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ABSTRACT

Novel lon Traps Made Using Lithographically Patterned Plates
Ying Peng
Department of Chemistry and Biochemistry
Doctor of Philosophy

A new approach of making ion trap mass analyzers was developed in which
trapping fields are created in the space between two ceramic plates. Based on
microfabrication technology, a series of independently-adjustable electrode rings is
lithographically patterned on the facing surfaces of each ceramic plate. The trapping
field can be modified or fine-tuned simply by changing the RF amplitude applied to each
electrode ring. By adjusting the potential function applied to the plates, arbitrary trapping
fields can be created using the same set of ceramic plates. Unlike conventional ion traps,
the electrodes of planar ion traps have a non-equipotential surface, thus the electric field
is independent of electrode geometry and can be optimized electronically. The simple
geometry and open structure of planar ion traps address obstacles to miniaturization, such
as fabrication tolerances, surface smoothness, electrode alignment, limited access for
ionization or ion injection, and small trapping volume, thereby offering a great
opportunity for a portable mass spectrometer device.

Planar ion traps including the planar quadrupole ion trap and the coaxial ion trap
have been designed and tested using this novel method. The planar quadrupole trap has
demonstrated a mass range up to 180 Da (Th), with mass resolution typically between
400-700. We have also developed a novel ion trap in which both toroidal and
quadrupolar trapping regions are created simultaneously between a set of plates. This
“Coaxial Trap” allows trapping and mass analysis of ions in two different regions: ions
can be trapped and mass analyzed in either the toroidal or quadrupolar regions, and
transferred between these regions. Some simulation work based on the ion motion
between two different trapping regions in the coaxial ion trap has been performed. Using
a one-dimensional simulation method, ion motion was investigated to transfer ions
between these two regions. The effect of the mutipole components in the radial field and
axial field, amplitude and frequency of the primary RF and supplementary AC signal
were studied to obtain high mass resolution in the axial direction and high transfer
efficiency in the radial direction. In all these devices, the independent control of each
patterned electrode element allows independent control of higher-order multipole fields.
Fields can be optimized and changed electronically instead of physically as is done in
conventional traps.

Keywords: lon trap, Mass spectrometry, Instrumentation, Miniaturization, Planar

quadrupole ion trap, Coaxial ion trap.
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CHAPTER 1: THEORY, DEVELOPMENT AND MINIATURIZATION OF ION

TRAPS

1.1 Quadrupole lon Traps

lon traps are a class of devices that use radiofrequency (RF) electric fields to trap,
store, and mass-analyze ions or other charged particles. The quadrupole ion trap was
invented in 1953 by Wolfgang Paul, for which he jointly shared the 1989 Nobel Prize in
Physics with Hans Dehmelt and Norman Ramsey. Initially ion traps were used as ion
sources for conventional quadrupole mass filters or drift cells® for external analysis of
ejected ions. lon traps have since assumed a prominent role as mass analyzers in the
development of mass spectrometry. The discovery in the 1980s of the mass-selective
instability mode and collisional cooling using helium were breakthroughs in the
development of ion traps, greatly improving their mass resolution and trapping capacity.
These two discoveries led to the development of the first commercial ion trap mass
spectrometer by Finnigan MAT. Today commercially available ion trap mass
spectrometers are characterized by their small size, relatively low cost, high sensitivity
and MS" capability.?

Todd and March gave a retrospective review of the development and application
of the quadrupole ion trap prior to the appearance of commercial instruments.* The
Quistor, as quadrupole ion traps were previously called, can act as a storage source for
ions to be used in the study of ion/molecule reactions®® and function as a low-pressure
chemical ionization source.®™® Operating an ion source mass selectively can greatly

enhance ion signal, in which the source is set to store ions specifically from a trace
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component while simultaneously eliminating interference ions from components in

excess, 101!

1.1.1 Theory of Quadrupole lon Traps

The quadrupole ion trap is an outstanding device which can serve as both an ion
storage source and as a mass spectrometer of considerable mass range and mass
resolution. A quadrupole ion trap consists of three hyperboloidal electrodes — one ring
electrode and two end-cap electrodes, as shown in Figure 1.1 (a). The cross-section of a
typical ion trap is illustrated in Figure 1.1 (b), showing asymptotes and the dimensions ry
and zo. Here, rq is the radius of the ring electrode and 2z, is the distance between the two
end-cap electrodes. In the ideal quadrupole trap, the relationship between ry and zyis
given by:

r, =2z; (1)

In the majority of commercial ion traps, ro is 1.00 cm.

When a radiofrequency (RF) signal is applied to the ring electrode of an ion trap,
and the two end-cap electrodes are grounded, a time-varying quadratic trapping potential
well (a pseudopotential well) is formed in the trap. March? compared ion species in the
trapping potential well to layers of liquids in a bowl, each with different densities,
corresponding to ions of different mass-to-charge ratios (m/z). When the bowl is tilted to
one side, the layer of least density, corresponding to ions with lowest m/z will be poured
first from the container as shown in Figure 1.2. The process of titling the bowl
corresponds to the ramping of RF potential, while the glass sitting beside the bowl

corresponds to the detector.

www.manaraa.com



(a) (b)

Figure 1.1. (a) Three hyperboloidal electrodes of the quadupole ion trap in an open array, (b)

diagram of a typical three-dimensional (3D) ion trap showing the asymptotes and the dimensions

ro and z.
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(@) (b)

Figure 1.2. Schematic representation of (a) a trapping potential well in which three layers of
liquids with different densities represent ions with different m/z, (b) ions are mass-selectively
ejected from the trapping well to the detector (Adapted from March, R. E., An introduction to

guadrupole ion trap mass spectrometry. J. Mass Spectrom. 1997, 32, 351-369).
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The motion of ions in quadrupole devices differs greatly from that of ions in field-
free regions and in static fields. lons in a quadrupole ion trap are affected by a set of
time-dependent forces. An ion in a quadrupole field experiences a strong focusing force,
and the restoring force increases when the ion deviates from the central region of the
device. The motion of ions in a time-varying quadrupole field can be described by the
solutions to the Mathieu Equation.™ Solutions to this equation are either bounded or
unbounded, corresponding to parameters in which ions are trapped (the stability region)
or not trapped (ejection or instability region), and described using the dimensionless
parameters a, and qy. In the axial direction (z-direction) where ions are ejected out from
the trap, a, and g, can be expressed as:

_ —8eU | _4eV
mr,’Q?’ ©omrQ?

()

A

Where e is the charge of an ion in Coulombs, m is the mass of the ion in kg, U is the
amplitude of a DC potential applied on the end-cap electrodes, V is the amplitude of an

RF potential applied on the ring electrodes, and Q is the angular frequency of the RF

potential. The Mathieu parameters a, and g, are plotted in Figure 1.3 as the coordinates of
the stability region.

For practical purposes the ring and end-cap electrodes are truncated to a definite
length, and holes are drilled in the end-cap electrodes for ion injection and ejection.
These modifications introduce higher-order multipole components to the field, i.e., terms
in the field that vary with r and/or z faster than quadratic. Many efforts have been
applied in order to compensate for these higher order multipole components, including
changing the distance or geometry of the electrodes. For example, the distance between

the end-cap electrodes of most commercial ion traps has been stretched by 10.6% to
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Figure 1.3. Stability diagram in a,, g, for simultaneous stability in the z-direction in the three-
dimensional quadrupole ion trap. The g,-axis intersects the B .=1 boundary at q,=0.908, which

corresponds to (max in the mass-selective instability mode. Red dots correspond to ions with
different masses (m;<m,<mjg). (Adapted from March, R. E., An introduction to quadrupole ion

trap mass spectrometry. J. Mass Spectrom. 1997, 32, 351-369).
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achieve better performance. The immediate consequences are the dimension change of
the ion trap: r,” # 2z,%, and an expression change for a, and g, as follows:

_ —16eU _ q = 8eV
m(r,” +2z,°)Q% ©om(r,? +22,°)Q?

©)

A

For the quadrupole ion trap there are two main methods to eject ions from the
trap: the mass-selective instability mode and the mass-selective resonant ejection mode.
After ions are trapped they are scanned out of the trap according to their mass-to-charge
ratio. In the mass-selective instability method, ions can be ejected out at a fixed g, value
according to their mass-to-charge ratio. With this method, the fundamental RF voltage
can be linearly increased to move the ions with an increasing mass-to-charge ratio toward
the boundary of the stability region (g, = 0.908). The ions that reach this fixed g, point
become unstable in the z-direction, and are ejected out of the trap as a function of the
applied RF voltage. The mass scale can be expressed as follows:

m___® (4)
z (rO +220)Q qz

From Equation (4) it can be seen that mass range is limited by the RF frequency
() and RF amplitude (V) and trap size (ro). However, the mass range can be extended
by causing the ions to become unstable at a lower g, value. This can be accomplished by
another detection method: the mass-selective resonant ejection mode. In the mass-
selective resonant ejection method, applying a suitable dipolar supplementary AC voltage
of appropriate frequency to the end-cap electrodes of a quadrupole ion trap allows ions to
be resonantly ejected out of the trap at an arbitrary value of the Mathieu parameter ..
When a forward resonance ejection scan is performed, the RF amplitude is scanned

linearly and the secular frequencies of the ions are increased and approach the frequency
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of the applied AC signal from the low-frequency side. As the secular motion of the ions
begins to come into resonance with the applied frequency, ions are displaced from the
center of the trap and their trajectories grow rapidly until they are ejected from the trap.
Williams et al. found that using resonant ejection there is a dramatic anisotropic effect of

scan direction on mass spectra acquired with a "stretched" quadrupole ion trap.**

1.1.2 lon Trap Mass Analyzer Types and Their Performance

The original Paul-type quadrupole ion trap, invented by Wolfgang Paul in 1953,
has three hyperboloid electrodes (Figure 1.1). Before the quadrupole trap was developed
into a mass analyzer this unique device was used for decades for ion storage.* When an
RF potential is applied between the ring and two end-cap electrodes, ions are trapped in
the center region of the three-dimensional (3D) trapping field. Following the work by
Todd et al.? and March et al.,*® who applied the device as a mass analyzer, George
Stafford et al.!” discovered the mass-selective instability scan method to eject ions from
the trap. Using this analysis method, ions are ejected from the ion trap with increasing
mass-to-charge ratio when the RF amplitude is ramped from low to high. Thus the m/z
versus ion-intensity information is recorded as a mass spectrum. lons with the same m/z
trapped in the quadrupole ion trap can be mass-selectively isolated from other ions and
subsequently fragmented in the same device, usually by collision-induced dissociation
(CID),*® to acquire tandem mass spectra.

The cylindrical ion trap (CIT), a simplified version of the 3D quadrupole ion trap,
has two flat end-cap electrodes and one cylindrical ring electrode. Similar to the
development of the quadrupole ion trap, the CIT was first used for ion storage'®% and

subsequently developed into a mass analyzer. When used as a mass analyzer, it was first
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applied with the mass-selective stability scan developed by March® and later using the
mass-selective instability scan by Cooks and colleagues.?* Because the simplified
geometry of the CIT electrodes lends itself to machining at smaller dimensional scales,
the CIT was recognized as a good candidate analyzer for mass spectrometer
miniaturization.??

In a 3D ion trap, when too many ions are trapped and pushed toward the center
point of the 3D volume, columbic interactions (i.e., space-charge effects) degrade the ion
trap performance including the mass resolution, the efficiency of mass selection (i.e., the
ion isolation efficiency) in CID, and mass accuracy. It was reported that good
performance of the trap, and thus high-quality mass spectra, can be acquired when only
500 ions or fewer are trapped in a 3D Paul trap with a ring electrode radius (ro) of 5
mm.* While 3D ion traps suffered from the limited trapping capacity, developments in
ion trap geometry were focused on the enlargement of the ion storage capacity.**** The
Linear ion trap (LIT) was first created in 1996 and fully developed and characterized by
Thermo Electron (now Thermo FisherTM)** as well as by MDS SciexTM*? in 2002. The
LIT allows ions to be trapped along a line instead of at a point, as happens in a 3D ion
trap. Ina LIT, ions are scanned out through slits in the radial or axial electrodes.

Following the linear ion trap, the rectilinear ion trap (RIT) with flat electrodes, a
simplified version of the linear ion trap, was soon developed.®* The RIT combines the
advantages of simpler electrode geometry (as the CIT) and increased ion capacity of the
LIT. Comparison between the RIT and the CIT demonstrated that the RIT has a volume

4 times greater and a trapping capacity 40-fold greater than that of a CIT.* In addition to
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the larger trapping capacity,* linear ion traps and rectilinear ion traps are able to trap
externally injected ions more efficiently than 3D traps.*’
At the same time, the toroidal trap, invented by Bier and Syka®" and developed

by Lammert et al.,*

represents a novel geometric variation on the quadrupole ion trap. A
toroidal geometric solid is created by revolving a circle about an axis external to the
circle. Analogously, the toroidal ion trap is made conceptually by revolving the cross
section of a Paul trap around an axis outside the trap volume. The toroidal ion trap also
has enlarged trapping capacities, as it traps the ions on the circumference of a circle. A
miniaturized toroidal ion trap® has recently been included for the development of Torion

Technologies® portable gas chromatography mass spectrometer (GC-MS).* The

configurations of all these ion traps are demonstrated in Figure 1.4.
1.2 Miniaturized lon Traps

1.2.1 Significance of Miniaturizing lon Traps

Mass spectrometers are among the most widely used analytical tools due to their
high sensitivity, strong analytical power, and their use in combination with gas or liquid
chromatography or capillary electrophoresis.*®** In addition, a wealth of new sampling
and ionization methods now extend mass spectrometry to many applications including
analysis of biomolecules, petroleum, aerosols, explosives, and even intact
microorganisms.***® Unfortunately, mass spectrometer systems tend to be both bulky
and expensive. There is significant motivation to bring the power and versatility of mass
spectrometry into a portable, inexpensive instrument—one that can be taken into the field

and to the sample rather than requiring the sample be collected and taken to a lab for
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Figure 1.4. Various geometries of radiofrequency quadrupole ion traps.
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analysis. Portable mass spectrometry would greatly enhance applications in which
laboratory analysis is impractical, too slow or otherwise undesirable, such as emergency
response to threats and hazards, sampling in remote locations, and on-line
characterization of samples to preserve the native chemical environment or to prevent
changes to the sample during transport. In some applications, such as analytical
instruments exploring other planets in the solar system, portability is paramount.

Early efforts to miniaturize mass spectrometers can be traced back to the 1960s

and 1970s. At that time, small, limited-resolution mass analyzers, such as magnetic

51-54 55-56

sector’ ™" and quadrupole-type mass analyzers, were miniaturized for leak

>1°2 and residual gas analysis.>> Much of the early work in miniaturizing mass

detection
analyzers resulted from the desire to send mass spectrometers to Mars, Venus, and the
Moon in the 1970s.

More recently, as applications of mass spectrometry have broadened, advances in
other fields have also driven the development of miniaturized mass spectrometers. The
need for portable analytical tools covers areas such as national security, emergency
response, military, field sciences, environmental on-site monitoring, and illicit drug
detection. At the same time, improved techniques used for small-scale fabrication, from
computer-controlled machining to microelectromechanical systems (MEMS), have
enabled construction of smaller mass analyzers.

Although realization of portable mass spectrometry requires miniaturization of all
instrument components—including vacuum system, electronics, sampling, detection, and

user interface—the mass analyzer is often seen as the key to overall size reduction. For

instance, as the mass analyzer is reduced, the mean free path of ions can also be reduced,
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allowing smaller, lower-power vacuum pumps to be used. A given electric field strength
can be made using lower voltages when electrodes are spaced more closely, facilitating
use of smaller power supplies or batteries.

Recent years have seen miniaturization of all major mass analyzer types, with
particular emphasis on quadrupole ion traps (QIT).* lon traps are inherently compact,
allow higher operating pressure than other analyzers, are capable of tandem mass analysis
(particularly useful for identification of unknowns), and are fast enough to be combined
with chromatographic separation devices. Construction techniques used to make small
ion traps fall into three categories: 1) conventional machining at reduced size scales, 2)
methods based on microfabrication, and 3) novel approaches, often employing

unorthodox materials or electrode shapes, that fall between these two extremes.

1.2.2. Conditions to Operate Miniaturized Traps

lons can be trapped and mass analyzed when their mass-to-charge ratio, m/z, falls
below a certain limit, given by equation (4) above. For ions and trapping conditions in
which ,<0.908 (Figure 1.3), ions can be trapped. Mass analysis can be accomplished in
several ways, but most commonly by applying a supplementary AC signal to resonantly
excite the mass-dependent component of ion motion while ramping the RF amplitude.

Full-sized QITs (ro = 1 cm) are typically operated with an RF frequency of 1 MHz
and an RF amplitude of several kilovolts. In miniaturized traps, there is a tradeoff
between higher RF amplitude (greater trapping capacity and resolution) and lower RF
frequency(resulting in lower power operation). Equation (4) illustrates the relationship
between mass range, operating voltage, and RF frequency as the physical dimensions (ro)

of the trap are reduced. With size reduction of ion traps, the lower driving RF is required
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and lower power is required to perform the mass scan. However, a reduction of RF
potential decreases the potential well depth, which causes lower trapping efficiency and
poorer mass resolution. Because it is desirable to reduce the operating voltage of small

ion traps, higher frequency RF is typically used.

1.2.3. Obstacles to Miniaturization

Mass analysis in quadrupole ion traps relies on precisely-shaped electric fields.
As traps are miniaturized it becomes increasingly difficult to maintain the relative
accuracy of electrode geometry and alignment needed to produce these fields.
Miniaturization of mass analyzers has progressively challenged the limits of conventional
machining technologies, and has increasingly turned to microfabrication and related
techniques to obtain high-precision pieces. However, even with microfabrication, the
geometric defects can be quite large relative to the size of the trap. For many fabrication
techniques, the field perturbation caused by surface roughness also begins to affect
performance.”’

In addition to the accuracy of field shape, several other issues arise during
miniaturization. lon traps can contain and analyze only a finite number of ions, and this
number drops dramatically as traps become smaller. In very small traps the ion-ion
repulsion (space-charge) affects the apparent electric field felt by ions, causing
broadening of peaks in the mass spectrum. In the extreme case of micrometer-sized ion
traps, a trap can contain only a single ion.?

There is significant interest in increasing the operating pressure of ion traps so

that smaller, lower power vacuum pumps can be used. However, the increased pressure
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makes electrical discharge a concern. Additionally, arcing and field emission®® become

greater concerns as the spacing between electrodes is reduced.
1.2.4. Methods for lon Trap miniaturization

1.2.4.1 Conventional Machining

Ouyang et al.*®

introduced the distinction between top-down vs. bottom-up
approaches to mass analyzer miniaturization. The use of conventional machining to
make the size of the electrodes as small as possible, while keeping electrode surfaces in
the desired shape, is called the top-down method. Efforts that rely on microfabrication
techniques to make tiny ion traps are considered bottom-up approaches.

Much of the early ion trap miniaturization efforts in both top-down and bottom-up
approaches used cylindrical ion traps (CITs). CITs use cylindrical electrodes to
approximate the electrical fields created by hyperboloidal electrodes in QITs.??% %
Although the electric fields in CITs are not nearly as good for mass analysis, performance
is adequate for most potential applications. Importantly, cylindrical surfaces are much
easier to create using either conventional machining or microfabrication.

Considerable effort went into top-down miniaturization of CITs in the late 1990s
and early 2000s, primarily at Purdue University and at the Oak Ridge National Lab.

28, 61-62

Many ionization techniques were used to demonstrate performance on a single

miniaturized CIT, and later on a 2-D array of seven 1-mm (ro) CITs.®® The use of an

26, 64-65

array of traps was intended to recover the loss in sensitivity due to the reduced

number of ions that could be trapped in a single miniaturized trap.?” % At the same

time many fundamental studies were performed using sub-mm-sized CITs.%%™
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Even though the sensitivity loss from trap size reduction can be compensated by
arraying traps, the space-charge problem and shallow potential well caused by low
operation voltage still exist in three dimensional traps such as the CIT. In contrast, two-
dimensional ion traps can provide both improved trapping efficiency and higher trapping
capacity. In such devices, which include linear,” rectilinear,® and toroidal ion traps,*
the trapping volume is extended in one dimension. Top-down miniaturized rectilinear
ion traps (RITs) have been developed and are currently used in a commercial portable
mass spectrometer.”>"® A miniaturized toroidal ion trap® has also been developed and is
now available in a portable GC-MS system.*® These instruments demonstrate reasonably

high mass resolution and mass range.

1.2.4.2 Microfabrication Approaches to lon Trap Miniaturization

In the past decade microfabrication techniques have been used to reduce the
dimensions of all types of mass analyzers, particularly quadrupole mass filters.”®®*
Because ion traps must constrain ion motion in three dimensions, whereas
microfabrication tends to be a 2-dimensional process (i.e., out-of-plane features are
limited both in dimensions and in design possibilities), careful consideration has been
required to produce working devices. Arrays of CITs on silicon chips and other
substrates have been developed by several groups.

Early efforts to produce arrays of CITs at Sandia National Laboratories
(Albuquerque, New Mexico) used a layer-by-layer deposition of tungsten and silicon
dioxide layers to produce the end caps, ring electrode, spacers, and faraday-style

detector®. In one of these CIT arrays the individual ion trap had rq as small as 1 },Lm,23

while later designs used ro values of 2, 5 and 10 um.82 Operating voltages were on the
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order of a few tens of volts. These arrays suffered from large capacitance (and
corresponding power and heating), and significant noise due to the close proximity of the
detector strip and the RF layer. In addition, it was difficult to introduce ions into the trap
or to create ions within the trap due to the small size. Simulations indicated that only one
ion could be trapped in the 1 pum traps due to space-charge.?® Even with up to a million
traps in parallel, no noticeable signal could be detected above the noise.

A more recent approach of MEMS-based ion traps by Chaudhary et al. at the
University of South Florida involves bonding together two silicon substrates, each
containing a single end cap and half of the cylindrical ring electrode for each trap in the
array—half of each trap.?* Bonding the two substrates together makes a set of complete
CITs. Electrodes and other features were made in silicon, SiO,, and Si3Na4, with
conductivity provided by selectively coating electrode surfaces with chromium and gold.

Another MEMS-based device containing an array of 256 CITs (rp = 20 um) was
made using p-doped silicon for electrodes and silicon dioxide as insulators reported by
Pau et al. at the University of Arizona.?* The top end cap was left open, with the same
diameter as the ring electrode. The trap array was operated with an RF frequency of 100
MHz and amplitude below 90 Vo.,. At this trap size, it was estimated that the capacity of
each trap was around 10 ions during mass analysis.

MEMS techniques have been applied not only to fabrication of CIT arrays but
also to assembly of electron and ion optics to accompany the miniaturized mass analyzers
presented by Fox et al. # A 1 mm Bradbury-Nielsen gate and a 500 pm Einzel lens have
been built in addition to a multi-layer 500 um CIT. With such an integrated approach it

may be possible to build all-in-one mass spectrometer systems.
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1.2.5 New Fabrication Approaches

1.2.5.1 New Materials

An emerging area of research in mass analyzer miniaturization makes use of
novel fabrication materials, including polymers and ceramics. Techniques used to
process these materials allow construction of arbitrary and complex ion trap geometries
which cannot be made by conventional machining and are difficult to make using
standard microfabrication. For instance, Yu et al. at Purdue University reported polymer-
based ion traps made using rapid prototyping techniques with a stereolithography
apparatus (SLA).% In this fabrication approach, the three-dimensional trap design is
realized by rastoring a UV laser over the surface of a photosensitive resin, building up the
device one cross-sectional layer at a time. The polymer structure is then selectively
metalized to create conducting surfaces. Structures and geometries made using SLA do
not face the same physical limitations as are imposed by conventional machining. In
addition, complex structures can be made with high precision, so ideal hyperbolic
electrode shapes can be used. Surface roughness continues to be an issue with SLA,
however. This method was applied to miniaturization and geometry optimization of a
polymer-based rectilinear ion trap by Fico et al. at Purdue University.®” The resolution,
mass/charge range (unit mass resolution to mass 300) and tandem capabilities were
demonstrated in full-size, half- and 1/3-size devices. SLA demonstrated the ability to
fabricate light, small rectilinear ion traps with good performance.

The SLA approach has recently been used to produce circular arrays of polymer-

based miniature RITs by Fico et al. (Figure 1.5).%® Two versions were reported, using
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Figure 1.5. Schematics of cross-section of circular arrays of polymer-based miniature rectilinear
ion traps. (Adapted from Fico, M.; Maas, J. D.; Smith, S. A.; Costa, A. B.; Ouyang, Z.; Chappell,

W. J.; Cooks, R. G., Circular arrays of polymer-based miniature rectilinear ion traps. Analyst

2009, 134, 1338-1347.)
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either six or twelve RITs (Xo = 1.66mm, yp = 1.33mm, z = 16.66 mm). Both arrays of
polymer-based mass analyzers and their mounting hardware were constructed with
stereolithography apparatus (SLA), involving laser-photopolymerization of a resin,
followed by UV curing, thermal baking, and metal plating. The RITs in these two
versions were mounted in parallel around the detector positioned in the center of the
circle of surrounding traps. All the ions trapped in the array were radially ejected to the
centrally located detector. Each trap had its own ion source, or alternatively all the traps
in the array can share a single ion source. Thus three distinct modes of operation for a
multiplexed system can be performed in the array, which allows single sample analysis
with high throughput or parallel spectra analysis for multiple samples.

Miniature monolithic rectilinear ion trap arrays have also been made using
stereolithography directly on printed circuit boards (PCB) presented by Maas et al.*
Integrating stereolithography-fabricated ion traps on planar rigid substrates offers the
possibility for more complex monolithic structures and integrated electronics. Assembly
of traps and alignment of both individual traps and electrodes is simplified.

An alternative, but conceptually similar technique to producing polymer-based
devices relies on digital light processing (DLP). DLP resembles SLA fabrication in many
respects, but is capable of better accuracy and improved surface roughness. DLP has
been used to produce a linear ion trap made from polymethylmethacrylate (PMMA)
reported by Clare et al.™® Conducting surfaces are made by evaporating gold onto the
PMMA. The electrodes conform to the ideal hyperbolic shape, which is not more
difficult to make using DLP than the simplified planar shape of the RIT. The trap has

been successfully incorporated into a portable mass spectrometer device and measured
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resolution (FWHM) of 260 has been achieved for a variety of samples with high mass
range (500).

Finally, Chaudhary et al. introduced a small cylindrical ion trap mass
spectrometer constructed with low-temperature co-fired ceramic materials.?> The ring
electrode of this CIT (rp = 1.375 mm) was fabricated using multiple layers of low
temperature co-fired ceramics (LTCC), and endplates were made of stainless steel. Five
major steps were processed to fabricate ring electrode, including punching, lamination,
firing, metallization and photolithography. A typical peak width of 1.8 Da was achieved
with this prototype CIT when operated in the mass-selective instability mode.

In general, new materials allow simpler construction, improved electrode shape
and alignment. Demonstrated performance using several different systems shows
promise for the use of ion traps based on new materials in portable analytical instruments.
On the other hand, much remains to be worked out in terms of the mechanical and
thermal properties of these materials. For instance, polymer expansion, softening, and

deformation during heating may be an issue for these traps when operated in-field.

1.2.5.2 New Shapes

Simplification of electrode shape has long been pursued in the context of ion trap
miniaturization, starting from the original cylindrical ion trap and later with the
rectilinear trap. In both cases, cylindrical and planar electrode surfaces are much simpler
to machine than the corresponding hyperbolic surfaces. Beyond this, there have been
several recent attempts to create ion trap mass analyzers using simplified electrode shapes
in new ways and arrangements. Considering that the simplest geometric surface is a

plane, and that fewer electrodes result in simpler construction, a novel linear ion trap
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mass analyzer was introduced using just four elongated planar electrodes mounted in
parallel reported by Song et al. at Purdue University.” The performance of this new
device was comparable to that of the 6-electrode rectilinear ion trap (RIT) from which it
was derived.

A quadrupole ion trap in which all features are patterned on a single planar
substrate was built by Pau et al. at the University of Arizona® and demonstrated an
extremely large mass range for trapping ions and particles with m/z from 10% to 10°. For
the mass range from 50 to 150, mass resolution of 1.2 amu can be achieved by the device.
The basis of this device is a planar ring structure composed of one or several circular ring
electrodes on top of a circular ground plane. All the ring electrodes shared the same axis
and were fabricated and arrayed by patterning a single layer of conductors. The planar
device allowed integration to circuits, easy access to externally injected particles or ions
and scalable fabrication to smaller size.

In 2009, an array of linear ion trap mass analyzers designed and constructed using
several planar electrodes, including two parallel printed circuit boards (PCB) was
reported by Li et al. at Fudan University (Shanghai, China).*® Four ion trap channels
were formed in an enclosed space composed of a pair of printed circuit board plates, a
pair of end-cap electrodes, and a pair of boundary electrodes (Figure 1.6). The polarity of
RF voltage applied to the adjacent two strips was opposite so the electric potential at the
central plane between two adjacent strips is zero. Mass resolution over 1000 has been

achieved in one trapping region using this device.
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Figure 1.6. Planar linear ion trap array mass analyzer consisted of printed circuit board (PCB).

(Adapted from Li, X. X.; Jiang, G. Y.; Luo, C.; Xu, F. X.; Wang, Y. Y.; Ding, L.; Ding, C. F., lon

Trap Array Mass Analyzer: Structure and Performance. Anal Chem 2009, 81, 4840-4846.)
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As a final example of novel designs, a CIT has been developed comprising four
disks, each with one 2.05-mm-diameter hole, stacked in parallel with the holes aligned
coaxially by Yang et al. at Sam Yang Chemical Company (Korea).** The two inner disks
with thickness of 0.3 mm function as the ring electrodes and two outer disks function as
endcaps. The trap was operated at RF amplitude of up to 1500 Vp-p and frequency of 3.9
MHz, with scanning ion mass of up to m/z 300. Sample was introduced to the ion trap
with a pulsed inlet system. A palm-portable mass spectrometer using this miniaturized
cylindrical ion trap, a getter pump, on-board electronics and software, and a lithium-ion
battery has been introduced with a weight of 1.48 kg (3 Ibs.) and a size of 1.54 L (8.2 x
7.7 x 24.5 cm®) that can be operated with an average battery power of 5 W. Trace
organic gas in the air up to 6 ppm for toluene and 22 ppm for dimethyl

methylphosphonate (DMMP) can be detected with detection time less than 1s.
1.3 Planar lon Traps with Ceramic Plates

1.3.1 Development of Planar lon Traps

As mentioned above, several geometrical variations on the original quadrupole

1,82 rectilinear,® linear,"

ion trap (Paul trap) have been developed, including cylindrica
and toroidal® ion trap designs, each with advantages and disadvantages. For instance,
rectilinear, linear, and toroidal traps have inherently larger storage volumes compared
with quadrupole and cylindrical ion traps. In all ion trap variations, metal electrodes are
used to produce the appropriate electric fields. For full-sized ion traps, modern
machining equipment easily produces the hyperboloidal electrode surfaces of the
quadrupole ion trap. For miniaturized traps, however, machining methods have been

pushed to the limit, and simpler electrode geometries such as planar and cylindrical are
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required. For this reason, most miniaturized and microfabricated ion traps have utilized
the cylindrical trap design.? 2 6482 959

Our research group recently reported®” a new approach to making ion traps with
only two planar ceramic plates. In the planar trap, trapping fields are made using a
combination of resistive material and metal electrode rings lithographically imprinted on
ceramic disks. A radial potential function can be applied to the resistive material such
that the potential between the plates is quadrupolar, and ions are trapped between the
plates. The electric field is independent of geometry and can be optimized electronically.
Thus potential functions superimposed on the resistive material produce trapping fields
that resemble the fields created by shaped metal electrodes. Using this novel design with
only two planar ion trap electrodes, obstacles to miniaturization of ion traps, such as

fabrication tolerances, surface smoothness, electrode alignment, limited access for

ionization or ion injection, and small trapping volume are addressed.

1.3.2 Electric Field Created inside the Planar lon Trap

Electric fields in ion traps play a key role in the motion of ions, and thus in trap

performance. Electric fields in ion traps can be determined by solving the Laplace

equation (V2® = 0) for a given set of boundary conditions. These boundary conditions
are determined by the electrodes that form the trap. Metal electrodes produce
equipotential boundary conditions, so the trapping fields are directly related to, and
limited by, the geometry and arrangement of the electrodes.

Other approaches to produce quadrupolar trapping potentials have been explored.
Wang and Wanczek proposed a method®® in which several parallel ring electrodes in the

shape of two abutting cones produce the same fields as a quadrupolar ion trap. The RF
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amplitude on the rings increases linearly from the smallest to the largest rings. This
concept is suggestive of a more general approach, in which the electrode geometry can be
independent of the trapping field geometry if the electrodes forming the trap can have an
arbitrary potential function.*

Consider the quadrupolar potential found in an ideal Paul-type ion trap. The time-
independent potential along X, y, or z is quadratic everywhere in the trap:

®=AX*+y?-2z°)+C (5)
in which the rotational axis of the trap lies in the z-direction. A plane parallel to the x-y
plane will have a quadratic potential function. Similarly, a cylindrical surface with a
constant radius will have a potential that varies quadratically with z. If two such planes
and this cylindrical surface form a closed volume, with quadratic potential functions on
each surface, the fields within this volume will be identical to those made with
hyperboloidal electrodes (Figure 1.7). By applying a radiofrequency signal, the time-
dependent fields in this hypothetical volume will match the ideal Paul trap, and ion
motion will be identical. Because surfaces with position-varying potential functions can
be made using resistive material, any trapping geometry field can be realized in this
planar trap by changing the superimposed potential function on the resistive material.
With machined metal electrodes, it is impossible to switch trapping field geometry in this

manner.
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Figure 1.7. Quadratic potential functions on two planes and a cylinder produce a quadrupolar

potential distribution identical to that in a trap made using hyperbolic metal electrodes.
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1.3.3 Planar lon Trap with Toroidal Geometry

In an example of a planar trap, called the Halo ion trap (Figure 1.8), resistive
material (germanium) and underlying aluminum rings on the facing surfaces of two
ceramic plates produce a toroidal trapping field. Trapped ions can be mass analyzed
using resonance ejection. lons are ejected through the center hole of one of the plates,
and subsequently detected using an electron multiplier. In this reported Halo ion trap,”’
experiments using toluene, dichloromethane, and similar compounds showed mass
resolution in the range of 50 to 100 (m/Am). Although the trapping fields in the vicinity
of the center of the trapping volume agreed very well with the conventional toroidal ion
trap, edge effects at the inside and outside of the plates (smaller and larger radial
distances from rotational axis) produced significant field distortion that could not be
completely eliminated by varying the ring potentials. Experiments in which a copper
cylinder with a slit was placed inside this region did not improve resolution or sensitivity.
Simulations using SIMION 7*® and SIMION 8°* show that the difficulty with this
method is in taking ions with primarily radial inward motion and pushing them out along
one axis. Another difficulty is that the field drops off significantly near the center of the
device—again an edge effect. Simple mass-selective instability scanning, such as a
frequency ramp or a voltage ramp, result in ions impacting the electrode plates, rather
than ejecting in a radial direction.

Recently a new version of the Halo ion trap was presented, in which ions are
ejected out from annular slits in the ceramic plates.’®? Both of these designs use a larger
trapping volume—a ring—increasing the number of ions that can be analyzed and

improving sensitivity. These two-plate devices combine both new materials and new
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Figure 1.8. (a) Planar ceramic plates used in the Halo ion trap, (b) electric field in the Halo ion

trap, and (c) illustration of electron beam irradiation of neutrals in the Halo ion trap.
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designs for ion trap construction. In ion traps made using patterned planar surfaces, the accuracy
and shape of the electric fields are not limited by electrode geometry nor machining precision, as

is the case in traps made with metal electrodes.

1.3.4 Performance and Advantages of the Planar Trap

A planar trap with toroidal trapping field has been successfully developed and efforts are
currently underway to explore other trapping geometries. In the Halo ion trap, the potential was
applied to each ring electrode and the resulting field was determined by the potential function on
the ceramic plates. Therefore not only arbitrary trapping geometries can be achieved by this
method, but also multipole field components can be independently controlled by adjusting the
potentials on the ring electrodes. In conventional traps it is not possible to change trapping fields
using the same set of metal electrodes. This planar geometry offers a great advantage to
miniaturized ion traps since it is not necessary to make trap electrodes smaller and smaller. In
addition, the planar geometry can address the issues raised from mechanical tolerances, surface
roughness, alignment of electrodes, shallower pseudopotential depth, limited applied voltage
range, limited access to the trapping region, reduced ion trapping capacity, and difficulty of trap

fabrication.

1.4 Conclusions and Summary

Now ion traps are among the most widely used mass analyzers, used in applications

67,103-105 and used for tandem mass

ranging from proteomics to chemical warfare agent detection
analysis and other ion dissociation techniques.’?*%" Because ions can be accumulated and
stored, ion molecule reactions can be carried out and studied within the trap.!%®** |on traps are

111-112

frequently combined with gas chromatographs and other separation instruments, enhancing
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their capabilities. The simple design and relatively high operating pressure make ion traps
attractive choices for instrument miniaturization.

The need for a portable mass spectrometer has largely driven efforts to produce
miniaturized ion traps."®* Although the mass analyzer is just one of several components of a
complete mass spectrometer system, miniaturization of the mass analyzer can often reduce the
size and weight of other components. Many efforts have been made on miniaturization of ion
traps including conventional fabrication and microfabrication (MEMS) to make trap size smaller.
Because of the limitations of those technologies, new geometry and new material of trap
electrodes have been applied to the miniaturization of ion traps. Planar ion traps using only two
ceramic plates, the facing surfaces of which are imprinted with concentric metal ring electrodes
have raised increasing interest for trap miniaturization.

Although still in early development, ion traps made using planar electrodes have several
inherent advantages, many of which apply to miniaturization. Planar traps provide a simpler
solution to mechanical tolerance, surface quality, fabrication, and alignment issues. Trap access
is also improved. Trapping capacity can be increased by using a toroidal, linear, or rectilinear
geometry. Further experiments are now being carried out to examine other opportunities and

limitations of planar resistive electrode ion traps.

1.5 Dissertation Overview

The planar ion trap family now includes the Halo ion trap, the planar Paul ion trap, the
coaxial ion trap and other traps under exploration. The simple geometry and open design of the
planar traps offer great opportunity for miniaturized systems.

In this dissertation, Chapter 2 describes the method to created trapping fields in planar

traps, microfabrication technology to make ceramic plates, configuration, instrumentation and
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performance of the planar quadruople ion trap. Much of this chapter is adapted from “Novel lon
Traps Using Planar Resistive Electrodes: Implications for Miniaturized Mass Analyzers”
(Austin, D. E.; Peng, Y.; Hansen, B. J.; Miller, I. W.; Rockwood, A. L.; Hawkins, A. R.; Tolley,
S. E., J. Am. Soc. Mass Spectr. 2008, 19, 1435-1441.) and “Paul Trap Mass Analyzer Consisting
of Opposing Microfabricated Electrode Plates (Zhang, Z. P.; Peng, Y.; Hansen, B. J.; Miller, I.
W.; Wang, M.; Lee, M. L.; Hawkins, A. R.; Austin, D. E., Anal. Chem. 2009, 81, 5241-5248). A
designed RF function is applied to each ring, such that the trapping field produced is similar to
that of the conventional Paul trap. Experiments demonstrate the effects of ion ejection mode and
scan rate on mass resolution for several small organic compounds. The current instrument has a
mass range up to ~180 Thomsons (Th), with better than unit mass resolution over the entire
range.

Chapter 3 presents the design and results for another new radiofrequency ion trap mass
analyzer, the coaxial ion trap, in which both toroidal and quadrupolar trapping regions are
created simultaneously. Much of this chapter is adapted from “Coaxial lon Trap Mass
Spectrometer: Concentric Toroidal and Quadrupole Trapping Regions” (Peng, Y.; Hansen, B. J.;
Quist, H.; Zhang, Z. P.; Wang, M.; Hawkins, A. R.; Austin, D. E., Anal. Chem. in press).
Experiments demonstrate that ions can be trapped in either region, transferred from the toroidal
to the quadrupolar region, and mass-selectively ejected from the quadrupolar region to a detector.
lons trapped in the toroidal region can be transferred to the quadrupole region using an applied
AC signal in the radial direction with amplitude of 25 V,, and frequency of 1100 kHz, although
it appears that the mechanism of this transfer does not involve resonance with the ion secular
frequency, and the process is not mass selective. lons in the quadrupole trapping region are mass

analyzed using dipole resonant ejection. Multiple transfer steps and mass analysis scans on a
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single population of ions illustrate the larger ion capacity of the toroidal ion trap compared to the
quadrupole trap, and possible applications in analyzing transient or dynamic events.

Chapter 4 describes some simulation work focused on exploring the fields to realize
resonant ejection of ions from the toroidal trapping region to the quadrupople trapping region. A
one-dimensional calculation method was applied to simulate the movement of ions along the
radial direction. The effect of radial field superimposed with high-order components was
investigated on the oscillation of ions. Variables like amplitude and frequency of driving RF and
supplementary AC (ejecting 3 values) were investigated, and are presented in this chapter. The
material from Chapter 4 has not yet been submitted for publication.

Finally the summary for the whole work during the period of my PhD study and future

work are presented in Chapter 5.
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CHAPTER 2: PLANAR QUADRUPOLE ION TRAP INSTRUMENTATION AND ITS

PERFORMANCE

2.1 Introduction

Since the invention of the radio-frequency (RF) quadrupole ion trap by Wolfgang Paul et
al. in 1953, quadrupole ion-trap mass analyzers have played an increasingly important role in
chemical and biological analyses. In addition to high sensitivity and specificity, ion traps
combine reasonable simplicity of operation with complex functions such as multistage tandem
mass analysis using a single analyzer. However, the hyperboloidal electrode shape of the
original Paul trap is difficult to machine, especially on the miniaturized scale. As a result,
significant effort has been spent on the development of alternative ion-trap structures.

In 1998, Wells et al.? demonstrated a mass-selective instability scan on an ion trap with
cylindrical geometry. The cylindrical ion trap, which had been introduced previously,**
simplified the hyperbolic ring electrode and end-cap electrodes with a cylindrical electrode and
planar end-caps. This simplified trap geometry has facilitated and been the basis for most
miniaturized ion trap systems.>*® Unfortunately, the cylindrical trap, similar to the Paul trap, has
a limited ion storage capacity because the three-dimensional RF field confines trapped ions to a
point at the center of the device.

Several ion trap mass analyzers have been developed with the aim of increasing trapping
capacity. For instance, an ion trap with a toroidal trapping volume was developed by Lammert et
al.***? Linear ion traps, in which the trapping volume is extended in one linear dimension, have
been developed.™*° In linear ion traps, the ions are focused to a line rather than a point, as in
Paul-type or cylindrical traps. As a result, both ion-trapping capacity and efficiency are

improved. Ouyang et al. introduced the rectilinear ion trap,?® which combines the advantages of
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both simplified electrode geometry and extended trapping volume. The rectilinear ion trap has
recently been incorporated into a hand-held mass spectrometer system designed for air
monitoring and other applications.”*** Another ion trap design, in which a single
microfabricated plate creates a trapping field, has been reported by Pau et al.?*

In all ion trap variations, metal electrodes are used to produce the appropriate electric
fields. For full-sized ion traps, modern machining equipment easily produces the hyperboloidal
electrode surfaces of the quadrupole ion trap. For miniaturized traps, however, machining
methods have been pushed to the limit, and simpler electrode geometries such as planar and
cylindrical are required. For this reason, most miniaturized and microfabricated ion traps have

utilized the cylindrical trap design.?>*

.3 which was

Recently, a novel ion trap mass analyzer was presented by Austin el a
based on a toroidal (circular) trapping geometry and microfabrication technology. The device,
called the Halo ion trap, consisted of a pair of planar ceramic plates mounted in parallel, in
which the facing surfaces were lithographically imprinted with a series of concentric ring
electrodes, covered with a layer of resistive germanium. The electric fields, established by
applying different RF potentials to each ring, produced the same field shape as that in the
toroidal ion trap. Although this type of mass analyzer is promising, because of its high ion-

storage capacity, sensitivity, and ease of fabrication and miniaturization, its performance (e.g.,

resolution and mass range) as presented was not optimal.
2.2 Planar lon Trap Composed of Ceramic Plates

2.2.1 Method to Create Trapping Field in Planar Traps

To create a useful electric field with the ability to control and optimize field shape, it is

necessary to superimpose an arbitrary potential function on the resistive material. This can be
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accomplished using narrow electrode “wires” beneath the resistive material. For cylindrically-
symmetric trapping fields, concentric electrode rings are used (Figure 2.1). The voltage on each
ring is independently variable using a capacitive voltage divider or through other control
electronics. Although the capacitive voltage divider and the resistive material both modify the
voltage between each ring, the majority of the voltage dividing occurs as a result of the
capacitors, not the resistive material. In other words, the resistive material is not the voltage
divider. Similarly, very little current flows through the resistive material as the voltage across
the capacitors oscillates. Thus, minimal heating of the resistive material occurs.

With a superimposed potential function, the resistive material performs several roles.
The resistive material establishes a continuous boundary condition with a well-defined potential
function, thereby creating the trapping fields. The resistive material prevents charge build-up
from occurring, which would otherwise interfere with the fields of the trap. The superimposed
potential function on the resistive material allows creation of electrical fields independent of the
material geometry. As a result, the resistive material and electrode can be the simplest possible
geometry—planar.

The potential function on the germanium surface was modeled in SIMION using the
following approach (Figure 2.1). First, ring electrodes were created as concentric cylindrical
surfaces, and the potentials solved for the space between the cylindrical surfaces. Next, the
points representing the space between the cylinders were converted to electrode points with the
same potential they had as points in free space. After this, a radial plane of points was selected

near the middle of the array, and all other points were converted to non-electrode points. At this
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point, the potential along this plane of points resembled the potential that would exist on
a planar sheet of resistive material. Two such planes of points were used to determine the
potentials within the trap. This method relies on the fact that the potential varies as 1/r in
both a planar resistive material and in the space between cylindrical electrodes, and that
the latter can be calculated quite well using the approximations of SIMION. Finally, the
thickness of the underlying rings can be taken into account as the thickness of the

cylindrical electrodes used in this approach.

2.2.2 Configuration of the Planar Quadrupole lon Trap

In the present work, the electrode approach of the Halo ion trap has been used to
produce a mass analyzer of the Paul trap geometry. Whereas the electric fields of the
Halo ion trap mimicked those of the toroidal trap, including a toroidal trapping volume,
the electric fields in the planar Paul trap follow the design of the conventional quadrupole
or Paul trap. Instead of the toroidal trapping volume of the Halo trap, ions in the present
traps — the planar Paul traps — are confined to a small spherical volume at the device
center. Although the larger trapping volume of the toroidal geometry is lost, the
equations of ion motion are better understood in the Paul geometry. In particular, ion
ejection is more straightforward.

Construction of an ion-trap mass analyzer using two microfabricated plates
provides several important advantages. For instance, two pieces can be mechanically
aligned more easily than a larger number of electrode pieces. Polished flat plates have a
smoother surface than traps made using other methods. Hence, surface roughness, which
has been identified as an issue for miniaturized traps,** is less of a problem.

Microfabricated plates can be produced in quantity less expensively and more accurately
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than machined electrodes. The space between the plates provides convenient access for
ionization sources, optics, pressure measurement, or other peripheral components.
Finally, the use of an array of microfabricated electrode rings underneath a resistive layer
allows the electric fields within the trap to be modified in a way that is not possible using
machined electrodes.®® Although the microfabricated plates themselves are fairly
complex in both design and fabrication, other advantages make this approach potentially

valuable.
2.3 Experimental Section

2.3.1 Microfabriation of Ceramic Plates

Electrode plates were made using high-purity alumina (Al,O3) wafers, 0.635 mm
thick (Micro Substrate, Tempe, AZ). Holes were laser drilled for mounting, ion ejection,
and electrical connections (vias, with a diameter of 127 um) between the front and back
sides of the plates. The vias were filled with gold, after which the plates were polished.
Using standard photomask-photoresist techniques, aluminum electrodes were deposited
on both sides of the plate: ring electrodes on the trapping side, leading to connection pads
on the back side. Finally, a 50-nm layer of germanium was evaporated onto the trapping
side of the plates. Because of constraints in via hole drilling near an edge in the ceramic
plates, the width of the first ring was 1.30 mm. From the 2nd ring to the 24th ring, the
width was 0.10 mm. The resulting electrode plates are shown in Figure 2.2. Two plates
are mounted together using a metal spacer.

The electric field between the plates is determined by the potentials put on each

aluminum ring electrode. A capacitive voltage divider was used to produce the potentials
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Trapping plates

Figure 2.2. Electrode plates used to produce a quadrupole ion trap. At left are shown top and
back sides. Electrode rings are under the germanium and, therefore, cannot be seen easily, but

can be seen in enlargement at upper right. Lower right shows trap assembly without voltage

divider or connectors.
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for each ring. The resistance of the germanium layer contributes only a small amount to

the voltage division.

2.3.2 Instrumentation - lonization Source, Trapping Regions, RF signal, AC signal,

pumping system and detector

Figure 2.3 shows the instrument setup for the experiments, including the electron
gun assembly, trapping region, and the detector assembly. Behind each of the two
ceramic plates comprising the trapping region was a printed circuit board (PCB) with a
capacitor network. The capacitor network was used to establish the voltages on each of
the ring electrodes under RF excitation. Spring-loaded pins were soldered to the PCB
boards to make electrical contact with the back sides of the trapping plates. A 6-mm
stainless steel spacer was mounted between the trapping plates. Holes in the spacer
admitted the electron beam, sample vapor, helium gas, and a Teflon tube leading to a
pirani gauge (Kurt J. Lesker, Clairton, CA). An RF signal with a frequency of 1.26 MHz
and variable amplitude up to 738 Vg, (PSRF-100, Ardara Technologies, North
Huntingdon, PA) was applied to the capacitor network on the PCB boards, and the spacer
was grounded during ion ejection. In addition, a supplementary low-voltage AC signal,
generated using two 30 MHz synthesized function generators (DS345, Stanford Research
Systems, Sunnyvale, CA) with a 180° phase difference, and amplified to 3.5 Vo, by a
custom-made amplifier, was applied between the trapping plates to provide a dipole field
for resonant ion ejection during the RF scan. The amplified supplementary AC signals
were applied to the innermost ring on each plate, using a simple filter circuit to isolate the

supplementary AC from the main RF signals. The applied frequency of the AC signal
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was 290 kHz, and B, was ~ 0.46. Other values of B, up to ~ 1 were also tested, with
comparable mass resolution but reduced peak intensity.

Operational details of the planar Paul ion trap are given in Figure 2.4, which
shows the time intervals and sequence for ionization, RF trapping, and ejection. First, the
RF voltage was turned off to clear previously trapped ions out of the trap. The RF then
was turned back on, along with the electron gun, allowing sample to be ionized in the
trapping volume. The electron gun was then turned off, allowing the ionized and trapped
sample to collisionally cool. The ejection AC was then turned on, and a voltage sweep of
the drive RF was initiated. As the RF amplitude reached a level at which the secular
frequency of any ion matched the applied supplementary AC frequency, that ion was
resonantly ejected from the trap. Because ejection voltage was ramped from lower to
higher voltages, ions were ejected in order of increasing m/z out of the trap. After an ion
was ejected through the hole in the trapping plates, it continued toward the detector.
Ejected ions were detected using an ETP electron multiplier detector (SGE Analytical
Science, Austin, TX), with a conversion dynode operated at -4000 V. The signal was
amplified using a current amplifier (Model 427, Keithley Instruments, Cleveland, OH)
and recorded using a digital oscilloscope (WaveRunner 6000A, LeCroy, Chestnut Ridge,

NY).

2.3.3 Samples

In the experiments reported herein, helium was used as the buffer gas at an
indicated pressure of 5.34 x 10 Torr (uncorrected, 1 Torr = 133 Pa), as read from a
Pirani gauge (Kurt J. Lesker, Clairton, CA). Headspace vapor of the organic compounds

of interest, without further purification, was leaked into the vacuum through two leak
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Figure 2.4. Timing diagram for the planar Paul ion trap, including ionization, cooling, mass

analysis and dumping of ions in a complete cycle (Figure by Zhang et al.).
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valves (Swagelok, Solon, OH) to maintain a nominal pressure of (1.0-8.0) x 10® Torr. In
situ electron ionization was achieved using a custom-built electron gun comprising a

rhenium-tungsten filament, a lens, a gate, and a 1.6 A and -70 V power supply.

2.3.4 Ejection Methods

The performance of the planar Paul trap mass analyzer was tested using three
modes of ion ejection: boundary ejection, quadrupole resonant ejection, and dipole
resonant ejection. Boundary ejection, in which the RF amplitude is ramped and ions eject
spontaneously at g, = 0.908, was used historically in Paul traps; however, it is not

currently in common use.®* Quadrupole® and dipole®®

resonant ejection rely on
applying a small supplementary AC signal to the trap. lons are ejected when the
supplementary signal resonantly excites the secular motion of ions. lons can be ejected

either just before the g, = 0.908 boundary or at significantly lower g, values.
2.4 Results and Discussion

2.4.1 Optimization of Electric Field

As shown in Figure 2.5 (a), the planar Paul ion trap consists of two parallel
ceramic plates with facing surfaces imprinted with concentric metal rings, overlaid with
germanium. The metal rings superimpose a potential function on the germanium layer,
which, in turn, establishes the 3-dimensional potential distribution of the trapping region.

This method of producing the trapping field is distinctive from the method used in
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axis in the planar Paul trap (Figure by Zhang et al.).
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conventional ion traps, both those made using hyperboloidal or curved electrodes (e.g.,
Paul trap, quadrupole mass filter and linear ion trap) and from traps made using planar
metal electrodes (e.g., cylindrical trap, rectilinear trap). The electric field within the
planar Paul trap is a function of the potentials applied to each ring, as well as the spatial
arrangement of the rings and plates. Because the RF potential on each ring is
independently adjustable, there is a great deal of flexibility in constraining and
optimizing the trapping field. As with any other ion trap, the shape of the electric field
inside the trap plays an important role in determining the performance of the ion trap as a
mass analyzer.

The ion motion for the present trap is governed by the RF electric field and by the
auxiliary AC signal applied to the plates. Optimal electric fields for several trapping
geometries have been reported by Ouyang el al.”® Generally, the performance of any ion
trap is influenced by components of the electric field higher than quadrupolar (i.e.,
octopolar). After investigation of the electric field for the cylindrical ion trap with
different dimensions, Wu et al.®® concluded that the increase of spectral resolution can be
realized by appropriate compensation for high-order, nonlinear field components,
particularly octopolar and dodecapolar fields. This approach was also used in the original
Finnigan ion trap detector and was accomplished by increasing the spacing between
electrodes.®® Lammert et al.™ reported that a certain amount of positive octopole
contributed to the increase of resolution of the toroidal ion trap.

For the planar Paul trap, the electric fields within the trapping volume were
calculated, and voltages on individual rings optimized, using SIMION 7.* The nonlinear

components of the axial electric field (along r = 0) in the planar Paul trap were selected to
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be similar to those used in the asymmetric toroidal trap** and cylindrical ion trap.®
During the course of optimization of electric fields, several sets of potentials were
identified as feasible. The one chosen for this study gave the greatest linear axial field of
those examined. Surprisingly, the potentials on rings 1, 3, and 5 are all zero, resulting in
an unusual feature in the electric field near the plate surfaces at these radii (observable in
Figure 2.5 b). Itis not clear at this point why these values produced the best field among
those examined, or whether there might be better sets of potentials possible. The
permutation of possible values is large, and as yet no algorithm for complete optimization
exists.

Figures 2.5(c) and 2.5(d) show the axial electric field (E,) and nonlinear
contribution to the axial electric field (AE;) along the z-axis by subtracting a linear
extrapolation of a narrow region of the derived electric field near the center of the trap,
respectively. Similar to the electric fields in the traps previously mentioned, the potential
distribution used in the planar Paul trap included a small positive compensation of
higher-order components and is expected to improve the mass resolution of this novel
trap. In contrast to methods used with other ion traps, however, the higher-order
components were not added into the planar Paul trap by modifying the shape or
arrangement of the electrodes, but rather by choosing the appropriate potential function
that was applied to the set of rings. Changing the electric fields within the planar Paul
trap is done by changing the values of the capacitors on the PCBs.

With the current plate spacing, only the first 11 rings had a noticeable effect on

the electric fields in the trapping region. To save on cost, the plates were fabricated with
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additional rings, with the intent of using them in other experiments. In the present work,
rings beyond ring 11 were shorted to ring 11.

During the development of the planar Paul ion trap, changes in the ion ejection
mode were observed to affect mass resolution. Figure 2.6 shows three arrangements
(boundary ejection, quadrupole ejection, and dipole ejection) for the applications of an
auxiliary AC potential to the planar Paul trap. Supplemental AC signals were connected
to the innermost ring in each case. Comparisons of spectra obtained with these three
arrangements were made using toluene as the sample, as illustrated in Figure 2.6. When
boundary ejection was performed without application of a supplementary AC voltage to
the trapping plates, the mass resolution was far too low to resolve peaks m/z 91 and 92,
and peak intensity was poor (Figure 2.6(a)). After the supplementary AC voltage was
applied to the trapping plates, the resolution for spectra of toluene was greatly improved.
As the in-phase potentials were applied to both of trapping plates (quadrupole ejection),
the resolution (m/Am, full width at half maximum (FWHM) definition) for peak m/z 91

from toluene was ~370 (Figure 2.6(b)). The resolution was increased to ca. 700, as given

in Figure 2.6(c), when out-of-phase potentials were applied to both trapping plates
(dipole ejection), which is due to the kinetic excitation of ions when the frequency of the
supplementary AC voltage coincides with one of their secular oscillation frequencies.**

Therefore, dipole ejection was used for subsequent experiments.
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Figure 2.6. Mass spectra of toluene recorded at different ejection modes: (a) boundary ejection;
(b) quadrupole ejection; and (c) dipole ejection with an applied supplementary AC signal of 290
kHz; 3.5 V,; a partial pressure of toluene, Pyjene = 1.0 X 10° TorT, Phejiym = 5.34 x 10° Torr,

ionization time = 4 ms (Figure from Zhang et al.).
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2.4.2 Effect of Scan Rate

It is well-known*?*

that decreasing the RF scan rate can improve mass resolution
in ion traps. Figure 2.7 shows mass spectra of the molecular-ion region of toluene and
demonstrates the improvement in resolution obtained by varying the RF scan rate. The
peaks of m/z 91 and 92 were partially resolved at a scan rate of 7074 Th/s, as shown in
Figure 2.7(a). With the decrease of scan rate to 3583 Th/s, the peaks are almost resolved
from each other (Figure 2.7(b)). The mass spectrum that shows baseline separation of
peaks 91 and 92 was recorded by further decreasing the scan rate to 1792 and 862 Th/s,
and mass resolution at FWHM of 0.26 and 0.12 for m/z 91, as shown in Figure 2.7(c) and
2.7(d), was obtained. From the aforementioned results, the resolution is enhanced ca.
4.5-fold by reduction of the mass scan rate by a factor of ~ 8.2, which can be attributed to
the increased number of increments of the RF voltage in a given mass range and the
increased time allowed for ions with adjacent m/z values to be ejected at the threshold of
their instability.™® %268 \ith increasing the scan rate from 862 Th/s to 7074 Th/s, the
mass shift increases with an exception at a scan rate of 7074 Th/s for peak m/z 91. The

mass shift in this case could be due to ripple or inconsistencies in the power supplies or

frequencies used to operate the trap, or could result from space-charge effects.

2.4.3 Spectra for Target Samples

To better understand the performance of this novel mass analyzer, the planar Paul
ion trap was used to record mass spectra for several compounds, including
dichloromethane, isobutylbenzene, and others, with the aforementioned experimental

conditions. Figure 2.8 shows the mass spectra of dichloromethane and isobutylbenzene.
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Figure 2.7. Mass spectra of toluene recorded at different RF scan rates using dipole ejection mode

(supplementary AC: 290 kHz, 3.5 V., Piotene = 1.0 x 10”° Torr, Ppejium = 5.34 x 107 Torr,
p

ionization time = 4 ms (Figure from Zhang et al.)).
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vo-p (@) dichloromethane; (b) isobutylbenzene; (c) dichloromethane (d) isobutylbenzene (Figure

from Zhang et al.).

62

www.manharaa.com




From this figure, it is apparent that the peaks at m/z 84, 86, and 88 (Figure 2.8(a)), and at m/z
133, 134, and 135 (Figure 2.8(b)), are fully resolved, and the full widths at half-maximum for
peaks m/z 86 and m/z 133 are 0.38 and 0.31 Th, respectively. There is one extra peak for toluene
(at m/z 105) at a mass higher than the molecular ion. The origin of this peak, as explained by
Katritzky," and based on work by Ausloos® and Shen,* is the exchange of a methyl group for a
hydrogen in a reaction between ionized and neutral toluene molecules. Figures 2.8(c) and 2.8(d)
show the typical mass spectra of dichloromethane and isobutylbenzene obtained by increasing
the RF scan rate from 862 Th/s to 7074 Th/s. The mass resolution for the triplet peaks at m/z 84,
86 and 88, and at m/z 133, 134 and 135, becomes poorer due to the high scan rate. These results
further demonstrate that increasing the trapping potential can improve the trapping efficiency of
both lower and higher m/z ions (mass range is 37-183 with the existing power supply).

Experiments were performed over a range of sample pressures from 10 Torr to 10
Torr. The number of ions detected at each pressure was adequate for quantitation. Dynamic
range is an issue in all ion trap devices, because ion density in the trapping region must be small
enough that the perturbation to the electric field is minimal. In Paul-type traps, methods such as
automatic gain control (AGC) are used to improve experimental dynamic range. Linear,
rectilinear, and toroidal ion traps have a larger storage volume, and therefore an inherently higher
dynamic range. Trap arrays can also be used to improve performance in this regard. The planar
Paul trap is expected to have a dynamic range that is limited by the small trapping volume
(typical of other Paul-type traps) and by the low operating voltage used.

Although mass resolution observed in these experiments is reasonably high, the present
system is not optimized in several ways. Limitations to resolution may be due to electronic jitter

or noise, electric field shape, space-charge, or other effects.
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2.5 Conclusion

A novel mass analyzer, the planar Paul ion trap, has been designed and constructed.
SIMION 7 was used to determine the potential function on a planar resistive material, such that
the electric field within the trapping region would be primarily quadrupolar, with a small positive
octopolar contribution. Both dipolar and quadrupolar resonant ejection improved mass
resolution over a simple boundary scan. Mass resolution is enhanced by reduction of the scan
rate. The data reported here show that the electric field produced by the trapping plates, rather
than by conventionally shaped electrodes, is applicable to perform mass spectra of various
compounds, and high resolution can be obtained.

The present study also demonstrates the use of microfabricated plates to create and
modify quadrupolar trapping fields. Desirable electric fields can be created without the issues
that arise from machining precision or complex electrode shapes. That this approach has also
been used to produce a toroidal trapping geometry illustrates the versatility of such plates in
producing various electric field configurations. Future work on the planar Paul trap is aimed at
improving mass resolution, performing tandem MS experiments, and a better understanding the

electric fields within the trap.
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CHAPTER 3: COAXIAL ION TRAP MASS SPECTROMETER: CONCENTRIC

TOROIDAL AND QUADRUPOLE TRAPPING REGIONS

3.1 Introduction

Radio-frequency (RF) ion traps are among the most widely-used mass analyzers,
combining several advantages including high sensitivity, reasonable mass resolution, high duty
cycle, compact size, tandem capability, and reasonable cost.® Besides the original Paul-type
quadrupole ion trap, several geometrical variants, such as linear,”® rectilinear,° cylindrical,**™*2
and toroidal ion traps™>* have been developed, each with unique attributes resulting from the
trapping geometry. For instance, the ion trapping capacity is larger in the linear, rectilinear and
toroidal ion traps compared with the quadrupole trap due to the extended axial dimension of the
trapping volume.

The toroidal ion trap, developed by Lammert et al.,*®

represents a geometric variation on
the quadrupole ion trap. The toroidal trapping region provides a larger ion capacity than in
quadrupole traps. A toroidal ion trap has recently been included in a commercial, portable GC-
MS system™—an application in which ion capacity and corresponding sensitivity are important
considerations.

Austin et al.’® described a device called the Halo ion trap, in which a toroidal trapping
field was made using two planar electrode substrates. A set of 15 concentric ring electrodes was
lithographically deposited on each substrate, which were then covered with a thin film of
germanium. The two plates were mounted facing each other to form the trap. RF voltages were
applied to each ring using a capacitive voltage divider, with the amplitude on each ring chosen to

establish the desired fields within the trap. lons were resonantly ejected toward the center of the

device, then pushed out toward a detector. A more recent version of the Halo ion trap included

69

www.manaraa.com



annular slits in the ceramic plates.”” lons were ejected axially, that is, parallel to the axis of
geometric rotation—the same ejection direction as was employed in the toroidal ion trap
described by Lammert. Because of the improved ejection, mass resolution was better relative to
the original Halo ion trap. Both versions of the Halo ion trap retained the large storage volume
of the toroidal ion trap.

Zhang et al.*® used this same two-plate approach to create and demonstrate a quadrupole
ion trap, called the planar quadrupole trap mass analyzer. In the planar quadrupole trap, a
capacitive voltage divider provided different RF amplitudes to each of 24 lithographically
patterned rings on each plate, resulting in a quadrupolar potential distribution. Higher-order
multipoles could be individually controlled and adjusted to optimize performance.®?° Although
the large trapping volume of the toroidal geometry was lost, the equations of ion motion are
better understood in the quadrupole geometry. As a result, the planar quadrupole trap
demonstrated significantly higher mass resolution than either design of the Halo ion trap.

These two-plate ion traps demonstrate a novel, general method for producing electric
fields for ion traps or other devices.?* The use of microlithography allows devices and fields to
be relatively free of the physical limitations imposed by machining tolerances, surface
roughness, electrode alignment and placement, and similar obstacles. In addition, using a
number of independent electrodes allows substantial variability and opportunity for creating
electric fields. In essence, field geometry using this approach is not constrained or limited by
substrate geometry, in contrast to conventional ion traps. Within limits, any potential
distribution can be created by using the correct combination of electrode patterns and applied

voltages.
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This chapter describes a surprising twist to this approach: the ability to produce multiple,
linked trapping regions simultaneously between two such plates. A toroidal region is formed
using the outer rings, and a quadrupolar trapping region is formed in the center. The two
trapping regions share a common axis of symmetry—hence the name coaxial ion trap—and can
be operated more or less independently of one another due to the independent nature of the rings.
In addition to trapping and mass analysis, ions can be transferred between the two trapping
regions. After ions are ejected from the toroidal trapping region into the quadrupole trapping
region, they can be collisionally cooled down in the center region and mass-selectively ejected
out. The arrangement of the two trapping regions and the electric fields in the coaxial ion trap
are shown in Figure 3.1. An ion trap with two or more trapping regions may combine the
advantages of both trapping geometries and demonstrate unique opportunities for experiments in

tandem mass analysis, quantum computing, and ion-ion reactions.
3.2 Methods

3.2.1 Fabrication and Assembly of Device

The coaxial trap is made using plates identical to those used in the previously-described
planar quadrupole trap mass analyzer.'® .Each of the two trapping plates began as a 99.6% pure
alumina substrate, 47x36x0.635 mm (Micro Substrate, Tempe, AZ). Holes for mounting,
electrical vias, and ion ejection were laser cut (Questech Services, Garland, TX) through the
alumina. Holes for the vias, which provide electrical connection between the front and back of

the plates, were filled with gold, and each side of the substrate was polished to a surface
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Figure 3.1. Arrangement of patterned electrode plates and electric fields in the coaxial ion trap. lons are

created in situ with an electron gun and trapped initially in both trapping regions. Direction of subsequent

ion transfer is indicated.
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roughness of better than 50nm (HybridTek, NJ). The prepared substrates were evaporatively
coated with 400 nm of either aluminum or gold metal, then spin-coated with a layer of
photoresist. The photoresist was then photolithographically patterned using a chrome mask
(Advanced Reproductions, North Andover, MA), and the substrates were wet-etched to leave
behind the desired pattern of aluminum or gold rings. Finally, a thin film (100 nm) of
germanium was evaporatively deposited over the active area on the trapping side of each
substrate. The trap consists of two ceramic plates mounted 6 mm apart, the facing surfaces of
which are imprinted with concentric metal rings (Figure 3.2). Appropriate RF potentials are
applied to each ring, producing trapping fields in the space between the plates.

Each trapping plate was patterned with 24 aluminum rings, ranging in radius from 0.5
mm to 13.2 mm in increments of 0.5 mm. All but the innermost ring were 0.1 mm wide. Due to
processing constraints, the innermost ring extended from the center hole to a radius of 1.8 mm,
and was therefore much wider than any other ring. The center hole in each plate, through which
ions are ejected, was 1 mm in diameter. The deposited aluminum layer extended throughout the
inside of the central hole in order to maintain a well-defined electric potential as ions eject from
the trap. The holes for vias, 0.127 mm in diameter were positioned to fall immediately beneath
the corresponding rings. Aluminum patterning on the backside of each plate consisted of
connections from each via to a contact pad. Each ring had its own contact pad for independent
control. Backside connections between vias and contact pads were 0.25 mm wide. Each
trapping plate was controlled using a printed circuit board (PCB). The contact pads on the
backsides of the substrates were connected to the PCBs using spring-loaded (pogo-style) pin

connectors as shown in Figure 3.2. A voltage divider consisting of a series of capacitors was
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PCB (printed circuit board)
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Figure 3.2. (a) Photograph showing front and back side of the patterned ceramic plates and the assembled

device, (b) design cross section and electrical connections between the piece of ceramic plate and PCB.

74

www.manharaa.com




soldered onto each PCB. The value of the capacitors between each ring was determined by the potential

intended for each ring, while maintaining a constant overall capacitance for each plate (25 pF).

3.2.2 Calculating and Optimizing Electric Fields

The choice of potential values for each ring was made by modeling the electric fields
using SIMION 8.0 (SIS, Ringoes, NJ). The electric field within the trap volume is a result of the
potential distribution on the germanium layer, which in turn is determined by the underlying
rings. The potential of the germanium immediately above a given ring is the same as the ring
itself. The potential between rings can be solved using Ohm’s Law and integrating over the
radius. This can be done in SIMION using a previously-described method*®.

The trapping field of the radial direction (along z=0) in the coaxial ion trap was simulated
to approximate the radial field in the toroidal ion trap™® and planar quadrupole ion trap™®. The
field in the axial direction was selected to be similar to the axial field of the planar quadrupole
ion trap (working within the constraints of the Laplace equation). Several sets of potential
functions were identified as feasible during the optimization process. For the potential
distribution used for this chapter, the RF amplitudes applied to each ring are given in Table 3.1.
A series of capacitors, acting as an RF voltage divider, determined the RF amplitude applied to
each ring. Figure 3.3 shows the time-independent electric potential and field distributions within
the coaxial trap, as calculated using SIMION. In Figure 3.3(a), equipotential lines indicate the
two trapping regions. Figure 3.3(b) shows the axial potential function and electric field, which is
the direction in which ions are ejected out from the quadrupolar trapping region. The higher-

order component of the axial field is shown Figure 3.4(a) —these components are expected to
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Ring Inner -outer

Number radius (mm) RF potential (V, ;)
1 0.5-1.8 8
2 2.2-2.3 81
3 2.7-2.8 0
4 3.2-3.3 81
5 3.7-3.8 0
6 4.2-4.3 118
7 4.7-4.8 318
8 5.2-5.3 379
9 5.7-5.8 500

10 6.2-6.3 460
11 6.7-6.8 500
12 7.2-7.3 467
13 7.7-7.8 491
14 8.2-8.3 500
15 8.7-8.8 491
16 9.2-9.3 500
17 9.7-9.8 479
18 10.2-10.3 472
19 10.7-10.8 472
20 11.2-11.3 362
21 11.7-11.8 264
22 12.2-12.3 138
23 12.7-12.8 0

24 13.2-13.3 0

Table 3.1. Dimension and designed RF potential applied on each ring electrode patterned on the ceramic

plates.
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have a significant effect on the resolving power of the quadrupolar trapping region.”% In

Figure 3.3(c), the radial potential function and the resulting electric field are shown. This is the
direction in which ions are transferred between the trapping regions. Note that the two trapping
regions have opposite polarity. Since the field along the radial direction spans two trapping
regions, the high-order components of the field in the toroidal trapping region and quadrupolar
trapping region need to be studied separately as shown in Figure 3.4(b) and (c). In both trapping
regions the electric fields deviate somewhat from the ideal toroidal and quadrupolar fields. Part
of this deviation is a result of the necessity of field continuity between the trapping regions. In
addition, the small ratio of plate spacing to ejection hole size increases field imperfections in the

quadrupolar trapping region, as is also the case with conventional ion traps.?*?

3.2.3 Experimental Setup

An RF power supply (PSRF-100, Ardara, North Huntingdon, PA), operated at 1.43 MHz
and 500 V., provided the trapping RF. Supplemental time-varying signals were provided by a
function generator (SRS, DS345, Sunnyvale, CA), which controlled the timing of ionization and
the ejection AC signals. An AC signal used for axial resonant ejection from the quadrupole
trapping region was provided by an arbitrary waveform generator (Agilent, Model 33250A,
Santa Clara, CA) and was applied at the central hole. Another AC signal (used to transfer ions
from the toroidal region to the quadrupole region) was provided by a function generator (SRS,
DS345, Sunnyvale, CA). A custom-made electron gun and the two function generators
mentioned above were triggered by two pulse generators (BNC, Models 565 and 575, San
Rafael, CA). These two pulse generators and the RF power supply were synchronized by

another function generator as demonstrated in Figure 3.5.
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Figure 3.5. Experimental set-up for coaxial ion trap. The electron gun signal, sweeping quadrupole AC

signal and toroidal AC signal are controlled by two pulses generators. These two pulse generators and RF

generator are triggered by a function generator. The frequency modulation for quadrupole AC and

toroidal AC are provided by a function generator and a waveform generator, respectively.
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The two plates comprising the ion trap were mounted using a grounded, 6-mm thick
metal spacer to maintain accurate plate spacing and alignment. Holes in the spacer allowed
introduction of the ionizing electron beam, helium gas, and two Teflon tubes connecting to the
sample inlet and to a Pirani gauge (Kurt J. Lesker, Clairton, CA). The entire assembly (Figure
3.2) was contained within a small vacuum chamber, and high vacuum was maintained using a 70
I/s turbomolecular pumping system (Leybold, BMH70 DRY, Export, PA). A continuous-dynode
electron multiplier (DeTech, Palmer, MA) was mounted near the ejection hole of one plate. All
test samples were HPLC grade or were > 99% pure. The headspace vapors of samples were
introduced directly into the trapping region via precision needle leak valves (Nupro/Swagelok,
Solon, OH) and heated transfer lines. Sample pressure was normally 2x10™ Torr (uncorrected),
and helium buffer gas was admitted into the vacuum chamber to cool the ions via the same
precision needle leak valves to a nominal pressure of about 3x10 Torr.

Basic instrument functionality was demonstrated using the procedure shown in Figure
3.6. lons were produced in situ within both the toroidal and quadrupolar trapping regions using
an electron gun and ionization time of 12 ms. The electron beam was directed tangential to the
toroidal region. Following ionization, the ions in the quadrupole trapping region were analyzed
using dipole resonant ejection mass analysis. This was followed by a short period in which ions
were cooled by collisions with background helium. The quadrupole region was then scanned
again to verify that all ions initially trapped in the quadrupole region had been ejected, and that
the quadrupole region was empty. This second quadrupole scan was followed by another
cooling period. Next, an AC signal (25 V,.p) was applied to the outermost rings of the toroidal

trapping region to transfer ions into the quadrupole region. These ions were then trapped and
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cooled within the quadrupole region, then resonantly ejected through the center hole in the
substrate and onto the electron multiplier detector. The AC signal used for resonant ejection had
an amplitude of 1 V., and was applied to the innermost ring on one of the plates, while keeping
the corresponding ring on the other plate grounded, analogous to dipole ejection in conventional
ion traps. The frequency of the AC signal applied to the toroidal region was 1100 kHz, and the
AC signal applied to the quadrupole region was scanned from 800 kHz to 50 kHz over a period
of 100 ms, providing mass-selective ejection. The signal was amplified by a current sensitive
amplifier (EG&G PARC, Model 181, Oak Ridge, TN) and then recorded by a digital
oscilloscope (LeCroy, WaveRunner 6050A, Chestnut Ridge, NY). Figure 3.6 illustrates ion
movement inside the trap at each scan step: creation of ions inside the trap, cleaning of ions
inside the quadrupolar region, transfer of ions from the toroidal region to the quadrupolar region
and mass selective ejection of ions from the quadrupolar region to the detector. This sequence is
also represented in Figure 3.7(a). Any combination of quadrupole and toroidal scans is possible
with this setup. For instance, Figure 3.7(b) shows an experiment in which three transfer steps
were applied in sequence (using a single ionization event) with a quadrupole scan subsequent to
each transfer. This multiple-transfer process was investigated to study the ion capacity of the

toroidal trapping region.

3.3 Result and Discussion

3.3.1 Target Sample Analysis

Instrument performance was tested using several volatile organic compounds, including

bromopentafluorobenzene, toluene, trichloroethylene, and tetrachloromethane with the above
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procedure. Figure 3.8(a) shows the resulting spectra of bromopentafluorobenzene at a pressure of 2x107°
Torr (helium pressure 3.45x107° Torr). The spectra were obtained by sweeping the resonant ejection
frequency from 800 to 50 kHz in 100 ms for the mass analysis in the central region and applying 1100
kHz AC signal in 100 ms for the transfer process from the toroidal region to the quadrupole region. Mass
assignments are based on calculated secular frequencies for the quadrupolar trapping region. During the
first quadrupole scan, peaks with mass-to-charge ratio (m/z) of 98, 117, 129, 136 and 168 were detected,
as shown in Figure 3.8(b) and 6(c), matching well with the standard mass spectrum of
bromopentafluorobenzene.?® Because the applied AC for resonant ejection out of the quadrupole trap
relied on a linear scan of frequency, the mass resolution drops at higher masses when plotted as a mass-
domain spectrum. Mass resolution in this device is better than that previously demonstrated by radial ion
gjection in the halo ion trap, which is similar to the toroidal trapping region in the present device acting
alone. Mass spectra for other compounds are available in Figure 3.9, and show similar performance and
the expected patterns for each compound.

As shown in Figure 3.8(a), no ions were ejected from the quadrupole region during the
second quadrupole scan, indicating that the quadrupole region was empty prior to the first
transfer step. After the first toroidal transfer step, ions were detected during the next quadrupole
scan, demonstrating that these ions had been transferred from the toroidal trapping region to the
quadrupole trapping region.

Following the first transfer step and subsequent mass analysis, additional toroidal transfer
scans and quadrupole mass scans on the same population of ions showed additional ejected ions

(Figure 3.8(a)). These ions presumably were trapped in the toroidal region, were not transferred
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to the quadrupole region during the first transfer scan, and were subsequently transferred.
Multiple sets of toroidal and quadrupole scans showed the same result, implying (1) that the
toroidal region had trapped many more ions than the quadrupole region, as the populations of
ions does not appear to be depleted after three transfer scans, and (2) that the transfer of ions
from the toroidal region to the quadrupole region was either not very efficient or proceeded only
until the quadrupole region had reached a certain population. Slight mass discrimination may be
observed during the transfer process by comparing the mass spectra obtained from the first
quadrupole scan and third quadrupole scan after a toroidal transfer process as shown in Figure
3.8(b) and (c).

In Figure 3.8 and 3.9, the baseline during the toroidal scans is elevated due to electrical
noise. This elevated baseline is present whether ions are analyzed or not, and does not diminish

after repeated scans from a single ionization event.

3.3.2 Transfer Mechanism Study

The originally intended mode of operation using this device was to employ resonant
transfer of ions, i.e., the radial secular motion of ions in the toroidal region would be resonantly
excited by the AC signal applied to the outside rings. Had this been the case, mass-selective
transfer should have been observed. However, we observed that a wide range of masses was
transferred, even if only one frequency of applied AC was used. In addition, applied AC with
frequency higher than the secular frequencies of any trapped ion was also effective at
transferring ions. From these results we conclude that resonant excitation was not responsible
for the observed ion transfer.

In order to determine the mechanism of observed ion transfer, we next studied the

relationship between the phase of the drive RF and the phase of the AC applied to the outer rings
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during the toroidal transfer step. In general, and in the work described above, these frequencies
are not exact multiples of each other, and the phase relationship between them is random.
However, reports by Harden and Wagner?’, by Mastoris® and by Dawson and Lambert®®
describe the possible importance of synchronizing the ejection pulse to the ring electrode in
quadrupole ion traps. They concluded that relative efficiencies of ejecting different masses
would be dependent on the phase relationship between the drive RF and the AC signal applied
for resonant ejection. Many experimental systems®*2 have been employed to test this “pulse/RF
synchronization circuit” on the performance of ion traps both as an ion source and as mass
analyzers. In those experiments, an output trigger pulse gated to a specified phase angle of the
drive potential was used. This triggered pulse activated the ejection pulse generator and the
phase angle was swept over several complete cycles so that the ejected ion signal was recorded
in respect to the phase differences between trigger pulse and RF signal.

To investigate the effect of phase-synchronized ion ejection on the ion transfer process in
the coaxial ion trap, a periodic DC pulse was applied to the outmost ring to replace the original
AC signal applied during the toroidal transfer scan. This DC pulse was synchronized with the
drive RF. The RF phase at which this DC pulse was applied, the repetition rate of the DC pulse,
and the length of the DC pulse were explored for their effect on ion transfer. A short DC pulse
produced by the same BNC 575 pulse generator with 24 ns width and 12 V amplitude was
applied to the toroidal region at different RF phases. DC pulses with different widths from 24 ns
to several RF wavelengths including 1.5 A, 2 X and 3 A were investigated, applied at different RF
phases (Figure 3.10). The relationship of peak intensity with RF phase angles when short DC
pulses were used for the transfer process is shown in Figure 3.11 (a). When DC pulses were

applied at certain RF phases, ions could not be transferred from the toroidal to the quadrupolar
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trapping regions, whereas at other phases transfer occurred. In addition, when the repetition rate
of the DC pulses was reduced, the number of ions transferred decreased proportional to the
number of pulses applied as shown in Figure 3.11 (b), which indicates transfer time also has an
effect on the transfer process. Similarly, when using sinusoidal signals to effect ion transfer, the
number of ions detected increases in proportion to the duration of the applied supplementary AC
signal, at least up to the point of saturation. Although these results are consistent with the phase-
synchronized ion ejection observed by previous groups, the lack of dependence on AC frequency
points to a transfer mechanism in which ions are pushed, out of resonance, into the quadrupole
trapping region. The amplitudes needed to affect this transfer are larger than those typically used
for dipole resonant ejection in conventional quadrupole ion traps, further supporting this
conclusion.

The time-independent electric fields shown in Figure 3.3 assume that the RF driving the
two trapping regions is exactly 180-degrees out of phase, with the same frequency. The center of
the toroidal trapping region is of the opposite polarity as the center of the quadrupole region.
Obviously this is the simplest experimental approach, as a single RF power supply can be used to
operate the device. Alternatively, it may be possible to operate the two trapping regions with
separate frequencies or other phase relationships. The consequences of a two-RF-frequency
coaxial trap remain to be explored.

A possible application of the coaxial device takes advantage of the higher ion storage
capacity of the toroidal trapping region. lons in a quadrupole trap are confined to a small volume
in the trap center, leading to onset of space-charge problems when the number of trapped ions
becomes too large. In contrast, some trapping geometries, such as those used in linear,

rectilinear, and toroidal ion traps, are extended in one dimension, allowing a greater number of
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ions to be analyzed. The coaxial ion trap uses a toroidal trapping geometry for initial ion
trapping, and might thus take advantage of this feature. In order to characterize the increased
trapping capacity of the coaxial trap relative to the central quadrupolar trap acting alone, up to 30
sets of toroidal transfer scans and quadrupole analysis scans (demonstrated in Figure 3.12) were
used on a single ion population (from a single ionization event). The ion signal did not diminish
noticeably after 30 transfers. This is consistent with the larger trapping capacity of the toroidal
region, which, based on geometrical arguments, can contain 100-200 times as many ions as the
quadrupole region alone. This experiment could not be continued past 30 scans due to length
limitations in the signal recording electronics. Ensemble averaging of these spectra
demonstrated improvement in the signal-to-noise ratio, sensitivity, and dynamic range of the
device. Trapping ions from a single ionization event, with multiple subsequent analyses, might

enable sensitive mass analysis and characterization of dynamic or transient systems.

3.4 Conclusion

The coaxial ion trap, combining quadrupolar and toroidal trapping regions, has been
constructed and demonstrated. lons can be transferred from the toroidal to the quadrupolar
region, although the mechanism of this transfer is not clear, and is not based on resonant
excitation of the radial secular motion of the trapped ion. Because of the larger ion trapping
capacity of the toroidal region, more ions from a given ionization event can be trapped and mass
analyzed, leading to an improvement in sensitivity and dynamic range over the planar
quadrupole ion trap acting alone. Similarly, mass analysis using quadrupolar fields instead of
toroidal fields produces higher mass resolution than the halo ion trap. It is notable that the

physical device of the coaxial ion trap is identical to that of the planar quadrupole ion trap, the
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difference being only the RF amplitudes applied to each patterned electrode ring. This

underscores the versatility of making electro-optic devices using this approach.
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CHAPTER 4: SIMULATION STUDY OF ION TRANSFER BETWEEN CONCENTRIC

TOROIDAL AND QUADRUPOLE TRAPPING REGIONS IN A COAXIAL ION TRAP

4.1 Introduction

In pure quadrupole ion traps, the radiofrequency (RF) trapping field increases linearly in
both axial (z-) and radial (r-) directions. The truncation of electrodes to finite size as well as the
holes in end-cap electrodes, introduce superimposed multipole terms in the electric fields.
Several studies have been reported showing the dependence of the performance of the
quadrupole ion trap on the nonlinear high-order components of quadrupolar trapping field.®
Since ions trapped in a 3D quadrupole ion trap are ejected out along the axial direction (z-
direction), these studies focused on z- oscillations.”® Although some coupling with the r-
direction exists, this can be neglected in most cases. The effect of superposition of multipole

fields on oscillations in the z-direction has been investigated by simulating the ion trajectories

7,9-10 11-13

along the z- axis and by experimental results.
The coaxial ion trap presented in Chapter 3 combines two concentric trapping regions. A

quadrupole trapping region is formed by the inner ring electrodes, surrounded by a toroidal

trapping region on the outside, as shown in Figure 4.1. lons can be trapped and mass analyzed in

either trapping region and transferred between these two regions. The field in the radial direction

plays an important role since ions are transferred along this direction (r-direction).
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Figure 4.1. (a) Arrangement of fields in the coaxial ion trap with quadrupole trapping field formed in the

center surrounded with toroidal trapping field, (b) cross section of the field and direction of ion motion in

the coaxial trap.
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4.1.1 Methods to Modify Nonlinear Components in lon Traps

Nonlinear components of an electric field play a critical role in the performance of ion
trap mass analyzers.* In conventional ion traps, electrode structure and geometry are adjusted
and modified in order to obtain the best combination of field components and optimize the
performance. One complete testing cycle including several steps: 1) electrode geometry
including asymptote angles and the distance between electrodes is changed, 2) the resulting
fields are calculated, 3) ion motion is simulated to identify the performance, and 4) later
fabrication and optimization of the design of this ion trap are performed based on the result of
the simulation. Usually several cycles need to be implemented to achieve optimal results.
However, the relative strengths of multipoles contributing to the trapping field are not
independently adjustable in this conventional method. In a newly-built planar ion trap reported

by Austin et al.,”

the mass analyzer is composed of two planar plates, the facing surfaces of
which are imprinted with a series of concentric metal ring electrodes. In this design, when
applying individually controllable potentials to each ring electrode patterned on the plate, the
desired trapping field can be created. Because the potential on each ring is independently
adjustable, some independent control of higher order multipoles is possible. Using simulations

from SIMION, we explored modified potential functions, their resulting trapping fields, and the

effects of these trapping fields on ion motion.

4.1.2 Why A One Dimensional lon Simulation Method

In order to understand the behavior of ions in ion traps and to optimize the performance of

ion traps, a number of investigations of multipole field components have been made on

4,6,16 17-18

conventional quadrupole, cylindrical,™ linear,*"™® rectilinear™ and toroidal ion traps.?° In

the coaxial ion trap, ions are initially trapped and collisionally cooled to the centers of both
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toroidal and quadrupolar trapping regions. lons are expected to be transferred from the toroidal
trapping region to quadrupolar trapping region in the radial direction. Therefore, the field in the
radial direction in the coaxial ion trap plays a critical role on realizing ion transfer. To date, no
detailed studies have been made on the field covering different trapping regions nor the effects of
higher order components of the field on the ion motion between two trapping regions.
Simulation methods including SIMION, ISIS and ITSIM have been widely used in the
study of ion motion in ion traps.?**® The movement of ions in the coaxial ion trap was simulated
with SIMION (SIMION 8, Scientific Instrument Services, Ringoes, NJ, USA), an example of
which is shown in Figure 4.2. This simulation uses time-varying fields in 3D geometry and is
therefore time consuming to monitor the transfer process by adjusting multipole compositions of
the radial field. Therefore, we used one-dimensional simulations in Microsoft Excel to study the
motion of ions in such a complex system. In our study, the oscillation of each ion was calculated
based on the force resulting from the electric field only along the r-axis. This permits us to study
some distinct aspects of nonlinear effects and to investigate whether ions can be mass-selectively

transferred in the r-direction from the toroidal region to the quadrupolar region.
4.2 Electric Field in the Coaxial lon Trap

4.2.1 Field Design in Coaxial lon Trap

The design and operation of the coaxial ion trap were already given in Chapter 3. Briefly,
torodial and quadrupole trapping regions are created simultaneously and coaxially between a pair

of patterned ceramic plates.
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Figure 4.2. A top view of ions trapped in the coaxial ion trap, simulated using SIMION software. The

outside region is the toroidal trapping region and the central region is the quadrupole trapping region.
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Austin et al. reported how to independently adjust high-order components in planar
ion traps.'® The multipole expansion of each individual electrode can be explored using
SIMION 8% and MATLAB R2008b. The needed potentials for each ring electrode can
be determined by solving a set of linear equations for the multipole components produced
by each electrode to get the desired overall trapping field in the z-direction as shown in

the following expressions:

D240, =P, YA )] 1)
A= AL, @
An = iAn,m(DOm (3)

where ®(z,¢,t),_, is the RF potential along the z axis (r = 0); @, (t) is the RF potential

applied to the ring electrode of the ion trap; A, is the magnitude of even odd poles in
Equation (1). The second equation stands for the quadrupole term A; in the axial

direction contributed from ring 1 to 24: @ is the applied RF amplitude (®, ) to ring m;

A; is the magnitude of the quadrupole term and A, is the quadrupole (n=2) term created
by ring m alone; A, is the general expression for calculating any multipole.

Using this approach to optimize the trapping potentials, high-resolution spectra
have been demonstrated in the planar quadrupole trap.** Using this approach combined
with numerical simulation of ion motion potentials that should be applied to each
electrode ring to create a coaxial ion trap and realize ion transfer from the toroidal

trapping region to the central quadrupole trapping region was explored.
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4.3 One Dimensional Simulation of lon Transfer

A one dimensional simulation method was used to study the effects of nonlinear
electric fields on the motion of ions in the coaxial ion trap. The oscillation of an ion
moving from the center of the toroidal trapping region to the center of the quadrupole
trapping region was simulated along the r-direction. This method does not consider any
motion component in other directions, assuming no force on the ion in the z-direction. In
this simple simulation model, the ion does not represent the trajectory of an ion in a real
ion trap with all degrees of freedom. Yet we still can get useful information about the

effect of superimposed fields on the behavior of ions by this simple method.

4.3.1 Calculation Method

In the coaxial ion trap, the oscillation of the ion in the radial direction can be
observed, superimposed by an RF driving field and/or a supplementary AC field for
resonant ejection. Initial parameters for an ion are restricted to the location and speed of
this ion only in the r-direction. The ion is accelerated or decelerated by the force
resulting from the electric field. After the field at every point along the radial direction
was simulated and calculated, a very short time step (3 ns) was applied to calculate the
instantaneous acceleration and the distance that ion travels during this period of time. A
viscous dampening factor was used to approximate the effects of ion-neutral collisions in
the simulation. Once the calculation of ion motion was obtained, the movement of the

ion in the r-direction as a function of time was plotted.
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4.3.2 lon Motion along the Radial Direction in the Coaxial lon Trap

This calculation is based on the assumption that an ion has been trapped in the
toroidal region. The starting point of an ion is the center of the toroidal trapping region
and its trajectory along the r-direction is plotted as a function of time as demonstrated in
Figure 4.3, where the zero point in the y-axis is the center of the quadrupole trapping
region. The force on the ion stably trapped in the torodial region is determined by the

driving RF and a supplementary AC signal with a small amplitude:
IE:(ERF_'_EAC)*q:m*a “)
where F is the force on the ion due to the electric field; E.. and E,. are the electric

fields caused by the drive RF and AC signal respectively; q is the charge of the ion; m is
the mass of the ion and a is the acceleration of the ion resulting from the coulombic
force.

The electric field was calculated using SIMION 8 software by flying a neutral
particle along the r- axis between the two plates after a designed potential function has
been applied to each individual electrode on the plates. The multipole expansion of the
electric field as a function of dimension r obtained by SIMION was solved by fitting the
field along the r axis to a 20th order polynomial using the polyfit function in Matlab:
Eo=f (r) = B + By*r + By*r? + ...... + By * ¥ (5)
where Ej is the field along the r- axis; f is the polyfit function; B, is a polynomial and r is
the dimension along the r- axis (z = 0). A 20th order polynomial was chosen to provide
sufficient level of accuracy for the field multipoles without excessive computation time.

In this work, the multipole expansion of the whole device along the r- axis was
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Figure 4.3. Motion of ions in the coaxial ion trap during resonant excitation from the toroidal
trapping region to the central quadrupole trapping region in the radial direction. (a), (b) trajectory
of ions lost between the two trapping regions, (c) trajectory of ions successfully transferred from

the toroidal region to quadrupole trapping region and trapped in the quadrupole region.
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expressed as a set of ratios of B, to By similar to our group’s previous work on the planar
Paul trap.® This procedure gives the time-independent field, corresponding to the
applied RF.

In addition, the electric field in the coaxial ion trap changes not only with the

position along the r- axis but also with time and phase angle of the applied potential

function:
D1 1), = Dy (r) * COS(Q* + ) (6)
E(r,t),_, = E,(r)*cos(Q*t + ¢) @)

where O(r, t),=0 and E (r, t),=o are the potential and field along the r axis; ®o(t) and Eq(t)
are the initial potential and field along the r- axis when a potential function is applied to
the plates; and Q is the frequency of the primary RF or the supplementary AC signal, and
¢ is the starting phase angle of the primary RF or supplementary AC signal. When these
variables were adjusted in the simulation process, significant differences of the
trajectories of an ion were observed, as shown in Figure 4.3. As shown in Figure 4.3 ()
and (b) under some conditions an ion was lost between the two plates in either direction
of the r- axis, while under some other conditions an ion was transferred from the toroidal
trapping region to the central quadrupole region and was trapped in the central region
(Figure 4.3 (c)). For each field considered, the fraction of ions successfully transferred
was determined.

After the ion is transferred from the toroidal region to the central quadrupole
region, it will be resonantly ejected out from the center region. Therefore the field in the
z-direction (along r = 0) was also studied in this work. However, due to the continuity of

the toroidal trapping field and the quadrupole trapping field which coexist in one mass
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analyzer, the fields of both regions deviate from the ideal. It is difficult to achieve the
desired field for quadrupole trapping region along the z- axis and the r- axis at the same

time, which will affect mass resolution and transfer efficiency separately.
4.4 Discussion and Results

4.4.1 Field Design

The coaxial field was originally designed to closely approximate the field of the
Halo ion trap™ in the r-direction and the field of the planar QIT?® in the z-direction.
Figure 4.4 shows the first trial electric field and high-order multipole components of this
field in both r- and z- directions when a potential function is applied to the 24 ring
electrodes of the planar trap. In this design, 6.14% octopole (A4/A., 8-pole) and 7.30%
dodecapole (A¢/A2, 12-pole) are present in the quadrupole trapping region along the z-
axis (r = 0). Other high-order multipole components in z- axis of the coaxial ion trap are
listed in Table 4.1 (trial field 1). The numbers in the first row of trial field 1 correspond
to the parameters A, in Equation (1), which were calculated in Matlab, and the numbers
in the second row of trial field 2 correspond to their relative percentages to A;
(quadrupole term). Because these higher order components have less effect on ions at the
trapping center they will not be discussed in detail in this study.

Figure 4.4 (a), (b), and (c) also demonstrate multipole components along the r-
axis (z = 0). Since the field in this direction covers both the toroidal trapping region and
the quadrupole trapping region, the multipole fields of both regions are plotted in the

figure. However, from Figure 4.4 (b) and (c) we notice that the radial fields of both
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Figure 4.4. Schematic of (a) potential and field of trial field 1 in radial direction in coaxial ion
trap, (b) nonlinear contribution to the central quadrupole field in radial direction, (c) nonlinear
contribution to the toroidal trapping field in radial direction, (d) potential and field of trial field
one in axial direction in coaxial ion trap, (€) nonlinear contribution to the central quadrupole field

in the axial direction.
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High-order

components Field one Field two

(AA,) % (AA) %
A0 1 1
Al 4.90E-16 -6.44E-16
A2 -0.97 -1.01
A3 -7.42E-15 3.00E-14
A4 -0.06 6.14 0.05 -4.54
A5 8.62E-14 -8.9E-12 -4.19E-13 4.15E-11
A6 -0.07 7.30 -0.03 3.23
A7 5.27E-14 -5.4E-12 4.86E-12 -4.8E-10
A8 0.45 -46.60 0.37 -37.06

Table 4.1. High-order components of trial field 1 and 2 in the axial direction.
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regions are not linear even in the central region. Nonlinear contributions to both trapping
fields are illustrated in Figure 4.4 (b) and (c) by subtracting a linear extrapolation of a
narrow region of the derived electric field around the center of the two trapping regions,
where the contributions due to nonlinear fields approach zero. The potential function
(trial 1) gives rise to a strongly sublinear radial field in the quadrupole trapping region
and the linearity was even lost in the toroidal trapping region. In commercial quadrupole
ion traps with “stretched geometry” a small superlinear contribution is incorporated to the
field to achieve better performance of the traps. Lammer et al.”® reported a performance
improvement on a toroidal ion trap by reducing the sublinear multipole components in
both r- and z- direction although the field in the r-direction was less important to mass

analysis as ions were only resonantly ejected in the z-direction.

4.4.2 Trial field simulated to achieve high transfer efficiency

In our novel planar ion trap, the linearity of the radial fields in both trapping
regions can be significantly improved by modifying the potential function on the ring
electrodes. The resulting fields in both radial and axial directions resulting from this
potential function (trial 2) are demonstrated in Figure 4.5. Figure 4.5 (b) and (c) show a
small superlinear contribution in the radial fields of the toroidal and quadrupole regions.
The performance of this trial field in terms of transfer efficiency is shown in Figure 4.6
and compared to trial field 1 along the r- axis. lons with mass range from 77 Th to 138
Th in both trial fields were investigated after they were stably trapped in the toroidal
trapping region. Their trajectories as a function of time were recorded as they were

accelerated and resonantly excited by a tickle AC signal in both trial RF trapping fields.
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Figure 4.5. Schematic of (a) nonlinear contribution to the central quadrupole field in the radial

direction, (b) nonlinear contribution to the toroidal trapping field in the radial direction, (c)

nonlinear contribution to the central quadrupole field in the axial direction.
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The nonlinear contribution in these two trial fields along the r- axis affects transfer
efficiency greatly. Clearly, small superlinear contribution (positive higher-order
components) as illustrated in Figure 4.5 (a) and (b) will provide higher transfer efficiency
from the toroidal trapping region to the quadrupolar trapping region, which is around
65% for ions with m/z 120. In trial field 1 where sublinear fields are present, however,
the transfer efficiency is much lower, around 35% for the ion with the same m/z. Since
this is a one-dimension simulation, forces on other directions are not considered in the
model. Effects resulting from coupled motions may produce ion excursion in other
directions and reduce the transfer efficiency further. We also noticed that transfer
efficiencies for both trial fields are relatively high around m/z 120, which corresponds to
B ~1/3 (Figure 4.6). As aresult, in these two field designs ions should be resonantly
transferred from the toroidal region to the quadrupolar trapping region and collisionally

cooled down in the center at B ~ 1/3. One thing to note is that ions can be resonantly
excited from a wider range of B ; however in these two fields, only ions resonant at B

~1/3 can be transferred between the two trapping regions. Other resonant ions were lost

between the two plates as shown.

4.4.3 Condition for lon Transfer and for High Mass Resolution

Even though field trial 2 provides higher transfer efficiency compared with field
trial 1, some sublinear contributions (negative high-order components) can be observed in
the z-direction of the central quadrupole region, where ions are mass-selectively ejected
out to the detector (Figure 4.5 (c)). Different values of octopole (A4/A;, 8-pole, -4.54%)

and dodecapole (As/A2, 12-pole, 3.23%) present in trial field 2 and the comparison of the
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multipole components of these two fields are made in Table 4.1. Zhang et al.'* reported
that 0% octopole and 6% dodecapole in the axial field in the planar QIT offered the best
performance of this trap. In designing the coaxial trap field, the octopole and dodecapole
were set to 0% and 6% in the axial field using the solver function in Excel after the
multipole expansion of each independent electrode was calculated using SIMION 8 and
MATLAB R2008b. Once the potential distribution was solved for an individual
electrode, we adjusted these potentials on each ring and noticed that rings 1 to 5 have a
significant effect on the components of multipole field in the z- axis while other rings
have less effect. Therefore the potentials on the other rings are adjusted to achieve a
superlinear contribution to the radial field in the toroidal trapping region and quadrupole
trapping region. Table 4.2 and Figure 4.7 show the resulting potential functions (trial 3),
fields and multipole contribution of the fields in both radial and axial directions. The
components of the axial field in the coaxial ion trap are listed in Table 4.2, which
matched well with the designed values for octopole and dodecapole. In addition, one-
dimensional simulation (Figure 4.8) demonstrated that reasonable transfer efficiency
between the two trapping regions along r- axis can be achieved in this trial field. The
method to design the field by combining high transfer efficiency in the r-direction and
high mass resolution in the z-direction provides a straightforward guide to further
experiments.

It is important to note that no multipole expansion has been identified to completely
satisfy the Laplace Equation of any toroidal trapping geometry. This one-dimensional

simulation method is based on accurate calculation of the field along the r- axis using
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High-order
components Field three
%
A0 1.000
Al -1.01E-16
A2 -1.022
A3 -4.02E-15
A4 -5.83E-05 5.71E-03
A5 1.62E-13 -1.58E-11
A6 -0.061 5.944
A7 -5.78E-13 5.66E-11
A8 0.422 -41.256

Table 4.2. High-order components of trial field three in axial direction.
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Figure 4.7. Schematic of (a) potential and field of trial field 3 in radial direction in coaxial ion
trap, (b) nonlinear contribution to the central quadrupole field in radial direction, (c) nonlinear
contribution to the toroidal trapping field in radial direction, (d) potential and field of trial field 1
in axial direction in coaxial ion trap, (¢) nonlinear contribution to the central quadrupole field in

axial direction.
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the polyfit function of MATLAB and can be applied to calculation of fields in all kinds of
ion traps. The advantages of this simulation are that it offers a direct view of ions in one
dimension and the multipole expansion of the electric field can be modified by changing

the potential on each individual ring.

4.5 Conclusion

A coaxial ion trap combining more than one trapping region is designed using two
lithographically-patterned plates. The coaxial field is designed to realize mass analysis of
ions in both regions and transfer of ions between these two regions. One-dimensional
calculation and simulation on the motion of an ion along the r- axis was studied in this
chapter. It has been shown that the superimposed multipole fields along the r-axis have a
great effect on the transfer efficiency of ions from the toroidal trapping region to the
quadrupole trapping region. However, this work was limited to ion oscillation along the
r- direcction only. The result would be modified if oscillation in the z-direction is
coupled to the r-direction. Nevertheless, this simulation method represents a useful tool
to study the effects of higher-order fields on ion transfer in the r-direction and combines

the consideration of higher-order fields in the z-direction at the same time.
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Chapter 5: PERSPECTIVE AND FUTURE WORK

5.1 Summary

A new approach to making ion traps was presented in this dissertation. The
electrodes of the trap consist of two ceramic discs, the facing surfaces of which are
lithographically imprinted with sets of concentric metal rings and overlaid with a thin
layer of germanium. A radial potential function can be applied to the resistive material
such that the potential between the plates is quadrupolar, and ions are trapped in the
quadratic field between the plates. Since the potential on each ring electrode is adjusted
independently, the electric field is independent of geometry and can be optimized
electronically. The trap can produce various field geometries, including a toroidal
trapping geometry,” the traditional Paul-trap field? and a linear trapping field.>

It is important to note that changing the separation of the two ceramic plates does
not directly change the trapping field as in conventional ion traps. In conventional traps
“stretching” or modifying the geometries of the electrodes will change mutlipole
components of the trapping field, thus affect the ion ejection and mass resolution. In
planar resistive electrode traps, these higher order multipoles are added in by modifying
the potential function on the resistive material. Since high-order multipoles can be
modified electronically, and are not constrained by physical geometry, new opportunities
exist for producing and experimenting with modified fields. For instance, resonant
ejection can be applied to the planar traps using fields that closely approximate a pure
dipole. In addition, the distance between the two plates can be modified to realize

miniaturization of the planar ion traps without changing the components of the field.
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At the same time, the simple electrode geometry (planar) addresses many issues
related to existing technologies such as surface roughness, maintaining the accuracy of
electrode geometry, and alignment of electrodes during miniaturization. Furthermore, the
structure of the planar traps offers open access for ion injection and simpler assembly
because of fewer degrees of freedom in the alignment. All these characteristics make

planar ion traps a strong candidate for a portable mass spectrometer system.

5.1.1 Advantages of Miniaturizing Planar lon Traps

According to Equation (4) in Chapter 1, reducing the size of ion traps (ro and zo)
requires either increasing the trap frequency, reducing the RF amplitude, or both to keep
the same mass range. Reducing the RF amplitude also reduces the pseudopotential well
depth. As the well depth decreases, ion trapping and storage capacity decrease, so the RF
amplitude cannot be arbitrarily small. On the other hand, as electrodes are placed closer
together, the maximum voltage that can be sustained between them without electrical
discharge goes down, again constraining the RF amplitude. The well depth and electrical
discharge limit the range of voltages that can be used in voltage-ramp mass analysis.
Some miniaturized traps get around this problem by using frequency scanning at constant
RF amplitude.

The current paradigm of ion trap miniaturization is to make traps smaller. While
this may seem obvious, it is not necessarily the only option. Any method that produces a
higher trapping field and a higher trapping frequency will produce the same result as
physical miniaturization of the trap electrodes. In the case of planar resistive electrodes,
in which quadratic potential functions are imposed on the resistive material, as the plates

are moved closer together, the trapping potentials remain quadrupolar as illustrated in
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Figure 5.1 (a), which shows isopotential contours in the halo ion trap with plate spacing,
d, of 4,2, and 1 mm. The potential function on the plates in Figure 5.1 (a) is identical for
each set, and the resulting field shapes and magnitudes are identical (ignoring edge
effects). At the same time by increasing the potential gradient along the resistive material
and simultaneously increasing the trapping frequency, the trapping field increases,
reducing the amplitude of ion motion. Figure 5.1 (b) shows SIMION 7 simulations of ion
trajectories in traps under these conditions. The frequency in each case was chosen to
provide a similar g, value for each set. lons have m/z = 100 Th, and the ion trap is
operated with RF amplitude of 600 V,.,. To facilitate an accurate comparison, ions
originated at the same point in the RF phase, with 0.025 eV kinetic energy. lons
experienced hard-sphere collisions with helium in which the collision frequency was
constrained to 0.05 times the frequency of the driving RF. For plates separated by 4 mm,
the trapping frequency is 1.27 MHz, and the helium pressure is 0.8 mTorr. For each
successively closer set of plates, the trapping frequency increases by a factor of 2, and the
helium pressure increases by roughly a factor of 2. lon excursion is reduced in each
smaller scenario. When higher fields are created using the same plates, ion excursion and
mean free path decrease, as they would in a miniaturized ion trap. In addition, the
allowable pressure for trapping increases.* Because fewer rings are used to create the
field, the applied voltage on each plate is the same regardless of plate spacing. The
distance over which this voltage is extended is reduced, resulting in an increased electric
field at the trapping region. Although this is a simplified model, it illustrates the promise

of using planar ion traps for miniaturized mass spectrometry.
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5.1.2 Miniaturizing Planar lon Traps

As the plates are moved together, the radial pseudopotential well remains constant
for a given voltage applied to each plate. Under these conditions, the pseudopotential
well depth perpendicular to the plates is reduced. However, when the field is increased
on the plates (by using fewer rings and the same applied voltage) the pseudopotential
well depth perpendicular to the plates remains constant. Whereas the field in metal-
electrode ion traps is limited by field emission between closely-spaced electrode surfaces,
the field in planar electrode ion traps is limited by the voltage difference between the
closely-spaced ring electrodes. However, because of the large number of electrode rings,
the voltage difference between adjacent electrodes is much smaller than the voltage

difference between electrodes in conventional ion traps.

5.2 Realizing Resonant Ejection from the Toroidal Region to the Quadrupole
Region

As mentioned in Chapter 3, ions in the coaxial ion trap have been successfully
transferred between two trapping regions. The intended mode of operation using this
device was to employ resonant ejection of ions from the toroidal trapping region to the
central quadrupolar trapping region. This would allow mass selectivity in transferred
ions. Once mass selective ejection is realized, ions with the same mass to charge ratio
can be transferred at one time, which provides an opportunity for tandem-in-space
experiment with a single mass analyzer. lons can be first accumulated in the trapping
region with large ion capacity (toroidal trapping region) and then transferred to the

trapping region with high mass resolution (quadrpole trapping region) for mass analysis.
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If ions can be mass selectively transferred into the quadrupole region, ion isolation in the
tandem experiment can be simplified, and because of the large storage capacity of the
toroidal trapping region, the sensitivity of this mass analyzer can be greatly improved.

However, it appears that the mechanism of this transfer does not involve
resonance with the ion secular frequency, and the process is not mass selective, at least
not yet. In experiments, a periodic DC pulse was applied to the outmost ring to replace
the original AC signal applied during the toroidal transfer scan. Experimental results
demonstrated that when DC pulses were applied at certain RF phases, ions could not be
transferred from the toroidal to the quadrupolar trapping regions, whereas at other phases
transfer occurred. lons are initially trapped in both trapping regions of the coaxial ion
trap; however, they need to gain enough energy to transfer from one trapping potential
well to another trapping potential well. This phenomenon offers us suggestions to

modify the electric field in the coaxial trap in order to resonantly transfer ions.

5.2.1 Influence of the Hexapole Field on lon Motion

As mentioned in Chapter 4, in practice it is impossible to create an ion trap with a
pure quadrupole electric field. The influence of superimposed weak multipole
components to the quadrupole field on mass resolution, scan speed, and ion storage
stability has been widely studied.>® lon motions are mainly controlled by nonlinear
resonances resulting from higher-order fields such as hexapole and octopole. The effects
of hexapole and octopole components adding to quadrupole field are illustrated in Figure

5.2. When ions are resonantly excited from the trapping potential well they will be
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Figure 5.2. The field increases linearly in a pure quadrupole ion trap. Schematic of (a) linear field
added by a weak hexapole field, (b) linear field added by a weak octopole field. Those fields

generated are called nonlinear fields.
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slowed down in one side of the well and were faster in the other side of the well in the
field with the added hexapole field, while they will be faster in both sides of the octopole
field. Thus the hexpole component in the field will not change the secular frequency of
ions: it will stop ions in the outside part of the torodial region and help resonantly eject
ions to the central quadrupole region. While in the field superimposed with an octopole
component, ions will be out of resonance because their secular frequencies change with

the increase of amplitude from the center of the trapping region.

5.2.2 Adding a Hexapole Component to the Field of the Coaxial Trap

In designing the trapping field of the coaxial ion trap, much attention was focused
on the octopole and dotacopole components of the field to improve mass resolution of the
central quadrupole field. In order to obtain resonant ejection of ions from the toroidal
trapping region to the quadrupole trapping region in the coaxial ion trap, the field in the
toroidal trapping region needs to be considered because ions are initially trapped and
stored in the toroidal trapping field. According to the effect of hexapole field on the
motion of ions, some hexapole component can be added to the field of the toroidal
trapping region in the radial direction to improve resonant ejection of ions from the
toroidal region to the quadrupole region. Since the components of the field can be
independently controlled in the planar ion trap,” different percentages of hexapole can be

investigated either in the simulation of ion motion with SIMION or in real experiments.

5.3 Tandem Mass Spectrometry

As mentioned, once ions can be mass selectively transferred from the toroidal

region to the quadrupole region, tandem experiments can be performed in the coaxial ion
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trap. An example of a possible scan function for tandem analysis performed in the
coaxial ion trap is illustrated in Figure 5.3. After ions are created and trapped in both
trapping regions of the coaxial ion trap, a supplementary AC (Paul AC) signal will be
applied on the quadrupole trapping region to remove all the ions from the central region.
Then another supplementary AC (toroidal AC) with the frequency matching the secular
frequency of ions trapped in the toroidal region will mass selectively eject the ions to the
central region in the radial direction. A dissociation AC signal with a small amplitude
and designed frequency will be applied. When this dissociation AC excites the secular
motion of the precursor ions which have been transferred from the toroidal region and
trapped in the quadrupolar region, the kinetic energy of these ions will increase and they
will collide with the helium buffer gas, which will cause dissociation of the parent ions
through CID (collision-induced dissociation). Finally these fragments ions will be mass
analyzed in the central quadrupole region using the resonant AC signal.

There are several advantages to using the coaxial ion trap to perform tandem
analysis. First, no complicated operation is needed to isolate parent ions from other ions
as in normal tandem-in-time experiments. In the conventional quadrupole ion trap, all
the ions are crowded in the central region and then parent ions are isolated whereas in the
coaxial ion trap only parent ions will be selectively transferred to the central quadrupole
trapping region. Therefore fewer space- charge problems exist in the coaxial trap, and
sensitivity will improve because only ions with the same mass to charge ratio will be
trapped at one time in the quadrupole region. In one ionization process, all the target
parent ions can be mass analyzed by scanning the toroidal AC frequencies to transfer

them to the central quadrupolar trapping region each at one time. This process will
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Figure 5.3. Scan function for possible tandem experiment performed in the coaxial ion trap. (2)
All the ions cleaned out of the trap, (b) ions created and trapped in both trapping regions of the
coaxial ion trap, (c) ions cleaned out from the central quadrupole trapping region, (d) parent ions
transferred from the toroidal trapping region to the quadrupole trapping region, (e) parent ions

dissociated in the central quadrupole region, (e) fragment ions mass-analyzed in the quadrupole

region.
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greatly reduce the sample consumption compared to normal tandem experiments, where
usually one kind of targeted parent ion will be selected and mass analyzed at one
ionization step. In addition, the coaxial ion trap combines two mass analyzers in one
device, which significantly decreases the size and weight of mass analyzers required to
perform tandem-in-space experiments.

Later, more than one compound will be investigated in this coaxial ion trap at one
time. The sample mixture will be ionized and all the ions can be stored in the toroidal
trapping region first. After scanning the toroidal AC frequency precursor ions with one
mass will be transferred and mass analyzed in the quadrupole trapping region. After
mass analysis of this kind of precursor ion, the same process can be applied to another
kind of precursor ion by scanning another toroidal AC frequency. As illustrated in Figure
5.3, the scan function demonstrates a complete mass analysis for one precursor ion; in the
same ionization process another precursor ion analysis can be repeated using another
toroidal transfer AC frequency. If these samples have precursor ions with different m/z,
they can be analyzed directly in the coaxial ion trap without a separation step such as GC

or LC.
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