
ablation-ion trap mass spectrometry.
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the lasers could be oriented (using the He-Ne laser) until a maximum signal
was obtained with the circuit, establishing alignment for the laser ablation
experiments.
To synchronize the laser ablation with the ion trap scan sequence, the
ruby laser was triggered using the computer. The signal normally used to
activate the electron beam source was used to trigger a micro relay chip
(#PRMA 2A05) which then triggered the laser for ablation. This complex trigger
arrangement was required because a +175 V output existed on the external
trigger line from the ruby laser. Grounding this output caused the laser to fire. A
simple schematic for the laser trigger circuitry is given in Figure 2.2. Table I lists
experimental parameters.
Table I: Experimental parameters for ruby laser ablation in the storage
volume of a quadrupole ion trap.
Ruby Laser ablation--Wavelength
Pulse width
Beam waist at sample surface
Irradiance

694.3 nm
-1 ms
100 jim
-1.3 X 10 Wcm
2

Storage and ejection--Storage time
RF.
RE. storage potential *
Initial RF. scan potential *
Final RE. scan potential *
RE. scan rate

5 ms
1.05MHz
250 V
250 V
3600 V
2.54 X iO Vs
1

Ion detection-CEM voltage bias
CEM current amplification

-1800 V
1 X 1 O V A1

Number of scans per laser pulse
Number of scans per spectrum
*Measured (0

-

peak)

1
1
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1L,’ ‘&—‘
PRMA
2A05

Relay Chip

1ii
Laser
Power
Supply

Data Acquisition Computer
Laser Head

NB: Not drawn to scale

Figure 2.2: Schematic diagram of ruby laser trigger circuitry
showing detail of the micro relay chip
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2.2.2 Samples
For this study, brass metal was machined into 4.0 cm long metal pins with
a 0.5 cm dia X 0.5 cm long knob on one end and a 1.45 mm X 1.0 cm pin on the
other. The “thins end of the sample pin was inserted into the ring electrode
while the knob prevented the pin from sliding too far into the electrode
assembly. The sample surface to be ablated was simply cleaned with fine
abrasive paper prior to analysis.

2.3 Results and Discussion
The initial results for this experiment were not promising. The control of
the ruby laser pulse energy was very crude, implemented by adjusting the
voltage supplied to the laser flashlamps by a dial on the laser control box.
Pulse to pulse reproducibility for the ablation laser was not calibrated, but was
suspected to be very poor (at best ±20%) because the laser and associated
electronics were very old. In addition, the low repetition rate of the laser meant
that the experiment was conducted for one laser shot at a time, not averaged for
several laser ablation events. These undesirable experimental drawbacks
undoubtedly limited the accuracy and precision of any possible results from the
experiment. The free running laser produced up to 1J output pulses, but over
approximately one ms. Assuming that the laser was focused to a 0.01 cm
diameter spot (based upon visual inspection of the sample surfaces), the laser
produced typical irradiances of 1.3 7
X10 2
W•cm

.

These low laser irradiances

removed significant quantities of melted sample material (verified by deep
craters on the sample surfaces), and yet produced some ionized species which
were subsequently stored in the ion trap. Although the ablation laser was fired
during the storage portion of the ion trap scan sequence (see Figure 3.3), the
jitter of the laser relay trigger circuitry employed was estimated to be ±5 ms.
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The ions created by the laser solid interaction were stored for 25 ms; this jitter
would dramatically affect ion storage times (up to 20%). The stored species
resulting from the laser ablation of a brass sample were then analyzed by ion
trap mass spectrometry. The spectra obtained for single laser shots are given in
Figure 2.3. These typical spectra illustrate that ions can be generated and
stored by laser ablation of a solid sample directly inside the storage volume of
an ion trap. Figure 2.3a was obtained from a single ruby laser pulse focused
upon a fresh sample spot. A variety of unidentified mass peaks are observed in
this spectrum, likely the result of unknown impurities upon the sample surface.
After 9 laser shots upon the same sample location, the mass spectrum shown in
Figure 2.3b was obtained. Many of the supposed surface impurity ion signals
observed in Figure 2.3a are much less intense, and ion signals for copper and
zinc atomic ions are also observed. Analyte peak assignments are based upon
analytes known to be present in the sample. All matrix species identified in
Figure 2.3 are tentative, based on possible fragmentation of organic species.
Although promising, the results observed in Figure 2.3b were not easily
reproduced, likely the result of the non-optimized experimental arrangement.
The spectra obtained for the laser ablation of brass (Fig. 2.3) exhibited
significant space charge [40] signal degradation, resulting from storing too
many ions from the laser ablation process. Ion signals for the atomic species
are square topped, the result of ion signals which were too large to be digitized
by the data acquisition hardware.

2.4 Summary
This chapter introduced the concept of utilizing laser ablation for solid
sampling and ionization directly within the storage volume of a quadrupole ion
trap mass spectrometer. Although the experimental apparatus used an inferior
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laser and optical configuration, and had poor control over synchronization of the
laser ablation event, atomic mass spectra were obtained for a brass sample.
The spectra obtained were space charge limited and obscured by possible
surface contaminant fragment ions, yet they suggested that laser sampling I
ionization directly within the storage volume of a quadrupole ion trap could be a
viable method for mass spectrometry of solid samples. The experiments
conducted for this rather short chapter are not extensive. This thesis is devoted
to the development and investigation of Laser Ablation Ion Trap Mass
Spectrometry (LAITMS) as a mass spectrometric tool for direct solid analysis.

38
CHAPTER 3

INVESTIGATION OF THE USE OF Nd:YAG LASER ABLATION FOR
DIRECT SOLID SAMPLING I IONIZATION WITH
QUADRUPOLE ION TRAP MASS SPECTROMETRY

3i Introduction
There have been many significant advances in the area of atomic
spectrochemical analysis during the past two decades which have led to
analytical techniques with lower detection limits, enhanced multielement
capabilities, improved precision & accuracy and more versatile sampling
characteristics. Atomic mass spectrometry, in particular, has undergone
explosive growth with the development and application of techniques such as
Inductively Coupled Plasma Mass Spectrometry (ICPMS), Laser Micro Mass
Analyzer (LAMMA) methods, Glow Discharge Mass Spectrometry (GDMS), and
through the continued use of Spark Source Mass Spectrometry (SSMS) and
Secondary Ion Mass Spectrometry (SIMS). A fundamental review of recent
activity for these techniques has been published by Koppenaal [87].
ICPMS is a very powerful technique for atomic mass analysis of solution
samples. However, it utilizes relatively large amounts of sample in solution form
(-1 mL) and requires the dissolution of solid samples prior to analysis. To
overcome this limitation, laser ablation and graphite furnace atomization
combined with subsequent transport of the aerosol material to the ICPMS have
been developed. SSMS and GDMS allow direct analysis of solids, but require
conducting samples or samples that can be incorporated in a suitable
conducting matrix prior to analysis. Any sample preparation introduces not only
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the risk of contamination but inherent dilution of trace analyte species, both of
which can be eliminated using a direct solid sampling method such as laser
ablation, which is suitable for both conductors and non-conductors. LAMMA
allows direct analysis of both conducting and non-conducting samples using
laser radiation for sampling and ionization, utilizing a time-of-flight mass
spectrometer for mass analysis [90]. One difficulty encountered with the
LAMMA technique is that ion yields are strongly dependent on the sample
matrix and are sensitive to the presence of elements with low ionization energy.
In recent years, quadrupole ion traps have been utilized in a number of
applications ranging from tissue extract analysis and isotopic dilution [91] to
laser desorption mass spectrometry of biochemical compounds [92]. A recent
review of advances in ion trap technology by Nourse and Cooks [93] discusses
the theory of ion trapping, describes the various operational modes (including
the use of external ion sources) and outlines some ion chemistry which has
been studied with ion traps. Additional theoretical reviews of ion trap operation
have been given by other authors [33, 94, 95].
One method of using an ion trap for atomic mass spectrometry is to
generate ions externally and, using ion optics, inject these ions into the trapping
volume. External ion injection methods suffer from several problems; firstly,
most of the externally generated ions are not injected; secondly, only a fraction
of the injected ions are actually trapped [39]. Computer simulation has shown
that injected ions only remain in the trapping volume after several collisions with
buffer gas molecules and are only stable during a short time window when the
RE voltage is near zero [40]. Although quadrupole ion trap atomic mass
spectrometry of ions created by an external glow discharge has been recently
demonstrated [51], a potentially more successful method for trace analysis is the
generation of atomic ions directly inside the trap. Laser ablation of solids inside
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an ion trap allows atomization and ionization directly within the trapping
volume.
Freiser and associates [39, 88, 89] have studied both atomic and cluster
ion chemistry of metals using Fourier Transform Ion Cyclotron Resonance Mass
Spectrometry (FT-ICRMS) coupled with laser sampling. Their research relies
on ablation and laser ionization of metal samples inside the trapping cavity of a
spectrometer. This is related to the research focus for this thesis, which is the
development of an instrument for atomic mass spectrometric analysis of solid
samples using laser ablation directly inside an ion trap mass spectrometer. Ion
trap mass spectrometry provides an alternative to FT-ICRMS, while also having
potential advantages. Ion traps allow higher operating pressures, are lower in
price, and are far more compact than FT-ICRMS instruments. However, current
ion trap mass spectrometry does not provide resolution as high as that available
from FT-ICRMS.
Chapter 2 demonstrated the potential for direct atomic mass spectrometry
of solid materials by laser sampling and ionization directly inside the storage
volume of a quadrupole ion trap. Although the experimental arrangement used
for the previous chapter was not very successful because meaningful spectra
were not easily reproduced, the idea of direct solid sampling inside the storage
volume of an ion trap warrants further investigation. To this end, an
experimental system was constructed using simple components already
available in the laboratory. A Nd:YAG laser was borrowed for a short period
(Dr. A. Merer, Chemistry Department, U. B. C.), and after an introduction to safe
use of high pulse energy lasers (Dr. A. Adam, now at the University of New
Brunswick), the new spectrometer was able to generate meaningful atomic
mass spectra for metallic solid samples. For these experiments, samples were
directly ablated and ionized in the ion trapping volume, providing some unique
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characteristics and capabilities. This research has been published [53] and the
experimental details and results for the method, called Laser Ablation Ion Trap
Mass Spectrometry (LAITMS), are presented in this chapter.

3.2 Experimental
3.2.1 Ion Trap Mass Spectrometer
For all experiments described in this chapter, an ion trap of our own
design was used, constructed by The Mechanical Services Shop (Chemistry
Department, U.B.C.). The end cap and ring electrodes were made of type 304
stainless steel, having complimentary surfaces defined by equations 1.6 to 1.8,
where r
0 is 10.00 mm. A schematic diagram of the electrode configuration is
given in Figure 3.1. Figure 3.la is a schematic diagram of the arrangement of
the three electrodes comprising the ion trap. In order to admit the sample, a 1.5
mm diameter aperture was machined through the ring electrode, allowing
suitably sized sample pins to be mounted flush with the electrode inner surface.
The laser beam aperture was drilled 180° to the sample position, with a 1.5 mm
diameter opening which flared in a conical shape allowing the laser beam to be
focused at the sample pin tip (Figure 3.lb).
An experimental block diagram for the ion trap system is provided in
Figure 3.2. During preliminary studies and for calibration purposes, neutral
analyte molecules and/or atoms were ionized with electron ionization (El). A
gated electron beam source was fashioned using a rhenium filament
surrounded by a stainless steel ring. The ring was maintained at -70 VDC; the
filament remained at 0 VDC relative to the ring except when pulsed to -70 VDC
using a pulse amplifier built by the Electrical Services Shop (Chemistry
Department, U.B.C.). For El purposes, the electron beam was pulsed for a 1 ms
interval. Ionized analyte species were then stored in the ion trap by applying a
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Schematic ion trap configuration with modifications
allowing laser ablation inside storage volume. In
practice, the electron beam source and the channel
electron multiplier are recessed into the respective end
cap apertures shown in dotted lines.
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(i)

Sample

(ii)

Laser Input

Figure 3.lb:

A three dimensional representation (I) of the ring
electrode showing the laser aperture and a
cross-sectional view (ii) of the ring electrode
showing sample pin placement.
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Figure 3.2:

Block diagram of the ion trap mass spectrometer system.
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constant storage radio frequency (RE) potential (250 V, 5 ms) to the ring
electrode and grounding the end cap electrodes. The RE quadrupole supply
used was an Extranuclear Laboratories Inc. (Pittsburgh, PA) model number
011-1, modified for operation from 0.6-3.0 MHz. Capacitance matching was
achieved using an Extranuclear Laboratories Inc. High-Q Head model number
012-16. The operational frequency used for these experiments was 1.05 MHz
with a maximum RE output (0-p) of 3500 V.
All experimental parameters were controlled using a Zenith Data
Systems (St. Joseph, Ml) IBM-AT compatible computer equipped with a
QuaTech PBX-721 (Akron, OH) data acquisition parallel expansion board, a
QuaTech model DM12-b

digital-to-analog converter and an RC Electronics

(Santa Barbara, CA) model ISC-16 analog-to-digital converter. A timing
scheme for the experiments is given in Figure 3.3. The electron beam was
turned off for all the laser ablation experiments. All software used for control of
experimental parameters and data acquisition was written in Borland Turbo
Pascal Version 3.0. A copy of the code used for data acquisition with the ion
trap is given in APPENDIX I.
Upon ramping the RE voltage above the storage potential (250-3500 V),
the stored ions were sequentially ejected along the z-axis of the ion trap
according to increasing mass to charge ratio. This ion trap operational mode
was termed “mass selective instability” by Stafford [96] and co-workers. These
ions were detected using a Galileo Electro-Optics Corp. (Sturbridge, MA) model
4870 channel electron multiplier. Prior to computer data acquisition, the analog
signal from the channeltron was amplified using a Keithley (Cleveland, OH)
model 427 current amplifier. During the RE voltage ramp, the amplified signal
is sampled 4096 times, the entire process requiring approximately 120 ms. At
maximum ramp voltage the RE voltage was reduced to zero to allow any
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remaining ions in the trapping volume to escape.
To achieve the low pressure required for normal ion trap operation, the
ion trap was encased in a simple manifold constructed of stainless steel.
Electrical feed through connections were made on the flange to which the ion
trap was secured. The manifold was evacuated using an Edwards (Oakville,
Ontario) model 100/300 diffusion pump filled with Varian (Lexington, MA)
Santovac 5 diffusion pump oil. Oil back streaming from the diffusion pump was
minimized using an Edwards “Peltier Effect” thermo-electric cooling baffle,
model DCB100. A Welch Scientific (Skokie, IL) model 1397 rotary vacuum
pump was used to rough pump the system and back the diffusion pump. The
entire pump and baffle portion of the vacuum manifold was isolated from the ion
trap chamber by an Edwards model QSB100 butterfly valve, allowing sample
changes without shutting down the entire vacuum system. Manifold pressure
was monitored with a Varian model 880 vacuum ionization gauge, using a
model 531 thermocouple and a model 564 broad range ionization gauge tube.
Helium buffer gas was introduced with a Granville-Phillips (Boulder, CC)
variable leak valve to maintain a constant experimental pressure of 2.5 mTorr
(corrected for He [97]). Gaseous analyte was introduced by a second variable
leak valve connected to a 1.5 mm OD stainless steel capillary passed through
the ring electrode. Normally, gaseous analyte was introduced by head space
sampling above a liquid sample through which a small stream of helium was
aspirated at atmospheric pressure.

3.2.2 Laser and Optical Configuration
A Lumonics (Warwickshire, England) model HY400 Nd:YAG laser
equipped with a frequency doubler (532 nm) was used for laser ablation.
Pulses of 5 mJ lasting 10 ns were used in the experiments. Ablation laser pulse
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Figure 3.4: Optical configuration for laser ablation ion trap mass spectrometry.
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energies were determined using a Scientech (Boulder, CC) model 365 Laser
Power I Energy Meter with a model 380101 Optical Pyrometer Detector. Figure
3.4 shows a schematic diagram of the optics used for laser ablation. Optical
alignment of the system was achieved using a Melles Griot (Irvine, CA) He-Ne
laser (model 05-LHR-11 1). The Nd:YAG pulses were directed into the ion trap
using CVI Laser Corp. (Albuquerque, NM) model M318736 high energy laser
mirrors. The focused beam diameter was 0.2 mm with an irradiance of
approximately 1.6 XiO Wcm
.
2

3.2.3 Samples
For calibration purposes, xenon gas (10% in He, Spectra Gases Inc.,
Newark, NJ) and carbon tetrachloride (Omnisolve grade, BDH Chemicals,
Toronto, Ont.) were analyzed by electron ionization in the ion trap. Solid
samples used in this study included a silver solder and a Pb/Sn soft solder
obtained from the Mechanical Services Shop (Chemistry Department, U.B.C.).
All samples were freshly cleaned prior to analysis using very fine abrasive
paper, rinsed successively in concentrated nitric acid, de-ionized water then
acetone (Omnisolve grade, BDH Chemicals, Toronto) and finally, dried in air.

3.3 Results and Discussion
3.3.1 Calibration
Experimental characterization of this ion trap was accomplished using
electron ionization (El). Gaseous Xenon and carbon tetrachloride (see Section
3.2.1) were introduced to the ion trap via the leak valve and were subsequently
analyzed, allowing not only mass scale calibration but evaluation of the
resolution [98] achieved by the ion trap mass spectrometer. Mass spectra
obtained for these analytes are given in Figure 3.5. Figure 3.5a is
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an El spectrum of carbon tetrachioride obtained with a resolution of 221 for mlz
82, 84. The mass spectrum of Xe is given in Figure 3.5b, showing signals for
the various isotopes of xenon. Because the mass scale in our experiments was
linear, calibration was possible using any two mass peaks. The ion trap used
for these experiments had an upper mass limit of approximately 270 amu,
adequate for the studies presented by this thesis.

3.3.2 Spectra Obtained for Solid Samples
Ion trap operation using LAITMS showed similarities with the El mode of
operation. Both techniques require He buffer gas to increase the resolution of
higher mass ions by restricting the kinetic energy distribution between ions [96].
Also, when too many ions are stored in the trapping volume, resolution
degrades in both modes as a result of space charge effects [40]. Signal
saturation during the El mode results from a combination of buffer gas pressure,
ionization current from the filament, and the duration of the ionization; LAITMS
signal saturation resulted from excessive laser power and buffer gas pressure.
An uncharacterized “surface” effect was observed for the first few laser pulses
resulting in noisy spectra and poor reproducibility, possibly due to impurities still
present on the sample surface. After 100 laser pulses, the signal obtained from
the solid metal samples showed peaks for the various isotopes known to be
present in the sample matrices. Because the samples used for these
experiments were not previously characterized standards, the experimental
spectra were used to demonstrate the potential of the technique rather than to
give quantitative information. As in the El mode, spectra were summed for a
number of scan sequences in LAITMS to increase the signal-to-noise ratio.
Figures 3.6 and 3.7 depict spectra acquired for several metal samples, obtained
by summing the spectra from 100 consecutive laser pulse/scan cycles. Figure
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3.6 shows the ion signals obtained for the Sn and Pb isotopic clusters for a
soft solder sample (approximately 50/50 by weight). Figure 3.7 is the spectrum
obtained from a silver solder sample, showing isotopic mass peaks for Cu-’-, Zn,
Cdt, and Ag.

Variation from literature abundances can be partially accounted

for by isobaric interferences from the sample (le. 114
Cd and ll4Sn+) as well as
ionization of contaminants or residual analytes present as neutral species in the
buffer gas (ie. 119
Sn and m/z=119 for residual 3
CCI
+
).
One difficulty encountered with ion trap mass spectrometry is that the
dynamic range available can be restricted as a result of space charge effects.
High charge density can distort the quadrupole field, changing the stability limits
of the trap. Careful selection of the energy and power density of the incident
laser pulses allows for control over the number of charged atomic species
generated in the cavity of the trap, thus helping to reduce the effects of space
charging. The laser used for these experiments was designed for pulses of 200
mJ; the 5 mJ pulses used were made by simply reducing the discharge voltage
supplied to the flashlamps. This method of pulse energy regulation suffers from
some degree of pulse to pulse energy variation, which contributes to the
degraded signal-to-noise ratio observed for the LAITMS spectra (Figures 3.6
and 3.7) when compared with that of a El spectra (Figure 3.5). Other
operational modes for ion traps involving DC as well as RF operation [91] allow
mass selection of specific analyte ions (storing species of interest, reducing
space charge effects) as well as increasing the resolution achieved with an ion
trap. Precise control of the laser irradiance should allow control over the
quantity of material sampled and ionized, reducing space charge effects. This
topic is further addressed in Chapter 4.
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3.4 Summary
A new method for direct solid atomic mass spectrometry, called Laser
Ablation Ion Trap Mass Spectrometry (LAITMS), has been presented in this
chapter and published elsewhere [53]. The experimental spectrometer
developed for this chapter provided atomic mass spectra for solid metal
samples. At this stage of development it is not yet clear whether LAITMS could
be a viable analytical methodology, but it could be a useful alternative to the
use of LAMMA and FT-ICRMS for investigating the products from laser ablation
of solids [88, 89] and dried solution samples at pressures below

io Torr.

Also,

laser sampling offers a practical method of creating analyte ions (from an
externally introduced solid sample matrix) directly in the trapping volume of an
ion trap. The use of an ion trap mass spectrometer allows the collection and
storage of ions generated by several laser pulses, thus offering the potential for
enhancing sensitivity for trace elemental analysis. For example, ions generated
from successive firings of the laser may be stored and integrated inside the
trapping volume to enhance the signal-to-noise ratio during readout. Also,
LAITMS may be used as a method for ablated neutrals mass spectrometry
because the electron gun can be used to ionize neutral atoms and molecules
created using laser ablation. Clearly, post ionization is an intrinsic feature of
LAITMS.
Ions formed in the manner described in this chapter could be probed
optically, for example, through the use of fluorescence spectroscopy. It has
been shown that the combination of ion traps and atomic fluorescence
spectrometry can be used for the detection of a single ion [57].
For this chapter, the sensitivity of the LAITMS method has not been fully
investigated, nor have the operational characteristics (laser power, pressure,
sample type, etc.) been studied in detail. Such studies are the basis for the
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remaining chapters of this thesis. In the next chapter, a new LAITMS
spectrometer is developed which facilitates further investigation of this new
analytical method.
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CHAPTER 4

INVESTIGATIONS OF AN IMPROVED ION TRAP MASS SPECTROMETER
USING Nd:YAG LASER ABLATION FOR DIRECT SOLID SAMPLING /
IONIZATION

4.1 Improved Design Considerations
Chapter 3 presented published [53] experiments with a quadrupole ion
trap mass spectrometer in which solid samples were directly sampled and
ionized by laser ablation inside the storage volume of the trap. These
experiments allowed atomic mass spectrometry of metal alloys and
demonstrated the potential for this new method of direct solid mass
spectrometry. This method was called Laser Ablation Ion Trap Mass
Spectrometry (LAITMS), and its development as a new analytical tool is
investigated in the remaining chapters of this thesis. Several potential
advantages of this approach to direct solid atomic mass spectrometry were
identified. The use of an ion trap allows the collection and storage of ions
generated from several laser pulses, offering the potential for enhancing
sensitivity. Also, ions created in this manner are available for alternate means
of detection, such as fluorescence spectrometry [99].
The experiments of Chapter 3 and the first LAITMS publication [53] used
the existing spectrometer which was modified to demonstrate the method. The
ion trap itself was originally used for electron ionization of neutral analytes,
although it had been modified to allow ruby laser ablation experiments. These
experiments are discussed in Chapter 2 to allow a chronological development
of LAITMS in this thesis. Direct solid analysis using the spectrometer featured
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in Chapter 3 was inhibited by many experimental obstacles. The mass
spectrometer did not facilitate sample changes, because solid sample pins
were inserted radially through the ring electrode prior to installation in the
vacuum manifold. To change a sample, or expose a fresh sample surface to the
ablation laser, the entire ion trap was removed from the system, a new sample
installed, the trap replaced, the vacuum re-established and then the experiment
repeated. This fact alone made direct solid analysis with the Ch. 3 spectrometer
a curiosity rather than a method of analysis, typically because only one sample
could be analyzed in a working day. Optical alignment of the ablation laser also
presented problems, because no line of sight existed through the ion trap
manifold assembly when the ion trap was in position. The optical arrangement
used for the earlier investigations [53] with a Nd:YAG laser was highly
unsuitable, partially due to the temporary nature of these experiments (a short
loan period for the Nd:YAG laser) and the lack of proper optics and tables for
the experiment in our laboratory at this time. The ion trap vacuum manifold was
evacuated by using an oil diffusion pump with a Peltier effect cooled baffle. This
vacuum pump took several hours to achieve a steady vacuum and introduced
neutral contaminants to the manifold via back streaming through the baffle
system, interfering with the performance of the ion trap mass spectrometer. The
ion trap electrodes themselves were modified to pass a sample and ablation
laser beam, but no other optical path existed to allow optical detection schemes
such as laser induced fluorescence.
The new spectrometer presented in this chapter was designed to
address the problems listed above. Moreover, several other changes were
made to improve the spectrometer for future LAITMS experiments. The
improvements included a differentially pumped sample probe, ion trap
electrodes with extended surfaces and optical paths for fluorescence or other
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optical ion interrogation methods, an optical table for the entire experiment, an
improved optical configuration for ablation, modified ion detection apertures in
the end cap electrodes and a turbomolecular vacuum pump. These and other
modifications are detailed in Section 4.2. This chapter investigates some of the
difficulties encountered in the early LAITMS experiments and explores
improvements in the method through the design and development of the new
spectrometer.

4.2 Experimental
4.2.1 Ion Trap Mass Spectrometer
A new spectrometer was designed and constructed to improve upon the
original [53] in order to conduct the experiments (subsequently published [52])
presented in this chapter. All machining for the new spectrometer was carried
out by the Mechanical Services Shop (Chemistry Department, U.B.C.); the
electronics used are described in Chapter 3 and have been previously
published [53], with all modifications done in house by the Electrical Services
Shop (Chemistry Department, U.B.C.).
The hyperbolic end cap and ring electrodes used for the experiments in this
chapter were machined from type 304 stainless steel, having complimentary
surfaces defined by equations 1.6 to 1.8, where r
0

=

10.00 mm. Although

described by the same equations, the electrodes used for these experiments
differ from the electrodes used in Ch. 2 and Ch. 3 in that they have extended
hyperbolic surfaces carried out to a radius of 30.00 mm to provide more
homogeneous quadrupole electric fields for ion storage and analysis. A
schematic diagram of a cross section through these new electrodes is given in
Figure 4.1. Experimentally, the new electrodes gave 15-20% better mass
resolution than the electrodes used for earlier investigations [53]. In addition,
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Figure 4.1: Cross sectional diagram of the ion trap electrodes showing the
optical path through the ion storage volume.
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an optical path passing through the asymptote of the radially symmetric
hyperbolic electrode surfaces has been established to facilitate future optical
probing studies of stored ions. Electron ionization was performed using an
electron source identical to that described previously [53] in Chapter 3. The
sample and laser apertures machined through the ring electrode were similar to
those in the previous ion trap used for LAITMS, with inner diameters of 1.5 mm
at the inner surface of the electrodes to minimize electric field distortion. The
channel electron multiplier (CEM) mounting flange was recessed into the lower
end cap to position the detector as close to the center of the trap as possible.
The ion trap described in this chapter was housed in a new vacuum
manifold, constructed in house from stainless steel; schematic diagrams of this
trap and manifold are given in Figure 4.2. High vacuum was maintained in the
ion trap manifold by using a Pfeiffer-Balzers (Mississagua, Ont.) turbomolecular
pumping system, consisting of a model TPU 170 turbomolecular pump, a TCP
300 pump control system and a DUO 010 B rotary vane pump. The sample
introduction port was differentially pumped using a Varian (Lexington, MA)
model SD 90 rotary vane pump. To eliminate oil back streaming into the
sample introduction probe, a liquid nitrogen trap was used. Manifold pressures
were monitored with a Balzers model PKG 020 pirani-cold cathode gauge
meter, equipped with a model IKR 020 cold cathode gauge head for the main
vacuum chamber and a model TPR 010 pirani gauge head for the sample
introduction probe. All experiments were performed with the cold cathode
gauge off because it’s operation saturated the OEM signal. Helium buffer gas
was introduced to the main vacuum manifold by using a Granville-Phillips
(Boulder, 00) variable leak valve. The sample probe assembly was purged
with helium via a needle valve during sample changes to prevent residual air
introduction. All helium used in these studies was pre-purified grade (99.996 %
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Figure 4.2: Diagrams of the ion trap vacuum manifold Ci. front and ii. rear views)
used for LAITMS experiments. A = radio frequency (RF) power
supply input feedthrough; B = GEM signal out feedthrough; C =
variable leak valve for gaseous sample introduction; D = variable
leak valve for He buffer gas introduction; E = pirani cold cathode
vacuum gauge; F = optical ports to enable probing studies of the
stored ions; G = differentially pumped sample probe assembly;
H = mechanical vacuum pump with in line liquid nitrogen trap.
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pure). Gaseous analyte for electron ionization experiments was introduced to
the ion trap via a second variable leak valve connected to a 1.5 mm OD
stainless steel capillary which was passed through the ring electrode (a
VESPELTM sleeve was used to provide electrical insulation) of the ion trap.
Gaseous analyte was introduced by head space sampling above a liquid
sample through which a small stream of helium was aspirated at atmospheric
pressure.
The electronics used for the operation of the new ion trap, described
herein, were the same as used previously [53], with modifications to adapt them
for use with this system. Included in the modifications were simple coaxial
shielding for the Channel Electron Multiplier (CEM) signal out line and Radio
Frequency (RE) input lines inside the manifold (to reduce possible noise in the
signal from electrical interferences). Ions were detected using a Detech
(Brookfield, MA) model 401 CEM; the ion trap was operated using the “mass
selective instability” mode described by Stafford and co-workers [96], and also
in Chapter 3.

4.2.2 Laser and Optical Configuration
A Lumonics (Warwickshire, England) model HY400 Nd:YAG laser
equipped with a frequency doubler (532 nm) used for laser ablation with the
new spectrometer. Figure 4.3 shows a schematic diagram of the optics used for
these investigations. Optical alignment of the system was achieved using a
Melles Griot (Irvine, CA) Helium-Neon laser (model 05-LHR-111). Because a
10 % beam splitter was used to sample the ablation laser beam, lower energy
pulses (10 % of laser output) could be used for these experiments. Ablation
laser pulse energy calibration was accomplished using a Scientech (Boulder,
CO) model 365 Laser Power I Energy Meter with a model 380101 Optical
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Figure 4.3: Optical configuration for new LAITMS spectrometer.
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Pyrometer Detector. In addition, the silica piano convex lens (f

=

30.00 cm)

used to focus the laser upon the sample surface was mounted upon a
translation stage to allow precise adjustment of the laser focus upon the sample
surface.

4.2.3 Samples
Initial characterization of ion trap performance and mass scale calibration
was accomplished by electron ionization of carbon tetrachloride (Omnisolve
grade, BDH Chemicals, Toronto, Ont.) and the mass scale calibrant FC 43
(Perfluoro-tri-N-butylamine, Pierce Chemicals, Miami, FL).
A variety of samples were analyzed by LAITMS for this chapter,
including type 308 stainless steel, silver solder, rhodium foil, molybdenum,
VESPELTM and MACORTM. All samples used for these studies were machined
into 1 cm long pins which were 1 .48 mm diameter for at least half their length
and 1.8 mm for the remainder to facilitate sample probe mounting for
introduction to the ring electrode. The rhodium foil sample was prepared by
cementing a small disc of foil to the end of a type 308 stainless steel sample
with epoxy resin (The Borden Company, Toronto, Ont.). Prior to analysis, the
sample surface was polished using methanol (Omnisolve grade, BDH
Chemicals, Toronto) wetted 400 and then 600 grade abrasive papers. The pins
were sequentially washed with de-ionized (Dl) water, concentrated nitric acid,
Dl water, methanol, and then air dried. Samples were aligned flush with the
ring electrode inner surface using a helium-neon alignment laser.

4.2.4 Scanning Electron Microscopy (SEM)
The electron micrographs of the sample surfaces were obtained with the
use of an Hitachi (Tokyo, Japan) model S-2300 electron microscope
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(Metallurgical Engineering, U. B. C.). VESPELTM and MACQRTM samples were
prepared for SEM by sputtering a thin film of Au/Pd (40% Au / 60% Pd) over
them with a Hummer-V Sputter Coater (Tecnics Inc., Alexandria, VA).

4.3 Results and Discussion
4.3.1 Calibration
Initial characterization of the new ion trap was achieved through electron
ionization (El) experiments in which carbon tetrachloride and FC 43 were used
as samples. Experimental parameters for the electron ionization experiments
are given in Table II.

Table II: Instrumental parameters for electron ionization calibration
experiments.
Ionization--Electron energy
Duration of electron beam

70 eV
1 ms

Storage and ejection--Storage time
RE.
RE. storage potential *
Initial RE. scan potential *
Elnal RE. scan potential *
RE. scan rate

25 ms
1.05MHz
250 V
250 V
3600 V
2.54 X io V•s1

Ion detection-CEM voltage bias
CEM current amplification

-1800 V
1 x io V•A1

N umber of scans per spectrum

100

*
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Figure 4.4 shows the El mass spectrum obtained for a carbon
tetrachioride sample, showing excellent resolution for the various fragment ions.
A second sample consisting of 0.5 mL of FC 43 and 0.5 mL of carbon
tetrachloride was prepared and analyzed. The El mass spectrum for this
sample is given in Figure 4.5. This spectrum shows the various ion signals
expected for FC 43 and those for carbon tetrachloride observed in Figure 4.4.
The positive identity of these various fragment ions allowed mass scale
calibration for the new quadrupole ion trap.
The analytical performance of the new ion trap electrodes was also
evaluated prior to LAITMS experiments by electron ionization (El) of carbon
tetrachloride samples. Experimental parameters for these studies are given in
Table II. Figure 4.6 plots the mass resolution as a function of total pressure
(corrected for He [97]) for El carbon tetrachloride mass spectra (m/z=1 17, 119,
121), the average of three separate experiments (± 2cr). The resolving power of
the ion trap was determined by using the 5% peak-height definition used by
Bradshaw and co-workers [100]. These experiments suggested that an
optimum manifold pressure of 0.5-1.5 pEar He (1 Bar

1 X iO Pa) provided a

resolution of 240. This resolution and pressure are consistent with literature
values [96] for optimum ion trap operation.
To calibrate the ablation laser output, the pulse energy for ablation
purposes was determined using a laser power meter located outside the
vacuum manifold. The result of this calibration is given in Figure 4.7, which is a
plot of laser pulse energy versus flashlamp voltage for the laser. Extrapolation
from this curve allows direct calibration of the laser pulse energy used in
LAITMS experiments. This energy calibration was repeated periodically to
ensure accurate readings because flashlamp output (and, thus, laser output for

240

200

z 220
Cu
C
0
4-.

0
Co
w

180

160

Figure 4.6:

0.5

1.0

1.5
Pressure I mBar He

2.0

2.5

Plot of average resolution (error = ±2G) for electron impact ionized carbon tetrachloride ions (mlz = 117,
119 and 121) for three replicate experiments versus helium buffer gas pressure (1 bar = 1 X io Pa).

C)

E

-,

>
0)
U.

a,

a,
C
w
z

U,

0

•

-

1.5-

0.5

Pulse Energy
=

=

560

570

I

580

111111

±2a) versus oscillator flashlamp voltage averaged for 200 laser shots.

550
Oscillator Energy I V

11111111111111111111111111111111

168.5050.647095*X+O.OOO621337*X12I

540

Plot of laser pulse energy (error

530

1111111111111111111111

520

Figure 4.7:

74
a given setting) slowly decreased upon normal operation over an extended
period.

4.3.2 Spectra for Conducting Solid Samples
Previous studies reported [53] that the LAITMS spectra obtained
exhibited significant peak broadening and a degraded signal to noise ratio
resulting from space charge effects in the trapping volume. This problem was
addressed by adjusting the laser energy to reduce the amount of sample being
ablated and ionized per laser pulse. For these investigations, the laser pulse
energy was adjusted by reducing the flash lamp voltage. The pulse-to-pulse
energy reproducibility problems previously encountered [53] were greatly
reduced by sampling 10 % of the laser output beam for ablation purposes,
allowing flash lamp operation at higher voltages. Further investigation of the
effects of laser irradiance is given elsewhere [52] and in Chapter 5.
LAITMS spectra were obtained for a variety of conducting samples.
Experimental parameters for these experiments are given in Table Ill. Figure
4.8 shows mass spectra for type 308 stainless steel and silver solder samples.
These spectra show much better resolution and signal to noise ratios than the
spectra presented in Chapter 3, due to the improved laser pulse-to-pulse
reproducibility and cleaner vacuum environment provided by the new
spectrometer used for these experiments. In addition, the analysis of stainless
steel addressed a reviewer’s criticism of the initial publication [53] in which it
was pointed out that only samples with low melting points were analyzed.
Clearly, the LAITMS spectrometer is capable of analysis of higher melting point
metal materials.
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Table Ill: Instrumental parameters for LAITMS experiments.

Laser ablation--Wavelength
Pulse width
Beam waist at sample surface
Irradiance

532 nm
10 ns
50 jim
refer to spectra (-P1 X 1010 W-cm
)
2

Storage and ejection--Storage time
RE.
RE. storage potential
Initial RF. scan potential
Final RE. scan potential
RE. scan rate

5 ms
1.05MHz
250 V
250 V
3600 V
2.54 X io V•s1

*

*
*

Ion detection-CEM voltage bias
CEM current amplification
Number of scans per laser pulse
Number of scans per spectrum
*Measured (0

-

peak)

-1800 V
1 x io V-A1
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A potential test of the usefulness of LAITMS arose in which a sample
used for surface chemistry experimental apparatus (Dr. K. Mitchell, Chemistry
Department, U. B. C.) of unknown origin was analyzed by LAITMS. The sample
consisted of a small shard of metal foil, 0.5 mm thick. A portion of the shard was
mounted upon a sample pin as described in Section 4.2.3. The sample was
suspected to be pure molybdenum foil; the mass spectrum for the foil is given in
Figure 4.9. Upon mass scale calibration of the spectrum, the low mass peaks
were found to be sodium and potassium (possible surface contaminants) and
the single higher mass peak corresponded to m/z

=

103. Because rhodium is

monoisotopic with a mass of 103 amu, it was assumed that the unknown foil
sample was, in fact, pure rhodium and not molybdenum. This could be
conclusively verified by a second spectroscopic method, such as ICP-AES;
however the isotopic singularity of the analyte signal at this mass provides
strong evidence of identity. As a verification experiment, a pure molybdenum
sample was obtained (S. Rak, Glass Shop, U. B. C.) and analyzed by LAITMS.
The spectrum for this sample is shown in Figure 4.10, and it is clear that this
spectrum is not the same as Figure 4.9. The ion signals observed were not for
pure Mo, but instead oxides of the metal were observed. This can be attributed
to the sample preparation method, which exposed the sample to water,
methanol, nitric acid and air (see Section 4.2.3), allowing oxides to form on the
sample surface prior to LAITMS analysis.

4.3.3 Spectra for Non-Conducting Samples
Characterization of non-conducting sample matrices was demonstrated
by obtaining LAITMS spectra for a ceramic material (MACORTM) and a
thermally stable polymer (VESPELTM). The experimental parameters used for
LAITMS of these samples are listed in Table Ill. Figures 4.11 and 4.12 are the
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spectra obtained for these non-conducting samples; tentative peak
assignments were based upon chemical species known to be present in the
samples. These peak assignments could easily be verified by using an ion trap
capable of MS/MS type experiments [101]. The direct solid analyses
demonstrated by the spectra in Figures 4.11 and 4.12 show the potential of
LAITMS for direct analysis of both conducting and non-conducting solid sample
matrices.
Different irradiances were required to generate LAITMS spectra for the
various materials analyzed in this investigation. This may be attributed to the
different characteristics of the samples, which affects absorption of the incident
laser beam at the sample surface (i.e. initial electron generation to facilitate
plasma development) [102]. There are several ways to create these initial
electrons: (i) multiphoton ionization; (ii) thermal ionization of hot target vapor;
(iii) shock heated ionization of the surrounding gas; and (iv) ionization of the
surrounding gas or target vapor by collisions with the thermionic electrons
emitted from the hot sample surface.
Since metals are surface absorbers for 532 nm radiation and can
generate a vapor that becomes rapidly ionized [102], thermal ionization may
dominate the initial electron production. Figure 4.11 is a LAITMS spectrum
obtained for a MACORTM sample. MACQRTM is a white alum mo-silicon
carbide ceramic with a proprietary composition. Although ceramic materials
such as alumina, magnesia and zirconia are relatively transparent to 532 nm
radiation [103], sintered ceramics such as MACORTM are not because of the
presence of impurities and scattering resulting from material inhomogeneity.
This means that sintered ceramic samples must be regarded as dielectrics and,
hence, thermal ionization may occur for ceramics as well as metals. Ceramics
are unlike metals in that laser radiation penetrates below the surface and
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absorbs in a volume, not only at the surface like a metal. As a result, for a
constant laser beam irradiance value, metal samples have higher power
density at the target surface than ceramic samples and thus breakdown will
occur more readily for metals than ceramic samples. Additionally, ceramic
samples usually have higher melting and boiling temperatures than metals (eg.
for aluminum TMP
and TBP

=

=

933 K and Tp

3353 K) [104]

.

=

2740 K whereas for alumina TMP

=

2345 K

Therefore, ceramic samples require higher

irradiances for laser plasma generation, consistent with the results of this study.
The analysis of polymers by LAITMS constitutes an interesting
investigation of laser pyrolysis, providing direct mass spectrometric information
for solid polymeric samples. Figure 4.12 depicts a LAITMS spectrum obtained
for a VESPELTM sample. VESPELTM is a heterocyclic polymer with a polyimide
backbone [105] which is thermally stable at temperatures as high as 500 °C, but
forms a char above 800 °C. Folmer and Azarraga [106] used gas
chromatography to compare the results of polymer pyrolysis by using filament
pyrolysis, tube furnace pyrolysis and laser pyrolysis. Their results indicated that
laser pyrolysis resulted in product patterns which were simpler and more
material specific than those obtained by other methods. These results were
attributed to the fact that fewer secondary reactions take place because of the
extremely rapid heating and cooling rates obtained with laser pyrolysis.

The

use of an ion trap for laser pyrolysis mass spectrometry facilitates ion chemistry
studies of the pyrolysis products as well as allowing the possibility of relatively
inexpensive MS/MS type experiments [101] for pyrolysate fragment structural
identification.
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4.3.4 SEM Analysis of Ablated Surfaces
This section presents a brief survey of the various laser solid interactions
observed for the samples analyzed during the course of these experiments.
The various samples analyzed for this chapter were ablated by laser pulses
focused upon their surface in the ion trap mass spectrometer. The resulting
craters were then analyzed by electron microscopy. Figures 4.13 to 4.16 are
the electron micrographs obtained for type 308 stainless steel, silver solder,
VESPELTM and MACORTM. These electron micrographs illustrate that different
laser solid interactions occur (also discussed in Section 4.3.3) in concurrence
with the nature of the solid substrate.
Electron micrographs of type 308 stainless steel are given in Figure 4.13.
For single laser pulses focused upon the sample surface the resulting
interaction is shown in Figure 4.13a,b. Slight melting and smoothing of the
solid substrate is observed, but very little material appears to have been
removed by the ablation process. Upon repeated exposure to 100 laser pulses,
a crater-like depression forms (Figure 4.13c,d) on the sample surface. This
crater formation shows that an appreciable amount of material is deposited
around the edge of the crater, forming a rim. This crater formation is suspected
to interfere with the production of ions from the sample surface and is discussed
further in Chapter 5. Similar phenomena are observed for laser ablation of a
silver solder sample, shown in Figure 4.14. For a single laser pulse impinging
upon the sample surface, localized melting and smoothing is observed (Fig.
4.14a,b) and for 100 laser pulses, a rimmed crater forms (Fig. 4.14c,d).
Laser ablation of the sintered ceramic MACORTM is illustrated in Figure
4.15. For laser ablation of this sample, a different type of laser solid interaction
is observed. Craters from both 1 and 100 laser shots upon the sample surface
are evident in the figure, but they are not smooth, unlike those formed for metal
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Figure 4.13a,b: Scanning electron micrograph (SEM) of the surface of a type
308 stainless steel sample which has been ablated by 1 laser
pulse at (a) X60 and (b) X800 magnification.
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(c)

(d)

Figure 4.13c,d: Scanning electron micrograph (SEM) of the surface of a type
308 stainless steel sample which has been ablated by 100 laser
pulses at (c) X60 and (d) X500 magnification.
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Figure 4.14a,b: Scanning electron micrograph (SEM) of the surface of a silver
solder sample which has been ablated by 1 laser pulse at
(a) X60 and (b) X800 magnification.
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Figure 4.14c,d: Scanning electron micrograph (SEM) of the surface of a silver
solder sample which has been ablated by 100 laser pulses at
(c) X60 and (d) X600 magnification.
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Figure 4.15a,b: Scanning electron micrograph (SEM) of the surface of a
MACORTM sample which has been ablated by 1 (left) and 100
(right) laser pulses at (a) X60 and (b) X400 magnification.
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(c)

(d)

Figure 4.15c,d: Scanning electron micrograph (SEM) of the surface of a
MACORTM sample which has been ablated by (c) 1 and (d) 100
laser pulses, both at X800 magnification.
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(a)

(b)

Figure 4.16a,b: Scanning electron micrographs (SEM) of the surface of a
VESPELTM sample which has been ablated by 100 laser pulses,
both at X800 magnification, showing stereoscopic (a) right and
(b) left views.

93
ablation. Sintered ceramics are constructed by fusing ceramic powder
compositions into a solid substrate in a furnace. The craters have jagged
edged fragments over their surfaces, implying that the localized heating caused
by the formation of a laser produced plasma induces shattering or cracking of
the ceramic particles (evident in the micrograph). No crater rim is observed,
suggesting also that some fragmented ceramic particles may simply fall away
into the spectrometer. Further discussion of the laser-solid interaction for
sintered ceramics is given in Section 4.3.3.
The final laser-solid interaction presented in this study is for laser
pyrolysis of the polyimide VESPELTM; the SEM of a VESPEL surface and laser
ablation crater from 100 laser pulses is given in Figure 4.16. Significantly
different from laser ablation of metal samples, no crater rim formation is
observed. This is because for laser interaction with the solid polymer, laser
pyrolysis occurs; the laser sampled material is converted to gaseous material
(ionized and neutral), and does not melt as observed for metal samples. Laser
pyrolysis using LAITMS was discussed further in Section 4.3.3, but it is clear
that the analysis of polymers by LAITMS provides information which can be
used to characterize solid polymer samples.

4.4 Summary
This chapter presented a new spectrometer for Laser Ablation Ion Trap
Mass Spectrometry (LAITMS). The spectrometer featured many improvements
over the instrument used for earlier LAITMS experiments [53] presented in
Chapter 3. Included in the improvements was a new ion trap electrode
assembly with extended hyperbolic surfaces (to provide more uniform
quadrupole electric fields, resulting in 15-20 % better resolution, and allowing
an optical path through the storage volume for optical probe experiments), a
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differentially pumped sample probe (to facilitate sample positioning and
changes), an improved optical arrangement (providing better laser irradiance
reproducibility and control), and a new vacuum manifold with optical ports and a
turbomolecular pump (producing a clean and stable vacuum environment for
mass spectrometry). The new spectrometer produced LAITMS spectra with
reduced space charge interferences, likely the result of improved laser pulse
reproducibility. In addition, the spectra obtained showed better signal-to-noise
ratios than obtained previously [53], attributed to laser pulse stability and the
clean vacuum environment of the new spectrometer. A metallic shard of
unknown composition was correctly identified by LAITMS based upon its mass
spectrum (and that of a known sample), demonstrating one of the potential uses
of a direct solid sampling method such as LAITMS. Both conductors (metals
and alloys) and non-conductors (ceramic and polymer) were analyzed with the
new spectrometer. The nature of the laser I solid interaction was found to be
sample dependent. Examination of the ablated surfaces of metals by electron
microscopy showed a melting with material deposition around the ablation
crater, a fractured crater with no crater rim deposition for a sintered ceramic and
a deep crater cut in a polyimide sample, also without rim deposition. The
physical and chemical processes occurring during the laser / solid interaction
determine the nature of the interaction and, thus, laser irradiance is sample
dependent.
The new LAITMS spectrometer has demonstrated that the method is
viable as a means of direct solid mass spectrometry. The method has the
disadvantages of a restricted sample (pin) geometry, a limited dynamic range
resulting from space charge effects and possible sample matrix interferences
such as the presence of easily ionized elements. Additionally, sampling and
ionization are not independent because they result from the same laser pulse.
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Advantages of LAITMS for direct solid analysis include collision induced
dissociation (CID) and MS/MS experiments for identification of sample matrix
species, ablated neutrals mass spectrometry by using electron ionization,
integration of sample ions from several laser pulses before detection to
enhance sensitivity and optical detection schemes such as laser induced
fluorescence, to achieve very low detection limits. The next chapter provides
further understanding for LAITMS through its discussion of the use of the new
spectrometer as a tool to study fundamental physical parameters such as the
ablation laser irradiance and wavelength, the sample surface quality and the
detection capabilities for this new method.
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CHAPTER 5

SAMPLE SURFACE PREPARATION, LASER IRRADIANCE,
WAVELENGTH, AND NUMBER OF SHOTS

5.1 Introduction
Preceding chapters of this thesis developed laser ablation ion trap mass
spectrometry (LAITMS) as a method for direct solid analysis. Chapter 4
presented a new spectrometer specifically for LAITMS and provided spectra for
a wide array of solid sample matrices. These spectra illustrated the utility of
LAITMS for direct solid analysis of both conducting and non-conducting
materials. The spectrometer also exhibited better resolution than achieved by
earlier experiments, and the new optical configuration provided better control of
the laser irradiance so that the space charge problems encountered previously
[53] could be eliminated by careful adjustment of the laser power.
Initial interest was devoted to experimental design improvement so that
the spectrometer was capable of obtaining satisfactory, reproducible mass
spectra for solid materials. Some of the difficulties encountered with direct solid
analysis by LAITMS include an “uncharacterized surface effect” described in
previous investigations [53], as well as laser irradiance control to limit space
charge effects. In order to investigate how these parameters affected
spectrometer performance, experiments were designed to test the phenomena.
Laser irradiance is an important parameter that must be fully understood
to exploit the analytical capabilities of LAITMS. The laser irradiance upon a
solid sample determines the nature of the resulting interaction. For low laser
irradiances, laser-solid interaction may cause only a localized warming of the

97
material without disrupting the solid phase. Higher irradiances (1X10
5 to lxi 08
) may cause sufficient localized heating that material may be evaporated
2
Wcm

or desorbed from the sample surface. Special sample matrices have been
recently developed [46-49] to assist in the desorption and ionization of large
bio-molecules. These matrices typically contain a substrate which either
donates or accepts protons or cations to/from the analyte molecules of interest
to facilitate their conversion into gas phase ions. This method has been called
Matrix Assisted Laser Desorption (MALDI), and has been developed to the
extent such that commercial MALDI instrumentation is now available. When
laser irradiance reaches a certain threshold value (.-1X10
9 2
Wcm
)
, a localized
plasma is generated above the sample surface. This intense, hot plasma is
transient, sustained only by the interaction of a laser pulse with a sample
surface. During this time, significant amounts of material are removed from the
sample and ionized, providing a source of ions for mass analysis.
Experimentally, the irradiance of the laser can be adjusted by either
changing the flux of radiation from the laser focused upon the surface, or by
changing the focus of a given laser flux upon the sample surface. These
experimental methods are examined in this chapter to further our knowledge
about LAITMS for direct solid analysis. Because certified stainless steel
samples were analyzed by the LAITMS spectrometer, detection limits were also
determined in order to quantify the results obtained.
Sample surface preparation is a very important consideration for a
microsampling technique such as laser ablation. The method removes
nanogram quantities of material from a localized surface area, on the order of
100 tm diameter spot size. Surface quality will affect the laser solid interaction

in several ways, including not only the energy transfer to the solid but also
through impurities present on the sample surface. Musselman and co-workers
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[107] investigated the effect of different surface preparations upon quantification
of the signals obtained with a laser ablation time of flight mass spectrometer.
Their results showed that planar sample films gave the best precision. Nonplanar sample geometry resulted in variations of laser focus, power density and
analytical volume, which was shown to hinder quantification. Clearly, surface
preparation is important for micro-sampling methods, such as laser ablation
mass spectrometry. For this thesis, the surfaces of NIST stainless steel samples
were prepared by both abrasive paper and diamond polishing methods. By
observing the ion signals obtained, and by examining the sample surfaces with
electron microscopy, the effect of surface preparation upon LAITMS of solid
metal samples was determined.
Laser induced plasmas are formed during laser solid interaction
whenever the plasma formation threshold is exceeded. The effect of
wavelength upon the plasma and its physical properties is important, yet there
has been little investigation of the effects of different ablation laser wavelengths
upon direct solid analysis methods such as LAITMS. This chapter addresses
this concern by investigating LAITMS of different samples using two different
ablation laser wavelengths.

5.2 Experimental
5.2.1 Equipment
The LAITMS spectrometer used for these investigations has been
described previously [52] in Chapter 4. Experimental parameters for the
spectrometer are given in Table IV. Sample preparation using diamond
polishing was accomplished using a model DU172 planetary lapping/polishing
system (Canadian Thin Film Ltd., Toronto, Ont.). The electron micrographs of
the sample surfaces were obtained by using a Hitachi (Tokyo, Japan) model S
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2300 electron microscope (Metallurgical Engineering, U. B. C.) and a Hitachi
model S-4100 electron microscope (Biosciences Electron Microscope Facility,
U. B. C.).

Table IV: Experimental parameters for LAITMS studies.

Laser ablation--Wavelengths
Pulse width
Beam waist at sample surface
Irradiance

532 or 266 nm
10 ns
50 iim
2
5 X 1010 Wcm

Storage and ejection--Storage time
RE.
RE. storage potential *
Initial RE. scan potential *
Final RE. scan potential *
RE. scan rate

5 ms
1.05MHz
250 V
250 V
3600 V
2.54 X i0 Vs
1

Ion detection-CEM voltage bias
CEM current amplification

-1800 V
1 X iO V•A1

*Measured (0 peak)
-
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5.2.2 Samples
For the LAITMS experiments, many different solid samples were used,
including NIST stainless steels (Cl 151, 11 55),type 308 stainless steel, silver
solder, MACORTM (a sintered ceramic) and VESPELTM (a polyimide). Sample
compositions for analytes of interest in the NIST samples are given in Table V.

Table V: Composition for NIST stainless steel samples

SRM
C1151
1155

iron

Chromium

Manganese

Nickel

t /0)

(0/ \

10/ \
I /0)

(0/ \
i /0)

(0/ \*
I /0)

22.70±0.08
18.4±0.1

2.50±0.08
1.63±0.01

7.29±0.05
12.18±0.05

65.7±0.5
64.5±0.5
*Calculated

The sample surface was prepared [52] by 600 gauge abrasive paper (wetted
with methanol) polishing followed by a methanol (Omnisolve grade, BDH
Chemicals, Toronto, Ont.), de-ionized water then methanol rinse, finally air
drying. For the experiments involving diamond polished surfaces, samples
were further prepared by mounting them in acrylic resin (“Quickmount”, Fulton
Metallurgical Products Corp., U.S.A.). The mounted samples were
subsequently polished using planetary lapping / polishing methods with the
following diamond pastes and times: 60 im for 36 hours, 6 j,m for 3 hours, 3
im for 1.5 hours and 1 im for 30 mm. Final polishing was done by hand with
alumina paste: 0.3 im for 10 mm. and 0.05 im for 5 mm. The mounted
samples were then immersed in warm acetone (Omnisolve grade, BDH
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Chemicals, Toronto, Ont.) to dissolve the acrylic resin. The free polished
samples were then washed as described above. For LAITMS, samples were
aligned flush with the ring electrode inner surface using a helium-neon
alignment laser.

5.3 Results
5.3.1 Laser Irradiance
In Chapters 2 and 3 [53] it was reported that the LAITMS spectra
obtained exhibited significant peak broadening and a degraded signal-to-noise
ratio resulting from space charge effects [40] in the trapping volume. This
problem has been addressed by a previous publication [52] as well as in this
chapter by adjusting the laser pulse energy to reduce the amount of sample
being ablated and ionized per laser pulse. For the earlier investigations [53],
laser pulse energy was adjusted by reducing the flash lamp voltage. The pulseto-pulse energy reproducibility problems, encountered previously, were greatly
reduced by sampling 10 % of the laser output beam for ablation purposes,
allowing flash lamp operation at higher voltages. Figures 5.la through 5.ld are
LAITMS spectra obtained for silver solder and type 308 stainless steel.
Experimental parameters used for these spectra are given in Table IV. The
spectra represent the sum of spectra collected for 100 laser shots. Clearly, the
new spectra obtained in this investigation exhibit superior resolution when the
laser pulse irradiance is properly adjusted (Figures 5.la and 5.lc), and inferior,
broad peaks for higher laser pulse irradiances (Figures 5.lb and 5.ld). In fact,
Figures 5.lb and 5.ld show marked similarities with the spectra published in
the earlier study [53] in which it was difficult to vary the irradiance in a
reproducible manner. The new spectra in Figure 5.1 also exhibit less signal-tonoise degradation (note the abscissa scales for each spectrum), attributed to
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better pulse-to-pulse reproducibility of the ablation laser beam, resulting from
the improved optical configuration. A diagram of the improved optical
configuration is given in Figure 4.3. Since the vacuum system used for these
experiments was free of residual pump oil and had a high throughput pumping
+,
3
speed (170 Lpm.), trace neutral contaminants observed previously (i.e. CCI
m/z

=

117, 119, 121) are not seen in the Figure 5.1 spectra.

5.3.2 Sample Surface Preparation
The nature of the surface of a solid exposed to laser radiation will affect
the resulting interaction. Smooth, planar sample surfaces are more desirable
[107] in many respects because the surface is of known geometry (planar) and
may be readily reproduced for subsequent analyses. In practical applications,
the preparation of planar surfaces for microanalysis is not a simple task,
involving laborious and time consuming polishing steps which may also
introduce contaminants to the sample surface. The other extreme is no sample
surface preparation, desirable because no contamination from preparation
steps will occur. Surface contaminants already present on the sample may,
however, interfere with the analysis. This section presents results obtained [52]
which discuss sample surfaces prepared by diamond polished surfaces and
those prepared by polishing with a fine (600 grit) abrasive paper. The study
also examines the effects of cumulative laser shots upon the same sample
location.
Sample pins of SRM C1151 were prepared with finely polished surfaces
(diamond paste and alumina) and with fine abrasive paper polished surfaces in
order to investigate the effects of surface preparation upon LAITMS spectra.
The certified composition of the elements of interest for SRM Cl 151 stainless
steel are given in Table V. Experimental parameters used are given in Table IV.
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The results of these studies are given by Figure 5.2 and electron micrographs of
surfaces prepared by the methods described above are shown in Figures 5.3
and 5.4. This investigation was conducted by obtaining spectra for a single
location upon the sample surface (le., the mass spectra for 10 laser pulses upon
a spot on the sample were summed to give a single spectrum, then another 10
mass spectra for 10 more laser pulses upon the same spot summed to give the
next spectrum, etc.), the entire experiment for each type of surface performed in
triplicate.
The results of this study are presented in Figure 5.2. They show that for
the fine abrasive paper polished (APP) surface, maximum ion signal intensities
are observed for the first laser ablation pulses whereas maximum ion signal
intensities for the diamond paste and alumina polished (DPP) surface are
observed after 25 laser ablation pulses. This result may arise from the different
sample surface reflectivities: the initial ablation laser pulse energy deposited
upon the DPP surface can be reduced/decreased as a result of reflection by this
highly polished surface. After several laser pulses, the surface becomes less
reflective as a result of crater formation, and can absorb more of the incident
laser energy, suggesting an explanation for the observed experimental results.
The APP surface is much less reflective than the DPP surface because it has
fine grooves and scratches arising from the preparation step. This may result in
greater initial ablation of these surface irregularities, followed by a reduction in
observed signal intensities after they are removed by the formation of a smooth,
shallow ablation crater. For both APP and DPP surfaces, the observed signals
decrease as the number of laser shots upon the same spot increases, likely the
result of deep ablation crater formation. The geometry of a deep crater reduces
laser irradiance by increasing the sample surface area exposed to the ablation
pulse and makes material removal more difficult. Laser ablation craters for 1
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and 100 shots on a 308 stainless steel sample are shown in Figure 5.3; initially
a shallow surface crater forms which acts to smooth the APP surface, followed
by deeper crater formation with an increasing number of laser pulses upon the
same spot. Laser ablation craters similar to those shown in Figure 5.3 and 5.4
were observed for the samples used in the surface preparation experiments.

5.3.3 Laser Focus for Irradiance Control
As was presented in Section 5.3.1, laser irradiance regulation is
essential for LAITMS experiments. Section 5.1 suggests that laser irradiance
can be adjusted by changing the laser fluence or by adjusting the size of the
laser focus upon a sample at a constant fluence. This chapter provides insight
into the effects of changing the laser irradiance by laser focus control upon the
signals obtained for direct solid analysis by LAITMS.
In order to examine the effect of varying laser pulse irradiance upon
LAITMS signal intensity, a study was conducted in which the ablation laser
focusing lens was translated towards the sample. At a constant laser pulse
energy, this results in a decrease in the laser irradiance by distributing it over a
larger spot on the surface of the sample. For this investigation, a certified
reference stainless steel (SRM 1155) sample was prepared with a highly
polished surface (diamond paste and alumina). Sample composition for the
elements of interest is given in Table V. The lens was translated towards the
sample surface from the position used for previous experiments by 0.5 mm
increments. LAITMS spectra were obtained for each lens position by summing
the spectra obtained for 25 laser pulses. Experimental parameters for this
investigation are given in Table IV. The results are summarized in Figure 5.5,
which is the ion signal intensity maxima as a function of lens position. This
result may be attributed to moving the focal point of the ablation laser lens
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Figure 5.4: Scanning electron micrograph of stainless steel (SRM 1 155) sample
polished with diamond paste and alumina which shows the laser
ablation craters formed by 100 laser shots but varying the irradiance
by increasing the laser beam waist at the sample surface. This was
accomplished by translating the focusing lens towards the sample
surface. Crater 1 was for ablation at the focal point of the lens;
moving in a clockwise manner shows the ablation craters formed as
the lens was translated towards the sample. Spectrum for crater A
was not stored.
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towards, and eventually beyond the sample surface, and illustrates that LAITMS
of SRM 1155 can be optimized by careful adjustment of laser irradiance at a
constant pulse energy.
A SEM micrograph of the sample surface is given in Figure 5.4, in which
the different laser ablation craters are numbered for clarity. The results of this
study may also be emphasized by considering the effect of different lens
positions (and thus, different irradiances) upon the mass resolution obtained in
this experiment. Figure 5.6 shows spectra obtained for several laser focus
positions. These spectra illustrate that an optimum laser focus exists, as
suggested by Figure 5.5. By plotting both resolution and ion signal intensity for
several isotopes (Fig. 5.7), it is evident that a trade off exists between resolution
and ion signal intensity. Judicious selection of laser irradiance by varying the
focus of the laser facilitates selection of either higher resolution for identification
of ions with similar mass-to-charge ratios, or higher ion signals with lower
resolution for quantitative determinations of analyte within a sample matrix.

5.3.4 Detection Limits for NIST Stainless Steel Samples
In order to quantify the analytical capability of the improved LAITMS
spectrometer presented in this chapter, the detection limits for the method were
determined. The analysis of certified NIST stainless steel samples in this
chapter allowed calculation of detection limits for LAITMS of stainless steel
samples. According to Boumans [108], 3 sigma detection limit values for
instrumental methods can be determined by the following relationship

LOD=
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where c is the analyte concentration, RSDB is the relative standard deviation of
the background (%), SBR is the signal to background ratio (%) and LOD the limit
of detection for the analytical method. In the previous lens translation study, ion
signals were maximized for LAITMS of NIST stainless steel 1155 using lens
position 4 on Figure 5.4. The elemental composition for the sample is given in
Table V. Spectra obtained for lens position 4 (Fig. 5.6a) show significant peak
broadening as a result of space charge, whereas spectra from position 8 (Fig.
5.6b) exhibited better mass resolution and were, thus, used for detection limit
calculations. For detection limit calculations, ion signals from isotopes without
isobaric interference from other matrix species were used. Table VI lists the
isotopes of interest for detection limit calculations, their natural abundances
[104], the calculated isotopic concentrations for NIST stainless steel 1155 and
the ion signals obtained by LAITMS of this sample.

Table VI: Calculated isotopic concentrations and their corresponding LAITMS
signals.

Isotope

52
Cr
Cr
53
Mn
55
Fe
56
Fe
57
Ni
60
Background*
*

Natural
Abundance

Sample
Corn position

Isotopic
Composition

(%)

(%)

(%)

83.79
9.50
100.00
91.8
2.1
26.1

18.45
18.45
1.63
64.5
64.46
12.18

15.46
1.75
1.63
59.17
1.35
3.18

-

Ave of 100 data points from baseline of spectrum ± 2
t Fig 5.6b

Ion Signal
from
LAITMSt
(arb. units)
824
127
302
825
80
67
31.95±5.24
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In an effort to quantify the LAITMS experiment, sample volumes removed
from the solid by the ablation process were estimated for several craters. This
was crudely accomplished by approximating the crater to that of a cone shaped
depression, then estimating dimensions from the electron micrographs of the
sample surface. Clearly, this estimate is only a conservative approximation,
neglecting re-deposition of material at the crater rim (evident in the electron
micrographs); yet the result of the calculations in Table VII suggests about 5 ng
of solid is removed per laser pulse, consistent with literature [109] values.
Absolute sample volumes per laser pulse might also be measured [110] by
using a radioisotope spiked sample. By determining the activity before and
after laser ablation, the amount of material removed could be determined
precisely. From Table VII, the sample volume removed by 25 laser pulses
should, therefore, be about 125 ng, and by calculating the appropriate values
for Equation 5.1 in Table VIII, the absolute detection limits for atomic analytes in
NIST stainless steel were determined.

Table VII: Material removed by laser ablation, calculated by the cone
approximation.

Laser Crater #

1
2
3
*

Radius

Depth

Volume

(cm)

(cm)

(cm
)
3
*

Mass
Removed
(g /100
shots)f

38.5 X io65.45 X iO
69.3 X iO

38.5 X 1O
15.4 X i0
7.7 X 1O

5.98 X 10-8
6.91 X 10-8
3.87 X 10-8

4.8 X 1O
5.6 X i0
3.1 X iO

cone approximation
3
t p = 8.03 g•cm
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Table VIII: Calculated limits of detection for atomic species in NIST 1155
stainless steel.

Isotope

SBR

in

(%)
52
Cr
Cr
53
Mn
55
Fe
56
Fe
57

25.79
3.98
9.45
25.82
2.50
2.10

15.46
1.75
1.63
59.17
1.35
3.18

LCD

(%)

Absolute LCD

0.09423
0.06933
0.02710
0.3602
0.08500
0.2383

()t
118
86.7
33.9
450
106
298

-125 ng

t assumes 25 shots

The results in Table VIII suggest that using conventional mass spectrometric
detection [96] with LAITMS, absolute detection limits of 34-450 pg could be
obtained for atomic analyte species in a stainless steel sample.

5.3.5 Laser Ablation by 532 nm and 266 nm Radiation
The final section of this chapter explores the effect of laser ablation using
different wavelengths. Commercial laser ablation based microsampling mass
spectrometric methods, such as LAMMA [90] normally employ a fixed
wavelength for the ablation laser. This may be due to the difficulty of converting
commercial system optics etc. so that different wavelengths may be used. The
spectrometer used for these studies utilizes the frequency doubled output (532
nm) of a Nd:YAG laser. By using a second harmonic generating crystal,
frequency quadrupled output for the Nd:YAG laser (266 nm) can be readily
obtained. A discussion of laser harmonic generation is beyond the scope of this

123
thesis, but a treatment of lasers and non-linear optical phenomena such as
frequency doubling is given by Laud [67]. By using the different ablation laser
wavelengths, their effect upon the ion signals obtained by LAITMS and upon
the laser produced plasma can be examined.
For this investigation, a variety of different samples were studied. They
included NIST C1151 stainless steel, silver solder, MACORTM (a sintered
ceramic), and VESPELTM (a polyimide). Samples were prepared with fine
abrasive paper as described in Section 5.2.2. The samples were then analyzed
by LAITMS using laser ablation at both 532 nm and 266 nm. The resulting
spectra are given in Figures 5.8 to 5.11. Through careful examination of these
spectra, several observations can be made with regard to the effect of laser
ablation at different wavelengths. Experimental parameters for these
investigations are give in Table IV. All spectra were collected by summing the
spectra from 100 laser shots.
The LAITMS spectra obtained for a silver solder sample using laser
ablation at both 532 nm and 266 nm are given in Figure 5.8. Cursory inspection
of these spectra shows ion signals which correspond to analytes known to be
present in the sample. The differences between the two spectra manifested
themselves in the relative ion signal intensities. For example, the ion signals
obtained by using 266 nm ablation exhibited much larger relative intensities for
silver, the dominant matrix species, and also for trace components such as
cadmium, copper and zinc. These differences in relative ion signal intensities
suggested that there were differences in the ionization conditions present in the
laser produced plasma used for sampling and ionization, which depend upon
the wavelength of the ablation laser.
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Further experiments were then conducted in which non-conducting
sample matrices were examined by LAITMS at different ablation laser
wavelengths. The samples analyzed included both MACORTM and VESPELTM.
Spectra obtained by LAITMS at both 532 nm and 266 nm for these samples are
given in Figures 5.9 and 5.10. Figure 5.9a shows various matrix species arising
from laser ablation of MACORTM using 532 nm laser light pulses. Based upon
elements known to be present in the sample matrix, these species are
tentatively assigned the structures indicated in the figures. Although this
experiment was not capable of structural identification because of electronic
limitations, species could be verified by using an ion trap mass spectrometer
[101] capable of MS/MS type experiments. Upon changing the ablation laser
wavelength to 266 nm, the spectra obtained by LAITMS changed somewhat to
show fewer fragment species and suggesting increased fragmentation in the
laser micro plasma. Figure 5.9b shows the spectrum obtained for LAITMS of
MACORTM at 266 nm. A similar result was observed for LAITMS of VESPELTM
at the two wavelengths. Figure 5.10 shows spectra for both wavelengths; fewer
fragment species are observed for 266 nm ablation, suggesting again that
increased fragmentation of the polymer backbone occurs for laser pyrolysis with
the shorter wavelength, more energetic (4.67 eV instead of 2.33 eV) photons
from the frequency quadrupled output of the Nd:YAG laser.
The final spectra obtained for this study are given in Figure 5.11 which
shows the ion signal intensities obtained by LAITMS of NIST C1151 stainless
steel for both 532 nm and 266 nm laser ablation. These spectra have ion
signals corresponding to the isotopes known to be present in the sample, but as
Mn+
observed for Figure 5.8, certain ion signals (le. 55

)

are more intense with

266 nm ablation. These differences in ion signal intensities reflect the different
ionization conditions present in the two laser produced plasmas. The large
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signal enhancements observed for specific analytes (such as copper, zinc and
cadmium in silver or manganese in stainless steel) when the ablation laser
wavelength is changed suggests that selective analyte ionization schemes at a
fixed laser ablation wavelength can afford enhanced sensitivity. The concept of
selective analyte ionization is addressed later (Chapter 7) in this thesis.

5.4 Summary
This chapter has been very important for the development of LAITMS as
presented in this thesis. Important experimental parameters such as ablation
laser wavelength and irradiance, as well as sample surface quality were
investigated to elucidate their effect upon LAITMS. Clearly, laser irradiance
control is essential for any laser sampling method. For these experiments,
irradiance control allows the analyst to ablate varying amounts of material from
solid sample matrices, thus storing more or less analyte in the ion trap. The
detrimental effects of space charge [40] can be eliminated by controlling the
quantity of ions to be confined in the ion trap. Ablation laser irradiance control
can be implemented by either adjusting the fluence from the ablation laser, or
by adjusting the focus of the laser radiation upon the sample surface. These
investigations suggested that varying the laser focus was superior to varying the
flashlamp output of the laser for irradiance control.
Sample surface quality is an important consideration for LAITMS.
Previous investigations by Musselman [107] suggested that planar sample
surfaces gave the best quantitation for laser ablation coupled with a time-of
flight mass spectrometer. The experiments presented in this chapter show that
surfaces prepared by fine abrasive paper polishing give initially high analyte
signals, which diminish upon further irradiation on the same location.
Conversely, surfaces prepared by diamond paste polishing methods exhibit
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initially low ion signals which increase then decrease as the number of laser
shots upon the same spot increases. These observed phenomena are
attributed to sample surface reflectivity. The surface of the abrasive polished
samples was covered by irregular scratches and grooves, the removal of which
by the initial laser shots gave rise to the large ion signals observed. Further
irradiation on the abrasive prepared surface results in a shallow, smooth crater,
which is more reflective to the incident laser radiation, giving the reduced ion
signals observed. Deep crater formation occurs for extended irradiance upon
the same location on the sample, producing an eventual reduction of the ion
signals. The diamond polish prepared surface was free from the surface
irregularities of the abrasive paper prepared sample, resulting in a very high
initial reflectivity to the ablation laser pulses. This high initial reflectivity explains
the reduced initial ion intensities observed for this sample. The increase in ion
signal intensity which occurred upon increasing the number of laser pulses
upon the same location was the result of shallow crater formation (less reflective
than the highly polished surface)as well as the further decrease in signal
intensity attributed to deep crater formation. Thus, the condition of the sample
surface affects the ion yield and ultimately the sensitivity of analysis for solid
samples using LAITMS. By using sample surfaces prepared by diamond paste
polishing, absolute detection limits for atomic analytes in a stainless steel
sample were determined. Although the sample volume was approximated, it
was done so that the final result was overestimated, giving detection limits of
34-450 pg for atomic analytes in a certified stainless steel sample.
The wavelength of the laser used for sample ablation was found to affect
the results obtained by LAITMS. For molecular analytes, such as for ceramic
and polymer samples, increased fragmentation of matrix species was observed
for higher energy 266 nm photon radiation (4.67 eV) over lower energy (2.33

135
eV) 532 nm radiation when used for ablation purposes. This suggests that the
ionization conditions of the laser produced plasma from 266 nm laser ablation
are more energetic than those for 532 nm laser ablation produced plasma.
When atomic analytes were analyzed by LAITMS of metal samples, different
relative ion intensities were observed for certain analytes. In general, increased
ionization for certain analytes was observed when 266 nm laser radiation was
used for ablation purposes. These differences in ionization between the two
ablation laser wavelengths further suggests that shorter wavelength laser
ablation is more energetic than that for 532 nm radiation. Researchers [111113] realized that laser ablation / desorption using longer wavelengths resulted

in less molecular fragmentation, a desirable phenomenum for molecular
analysis. Thus, depending upon the ablation wavelength chosen for LAITMS
experiments, the analyst may extract atomic and/or molecular information about
a solid sample.
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CHAPTER 6

COMPARISON OF NORMAL AND STRETCHED HYPERBOLIC
ELECTRODE GEOMETRY

6.1 Introduction
The preceding chapter was devoted to investigations regarding physical
parameters external to the mass analyzer. The effects of sample surface
preparation as well as ablation laser irradiance, wavelength and number of
shots upon the sample were shown to have dramatic effects upon the direct
analysis of solid matrices by Laser Ablation Ion Trap Mass Spectrometry
(LAITMS). This chapter is devoted to the evaluation of the operation of the ion
trap mass spectrometer with “normal” electrode spacing as defined by previous
authors [33] in comparison with that of a modified or “stretched” electrode
geometry [65]. The commercially available Quadrupole Ion Trap Mass
Spectrometer (Finnigan ITMSTM) has been used for several years with a
stretched geometry (a trade secret). This stretched geometry was an empirical
adjustment developed to give improvements in the performance of the
spectrometer by reducing mass defects observed for large mass organic
fragments and provide more reproducible results for replicate analysis.
To investigate the effect of a “stretched” electrode geometry with the ion
trap mass spectrometer used for LAITMS, it was necessary to evaluate the
performance of the ion trap with “normal” electrode spacing, as defined by Todd
et. a!. [33] through Equations 1.6 to 1.8. Because the ring electrode has an
internal radius of 10.00 mm, the equations require the distance between the
end cap electrodes to be 14.14 mm. All experiments conducted in this
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laboratory have utilized electrodes which satisfy these geometric requirements.
The “stretched” trap geometry adopted commercially uses electrodes defined by
equations 1.6 to 1.8, but which are arranged in a fashion such that the end cap
electrode spacing is expanded eleven percent or:

’=1.11z
0
z

6.1

where z
’ is the “stretched” and z
0
0 the “normal” end cap electrode spacing. The
different electrode configurations were evaluated both for electron ionization of
neutral gas phase molecules and for LAITMS of a solid sample matrix.
Parameters investigated for this study included peak shape, resolution, storage
time for analytes and magnitude of the radio frequency storage potential used to
confine analyte ions for mass spectrometric analysis.

6.2 Experimental
6.2.1 Equipment
The LAITMS spectrometer used for these investigations has been
previously described in chapter 4. No changes were made to the system for the
“normal” electrode geometry experiments. However, for the “stretched”
electrode geometry experimental section, the distance between the end cap
electrodes was increased by exactly eleven percent, as described above by
Equation 6.1. Because the end cap spacing for the “normal” electrodes was
14.14 mm, the stretched electrode geometry required 15.70 mm as the end cap
spacing in accordance with the above equation. To increase the end cap
electrode spacing, VESPELTM spacers were inserted on the support shafts
used to mount the end cap and ring electrodes together in the spectrometer.
These spacers were constructed so that the “stretched” geometry was
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symmetric and the ring electrode was situated around the midpoint of the end
cap separation; the spacers were half the required separation and were
located on the support shafts both above and below the ring electrode.
Instrumental parameters for the electron ionization and LAITMS experiments
are given in Tables IX and X.

Table IX: Instrumental parameters for electron ionization experiments used
in the parametric investigations of the “normal
’ and “stretched”
1
electrode geometry.

Ionization--Electron energy
Duration of electron beam

70 eV
1 ms

Storage and ejection--Storage time
RE.
RE. storage potential
Initial RE. scan potential
Final RE. scan potential
RE. scan rate

5 5000 ms
1.05 MHz
250 V
250 V
3600 V
2.54 x 1 4 Vs
1
-

*

*
*

Ion detection-CEM voltage bias
CEM current amplification

-1800 V
1 X io V•A
1

Number of scans per spectrum

50

*Measured (0

-

peak)
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Table X: Instrumental parameters used for LAITMS parametric investigations
of the “normal” and “stretched” electrode geometry.

Laser ablation--Wavelength
Pulse width
Beam waist at sample surface
I rradiance
Storage and ejection--Storage time
RE.
RE. storage potential
Initial RE. scan potential
Einal RE. scan potential
RE. scan rate
*

532 nm
10 ns

50 tm
2
5 X 1010 Wcm5-35 ms
1.05 MHz
200 700 V
200 700 V
3600 V
2.54 X 1O V•s
1
-

*

-

*

Ion detection-CEM voltage bias
CEM current amplification

-1800 V
1
1 X 10 VA-

Number of scanst per spectrum

50

*Measured (0 peak)
tone scan per laser shot
-

6.2.2 Samples
Carbon tetrachloride was chosen as a model compound for analysis by
electron ionization (El) because it was used as a mass scale calibrant in
previous studies [52, 53]. The carbon tetrachloride (Omnisolve grade, BDH
Chemicals, Toronto, Ont.) used was not purified further prior to analysis.
Gaseous analyte molecules were introduced to the mass spectrometer via a
variable leak valve. All El of neutral molecules were performed directly in the
storage volume of the ion trap.
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For the LAITMS experiments, NIST stainless steel (C1151) and a sample
of Inconel 747 (Dr. A. Mitchell, Metallurgical Engineering, U.B.C.) were used as
solid sample matrices. Sample compositions are given in Table Xl.

Table Xl: Elemental composition for metal alloy samples analyzed by the
LAITMS investigations.

NIST stainless steel SRM C1151
Element
Iron
Chromium
Nickel
Manganese

Percentage Composition (mass)
65.7±0.5
22.70 ± 0.08
7.29 ± 0.05
2.50 ± 0.08

Inconel 747
Element
Nickel
Chromium
Iron
Zinc

Percentage Composition (mass)

*

63
18
10
<1
*values given without error limits

The sample surface was prepared [53] by 600 gauge abrasive paper (wetted
with methanol) polishing followed by a methanol rinse (Omnisolve grade, BDH
chemicals, Toronto, Ont.), de-ionized water then methanol rinse, then air drying.
Samples were aligned flush with the ring electrode inner surface using a
helium-neon alignment laser.
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6.3 Results and Discussion
6.3.1 Storage Time
Ion storage time, the period in which an ion can be confined within the
storage volume of a quadrupole ion trap between creation and detection, is
dependent upon many factors [32]. Factors considered include the nature of the
analyte ions (atomic, molecular, mass, charge, etc.), chemical reactivity to other
ionic or neutral species present in the bath gas, trajectory within the storage
field, the depth of the storage potential well and homogeneity of the storage
fields. For these studies, identical experimental parameters were used to
compare the performances of both “normal” and “stretched” quadrupole ion trap
electrode geometry. This eliminated interference from many of the parameters
listed above and compared performance for the two configurations on the basis
of their differing potential well shapes.
Figures 6.1 and 6.2 show integrated signal intensities for CCl3 ions
versus storage time for electron ionization of carbon tetrachloride in both normal
and stretched mode operation. These figures plot the average values from 6
replicate experiments; each experimental spectrum represents the summed
spectra of 50 individual ion trap scan sequences. Comparison of these figures
shows ion signals are low for short storage times, increasing to maxima at
approximately 100 ms then slowly decreasing in intensity for longer storage
periods of up to five seconds. The same trends are noticed for both “normal”
and “stretched” geometry. There are differences between Figures 6.1 and 6.2;
the “normal” electrode geometry gives less reproducible spectra, as reflected in
the larger error bars. Also, the “stretched” electrode geometry reaches a
sharper maximum.
Similar comparisons of integrated signal intensity versus storage time for
atomic ions from LAITMS of C1151 stainless steel (Figures 6.3 and 6.4)
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revealed an analogous trend: Ion signals decreased with increasing storage
times. No minima/maxima were observed for short storage times; this may
result from 5 ms being the shortest storage time available with the spectrometer
hardware/software used for the experiment. Ion intensity signals decayed far
more rapidly for LAITMS atomic ions, possibly due to a higher reactivity for the
atomic ions with neutrals in the vacuum system; as well, the atomic species
may have less stable trajectories within the storage fields because of their
initially larger kinetic energy (creation by the laser produced plasma) when
compared to the 70 eV electron ionized molecules of the previous experiment.
Additionally, the ion signals for LAITMS using the ‘stretched” geometry show
slightly larger signals for longer storage times, which may be attributed to
slightly larger radio frequency storage potentials (400 V versus 250 V (0-p))
used for this investigation.
Ion trajectory simulation studies were conducted using MacSimionTM
version 1.0 to model the effect which different electrode configurations have
upon the nature of the storage field and ion motion within the trapping volume.
Parameters used for these simulation studies are given in Table XII.

Table XII: Parameters used for the MacSimionTM 1.0 simulation studies*.

Storage RF
Storage potential
Storage time
Ion charge
lonmass
Initial Ion energy
*

1.05 MHz
100 V (0-peak)
63 is
+1
109 amu
0 eV

refer to APPENDIX II for program datails.
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(a)

(b)

Figure 6.5: Cross sectional diagram through an ion trap with (a) “normal”
electrode geometry and (b) “stretched” electrode geometry that
show equipotential contour lines for the storage fields created by
simulation using MacSimionTM 1.0. The contour lines shown
represent 10 V increments for the phase when the ring electrode
is 100 V and the endcaps at ground.
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Figure 6.5 shows equipotential surfaces for a vertical cross section through the
electrodes as well as the storage volume for “normal” and “stretched” geometry.
Notice that the “stretched” geometry has similar radial field gradients to the
“normal” geometry, but has a reduced axial gradient due to the expanded
distance between the end caps. This simulation result suggests that stored ions
will have trajectories which range closer to the endcaps for the “stretched”
electrode geometry. Ion trajectory studies were conducted with MacSimionTM
for single ions in the center of the trapping volume of both electrode
configurations. Figure 6.6 shows plots of the trajectories obtained for singly
charged ions with a mass of 109 amu. This simulation does not account for the
effects of a buffer gas, shown to improve ion trap performance [96] because
Version 1.0 MacSimionTM is unable to include this variable. Other researchers
have generated experimental stability diagrams for the stretched trap geometry
[114] and concluded that the electric fields created by the “stretched” geometry
were slightly different from those of a “normal” electrode geometry. The
simplistic trajectory study presented in this thesis showed the ion trajectory for
“normal” electrode geometry to be more symmetric and confined within the
center of the storage volume, whereas the “stretched” geometry gave a slightly
expanded trajectory, the result of the modified storage fields created by the
altered electrode geometry.
6.3.2 Storage Potential
Ion storage time experiments suggested that the magnitude of the Radio
Frequency storage potential may affect the signals obtained for LAITMS of solid
sample matrices. A sample of Inconel 747 was chosen for this investigation
because it has isotopes with mass-to-charge ratios over the range of 52 to 64
amu, the range of interest for previous LAITMS investigations of steel matrices.
The instrumental parameters used were those described previously (Table X),
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with a constant storage time of 5 ms used throughout these investigations.
Figures 6.7 and 6.8 show plots of integrated peak intensities versus storage
potential for stretched” and “normal” electrode configurations. Both
configurations exhibit similar performance trends, in that initially low ion signals
are obtained for lower storage potentials, followed by a region of storage
potentials where the ion signal response remains relatively constant. Further
increases in storage potential give rise to larger signal intensities, although the
signal intensity ratios begin to vary as well. In other words, an optimal range of
storage potentials is observed, with lower and higher storage potentials
resulting in inferior results for LAITMS. The smaller ion signals observed for
lower storage potentials can be attributed to less effective ion storage in the
correspondingly weaker trapping field. At higher storage potentials ions are
more efficiently confined within the trapping volume, reflected by the results in
Figures 6.7 and 6.8.
Comparison of integrated ion signal intensities for “stretched” and
“normal” electrode geometry in this study reflects the results of Section 6.3.1:
the “normal” geometry gives less reproducible results than the “stretched”
electrode geometry. These studies of storage potential for both configurations
suggest that a storage potential of 300-500 V (0-p) is desirable for LAITMS of
solid stainless steel and Inconel metal samples. This result proves that earlier
investigations of LAITMS in this laboratory were conducted at a less than
optimal storage potential [52, 53] which resulted in signals that may have been
as much as one fourth of those possible at an optimum storage potential
(estimated from Figures 6.7 and 6.8). Thus far, the use of quadrupole ion trap
electrodes in a “stretched” geometry appears to provide more reproducible
results than can be achieved with electrodes in the standard “normal” geometry
defined by Todd et. a!. [33]. The final investigation presented in this study
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describes the effects which “normal” and “stretched” electrode configurations
have upon the mass resolution and peak shape achieved in LAITMS
experiments.

6.3.3 Peak Shape and Resolution
Typical spectra were obtained for electron ionization of carbon
tetrachloride and LAITMS of Inconel 747 solid samples from experiments in
Sections 6.3.1 and 6.3.2. Experimental parameters were as given in the
preceding sections. Figure 6.9 shows mass spectral peaks corresponding to
+ ions resulting from electron ionization of a carbon tetrachloride sample.
3
CCI
Peaks for both “normal” and “stretched” electrode configurations are given to
facilitate direct comparison. The abscissa is given in data points rather than
mass numbers to facilitate resolution calculations; mass-to-charge ratio is
directly proportional to data point number. The first peak, corresponding to
mass-to-charge ratio 119, was superimposed for both electrode configurations.
It is evident that the “stretched” geometry results in broadened peaks which tail
more gradually to lower mass numbers; the number of data points between
peak centers is larger for the “stretched” electrode geometry. This effect was
noted by March [115] when comparing data obtained from different ion trap
researchers (some using “stretched” and some using “normal” electrode
spacing). Resolution calculations [98] for mass to charge 119 and 121 are
listed in Table XIII and show that the “normal” electrode geometry affords 30%
better mass resolution than “stretched” geometry. “Normal” electrode geometry
also results in more symmetric peak shapes than the “stretched” geometry.
Similar phenomena were observed for LAITMS of Inconel 747 samples.
Figure 6.10 shows mass spectral peaks for 56
Fe+, Ni+
58 and O
6
Ni+ resulting
from LAITMS of a solid Inconel 747 sample. As previously stated, the abscissa

(0
C
C
0)
>
0)

30x1

25

20

15

10

5

0

Figure 6.9:

0
20

40

—

—

60
Data Number! a.u.

100

Stretched electrode geometry
Normal electrode geometry J

80

120

3 (119, 121, 123 amu) ions obtained by electron ionization of carbon
Mass spectral peaks for CCl
tetrachloride for both “normal” and “stretched” electrode geometry. The abscissa is given in data points to
facilitate resolution calculations, with m/z directly proportional to data number.

10
U,
1

Cu
>‘

0
C
a)

C
a)
4-

Cu
a,

3000

2500

2000

1500

1000

500

0
0
20

40

—

—

60
Data Number I a.u.

__________________

100

Stretched electrode geometry
Normal electrode geometry

80

120

Ni ions obtained by LAITMS (532 nm) for both hlnormalu and
Ni and 60
Figure 6.10: Mass spectral peaks for 56
Fe, 58
“stretche& electrode geometry. The abscissa is given in data points to facilitate resolution calculations,
with mlz directly proportional to data number.

156
is plotted in data points and the 56
Fe peaks for both electrode configurations
were superimposed to allow direct comparison and facilitate resolution
calculations. Again, broadened peaks were observed for LAITMS (similar to the
56 and 58
Ni+
electron ionization experiments), with peak resolutions for Fe+
given in Table XIII.

Table XIII: Resolution calculations for “normal” and “stretched” electrode
configurations.

Electron ionization of carbon
tetrach bride
Mass Resolution
127
3 (119 amu) “normal” geometry
CCl
+(119 amu ) “stretched” geometry 93
3
CCI
Percent difference
-26.4 %
167
CCl (121 amu) “normal” geometry
3
+(121 amu ) “stretched” geometry 107
3
CCI
Percent difference
-35.9 %
LAITMS of Inconel 747
56 “normal” geometry
Fe+
Fe+ “stretched” geometry
56
Percent difference

61.6
33.5
-46%

Ni+ “normal” geometry
58
58 “stretched” geometry
Ni+
Percent difference

79.8
44.9
-44%

*

Reference [98]

*
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These resolution values demonstrate that for LAITMS of Inconel 747, “normal”
electrode geometry affords 40% better resolution and more symmetric peak
shapes than the “stretched” geometry, consistent with the conclusion from the
electron ionization studies of carbon tetrachloride.

6.3 Summary
This chapter has investigated an empirical modification of the
quadrupole ion trap electrode geometry obtained by increasing the end cap
separation by eleven percent, similar to the commercially available Finnigan
ITMSTM quadrupole ion trap mass spectrometer. The results showed that
increasing the end cap electrode separation improved signal reproducibility, but
at the expense of the 30-40% better resolution possible with the end cap
separation used previously [52]. Moreover, it was determined that normal end
cap electrode spacing results in more uniform mass peak shapes than the
“stretched” geometry, likely the result of different ion ejection characteristics
during detection which arise from the modified quadrupole electric fields. In
mass selective instability ion trap operation [96], the ions confined within the
trapping volume are detected by ejection through one end cap, thus physical
alteration of the electrode geometry results in not only modifying the storage
fields but also acts to change the dynamics of ion detection. During the course
of this study, it was determined that a storage potential value of 300-500 V 0-p
was desirable for LAITMS; this storage potential range enhances the signals
obtained in this laboratory by up to four times more over those obtained from
previous investigations [52, 53].
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CHAPTER 7

EVALUATION OF TWO COLOR LASER ABLATION
ION TRAP MASS SPECTROMETRY

7.1 Introduction
The preceding chapters described the development of Laser Ablation Ion
Trap Mass Spectrometry (LAITMS) and the improvements on the initial
experiments by delineating how the various parameters influenced the signals
obtained. This chapter is devoted to development of a method of LAITMS which
selectively enhances the sensitivity for a desired analyte. Several methods of
analysis are possible, such as selective analyte storage, selective detection of
analyte species of interest and enhanced ionization of the desired analyte.
Selective analyte storage in ion trap mass spectrometry can be
accomplished by either ejecting all species below a cutoff mass [116, 117]
(provided the analyte is of higher mass-to-charge ratio than the undesirable
components), or by creating storage fields which are selective for one analyte
species. These selective electric fields can be created by superimposing a DC
component upon the RE storage potential [33, 118, 119], creating quadrupole
electric fields which lie at an apex of the stability diagram of a desired ion. This
is schematically represented in Figure 7.1, which shows two stability diagrams.
By using electric fields corresponding to location “a”, selective storage of the
mass-to-charge 18 ion would occur. Another approach to selective ion storage
[120] involves combining an RE storage voltage and a frequency synthesizer.
Any of these methods for selective analyte storage may be used to enhance
sensitivity by either storing and integrating analyte ions from several laser
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U(V)

v(V)

Figure 7.1: Typical stability diagrams for ion storage in an ion trap for ions of
mass/charge 18 and 28 amu.
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ablation events [121] or eliminating space charge effects [40] arising from matrix
species.
Analyte ions stored in an ion trap can also be selectively detected by
optical methods such as atomic fluorescence. The ultimate limit of detection (le.
single atom detection) was demonstrated over a decade ago [122] for a barium
ion in a quadrupole ion trap. Selective detection schemes are advantageous in
that specific analyte sensitivity can be dramatically improved, but this selectivity
may be difficult, costly and often impractical for analysis of several analyte
species.
Methods such as Resonance Ionization Mass Spectrometry (RIMS) [123]
use lasers to selectively ionize analyte species of interest for mass
spectrometry. Analysis by RIMS requires that the sample be gaseous and
confined to a relatively small volume where the laser beam(s) can ionize the
desired analyte species for mass analysis. Some RIMS experiments [124-126]
analyze solid materials by desorbing or ablating neutral material directly from
solid sample matrices. During these experiments, the ablation laser normally
acts only as a sampling tool to vaporize and atomize analyte from a solid
sample, which is subsequently ionized by the RIMS laser(s). Because the
ablation laser pulse generates ions directly from solid samples for LAITMS, a
second laser beam of desired wavelength passed through the neutrals created
during the laser ablation event may enhance ionization of specific analyte
species, resulting in enhanced sensitivity. Experimental obstacles to the
success of this methodology include spatial and temporal alignment of the
second laser beam with respect to the ablation laser beam. Because a nitrogen
laser pumped dye laser was available in the laboratory, this experiment was
attempted for LAITMS of Mn in a stainless steel sample.
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Manganese was the analyte of choice for several reasons. It is a
component of readily available NIST stainless steel (C1151) and has atomic
ground state transitions with favorable transition probabilities (see Figure 7.2
[127] and Table XIV [1281). Moreover, a dye was available for the laser which
could be tuned to the required wavelength (403.07 nm) to populate the 4p level
for Mn(l). The dye laser was used to populate an excited state of neutral atomic
analyte, in order to investigate the enhanced ionization for Mn(l) in the ablation
laser plasma and the resulting effects upon sensitivity.

Table XIV: Transition probabilities for manganese(l).

Wavelength
(nm)

Spectrum

403.076
403.307
403.449

Mn (I)
Mn (I)
Mn (I)

Lower Energy Upper Energy
Level (K)
Level (K)
0
0
0

24802
24788
24779

/sec)
8
(10
1.4
0.95
0.54
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7.2 Experimental
7.2.1 Equipment
The LAITMS spectrometer used for these experiments is described in a
previous publication [52]. The spectrometer was modified slightly by
introducing a second laser assembly. The lasers used were a Photochemical
Research Associates (PRA, London, Ontario) model LN1000 pulsed nitrogen
laser, pumping a PRA model LN1O7 dye laser. To enhance the ionization of
neutral manganese, a PRA 7A400 dye solution (82.7 mg of 2-[1,1’-biphenyl]-4yl-6-phenyl-benzoxazole {PBBO} in 50 mL 70/30 v:v Toluene Ethanol) was
used in the dye laser to provide laser radiation of 403.07 nm. The dye laser
output wavelength was adjusted by controlling the laser grating with a PRA
model DD1790 digital drive unit. Wavelength calibration was achieved by
methods similar to those used by LeBlanc [129], whereby a 0.35 m Czerny
Turner monochromator (Model 270, Schoeffel-MacPherson, MA, USA) was
used to measure the output wavelength of the dye laser. The nitrogen and dye
laser were mounted on an optical rail placed near the LAITMS spectrometer
table so that the dye laser beam could be directed coaxially with the ablation
and alignment laser beams. An schematic of this arrangement is given in
Figure 7.3. For these experiments, Q-switched, frequency doubled Nd:YAG
laser radiation (10 ns, 532 nm) was used. When the ablation laser pulse is
focused upon the sample surface, the coaxially aligned dye laser (403.07 nm)
pulse reaches its focal waist at a point slightly in front of the sample surface.
This behavior results from the effects of chromatic aberration [130] arising from
focusing both beams with a simple piano convex lens. This discrepancy in
laser foci acts to favor the two color LAITMS experiment, because the neutral
gas phase analyte atoms of interest for this investigation are located above the
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Figure 7.3: Schematic diagram of the optical configuration used for the
2 color LAITMS experiment.
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sample surface (in the laser plasma) where the dye laser power density is
maximized.
Even though the lasers used for this investigation can be aligned
spatially, taking advantage of chromatic aberration, temporal considerations for
the laser pulses are crucial for the success of this experiment. The ablation
laser has a 10 ns duration, which results in the formation of a microplasma at
the sample surface as described in Chapter 1. The lifetime of this transient
plasma can vary, but ion production terminates by approximately 100 ns [85]
according to literature sources. This means that the arrival of the dye laser
pulse (width

=

700 ps) must not only coincide with the ablation laser pulse

arrival at the sample surface, but must be delayed slightly after its arrival (within
100 ns) in order to excite neutral manganese atoms so that ionization in the
plasma can occur. For the experiment, this delay was implemented by
employing a variable delay pulse generator constructed in house (The
Electronics Shop, Chemistry Department, U. B. C.). This delay generator is the
same as the one described previously for gating the electron gun for electron
ionization experiments. The delay generator was implemented by sampling the
trigger pulse sent to the ablation laser, delaying for a variable period, then
sending a trigger pulse to the nitrogen and dye lasers. A pictorial
representation of the electronic arrangement used is given in Figure 7.4. In
order to get the two laser pulse arrival times approximately the same, a quartz
beam sampler was placed in front of the laser window on the vacuum manifold.
The lasers were triggered by the ion trap data acquisition computer, while
arrival times for the ablation and dye laser pulses measured with an Instrument
Technology Ltd. model TF1850 high current 50 2 photodiode (The Technology
Shop Inc., Sudbury, MA) which was placed in the sampled beam. Laser pulse
arrival times were synchronized to be approximately the same time, then varied
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Figure 7.4: Box diagram of the electronics and instrumentation used for
the two color LAITMS experiment.
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in a systematic manner with the variable delay on the pulse generator.
Experimental parameters for these two color LAITMS experiments are given in
Table XV.

Table XV: Instrumental and laser parameters for the two color LAITMS
experiment.

Laser ablation--Wavelength
Pulse width
Beam waist at sample surface
Irradiance

532 nm
10 ns
50 tm
2
5 X 1010 W•cm

Dye Laser-Wavelength
Pulse width
Pulse energy

403.07 ±0.05 nm
700 Ps
-2.5 jiJ

Storage and ejection--Storage time
RF.
RF. storage potential *
Initial RE. scan potential *
Final RE. scan potential *
RE. scan rate

5 ms
1.05MHz
250 V
250 V
3600 V
2.54 X iO Vs
1

Ion detection-GEM voltage bias
CEM current amplification
Number of scanst per spectrum
*Measured (0 peak)
fone scan per laser shot
-

-1800 V
1 X 1o V•A1
50
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7.2.2 Samples
A NBS stainless steel sample (C1151) was used for these investigations.
The sample surface was prepared [52] by polishing with 600 gauge abrasive
paper (wetted with methanol) polishing followed by a methanol rinse(Omnisolve
grade, BDH Chemicals, Toronto, Ont.), de-ionized water then methanol rinse,
then air drying. Samples were aligned flush with the ring electrode inner
surface using the helium-neon alignment laser.

7.3 Results and Discussion
After careful alignment of the lasers used for this experiment, two color
LAITMS spectra were obtained for Cl 151 stainless steel at different delay
Mn+ / 56
Fe+ at various
values. Figure 7.5 represents the intensity ratio for 55
delay values. Changes in the relative intensity ratio reflect enhancements in the
Mn+, produced by the supplementary dye laser radiation. Each
signal for 55
point is the average of five spectra (see Table XV). The timing delay values
have errors of -±20 ns. Even though the timing delay error was very high, this
investigation showed enhancements for the ion signal obtained for manganese
using dye laser delay values of 50-100 ns after the ablation laser pulse. These
results are consistent with the Balazs investigations [85], where ion generation
by the plasma terminated after approximately 100 ns. Examination of the pulse
delay generator output showed that the device had 250 ns pulse delay shifts
occurring at irregular intervals. Although the symptoms were observable,
attempts (The Electronics Shop, Chemistry Department, U.B.C.) aimed at
removing this irregularity proved futile. These pulse shifts are shown
diagramatically in Figure 7.6 and may explain the relatively large error bars
observed in Figure 7.5. The dye laser pulses arriving before the ablation laser
Mn+ signal enhancements, but the shifted pulses
pulses do not contribute to 55
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arriving later in time coincide with the ablation event and result in the observed
maxima.
A second experiment was performed in an attempt to experimentally
verify the effect of these sporadic pulse shifts upon the observed analyte signal.
This experiment used shorter time delays (summarized by Figure 7.7) and the
results of this investigation are combined with the previous one in Figure 7.8.
Each point in the figure corresponds to the average of five spectra (see Table
XV). The timing delay values have errors of ± 20 ns. Figure 7.8 exhibits two
maxima, one for dye laser delays of about -150 ns and one at 50-100 ns. The
negative delay values signify that the dye laser pulse arrives before the ablation
event (which affords no enhancement in ionization), verifying the presence of
the random pulse delay observed from the pulse delay generator. This
temporal jitter manifests itself as large errors (present in figures 7.5 and 7.8),
Mn+ signals.
especially when the timing delay results in enhanced 55

7.4 Summary
This chapter investigates the potential application of a dye laser for
LAITMS experiments in order to selectively enhance the ionization of
manganese in a stainless steel sample. The methodology is simple in principle,
but requires that timing for the laser pulses must be accurate on the
nanosecond to picosecond time scale. For these investigations, an inadequate
delay generator was used for timing laser pulse arrivals, giving promising yet
inferior results. This study demonstrated selective ionization enhancement of a
single analyte can be implemented by applying a supplementary excitation
laser to the laser ablation plasma used for sampling and ionization. The
supplementary radiation populated an excited state for the neutral atomic
analyte (manganese), facilitating thermal ionization of the excited atoms and
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producing enhancements in observed signals. The results obtained were
promising and further study is warranted when a more suitable delay generator
becomes available.
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CHAPTER 8

INVESTIGATION OF THE USE OF AN ION TRAP WITH
CYLINDRICAL ELECTRODE GEOMETRY

8.1 Introduction
The quadrupole ion traps described thus far have been constructed with
a ring electrode described by a hyperboloid of one sheet and end cap
electrodes given by two complimentary hyperboloids. The cross section of this
electrode arrangement is described by Equations 1.6 to 1.8. To achieve ideal
quadrupole storage fields with electrodes described by these equations implies
the use of infinite electrode surfaces. Obviously, this is not possible for an
experimental situation, where finite electrode geometry must be used; thus,
only approximately ideal quadrupole storage fields are created inside
experimental ion traps. Preliminary ion trap experiments in this laboratory [53]
used electrodes with truncated hyperbolic surfaces. This electrode geometry
was replaced in later investigations by electrodes with extended hyperbolic
surfaces carried out to a radius of 30.00 mm [52] in an effort to create more ideal
storage fields. The results of these design modifications were discussed in
Chapter 4.
Hyperbolic electrodes are not easily constructed, requiring precise
machining and polishing, making their manufacture both time consuming and
costly. Moreover, apertures are often made through the electrode surfaces for
electron, ion or photon transmission, which undoubtedly alter the ideality of the
storage fields created by the electrodes. Even though hyperbolic electrode
geometry has been emphasized for quadrupole ion trap electrodes, early work
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by P. H. Dawson and co-workers [118] as well as J. F. J. Todd’s research group
[35] showed that ion storage devices could function with non-hyperbolic
electrodes. In fact, a patent was issued to Langmuir et. a!. in 1962 [131] for an
ion trap with cylindrical electrode geometry two years after Paul and
Steinwedel’s original [24] quadrupole ion trap patent.
Cylindrical quadrupole ion trap electrodes have a barrel-shaped cylinder
as the analog of the ring electrode of a “conventional” ion trap and two circular
plates above and below to serve as endcap electrodes. In 1973, Benilan and
Audoin [37] reported a simulation study for two forms of cylindrical ion traps. In
their simulation studies, the radio frequency (RE) potential was applied to the
endcaps with the ring electrode grounded, a situation which presents
experimental difficulties for ion ejection through the endcaps for mass analysis.
Bonner and co-workers [132] further discussed theoretical aspects of cylindrical
ion trap operation and demonstrated the first evidence of ion storage with a
cylindrical device in 1977. Additional theoretical and experimental evidence of
the potential use of cylindrical ion traps was put forth in 1980 by Nassiopoulos

et. a!. [133].
In order to evaluate cylindrical ion trap operation, a rather extensive
study [134] was conducted in which the experimental stability diagrams for ion
motion and the mass spectrometric performances of several cylinder
configurations were directly compared to that obtained with an ion trap having
hyperbolic electrodes. Quadrupole ion trap electrode dimensions investigated
by this study are given in Table XVI. The study showed cylinder 2 was the best
for both ion storage (based upon experimental stability diagrams) and also
gave the best mass spectra for stored ions.
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Table XVI: Dimensions of the cylindrical ion traps used by Mather et. a!. [134].

Ion Trap
Cylinder 1
Cylinder2a
b
Cylinder 3
QUISTOR

(cm)

Zi
(cm)

LiLZ-i

0.678
1.001
0.999
1.000

0.556
0.712
0.751
0.707

1.215
1.406
1.330
1.414

1.476
1.976
1.769
2.000

aThese dimensions are for the inscribed cylinder of the QUISTOR.
bThese dimensions are for the cylinder whose field at the center
resembles the QUISTOR most closely.

As Table XVI indicates, cylinder 2 most closely represents the geometry of a
quadrupole ion trap with hyperbolic electrodes. All cylinders worked as ion
storage devices and gave mass spectra, but the results were inferior for cylinder
1 and 3 compared to cylinder 2. Their study concluded [134] that although the
performance of cylindrical ion traps as mass spectrometers was not as good as
that for hyperbolic ion traps, for their size and simplicity, cylindrical ion traps
gave remarkably good mass spectra. Additionally, the research of Lagadec et
al. [64] demonstrated that cylindrical ion traps achieve greater ion densities and
total numbers in the storage volume than their hyperbolic analogs.
The objective of this chapter is to investigate some of the operational
characteristics of a simple cylindrical ion trap and compare it’s performance with
an ion trap having hyperbolic electrodes. This direct comparison will determine
the feasibility of using simple, inexpensive cylindrical electrodes for
experiments such as Laser Ablation Ion Trap Mass Spectrometry (LAITMS) as
well as for experiments involving optical interrogation of stored ions.
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Figure 8.1: Detailed schematic diagram of the cylindrical ion trap electrodes.
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Table XVII: Operational parameters used for the cylindrical ion trap
experiments.

Ionization--Electron energy
Filament current
Duration of electron beam

70 eV
2.5 3.23 A
lms

Storage and ejection--Storage time
RE.
RE. storage potential
Initial RE. scan potential
Final RE. scan potential
RE. scan rate

5 1000 ms
1.05 MHz
50 550 V
50- 550 V
3600 V
2.54 X io V•s
1

-

-

*

-

*
*

Ion detection-CEM voltage bias
CEM current amplification

-1800 V
1 X i0 VA
1

Number of scans per spectrum

100

*Measured (0 peak)
-
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8.2 Experimental
8.2.1 Equipment
The spectrometer used for these investigations was described in a
previous publication [52], but in this case employed electrodes with cylindrical
geometry. The electrodes were constructed so that the endcap and ring
electrode spacings were identical to those for the hyperbolic electrodes
described in Chapter 4. These dimensions were similar to those used by
Mather et al. [134] in their investigations of cylindrical ion trap performance. A
detailed schematic diagram of the cylindrical ion trap electrodes is given in
Figure 8.1. Table XVII lists operational parameters used for the cylindrical ion
trap experiments.

8.2.2 Samples
For these investigations a gaseous sample of 10 % xenon in helium
(Spectra Gases Inc., Newark, NJ) was introduced to the trap via the variable
leak valve.

8.3 Results and Discussion
8.3.1 Comparison of Cylindrical and Hyperbolic Electrode Performance
Initial investigations with the cylindrical electrodes gave large signals,
suggesting that analyte was being ionized and stored by the new electrodes.
After careful adjustment of sample introduction via the variable leak valve, mass
spectra were obtained for xenon isotopes. The mass spectra obtained were
inferior to those obtained in earlier experiments involving hyperbolic electrodes:
They were poorly resolved, showing the entire Xe isotopic cluster as an
unresolved broad peak. Figure 8.2 shows a typical mass spectrum obtained for
Xe isotopes with the cylindrical electrodes. Operational parameters are given in
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Table XVII, using 2.72 A filament current, 1.6 pBar He and 25 ms storage time.
In comparison, Figure 8.3 shows a mass spectrum for Xe obtained using a
hyperbolic electrode geometry. Because of the large discrepancy in
performance between the two electrode configurations, parametric
investigations were conducted with the cylindrical electrodes in order to
evaluate their ability to function as a simple mass spectrometer.

8.3.2 Electron Ionization and Buffer Gas Pressure
To evaluate the degree of ionization of neutral analyte within the storage
volume of the cylindrical electrodes, the effect of varying the flux of electrons for
ionization was examined. This was accomplished by varying the current
passed through the filament of the electron gun. Experimental parameters are
given in Table XVII

,

using a 250 V and 25 ms storage period, as well as 1.6

p. Bar He buffer gas pressure. Figure 8.4 shows the effect of varying the electron
gun filament current upon the signal obtained for the Xe isotope cluster. Each
point on the curve represents the sum of 100 separate scans. The results
clearly show that after a threshold value of 2.5 A, the ion signal obtained
increases until a maximum value is reached at about 3 A. This can be attributed
to either ionization at maximum efficiency of the spectrometer and/or storage of
the maximum number of ions within the trap. Because the signal intensities
obtained were relatively low, it can be assumed that the electron ionization
efficiency for Xe by 70 eV electrons was maximized for a filament current of 3 A
using these cylindrical ion trap experimental conditions.
The presence of a buffer gas remarkably improves the operation of ion
traps with hyperbolic electrodes [96]. To this end, the operation of the
cylindrical ion trap was investigated at various helium buffer gas pressures.
Experimental parameters are given in Table XVII, using a 250 V and 25 ms
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storage period with a 2.72 A filament current. The results are summarized in
Figure 8.5, which shows an increase in signal intensity upon increasing the He
gas pressure within the vacuum system. All pressures are corrected [97] helium
pressure values. The upper pressure of the investigation was limited to 2.33
tBar so that the channel electron multiplier would not be damaged by arcing at
higher operational pressures. Clearly, the use of a helium buffer gas improves
the operation of the cylindrical ion trap in that more ions are effectively stored
and detected, giving enhanced ion signals from the spectrometer. Unlike the
hyperbolic electrode geometry, vastly improved resolution was not observed for
mass spectrometry of the stored ions, suggesting inferior operation of the
cylindrical electrodes for mass spectrometry by mass selective instability mode.
Thus far, the cylindrical electrodes have shown similar operational trends
(excepting mass resolution) with respect to electron ionization and buffer gas
pressure to those of hyperbolic electrodes. Further investigation of operational
parameters such as storage potential and time provide additional insight into
the operation of simple cylindrical electrodes.

83.3 Storage Time and Potential
Section 8.3.2 dealt with operational parameters external to the
quadrupole electric fields for ion storage and analysis. This section investigates
both storage time and potential, both of which are respectfully regulated by the
duration and magnitude of the quadrupole electric field used for ion storage.
Figure 8.6 shows the effect of storage time upon the ion signals obtained for Xe
isotopes. Instrumental parameters for this study are given in Table XVII, with a
250 V storage potential, 2.72 A filament current and pressure of 1.6 j..tBar for this
experiment. The result of this investigation suggests that increasing the storage
time decreases the observed stored ion signals. These conclusions differ from
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the results of Chapter 6 for the hyperbolic electrodes, which exhibit maxima for
ion signals at storage times of 100 ms, shown previously in Figures 6.1 and 6.2.
This suggests that although similar, the quadrupole electric fields for the
cylindrical electrodes differ markedly from those for hyperbolic electrodes. This
is reflected by the observed inferior mass resolution obtained with the device
constructed for this chapter. Investigations of the effect which storage potential
has upon ion signal intensity are shown in Figure 8.7. Operational parameters
for this experiment are given in Table XVII, keeping a constant 25 ms storage
time, 2.72 A filament current and 1.6 iiBar He buffer gas pressure. The
experiment shows that a defined ion signal maxima exists between 150-300 V,
again differing from the results in Chapter 6 (Figure 6.7 & 6.8) and further
illustrating the dissimilar nature of the electric fields generated within the two
electrode configurations.

8.4 Summary
The initial goal of this chapter was to evaluate the performance of simple
cylindrical electrodes in an ion trap mass spectrometer, in an effort to simplify
the instrumentation required for experiments such as laser ablation ion trap
mass spectrometry (LAITMS). Preliminary studies showed that although the
cylindrical electrode arrangement did store ions, subsequent mass scanning
using mass selective instability operation [96] produced mass spectra of inferior
resolution to that possible with hyperbolic electrode geometry. Further
parametric studies of the cylindrical trap indicated that it did behave in a similar
manner to the hyperbolic trap. However, the quadrupole electric field
differences between the two devices gave inferior operation for the cylindrical
electrode geometry when used as a simple mass spectrometer. Because
cylindrical ion trap electrodes are simple to construct and do store ions
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effectively within the storage volume, these inexpensive devices could facilitate
optical ion trap experiments. The simple design of cylindrical ion traps makes
their fabrication inexpensive, and allows construction of traps with optical
probing apertures through the ring and endcaps that are not practical with
hyperbolic electrodes. Moreover, the electric fields of any electrode system are
altered by machining holes etc. through their surfaces, making inexpensive
electrodes desirable. Permanent experimental modifications which corrupt ion
trap operation (le.: machining apertures) are not as costly for cylindrical
electrodes as they are for expensive, precisely machined hyperbolic electrodes.
The design simplicity and low cost of cylindrical ion trap electrodes can
effectively address the requirements for optical ion trap methods.
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CHAPTER 9

LASER ABLATION SYNCHRONIZATION WITH RESPECT
TO THE RADIO FREQUENCY STORAGE FIELD

9.1 Introduction
Ion generation by impingement of high energy laser light upon a sample
matrix has been demonstrated [135] to be a useful method of ionization for
mass spectrometry. The ion generation process occurs as a result of intense
localized heating of the sample surface [74] through the formation of a laser
induced micro plasma. For laser irradiances of 1X10
9 W•cm
2 or greater, the
laser solid interaction removes significant amounts of material, forming a crater
with repeated shots from a pulsed laser system upon the same spot. This
process of material removal is called laser ablation, and has been developed in
the previous chapters of this thesis as a means of sampling and ionizing solid
materials for quadrupole ion trap mass spectrometry.
Earlier in this thesis, investigations of laser ablation as a sampling and
ionization method were concerned with using the method for ion creation within
the storage volume of the ion trap. Since ion generation by laser ablation has
been addressed in Section 1 .3 of this thesis, it will not be discussed in detail
here. Ion production by Q-switched laser radiation occurs on the 100 ns time
scale [85], during the vaporization and plasma formation stages of the laser
ablation event. This makes laser ablation a pulsed transient ion source,
suitable for use with mass spectrometric methods such as time of flight (TOE)
and ion storage methods such as Ion Cyclotron Resonance (ICR) or
Quadrupole Ion Trap (QIT) mass spectrometry, all of which require pulsed ion
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sources for mass analysis. Ion storage methods are advantageous because
they allow storage of analyte from several ablation events as well as selective
analyte storage to enhance the signals for trace species.
Quadrupole ion traps utilize rotationally symmetric radio frequency (RE)
electric fields for ion storage and analysis. The period of the oscillating electric
field is normally on the order of 1 ps for the RE fields in quadrupole ion trap
mass spectrometry. Because ion production occurs on the 100 ns time scale
[85], the phase of the electric field should be important during ion generation by
laser ablation. Eor LAITMS, direct solid sampling by laser ablation occurs at the
surface of a sample pin which is radially inserted flush with the inner surface of
the ring electrode [52, 53]. Depending upon the phase of the RF field, the ring
electrode (and sample matrix) may be positive, negative or possess no charge
during the laser ablation event. This chapter examines the effect of
synchronization of the laser ablation event with the RE storage frequency in an
effort to understand the phenomena and enhance the ion signals obtained by
LAITMS experiments.

9.2 Experimental
9.2.1 Equipment
The spectrometer used for these investigations was described previously
[52] in Chapter 4. Changes to the existing spectrometer include a 24 turn
inductance toroid mounted coaxially on the RE lead near the ring electrode in
order to sample the applied potential. The phase of this sampled RE storage
field is detected by a zero crossing detection device designed and built in
house (Electronics Shop, Chemistry Department, U.B.C.

).

This device is

enabled by a signal pulse from the computer, and produces a trigger pulse for
the ablation laser at a variable delay after a positive zero crossing in the RE
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Figure 9.1: Schematic diagram which summarizes the function of the
electronics used for laser ablation synchronization with
respect to the phase of the ion storage field.

193
phase was detected. The function of the device is pictorially summarized in
Figure 9.1. By varying the delay, the effect of laser ablation at different RF
phases upon the ion signals obtained by LAITMS was investigated.
Experimental parameters for this investigation are given in Table XVIII.

Table XVIII: Instrumental parameters for synchronization of the ablation laser
with the storage potential for LAITMS experiments.

Laser ablation--Wavelength
Pulse width
Beam waist at sample surface
lrradiance

532 nm
10 ns
50 im
2
5 X 1010 Wcm-

RF-phase synchronization for laser--Phase delay values
Nd:YAG internal delay

0.25 to 0.88 ± 0.05 is
242.3 ±0.1 ts

Storage and ejection--Storage time
RE.
RE. storage potential
Initial RE. scan potential
Final RE. scan potential
RE. scan rate

5 msec
1.05MHz
400 V
400 V
3600 V
2.54 X io Vs1

*

*
*

Ion detection-CEM voltage bias
CEM current amplification

-1800 V
i x io

Number of scansf per spectrum

50

*Measured (0 peak)
tone scan per laser shot
-
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9.2.2 Samples
For these investigations, Inconel 747 (Dr. A. Mitchell, Metallurgical
Engineering, U.B.C.) was used as a solid sample matrix. Sample composition
is given in Table XIX.

Table XIX: Elemental composition of inconel 747.

Element
Nickel
Chromium
Iron
Zinc

Percentage Composition (mass)

*

63
18
10
<1
*values given without error limits

The sample surface was prepared [53] by 600 gauge abrasive paper (wetted
with methanol) polishing followed by a methanol (Omnisolve grade, BDH
Chemicals, Toronto), de-ionized water then methanol rinse, then air drying.
Sample pins were aligned flush with the ring electrode inner surface using a
helium-neon alignment laser.

9.3 Results and Discussion
The initial phase synchronization electronics design failed to perform at
all. The problem was that the zero-crossing detector sensitivity was inadequate
for the signal obtained with the inductance toroid. After correcting this by
increasing the sensitivity of the zero-crossing detector, the effect of laser

LI)

0)

Cu

a)

C’,
C
C

Cu
L.
0)
a)
C

8000

6000

Figure 9.2:

0.6
0.5
Phase Delay I s

0.7

Fe-’-, 58
Plot of 56
Ni and 60
Ni ion signal intensities for ions resulting from LAITMS àf inconel 747 versus
phase delay values for laser ablation relative to the phase of the ion storage field.

CD
0)

0
4.d

(U
>

(U
0
C
Co
0
.

(U
C)

0.35
0.30
0.25
0.20

0.10
0.05
0.00

Figure 9.3:

0.3

0.4
Phase Delay I jts

Plot of 56
Fe, 58
Ni and 60
Ni ion signal intensity Relative Standard Deviation (RSD) values for ions
resulting from LAITMS of inconel 747 versus phase delay values for laser ablation relative to the phase of
the ion storage field.

197
ablation for various phase delays was examined. The results of these studies
are summarized in Figures 9.2 and 9.3. Figure 9.2 shows integrated ion signal
intensities at various phase delay values, each point representing the average
of 4 separate experiments. The figure shows the average ion signal changes
depend upon the phase of the RE storage potential. The plot of ion signal
relative standard deviation (RSD) (for these ion signals) versus phase delay
value is given in Figure 9.3. This figure also shows definite maxima and
minima, depending upon the phase delay value. This data (Fig. 9.2 and Fig.
9.3) suggests that there is a correlation between the phase of the RF storage
potential and ion generation by laser ablation of solid samples. Although the
results are promising, they are undoubtedly limited by the accuracy of the phase
delay (±0.O5is) and internal timing delay of the laser electronics (±0.1 is). In a
similar series of experiments conducted at Los Alamos National Laboratories,
Nogar and Hemberger [136] independently investigated the effect of
synchronizing laser desorption with the amplitude and phase of the storage
potential. They present a new method of storing laser desorbed ions (called
“dynamic RE trapping”); ions are created when the RE storage potential is low,
followed by a rapid storage potential increase for ion capture and storage. This
experiment utilized state of the art electronics and instrumentation; the jitter of
the phase synchronization electronics was an order of magnitude less (10 ns)
than that observed for the experiments presented in this chapter (0.1 jis). The
“dynamic RE trapping” method gives an order of magnitude improvement of the
ion signals obtained by laser desorption ion trap mass spectrometry, and with
better precision. Their results also conclude that the phase of the RE is an
important parameter when using a pulsed laser desorption/ablation ionization
scheme for ion trap mass spectrometry. This conclusion is further validated by
the earlier research of Cotter et. at who observed anomalies in mass
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discrimination of large biomolecules by Matrix Assisted Laser
Desorption/Ionization experiments in an ion trap [137]. Their results also
indicated that for a laser desorption ion trap mass spectrometry, phase-locking
of the laser output with the storage potential improved the experiment. The
experiments at U. B. C. and at Los Alamos verify that phase synchronization is
essential to the success of LAITMS; ion signal reproducibility can be
substantially improved by laser ablation which is in phase with the storage
potential. The improvements in ion signal intensity that result from the
synchronization of the laser ablation event with the phase of the storage field
are attributed to improved trapping efficiencies for ions created by laser
ablation.

9.4 Summary
This chapter investigates the significance of synchronizing laser ablation
with the phase of the RE storage potential. Ion generation by laser ablation with
a Q-switched Nd:YAG laser occurs for a —1OO ns time window, whereas the
period of the RE potential used for ion storage is —1 is. The findings of this
chapter and those from independent experiments at Los Alamos National
Laboratory prove that phase synchronization of laser ablation with the RF
storage potential is important for experiments such as LAITMS because ions
resulting from laser ablation are more efficiently trapped. Improved ion trapping
efficiency gives rise to larger ion signals with better reproducibility, desirable for
LAITMS analytical applications.

199
CHAPTER 10
CONCLUSIONS

10.1 Generalities
This thesis presented the evolution of a mass spectrometer capable of
providing direct mass spectrometry of solid samples, based upon laser ablation
coupled with quadrupole ion trap (ion trap) mass spectrometry. The new
method is called Laser Ablation Ion Trap Mass Spectrometry (LAITMS).
Analysis of solid samples which are both conductors and non-conductors is
possible with the spectrometer developed for this thesis; also, both atomic and
molecular information can be obtained for analytes of interest. Ion trap mass
spectrometers are simple, compact, robust and relatively inexpensive mass
spectrometers which are commercially available. The development of LAITMS
by this work has provided yet another demonstration of the many applications of
ion trap mass spectrometry for chemical analysis. This thesis has examined the
LAITMS method to provide an understanding of some of the chemical and
physical processes involved. Understanding these processes provides insight
for the application of LAITMS to the analysis of “real” solid samples of interest to
analysts.
The disadvantages of LAITMS include a restricted sample geometry, a
limited dynamic range resulting from space charge effects and possible matrix
interferences such as the presence of easily ionized elements. Additionally,
sampling and ionization are not independent because they result from the same
laser pulse. Advantages of LAITMS include: the powerful mass spectrometric
methods possible with quadrupole ion trap mass spectrometry (including
collision induced dissociation and MS experiments for the identification of
sample matrix species), ablated neutrals mass spectrometry by using electron
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ionization, integration of sample ions from several laser pulses to enhance
sensitivity and optical detection schemes such as laser induced fluorescence to
achieve very low detection limits.

10.2 Understanding of LAITMS Developed by This Thesis
The initial goal of this thesis was to develop an ion trap mass
spectrometer which uses laser ablation directly inside the storage volume to
sample, as well as ionize solid materials in order to obtain multielemental
atomic mass spectrometric information about the sample. The first experiments
attempted to use a pulsed ruby laser for laser ablation of solid materials inside a
retrofitted ion trap mass spectrometer (originally intended for use with a graphite
furnace atom source [41]). These experiments did not provide reliable or
reproducible analysis of solid samples, yet demonstrated that ions created by
laser ablation within the storage volume of an ion trap could be successfully
stored and then analyzed by the device. One of the problems encountered
during this experiment was that the ruby laser system (including electronics and
optical configuration) was not suited to laser ablation for sampling and
ionization of solid samples for ion trap mass spectrometry. A desirable laser for
this experiment would require higher irradiance (Wcm
) for smaller laser pulse
2
energies. This was possible for a laser capable of shorter laser pulses,
suggesting that a Q-Switched Nd:YAG laser would be more appropriate.
Moreover, better temporal control over the timing of laser ablation with respect
to the ion trap scan sequence was made possible with the use of this type of
laser.
Further experiments were implemented with laser ablation ion trap mass
spectrometry, using a Q-Switched Nd:YAG laser for sampling and ionizing solid
materials directly inside the storage volume of this ion trap. These experiments
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[53] demonstrated that using the higher laser irradiances and better temporal
control provided by the Nd:YAG laser does improve the results obtained by
LAITMS. Mass spectra were obtained for solid metal samples, with adequate
mass discrimination to show signals for the isotopes known to be present in the
samples. This experiment provided sufficient evidence to warrant further
investigation of laser ablation as a means for ion creation directly inside the
storage volume of an ion trap. To conduct systematic investigations of the
chemical and physical processes involved with the method, called Laser
Ablation Ion Trap Mass Spectrometry (LAITMS), a spectrometer was designed
and constructed to meet these needs.
The improved spectrometer was designed to facilitate the investigation of
many of the experimental parameters involved in LAITMS of solid sample
matrices. Included in the design were many useful features, including a
differentially pumped sample introduction probe to facilitate sample
manipulation, an improved optical configuration for laser ablation, a cleaner
vacuum system for the ion trap experiment and paths through the storage
volume of the ion trap for optical interrogation of the stored ions. The design of
this spectrometer has been published elsewhere [52]. This new spectrometer
made possible the investigations presented by the chapters of this thesis.
Early LAITMS experiments identified an “uncharacterized surface effect”
[53] for the analysis of solid samples. This was examined by investigations of
the effect of surface preparation. The findings of these studies suggest that the
surface quality directly affects the ion signals obtained by the experiment.
Smooth (diamond paste polished) sample surfaces give rise to initially low ion
signals. Conversely, surfaces prepared by abrasive paper polishing methods
(resulting in fine grooves and scratches) have initially large ion signal
intensities when analyzed by LAITMS. The discrepancies in the observed
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signals arise from the different reflectivity of the sample surfaces. After 10 20
-

laser pulses impinge either sample surface, a shallow ablation crater forms;
upon further ablation, a deep crater forms, which drastically reduces the
intensity of ion signals that result from LAITMS of solid samples. These results
suggest that a small number of laser pulses (10 20) directed upon the sample
-

surface prior to LAITMS analysis results in better ion signal reproducibility for
planar sample targets.
Laser irradiance control is essential for successful direct solid mass
spectrometry by LAITMS. The results presented by this thesis show that
irradiance control allows the analyst to ablate varying amounts of material from
solid sample matrices, thus storing more or less analyte in the ion trap. The
detrimental effects of space charge [40] can be eliminated by controlling the
quantity of ions to be confined in the ion trap. Ablation laser irradiance control
was implemented by adjusting the fluence from the ablation laser and also by
adjusting the focus of the laser radiation upon the sample surface. These
investigations suggest that varying the laser focus is superior to varying the
flashlamp output of the laser for irradiance control.
The wavelength of the laser used for sample ablation was found to affect
the results obtained by LAITMS. For molecular analytes, such as for ceramic
and polymer samples, increased fragmentation of matrix species was observed
for ablation with higher energy 266 nm photon radiation (4.67 eV) over lower
energy (2.33 eV) 532 nm radiation. When atomic analytes were analyzed by
LAITMS of metal samples, different relative ion intensities were observed for
certain analytes. Both of these observations suggest that the ionization
conditions of the laser produced plasma from 266 nm laser ablation are more
energetic than those for 532 nm laser ablation produced plasma. In general,
increased ionization for certain analytes is observed when 266 nm laser
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radiation is used for ablation purposes. Other researchers [111-113] have also
concluded that laser ablation/desorption using longer wavelengths results in
less molecular fragmentation, consistent with the findings of this thesis.
The absolute geometry of the hyperbolic electrodes used for quadrupole
ion trap mass spectrometry affects the nature of the results obtained for both El
mass spectrometry of neutral molecules and LAITMS of solid samples. This
thesis investigates the empirical modification of the quadrupole ion trap
electrode geometry obtained by increasing the end cap separation by eleven
percent, similar to the commercially available Finnigan ITMSTM quadrupole ion
trap mass spectrometer [65]. The results show that increasing the end cap
electrode separation improves ion signal reproducibility, but at the expense of
the 30-40% better resolution possible with the end cap separation predicted by
theory [33] and used for this thesis. For direct solid mass spectrometry by
LAITMS, the optimum ion storage potential was found to be 300-500 V (0-p) for
both electrode configurations. Moreover, it was determined that “normal” end
cap electrode spacing (as predicted by theory) results in more uniform mass
peak shapes than the “stretched” geometry. This can be attributed to different
ion ejection characteristics during detection, which arise from the modified
quadrupole electric fields.
Selective analyte ionization for manganese in stainless steel was
demonstrated by a two color LAITMS experiment. The success of the
experiment was dependent upon precise spatial and temporal alignment of the
two lasers. Although the results obtained were limited by the experimental
apparatus used, they did show signal enhancements for manganese over those
observed for one color LAITMS.
The use of a quadrupole ion trap with cylindrical electrode geometry was
examined in an effort to simplify the instrumentation requirements for LAITMS.

204
Studies presented by this thesis show that although the cylindrical electrodes
store ions, the mass spectra obtained have inferior resolution to that possible
with a hyperbolic electrode geometry. Further parametric studies of the
cylindrical trap demonstrated that it behaves in an analogous manner to the
hyperbolic trap. However, the quadrupole electric field differences between the
two devices produce inferior operation for the cylindrical electrode geometry
when used as a simple mass spectrometer. Because cylindrical ion trap
electrodes are easily constructed and store ions effectively within the storage
volume, these inexpensive devices can facilitate optical ion trap experiments.
The simple design of cylindrical ion traps allows the fabrication of inexpensive
traps with optical probing apertures through the ring and endcaps that may not
be practical with hyperbolic electrodes. Because of their simplicity and low cost,
cylindrical ion traps can provide an alternative to expensive hyperbolic ion
traps, especially for optical (laser) ion probing experiments.
The final experiments presented by this thesis examined the
synchronization of laser ablation with the phase of the ion storage potential.
Because ion production by laser ablation is limited to an -100 ns time frame,
the phase of the RE storage potential (period

=

-1 is) is significant for

successful ion trapping. Independent research conducted at Los Alamos
National Laboratories [1361 confirms this conclusion. By synchronizing laser
ablation with the phase of the storage potential, ion trapping efficiency is
improved, resulting in larger, more reproducible ion signals.

10.3 Future Research Directions
This thesis has presents and examines Laser Ablation Ion Trap Mass
Spectrometry (LAITMS) as a new method for direct solid mass spectrometry. To
fully understand the method, their are many different research areas which
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need to be examined. For LAITMS, fundamental research in two distinct fields
has been coupled: laser plasma spectrometry and quadrupole ion trap mass
spectrometry. This section outlines research in both of these areas which
deserves future investigation, in order to further the understanding of LAITMS
presented by this thesis.
The nature of ion creation and storage by laser ablation within the
quadrupole ion trap warrants further study. LAITMS relies upon the
confinement of ions created by laser ablation of a solid sample. It is evident that
at least some ions that result from this process are stored, yet it is unclear
exactly how much of the solid analyte is ionized, and how much of the ionized
material is actually stored by the ion trap. The laser plasma could be studied
with time resolved spectroscopic methods, and could be probed by a second
laser to determine spatial and kinetic information about analytes. This
information could then be used to model the ion storage process, and by
applying newer ion storage methods such as “dynamic RE trapping” [136] to
LAITMS, the process of ion generation and storage would be better understood.
To fully develop the potential uses of LAITMS requires full exploitation of
the many mass spectrometric methods available for quadrupole ion traps.
Experiments such as MS, selective analyte manipulation (dissociation, storage
and ejection), high mass resolution and high mass limit detection are readily
available features for quadrupole ion traps. These methods can provide a
wealth of information for LAITMS experiments, by not only positively identifying
sample matrix species, but enhancing the sensitivity possible. The powerful
analytical features of ion trap mass spectrometry are implemented by control
over the ion confinement fields, making fundamental research regarding ion
stability in modified quadrupole electric fields necessary. This research can be

206

Razor Blade
Beam Dump

lnteerence
Filter

4

Sample Pin
For Ablation
Mirror

Electronic
Signal
From
“conventional”
L.AITMS
Experiment

Tuneable
CW
Dye
Laser

Argon
Ion
Laser

Figure 10.1: Experimental arrangement for laser induced
fluorescence detection of La and Gd by LAITMS
of solid samples.

207
modeled by computer simulation and experimentally verified by ion tomography
experiments [55, 56].
Ultra-trace analyte detection is the ultimate goal of LAITMS. This thesis
presents absolute detection limits in the picogram range. Although intended as
a final chapter, LAITMS experiments which use laser fluorescence for ion
detection were incomplete at the time of thesis submission and, thus, are not
included in this thesis. Optical ion detection schemes based upon laser
fluorescence have been demonstrated to achieve the ultimate limit of detection,
single ion detection [57]. The spectrometer presented by this thesis was
constructed so that optical fluorescence experiments were possible.
The experimental arrangement for laser fluorescence detection of Gd
and La in solid samples is summarized by Figure 10.1. Experimentally, a CW
dye laser (Dr. A. Merer, Chemistry Department, U. B. C.

) will be

used to excite

the stored ions by passing the laser beam through the ion storage volume. Both
Gd+ and La+ have transitions which can be excited by the wavelength tuning
region available by using Rhodamine-6-G laser dye. The transitions for these
fluorescence experiments were selected so that excitation was at a different
wavelength than detection (direct-line fluorescence) [69]. To isolate the
detection wavelength, narrow band width interference filters (10 nm FWHM) will
be used. The fluorescent signal will be detected using a CCD camera, which
will provide not only a signal, but spatial and temporal mapping for the
fluorescent species in the storage volume of the ion trap. These investigations
are currently underway at the University of British Columbia.
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APPENDIX I

These programs were written by the author for control of the ion trap
experiment using Borland Turbo Pascal Version 3.0, in collaboration with Dr. B.
Daigle (formerly U. B. C.) and Dr. Michael. W. Blades (U. B. C.). The following
subroutines were used in conjunction with a main program initially developed to
acquire and manipulate data from a 4096 pixel linear photo diode array. The
main program was written by Dr. B. Browne; further information about the code
for the main program can be obtained upon request. Address inquiries to Dr. M.
W. Blades, Chemistry Department, University of British Columbia.
The program creates 4096 point data files which are ASCII format.
Further processing of these files was done using Apple MacintoshTM
computers, with Version 1.11 IgorTM software. The following subroutines
(called procedures in Turbo Pascal 3.0) are copies of those used for the ion trap
experiments presented by this thesis.

PROCEDURE ScanSpectrum (VAR darray : diodearraytype; scans
integer);
PROCEDURE SetupISCl6;

{initialize the ISC16 data acquisit. board}

VAR i : integer;
BEGIN
PORT[$030B] := 0;
FOR i:= 1 to 16 DO
PORT[$0310J

{disable board for initialization}
0;

{load muxRAM to sample ch. 1 only}

PORT[$0311] := 0;
{external clock input}
PORT[$0307J := $74;
PORT[$0305] := LO(CLOCKTIME);
PORT[$0305] := HI(CLOCKTIME);
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PORT{$0308]

:=

11;

PORT[$0307]
PORT[$0304]
PORT[$0304]

:=

50;
1;
0;

PORT[$0307]
PORT[$0306]
PORT[$0306]

:=
:=
:=
:=
:=

178;
0;
16;

{external,

+

slope trigger}

{set burst to sample 1 channel/clock pulse}

{set post trigger delay for 4096 samples}

END; {SetupISCl6}
PROCEDURE GetAverageData (VAR specarray : diodearraytype,
numscans : integer);
TYPE byteArrayType

ARRAY[1 ..MaxArraySize] OF INTEGER;

VAR
lobyte, hibyte
i,j,A,B,C,D,E,S,V
hibytefactor, lobytefactor
ch
BEGIN
PORT[$21B]
A := $218;
B := $219;
$21A;
C
FOR i

:=

$80;

byteArrayType;
: iNTEGER;
: REAL;
:CHAR;

{set up triggers on DM12-10}

1 TO 4096 DO {clear data buffer}
BEGIN
lobyte[i] := 0;
hibyte[i] := 0;
ENl

GoToXY(20,12);
ch :=
WRITE(’Scanning Spectrum’);
FOR i := 1 TO numscans DO
{enter the scan loop}
BEGIN
IF Keypressed THEN
BEGIN
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READ(Kbd,ch);
IF Keypressed AND (ch := #27) THEN
READ(Kbd ,ch);
END;
IF NOT (ch := #27) THEN
BEGIN
GoToXY(3 9,12);
CirEol;
GoToXY(3 9,12);
WRITE(i);
PORT[$0315]
0; {bank B man., save data bnk. A}
PORT[$031B] := 04; {reset bnk. A I set 4K buffer}
PORT[$0308] : $OB; {+slope external trigger}
PORT[$030B] := 0;
PORT[$030D]
0; {enable trigger logic/data acq.}
{wait for trigger status flag indicating external trigger then}
{begin the ion trap scan sequence}
V := 4095 D;
{set storage potential}
OUTDAC12_S (0,V);
DELAY(5); {delay to allow storage potential to stabilize}
-

PORT[A] := $0;
PORT[A] := $FF;
DELAY( 1);
PORT[A] := $0;

{1 msec electron gun pulse)

PORT[C] $0;
PORT{C] := $FF;
DELAY( 1);
PORT[C] $0;

{1 msec ablation laser trigger pulse)

PORT[B]

{set data acquisition trigger on DM12-lO to zero}

$0;

DELAY(STORETIME 3);
-

PORT[B] := $FF;
DELAY( 1);
PORT[B] := $0;
DELAY( 1);
FOR J

:=

{store time for ions in trap}

{trigger ISC16 to begin data acquisition}

1 TO FINVOLT DO {ramp the stor. pot. to eject ions for detect.}
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BEGIN
V := 4095 (INITVOLT + J);
OUTDAC12_S (0,V);
ENL
-

FOR I := 10 TO 40 DO {quick ramp to max. pot. to eject remaining ions}
BEGIN
V := I * 100;
OUTDAC12_S (0,V);
ENI
V := 4095; {set storage pot. to zero to ensure no ions are stored}
OUTDAC12_S (0,V);
DELAY(50);
PORT[$0314]
0;
{set bank A manual, and read the data buffers}
FOR j := 1 TO 4096 DO
BEGIN
lobyte[j] := mem[$D000:0j + lobyte[j];
hibyte[j] : mem[$D000:0] + hibyte[j];
ENE
END

{if ESC (ch := #27) is pressed}

END, {the scan loop)
hibytefactor
256/numscans; {convert the buffer to a spectrum}
lobytefactor := 1/numscans;
FORk := 1 TO 4096 DO
BEGIN
specarray [k] : = hibyte [k] * hibytefactor + lobyte [k] *lobytefactoi.;
END;
END;

{ GetAverageData }

BEGIN

{ Scanspectrum,

called by main program for the ion trap expt. }

setupISCl6;
{call subroutine to initialize data acq. board)
GetAverageData(darray, SCANS); {call sub. to run IT expt. }
END;

{Scanspectrum}
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APPENDIX II

MacSimionTM Version 1.0 is distributed by Montech Pty. Ltd., Monash
University, Melbourne, Australia. The program was developed by Donald
McGilvery and Richard Morrison to be used as an aid for understanding ion and
electron optical devices. The program is a simulation, and the users of
MacSimion are cautioned not to place undue faith in exact numerical results
from the simulations it provides. The program has three sections: A specialized
drafting portion for electrode construction, a refine section that calculates the
field potentials created by the electrodes using an iterative application of
Laplace’s equation, and finally trajectories of charged particles are calculated
based upon the field conditions near the particle. Further information regarding
the program and it’s application can be obtained by contacting Montech Pty. Ltd
at Email address CHE2O1N @ VAXC.CC.MONASH.ED.AU.

