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ABSTRACT
Miniaturization of Linear Ion Traps and Ion Motion Study in a Toroidal Ion Trap Mass Analyzer

Ailin Li
Department of Chemistry and Biochemistry, BYU
Doctor of Philosophy

I describe the miniaturization of a linear-type ion trap mass spectrometer for possible
applications in portable chemical analysis, and demonstrate the advantages of using
lithographically patterned electrode plates in realizing an ion trap with dimension ro less than 1
mm. The focus of the work was to demonstrate the viability and feasibility of the patterned
electrode approach to trap miniaturization, and also to discover potential obstacles to its use.
Planar ceramic substrates were patterned with metal electrodes using photolithography. Plates
that were originally used in a linear trap with a half-spacing (r0) of 2.19 mm were positioned
much closer together such that ro = 0.95 mm. A capacitive voltage divider provided different
radiofrequency (RF) amplitudes to each electrode, and the capacitor values were adjusted to
provide the correct electric field at this closer spacing. Electron ionization mass spectra of
toluene and dichloromethane demonstrate instrument performance with better than unit mass
resolution.  Compared with the larger plate spacing, the signal intensity is reduced,
corresponding to the reduced trapping capacity of the smaller device, but the mass resolution of
the larger device is retained. A further miniaturized linear ion trap with a half-spacing of 362 um
was designed and tested. A series of obstacles and troubleshooting on ion source, analytical
method, and electronics were present. These experiments show promise for further
miniaturization using patterned ceramic plates and provide a guide for the ion trap
miniaturization. The feasibility of a wire linear ion trap was also demonstrated. Unit mass
resolution was obtained, indicating a promise for further optimization and miniaturization of the
wire linear ion trap.

In addition to the practical experiments on the miniaturized linear ion traps, I theoretically
studied ion motion in the toroidal ion trap using SIMION simulations, which show classical
chaotic behavior of single ions. The chaotic motion is a result of the non-linear components of
the electric fields as established by the trap electrodes, and not by Coulombic interaction from
other ions. The chaotic behavior was observed specifically in the ejection direction of ions
located in non-linear resonance bands within and adjacent to the region of stable trapping. The
non-linear bands crossing through the stability regions correspond to hexapole resonance
conditions, while the chaotic ejection observed immediately adjacent to the stable trapping
region corresponds to a “fuzzy” ejection boundary. Fractal-like patterns were obtained in a
series of zoomed-in regions of the stability diagram.

Keywords: linear ion trap, miniaturization, toroidal ion trap, non-linear field, chaotic motion, ion
trajectory simulation
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1 THEORY, DEVELOPMENT AND MINIATURIZATION OF ION TRAPS

1.1 Quadrupole Ion Traps
The quadrupole ion trap is an extraordinary device that can trap, store and analyze ions
using a radiofrequency (RF) electric field. In 1956, the quadrupole ion trap was created by
Wolfgang Paul for ion storage use.> Subsequently, it functioned as a mass analyzer for mass
spectrometry, and a variety of improvements were discovered that significantly increased the ion
trap performance.® In 1984, the ion trap mass spectrometer was commercialized by Finnigan.*
Commercialized ion traps have been evolving since then, offering many advantages in size, cost,

sensitivity, precision, as well as tandem mass spectrometry capabilities.>

1.1.1 Theory of Quadrupole Ion Trap

The quadrupole ion trap can be used as both an ion storage device and as a mass
spectrometer providing considerable mass range and resolution.” For instance, as an ion storage
device, the quadrupole ion trap can confine charged particles into an electric field for a period of
time, allowing the study of ion chemistry and structure elucidation. As a mass spectrometer, the
quadrupole ion trap can be used to measure the mass-to-charge ratio of the confined ions for

compound identification.

A quadrupole ion trap consists of three electrodes — one ring electrode and two identical

end-cap electrodes (Figure 1-1 (a)). The end-cap electrodes contain an aperture on each



electrode center for ion injection and ejection. The electrodes are hyperboloidal with a radial ro
and axial zo dimension, respectively (Figure 1-1 (b)); ro is the inner radius of the ring electrode
and zo is the distance from the trapping center to one of the end-cap electrodes. Ideally, the

relationship between the radial and axial dimension should be: 1 = 2z

(1-1)

(a)

(b)

Figure 1-1: (a) Quadrupole ion trap consists of three hyperboloidal electrodes; (b) cross
section of quadrupole ion trap (Adapted from Peng, Y. Novel ion trap made using
lithographically patterned plates. 2011, BYU Dissertation)



Theoretically, an ideal quadrupole ion trap with perfect quadrupole electric field would
have infinite electrodes that ultimately meet infinite asymptotes. However, making unlimited

electrodes is impractical.

In quadrupole ion trap operation, a radiofrequency (RF) waveform and DC offset voltage
are applied on the ring electrode to create a time-varying electric field. In addition, an
alternating current (AC) waveform, or ground could be applied on the end-cap electrodes
depending on the analysis method. Consequently, ions are trapped in the trapping region due to
a pseudopotential well. In the simplest mass analysis mode, the parameters of the trap (such as
RF voltage) are scanned such that ions are sequentially ejected based on the mass-to-charge ratio
(m/z). This trapping and analysis are analogous to a bowl filled with layers of liquids of
different densities.® Upon tilting the bowl, the upper layer liquid, corresponding to the ions of
lowest mass-to-charge ratio is poured first from the bowl (Figure 1-2). Continuing with the
analogy, the bowl continues to be tilted by ramping the RF amplitude, so that the ions with
different mass-to-charge ratio are ejected out of the trap to the detector at different times. Lastly,

ion signals are recorded as a mass spectrum.

The ion motion, which is determined by the electric fields, in the quadrupole ion trap is
critical to ion storage and mass analysis. The electric field created by the applied RF amplitude
results in a set of time-dependent forces that affect the motion of ions. Ions in the quadrupole
ion trap experience a strong focusing force. The focusing force increases to restore the ions back
to the center region, when ions deviate from the trapping center. The ion motion is generally

described by the solutions to the Mathieu equation.’



(@) (b)

Figure 1-2: (a) A potential well is described by a bowl containing three layers of liquids
with different densities, which represents ions with three different m/z; (b) ions are mass
selectively ejected out of the ion trap (Adapted from March, R. E., An introduction to
quadrupole ion trap mass spectrometry. J. Mass Spectrom. 1997, 32, 351-369)

Mathieu equation is

d?u

r + (ay —2q, cos2&u =0 (1-2)

where u is a displacement, £ is a dimensionless parameter equal to Qt/2 such that Q must be a

frequency as t is time, and a. and g are additional dimensionless stability parameters.'

Essential information concerning ion behavior and trapping conditions is linked to
solutions to the Mathieu equation. Additionally, a stability diagram can be plotted showing the
limits of trajectory stability. In the equation, ax and gu are two dimensionless parameters. In the
quadrupole ion trap, ions are ejected in the axial direction (z-direction), so the a, and g. can be

expressed as a: and ¢: in the Mathieu equation:



- 8eU 4eV
= ; = 1-3
Z mrga? 4z mréQ 2 (1-3)

Where e is the electric charge, U is the DC voltage on the end-cap electrodes, m is the
mass of the ion in kg, Q is the frequency of the RF (in rad s™!), and V is the RF amplitude on the
ring electrodes (Vo-p). The parameters a- and ¢: are plotted in Figure 1-3 as a stability diagram.

Az

0.2

Figure 1-3: Stability diagram in a;, ¢; in the z-direction of 3D quadrupole ion trap.
(Adapted from March, R. E., An introduction to quadrupole ion trap mass spectrometry. J.
Mass Spectrom. 1997, 32, 351-369)

Although the ideal quadrupole ion trap contains a perfect quadrupole field, a small
portion of higher order nonlinear field components exist in any practical quadrupole ion trap for

several reasons including electrode truncation, the edge effect of any ejection apertures, and



roughness of the electrode surface.!*!?

To reduce the impact of nonlinear fields on ion trap
performance, many modifications on the electrode geometry and placement have been studied.
The first modified quadrupole ion trap was made by increasing the distance between end-cap
electrodes by 10.6%, which demonstrated a significantly improved mass resolution.'”® In this

way, the relationship between ro and zo is not ro = 2z0>. The a and ¢ solutions to the Mathieu

equation can be expressed as:

— 16eU geV
Uy = oz U = moZezat (1-4)

In mass analysis using an ion trap, the trapped ions can be ejected using two methods:
mass-selective instability mode and mass-selective resonant ejection mode. In mass-selective
instability mode, all the parameters in equation 1-4 are constant for a given ion except the RF
amplitude. When the RF amplitude increases linearly, the ion will move to the right boundary of
the stability region. Consequently, the ion will be ejected at the boundary, due to its moving out
of the stability region, with a fixed ¢- value. This mode is also called boundary ejection. Thus,
ions are ejected at different times according to their mass-to-charge ratio. However, this method
has some limitations, which are limited mass range and somewhat reduced mass resolution

compared with resonant ejection.

These conditions can be improved by another scan method: the mass-selective resonant
ejection. In the mass-selective resonant ejection, a linearly increasing RF amplitude is applied,
similar to the mass-selective instability mode. However, an additional supplementary AC
amplitude with a constant frequency is applied to the end-cap electrodes to resonantly excite the
ions. When this applied frequency is equal to the natural oscillation frequency of the trapped

ions (called the secular frequency), the ion can be ejected resonantly at any value of g. Another



way to operate the mass-selective resonant ejection mode is to use constant RF amplitude with a
swept AC frequency. Herein, the g: value of the ion is constant on the stability diagram, while
the AC ejection point moves closer to the ion until resonant excitation occurs. The mass-
selective resonant ejection mode greatly increases the mass resolution, but it still has drawbacks.
In the ramped RF with constant AC frequency scan, a low-mass-cut-off (LMCO) effect occurs
because the ions with small mass-to-charge ratio between the AC resonant point and the
boundary would never be able to reach the resonant point. Thus, these low-mass ions are cut-off

by the AC resonant line.

An additional scan mode is the reverse scan, which linearly decreases the RF amplitude
that moves the ions to the left in the stability region. The reverse scan can only be used in mass-
selective resonant ejection mode, since the boundary scan cannot trap the ions out of the
boundary at the starting high RF amplitude. In the AC excitation mode, the low-mass-cut-off
problem turns into a high-mass-cut-off problem. The reverse scan is not as commonly used as the

forward scan.

1.1.2 Ton Trap Development

To improve ion trap performance and meet specific requirements, ion traps have been
studied and developed over many decades. lon trap development has progressed, starting from
small trapping capacities, complex and difficult fabrication to large trapping capacity, simple and

easy fabrication (Figure 1-4).'
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Figure 1-4: Development of ion trap geometry (Adapted from D.T. Snyder, C.J. Pulliam, Z.
Ouyang, R.G. Cooks, Miniature and fieldable mass spectrometers: recent advances, Anal.
Chem. 2016, 88, 2-29.)

The quadrupole ion trap created by Wolfgang Paul in 1956, consists of three hyperboloid
electrodes. It was first used as an ion storage that constant RF amplitude applied on the ring
electrode. Subsequently, Todd et al.!* and March et al.!® turned a quadrupole ion trap into a
mass analyzer. The ion ejection methods used were boundary ejection and resonant ejection.!”
Ions were ejected at different times according to their mass-to-charge ratio by varying the RF or
AC waveform where a mass spectrum was obtained from the signal of ion ejection. In addition,

tandem mass analysis has been developed using collision-induced dissociation (CID) for further

fragmentation of the target ions which provides a way for compound identification.'®



Based on the 3D quadrupole ion trap (QIT), researchers developed the cylindrical ion trap
(CIT) by simplifying the electrode geometry from hyperbolic to a cylindrical shape.'™?® The ring
electrode is cylindrical and the two end-cap electrodes are flat, which are considerably easier to
machine, especially at small dimensions.?!** However, the electric fields are not as close to

quadrupolar, so the CIT has somewhat reduced performance compared with the QIT.

In the ion trap developmental process, the quadrupole mass filter plays an important role
as the origin of the linear ion trap.?>?® The quadrupole mass filter is used for ion guiding and
transmission, and consists of four rod-shaped or hyperboloidal electrodes applied with a pair of
opposite RF and DC voltages. Therefore, ions of a selected mass range will be able to pass
through the mass filter, while ions out of the mass range will be filtered. Since the quadrupole
mass filter could not trap nor store the ions, researchers modified the geometry of the mass filter
by adding axial DC trapping and created a linear ion trap (LIT).?”?®* Two end-caps were added
to two sides of the quadrupole mass filter as a linear ion trap with the purpose of trapping,
storing and analyzing mass of ions. lons are confined to the trapping region with a proper DC
voltage applied on the end-caps. Additionally, the RF amplitude was applied to four trapping
electrodes for ion trapping as well as an AC waveform for resonant excitation. Two ion ejection
slits were fabricated on opposite electrodes for axial ion ejection. In addition, Hager et al.’
described another ion ejection method for mass analysis using the linear ion trap that can eject
ions axially by controlling the voltage on the two end-cap electrodes. Compared with the
cylindrical ion trap, the linear ion trap has a long trapping dimension that allows ions to be
trapped along a line rather than a small spherical volume as in a 3D ion trap. Therefore, the LIT

significantly increases the trapping capacity, intensity, and resolution of mass analysis, and the



space-charge effects are reduced. However, the trapping electrodes are still hyperbolic which

may limit reduced-size fabrication.

Ouyang et al. developed the rectilinear ion trap (RIT)**3! by simplifying the geometry of
the linear ion trap. The hyperbolic electrodes are modified to be planar, and the two end-cap
electrodes are replaced using two planar electrodes with a sample inlet/outlet hole on each side,
so that the RIT consists of four x-, y-facing electrodes and two facing end-cap electrodes along
the z-axis. The RIT has the advantages of both simplicity of CIT and large trapping capacity of
LIT. Compared with the CIT, the trapping capacity is 40-fold greater than that of a CIT in the

same size scale.

Another trap, the toroidal ion trap was developed from the quadrupole ion trap by
rotating the QIT cross section by 360 degrees along an axis outside of the trapping region.>> The
toroidal ion trap has a larger trapping capacity than the 3D QIT, because ions are trapped in the
larger toroidal region compared to the center of the quadrupole ion trap, thus, the space charge
effect is greatly reduced in mass analysis. Since the electrode geometry of the toroidal ion trap is
curved, it provides a compact mass analyzer. A portable gas chromatography-mass spectrometer
(GC-MS) has been commercialized by Torion Technologies with good performance.®* However,
the electrode field is complicated due to the curvature in the toroidal ion trap which creates many

non-linear electric fields.
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1.2 Ion Trap Miniaturization

1.2.1 Significance of Ion Trap Miniaturization
The mass spectrometer is one of the most powerful analytical tools due to its high

3438 Although a mass

sensitivity, precision, and compatibility with chromatography.
spectrometer in the laboratory can provide high performance, such instruments are fragile, costly,
and are not portable. With the need for rapid analysis in many areas of study, miniaturized mass
spectrometers have become more desirable. Portable mass spectrometers significantly enhance
the efficiency of compound analysis when an on-site rapid analysis is required, and provide good

performance and fast results with low per-sample cost. In addition, portable mass spectrometers

are able to analyze samples in harsh environments due to their convenient and robust properties.

A good mass spectrometry system requires both portability, high specificity, and
sensitivity. Developing a miniaturized mass spectrometer with good portability and performance
is a significant undertaking. One of the most effective ways to miniaturize mass spectrometers is
to start by reducing the size of the mass analyzer. By reducing the size of the mass analyzer, a
smaller mean free path allows a higher operating pressure with a smaller pump. Smaller
dimensions of the mass analyzer allow a smaller detector and vacuum chamber, and a reduced
gas load for a lower-power pump. Since the RF trapping voltage is directly proportional to the
square of the analyzer radial dimension, a modest decrease in analyzer size results in a large
reduction in operating voltage. Thus, lower power requirements can be provided using a smaller

battery in the mass spectrometer system.

Several types of mass analyzers are used in mass spectrometers. Much of the effort to

make mass spectrometers more portable has focused on ion trap mass analyzers because they

11



have high sensitivity, throughput and resolution; they are already smaller and can operate at
higher pressure than other mass analyzers, and have the advantages of tandem capabilities and
ion-molecule reactions for in-field identification of compounds.* Many trap geometries have

unique capabilities, because electric field shape is defined and constrained by electrode shape.

1.2.2 Methods for Ion Trap Miniaturization
Although the mass analyzer is only a part of the overall mass spectrometer system,
smaller analyzers are expected to operate at higher pressures and lower voltages, resulting in

smaller, lighter vacuum and power systems.

Many approaches have been taken to miniaturize ion trap mass analyzers because the ion
trap is one of the most preferable mass analyzers to miniaturize as mentioned above. One of the
methods is to use conventional machining to make miniaturized electrodes, which is called top-

down. However, the electrode precision and surface roughness are challenges in this approach.

Significant development has been done on miniaturization using microfabrication,
including microelectromechanical systems (MEMS) techniques.**” The microfabrication
method is a bottom-up approach to make a miniaturized ion trap. In the ion trap miniaturization,
some designs simplified electrode geometries for easier machining and alignment of the smaller
electrodes, and other designs have increased trapping capacity in the mass analyzer to achieve a

larger ion storage region.

1.2.3 Obstacles to Ion Trap Miniaturization
Ion trap miniaturization is essential in the developmental progress to make portable mass

spectrometers. However, many obstacles came up with the miniaturization process. One of the
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most critical issues is making accurately shaped electric fields. Several problems could cause
this issue, including machining or microfabrication difficulty, surface roughness, and electrode
misalignment. Compared to large ion traps, any slight surface roughness, misalignment, or other
imperfections have larger effects on the higher-order trapping field in smaller ion traps. The
smaller the ion trap is, the more precise machining it will require to produce at a given level of
field accuracy. Sometimes the microfabrication of a hole or slit on a miniaturized electrode
requires micrometer or nanometer precision; otherwise the electric field would deviate from the
optimal design. The electrode roughness is also related to the machining process. To solve this
problem, high quality microfabrication is necessary. Although the machining problem may only
make a tiny difference, the ion trap performance will be greatly impacted due to a slight change

of the electric field.

In addition to the microfabrication problem, electrode alignment is also an important
issue in terms of accuracy. Consider, for example, a linear ion trap (Figure 1-5 (a)(b)). lons are
trapped along the trapping region of the linear ion trap and will be ejected at different times due
to their mass-to-charge ratio. If a misalignment is present between the ejection electrodes or
ejection slits, the ions with different mass-to-charge ratio might be ejected at the same time, thus
lowering the mass resolution. Other types of misalignment will also cause similar problems that

can greatly reduce mass resolution and ion trap performance.
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Figure 1-5: (a) Cross-section of linear ion trap with radial dimension ro; (b) relationship
between electrode misalignment and mass resolution. (Figure courtesy of D. Austin)

Other obstacles in ion trap miniaturization include getting sufficient numbers of ions into
and out of the trap. With the reduction of trap size, the ion count in the ion trap is reduced, due
to space-charge limits. The Coulombic interaction between ions cause a distortion of the local
electric field that impacts mass resolution and accuracy. Further, since the ion trap is
miniaturized, the trapping region may not be big enough to trap externally generated ions with
relatively high efficiency. In addition, the ionization efficiency may also be greatly decreased

due to the reduced ion access or ionizing radiation.
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1.2.4 Microfabrication Approaches to Ion Trap Miniaturization

To overcome the obstacles of ion trap miniaturization, microfabrication is commonly
used to effectively maintain accurate-shaped electric fields, which in turn provides precisely
fabricated electrodes.* High precision in electrode shape is achieved by using lithographically
patterned electrodes on planar surfaces with a very precise 2-dimensional fabrication yield. Our
group has demonstrated the practicality of this patterned-electrode approach with a planar Paul

5233 coaxial ion trap,>* and a linear-type ion trap.>> Each of these traps

trap,*! toroidal ion trap,
is made using two ceramic substrates, with the trapping fields formed in the space between the
substrates. Electrodes are patterned onto each substrate surface providing electric fields for
trapping and analyzing ions. Higher-order terms in the trapping fields can be readily modified

by changing the RF amplitudes applied to one or more of the patterned electrodes. This

fabrication approach provides great advantages when seeking to miniaturize the ion trap.

Accurate fabrication with micron level precision is possible using standard
photolithography techniques. This process (Figure 1-6) seems to be less prone to surface
roughness issues seen when machining miniaturized electrodes.!? In addition, planar ion traps
only require the fabrication and alignment of two flat surfaces. There are fewer electrode “pieces”
than those required by other traps, hence the alignment of the electrodes is simplified and allows

for much higher alignment accuracy.
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Figure 1-6: Cross-section view of the fabrication steps for planar electrode surfaces. (a)
bare aluminum oxide substrate, (b) ejection slit, alignment holes, and metal-filled vias
made by Hybrid-Tek (Clarksburg, NJ), (¢) aluminum deposited on both sides of substrate,
photoresist spun on top side and painted on bottom side, (d) top side patterned by
photolithography and aluminum etching, (¢) photoresist spun on bottom side, photoresist
painted on already-patterned side, and bottom side is patterned and etched, (f) germanium
layer deposited over top of trapping side of substrate. (Adapted from Hansen B.J.; Niemi,
R.J.; Hawkins, A.R.; Lammert, S.A.; Austin, D.E. A lithographically patterned discrete
planar electrode linear ion trap mass spectrometer. J. Microelectromech. Syst. 2013, 22,
876.)

Lithographically patterned substrates are a viable pathway to fabricate highly
miniaturized ion traps for mass spectrometry. Experiments have demonstrated the possibility of
significant reduction of an ion trap volume without physical modification of the electrodes and

show a promising option for further miniaturization using assemblies of patterned ceramic plates.

1.2.5 Miniaturized Ion Traps
Many miniaturized ion traps are derived from the large-scale ion traps to fulfill the goal
for portable mass spectrometry. A miniaturized cylindrical ion trap array was developed to

increase the trapping capacity of CIT, (Figure 1-7).%%2 A 0.25 cm? array was designed
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consisting of 10° 1-um size CITs, which improved the trapping capacity limitation of CIT.
However, some other problems were raised from the application and fabrication. In a normal
sized CIT, the electron beam from the ion source is directed straight into the trapping area
through the cap-electrode. The CITs in the array connect to each other in a distributed area and
the electron beam may not reach every CIT for ionization, which causes ineffective ionization.

The array also suffered from a large electrical capacitance.

Figure 1-7: Miniaturized cylindrical ion trap array. (Adapted from Austin, D.E.; Cruz, D.;
Blain, M.G. Simulations of ion trapping in a micrometer-sized cylindrical ion trap. Int. J.
Mass Spec. 2006, 3, 430-441.)

Two types of miniaturized RIT were published as RIT arrays to further increase trapping
capacity. Fico et al. described a RIT array consisting of a round arrangement fabricated using
stereolithography apparatus (SLA) method (Figure 1-8 (a)).%> The RIT array consists of eight

miniaturized RITs positioned as a circle. The ejection slit of each RIT faced to the center of the
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circle, and detector received the ejected ions at the center. This device is feasible for both the
separate ion source for each trap and single ion source for the entire array, which greatly
increased the throughput. Li et al. reported another type of RIT array made using a printed

circuit board (PCB) (Figure 1-8 (b)).%*

(b)

Figure 1-8: (a) Rectilinear ion trap array using stereolithography apparatus (SLA)
method®*; (b) rectilinear ion trap array made using printed circuit boards. %4

The cylindrical toroidal ion trap (CTIT) was developed using simplified electrodes from

the toroidal ion trap, which provides higher ejection efficiency and allows an easier fabrication
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process (Figure 1-9).° Two main modifications were made in the CTIT. One is the
hyperboloidal-shape electrodes were simplified to cylindrical, which reduced the difficulty of
fabrication. The other modification was to change the ion ejection direction. In the original
toroidal ion trap, ions are ejected out from the two circular end-cap electrodes at both up and
down directions; this limits the ion detection with a detector at only one side. In addition, the
curvature caused by the curved ring electrode deviated the trapping center, while the slit position
was fabricated at the theoretical trapping center, so that the ion ejection trajectory did not exactly
point to the slit. Therefore, the CTIT was designed with a switched ring and end-cap electrodes.
The end-cap electrodes are applied with RF waveform for ion trapping without adding a slit, and
the outer ring-electrode acts as an excitation end-cap electrode applied with AC waveform for
resonant excitation of the ion to the detector at the center. There is a slit at the inner ring-
electrode as a ground shielding for the detector. In this way, all the ions are ejected to the
detector from different directions and the trapping center deviation does not affect the alignment

between the slit and the ejection trajectory.

Cylindrical ion trap Simplified toroidal ion trap

Rotate 90 q q
—
Adjust electrode overlap IF
. to account for toroidal ‘ | |

curvature I
—

—
L

- —— -
- - -

Move axis

Figure 1-9: Simplified cylindrical toroidal ion trap originated from cylindrical ion trap
with toroidal geometry.*?
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There are four types of planar ion traps fabricated using photolithography methods
(Figure 1-10 (a)-(d)).>*>>>*¢ For the planar Paul trap, a central hole on each plate is used for ion
ejection, and several electrode rings on the plate are lithographically arranged in a concentric
pattern, each at an increasing distance from the central hole. The electric fields between the two
plates are established by applying different radiofrequency potentials to each electrode ring. A
printed circuit board (PCB) connected to the power supply contacts each plate and provides RF
waveforms for the trap. The potential on each ring electrode can be independently optimized
through varying the capacitors on the PCBs to provide an optimal trapping field. An electric
field is generated between the two plates for mass analysis and ion ejection, which occurs
through the center hole. Compared to the 3D quadrupole ion trap, the planar Paul trap has
simpler geometry and high fabrication precision. However, the ion capacity should be further

increased with future generation traps.

Figure 1-10: (a) Planar Paul trap; (b) planar toroidal ion trap; (c) coaxial ion trap; (d)
planar linear ion trap.54568
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For the planar toroidal ion traps, the trapping capacity is enlarged to greater than that of
the planar Paul trap due to its round-shaped electric field. lons are trapped within the electric
field, and then ejected to the center to be detected. The planar toroidal geometry provides a large
trapping volume, which increases the trapping capacity and reduces the space charge effects.

However, the electric field is still curved, so the curvature may affect the ion trap performance.

For the coaxial ion trap, both toroidal and quadrupolar trapping regions are created
simultaneously. lons are initially trapped in the toroidal region and mass-selectively ejected to
the quadrupole region using an applied ac signal in the radial direction. In the quadrupole region,
ions can either be fragmented by using CID for tandem mass analysis, or directly ejected from
the quadrupolar region to a detector. Multiple transfer steps and mass analysis scans are possible

on a single population of ions with good mass resolving power and sensitivity.

The planar-electrode linear ion trap (LIT) developed in this project was fabricated using
photolithography techniques for easier and precise machining. Unlike the above types of planar
ion traps, the LIT has a higher aspect ratio for an increased ion capacity due to its long trapping
dimension. The electrode shape on the plate of the LIT is straight instead of toroidal. Compared
to the other non-planar ion traps, the linear ion trap has several advantages, such as simplified

geometry, simpler electric field, easier machining, and larger ion trapping capacity.

1.3 Conclusion
As one of the most widely used mass analyzers, ion traps play an important role in mass
spectrometry miniaturization for portable use, which provides a convenient way to accomplish
rapid on-site analysis. In addition, the tandem-in-time capability of an ion trap gives an effective

way to precisely identify the compounds within a limited instrument space. Moreover,
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combining with chromatography makes GC-MS a powerful analytical instrument to quantify and

identify compounds more efficiently.

The mass analyzer is the center of the mass spectrometry system, similar to the central
processing unit (CPU) of a computer. By reducing the size of the mass analyzer, the power
system, vacuum system, and other parts of the mass spectrometer can be miniaturized as well.
However, performance may be impacted by size reduction, just as laptop performance is usually
not higher than that of a computer of the same configuration. However, just as developing a
light-weight and highly efficient laptop is the trend of the market, there is a demand for portable
mass spectrometry. In the exploration of ion traps, many different types of ion traps were
created with modified geometry. The modification is driven by the same goal to make mass

spectrometers simpler, smaller, and with maintained or even improved performance.

Miniaturizing ion traps is urgent in the current analytical environment because of the
ability to analyze material in the native environment that cannot be analyzed otherwise. Much
effort has been made on ion trap miniaturization including conventional fabrication and
microfabrication (MEMS). Most ion traps are fabricated using these two methods. For instance,
the planar ion traps referred to herein were microfabricated in a novel geometry with ceramic

material.

The planar ion trap is a promising candidate for miniaturization. It has overcome several
difficulties in the miniaturization process, such as high mechanical tolerance, excellent surface
smoothness and easy fabrication process. In addition, the trapping capacity of planar toroidal ion

trap and planar linear ion trap has been enhanced significantly.
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1.4 Dissertation Overview

In this dissertation, Chapter 2 focuses on experiments of miniaturized linear ion traps,
including two ion traps —planar linear ion trap and wire linear ion trap. It describes the
fabrication and assembly of the planar linear ion trap, germanium coating study on the trapping
side of the plate, further miniaturization to 43% smaller than the original planar linear ion trap,
sub-mm linear ion trap design, digital waveform ion trap and ion source design, respectively.
Some of the sections related to planar linear ion traps are adapted from “Miniaturization of a
planar-electrode linear ion trap mass spectrometer” (Li, A.; Hansen, B.J.; Powell, A.T.; Hawkins,
A.R.; Austin, D.E., Rapid Commun. Mass Spectrom. 2014, 28, 1338-1344). In addition, the
feasibility of a wire linear ion trap is also demonstrated by preliminary experiment, which
contributed to the paper of “Miniaturized linear wire ion trap mass analyzer” (Wu, Q., Li, A.,
Tian, Y., Zare, R.N., Austin, D.E., Anal. Chem. 2016, 88, 7800-7806). A miniaturized planar
linear ion trap with plate spacing of 4.38 mm is demonstrated with mass resolution 190 (m/Am
FWHM). Also, a 43% scale of further miniaturized ion trap with plate spacing of 1.90 mm is
demonstrated with mass resolution 130 (m/Am FWHM). A sub-mm planar linear ion trap with
724 um plate spacing is designed with a digital waveform method. The ion source is also
redesigned to improve the ionization efficiency in the sub-mm ion trap. In addition, a wire linear

ion trap and the demonstration experiment are described.

Chapter 3 presents simulations of ion motion in the aforementioned cylindrical toroidal
ion trap using SIMION 8.1. Much of this chapter is adapted from “Chaotic motion of single ions
in a toroidal ion trap mass analyzer” (Li, A., Higgs, J.M., Austin, D.E, J. Am. Soc. Mass.
Spectrom. 2017, in press). Theoretically, ion motion in a perfect quadrupole electric field is not

chaotic. Simulations demonstrate that ions exhibit classical chaotic motion in the cylindrical
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toroial ion trap due to the influence of higher order non-linear terms in the electric field. The
chaotic motion is observed in the stability diagram. Figures with zoomed-in step voltage of the
stability diagram show fractal (self-similar) behavior, which is a characteristic of chaos. In
addition, the boundaries of the stability region in the diagram are diffuse. This phenomenon also
demonstrates the chaotic behavior of ion motion. The ion starting condition is also studied to
determine if the ion motion is sensitive to the ion initial conditions, which is applicable to all
chaotic behavior. Ion motion in the experiment is studied as single ion trajectory, which

excludes the Coulombic interaction and other influences between ions.

Chapter 4 describes the practical experiment of a miniaturized cylindrical toroidal ion
trap, which is 1/3 size scale of the trap studied in chapter 3. This experiment is to demonstrate
the feasibility of the miniaturized device with acceptable ion trap performance. The mass-
selective instability scan mode is used for ion ejection. However, black canyons are found in the

electric field that cause irregular non-linear ejections in the experiment.

Finally, the summary for the whole work during my PhD studies and future work are

presented in Chapter 5.
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2  MINIATURIZED PLANAR LINEAR ION TRAP MASS ANALYZER*

2.1 Introduction
Numerous applications now employ mass spectrometers based on radiofrequency (RF)

! analytical chemistry,? forensics,>* and

quadrupole ion traps, including fields such as biology,
space exploration.” There is considerable interest in many of these fields in making mass
spectrometers portable. Much of the effort to make mass spectrometers more portable has
focused on ion traps because they are already smaller and operate at higher pressure than other
mass analyzers, and because of the advantages of tandem analysis for in-field identification of

compounds.® A conventional ion trap is formed with facing hyperbolic electrodes in an

arrangement that is symmetric both axially and radially.

Many approaches have been taken to miniaturize both ion trap mass analyzers and
quadrupole mass filters. There has been significant development of miniaturized mass filters
constructed with microelectromechanical system (MEMS) techniques.””'* MEMS has also been
used to create linear ion traps for applications in quantum computing, although these devices do
not operate as mass spectrometers.'>!¢ Other approaches to miniaturization have used simplified

electrode geometries for easier machining and alignment of the smaller electrodes. Such

* Section 2.1, 2.2 of this chapter came from a published paper “Li, A.; Hansen, B.J.; Powell, A.T.; Hawkins, A.R.;
Austin, D.E., Miniaturization of a Planar-Electrode Linear Ion Trap Mass Spectrometer. Rapid Commun. Mass
Spectrom. 2014, 28, 1338-1344.”, in which I performed the experiments and obtained the results of 1.90 mm spacing
LIT, except for the calculation of multipole coefficients.
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approaches include the use of cylindrical ion traps, cylindrical ion trap arrays, rectilinear

2829 rectilinear ion trap arrays using stereolithography,®® and linear ion traps using

ion traps,
electrodes printed on the circuit board and metal-coated ceramic substrates.>!* Although the
mass analyzer is only a part of the whole mass spectrometer system, smaller analyzers are
expected to operate at higher pressures and lower voltages, resulting in smaller, lighter vacuum

and lower power systems.>334

An important issue in the miniaturization of ion traps is maintaining accurately shaped
electric fields, which in turn requires high-precision fabrication of electrodes.> This is a
particular issue in trap arrays (where every trap must be identical) or in higher-capacity traps,

such as linear>%>’

or toroidal®® traps that have an extended trapping dimension. Lithographically
patterned electrodes on planar surfaces allow very precise two-dimensional fabrication processes
that yield high precision in the electrode shape and alignment. Our group has demonstrated this

3941 3 toroidal or ‘halo’ trap,**** a hybrid

patterned-electrode approach with a planar Paul trap,
Paul and toroidal trap, known as the coaxial trap,* and a linear-type ion trap.** Each of these
traps is made using two patterned substrates, with the trapping fields formed in the space
between the substrates. Electrodes patterned onto the facing surfaces of each substrate provide
the electric fields for trapping and analyzing ions. Higher-order terms in the trapping fields can
readily be modified by changing the RF amplitudes applied to one or more of the patterned
electrodes. This approach provides great advantages when seeking to miniaturize the ion trap.
Accurate fabrication on the micron and sub-micron level is possible using standard
photolithography techniques. This process is also less prone to the surface roughness issues seen

when machining miniaturized electrodes.*® Furthermore, planar ion traps only require the

fabrication and alignment of two flat surfaces. This is fewer electrode ‘pieces’ than those
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required by other traps, thereby simplifying the alignment of the electrodes and allowing for

much higher alignment accuracy.

Our group previously postulated that miniaturization of ion traps made using two
patterned plates can readily be accomplished simply by moving the plates closer together.*
With conventional electrodes, whether hyperbolic (as in the quadrupole ion trap) or flat (as in the
cylindrical or rectilinear ion traps), changing the electrode spacing even a small amount results in
significant distortions in the trapping field, which can compromise mass resolution. In contrast,
consider two surfaces, each with quadratic potential distributions. The resulting potential
between the surfaces will be quadratic. If the spacing between those surfaces is changed, the
quadratic potential remains. This is illustrated in Figure 2-1. For the lithographically patterned
plates discussed above, the surface potential is not exactly quadratic, but deviations from this

ideal can be compensated for by optimizing the RF amplitudes applied to the electrode elements.

(a)

(b)
Figure 2-1: (a) Quadratic potential between two surfaces that has quadratically-varying

potential; (b) The same plates moved closer together still produce a quadrupolar potential
distribution between the plates.
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Our group has demonstrated a planar linear ion trap (LIT) with a plate spacing of 4.38
mm.* The characteristic trapping dimension, which identifies the scale of ion motion within the
trap, is half this value, or 2.19 mm. The germanium thickness coated on the inner side of the
ceramic plate was studied. In the further miniaturization, the plate spacing was decreased to 43%
of its original value without remaking the ceramic plates, resulting in a significantly smaller
trapping region. The main benefit of the LIT over the Paul trap is in the increased ion storage

4348 The increased

capacity?’ but with simpler trapping fields than those of the toroidal trap.
storage capacity of the planar LIT makes it an ideal candidate for initial exploration of the

viability of planar ion traps as miniaturized mass analyzers.

2.2 Miniaturized Linear Ion Trap

2.2.1 Fabrication and Assembly of Planar Linear Ion Trap

The planar linear ion trap is comprised of two ceramic plates facing each other in a
sandwich configuration, as shown in Figure 2-2. Each plate has lithographically patterned sets of
aluminum electrodes, a laser-drilled slit for ion ejection, and other necessary electrical
connections and mounting holes. A printed circuit board (PCB) attached the electrodes on the
ceramic plate via pogo-pins. Quadrupolar potentials are created in the space between the plates
as appropriate RF amplitudes are applied to each electrode via the capacitive voltage divider on
the PCB. Higher-order terms in the trapping potential can be adjusted by careful selection of

these RF amplitudes.*** Electrodes at the ends (end bars) provide axial confinement of ions.
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Figure 2-2: Schematic view of the electrode and hole layout of the planar electrode linear
ion trap. Modified from Hansen et al.*

Several holes cut by laser in the substrate were used for alignment and mounting.
Precision sapphire balls of 5.0 mm diameter (Swiss Jewel Co., Philadelphia, PA, USA) were
placed in the holes for accurate alignment and precise spacing between the plates. Other holes,
125-um diameter, were completely filled in with a gold-tungsten alloy to create vias, which are
the electrical connections between the front and back sides of the plate. A slit with 500-um
width was cut in the middle of the plate for ion ejection. All the electrodes were patterned from

I-um thick aluminum films thermally evaporated onto the substrate.

On the trapping side of the plates one electrode, 1-mm wide, was patterned to cover the

entire ion ejection slit and overlap 250 microns onto the ceramic near the slit. Eight additional
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electrodes — four on each side of the ejection slit — were patterned with a width of 25 um each.
The outermost electrodes were several millimeters wide. A thin layer of germanium was coated
on the trapping side of the substrates after patterning the electrodes. The two end-bar electrodes
were set at a voltage of 30 V. This choice of the bar electrode shape on the ends was made to try

to emulate the axial trapping used in the rectilinear ion trap.?’

The RF amplitudes applied to each electrode were produced using a capacitive voltage
divider on a printed circuit board (PCB). A self-tuning RF power supply manufactured by
Ardara Technologies (Ardara, PA, USA) provided the input RF to the voltage divider. A
custom-made electronics box was used to provide the DC voltages for axial ion confinement, the
detector voltage supply, electron gun control, and electron gate control. lons were detected using
an electron multiplier produced by DeTech (Palmer, MA, USA), located behind the slit of one of
the plates. An electron gun from Torion Technologies (American Fork, UT, USA) was
positioned so that 60 eV electrons passed through the length of the trapping region for ionization.

The PCB and plate assembly, and photographs of the plates themselves, are shown in Figure 2-3.
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(a)

Patterned lines with germanium layer

(b) Back side for electrical connections

Figure 2-3: (a) Ceramic plate/PCB assembly used in ion trap mass analysis experiments; (b)
Both sides of the patterned ceramic substrates, modified from Hansen et al.*°

2.2.2 Germanium Coating Study
In the microfabrication process, a thin layer of germanium was coated on the facing
surfaces of the plates using physical vapor deposition. This layer was intended to eliminate

charge build-up and establish uniform potentials between electrodes. We found that the
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germanium layer thickness might affect the ion trap performance in the experiment of the linear

ion trap with larger spacing of ro=2.19 mm.

Mass analysis was performed using resonant ejection, which shows better-than-unit mass
resolution. Toluene sample was ionized using an electron ionization (EI) source and analyzed by
the ro= 2.19 mm LIT. Different thicknesses of the germanium layer coated on the top of the
electrode pattern were studied, which were 100 nm, 200 nm, 400 nm and 800 nm. The
resolution increases between 100-nm to 400-nm thicknesses, and decreases at 800 nm
thicknesses (Figure 2-4(a)-(d)). The mass resolution of m/z 91 reaches 190 (m/Am FWHM).
The reason that the resolution increases with the increasing thickness of Ge might be the
dissipation of charge along the semi-conductive surfaces. However, if the Ge layer is too thick,
the electric field is distorted due to the low-resistance in the circuit. Although the four mass
spectra were obtained at identical parameter settings, the results might not be completely
conclusive. Since the LIT was disassembled and reassembled using different plates each time,

other differences such as plate alignment and pressure variations may also affect the resolution.

The mass scan method used in the planar LIT was a linear ramp of the RF amplitude with a
constant additional AC signal. For the ion trap with larger spacing, the RF trapping voltage was
212 Vopat a frequency of 2.4 MHz. The ionization time was 30 ms, and the cooling time was
144 ms. The RF voltage was ramped from 212 Vo to 1088 Vopover a time period of 200 ms.
The AC signal was constant at a frequency of 560 kHz and had a magnitude of 1.1 Vop. The
uncorrected pressure of sample gasses in the vacuum chamber was 6.0 x 10 Torr measured with
an ion gauge, and the uncorrected pressure of background helium buffer gas was 4.0 x 10~ Torr

measured with a Pirani gauge. The compound studied was toluene.
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Figure 2-4: The mass spectra were obtained using LIT plates coated with different
germanium thickness (a) 100 nm thickness; (b) 200 nm thickness; (¢) 400 nm thickness; (d)
800 nm thickness; (e) EI mass spectrum of toluene from NIST database

40



2.2.3 Further Miniaturization

The linear ion trap was further miniaturized without remaking the plates. Only the
capacitive voltage dividers on the PCBs were modified to create a suitable electric field for the
miniaturized trap. The plate spacing of the trap (ro = 0.95 mm) has been decreased to 43% of its
original value (ro = 2.19 mm), resulting in a significantly smaller trapping region but maintained
good resolution. It provided the first experimental data of any LIT with trapping dimensions, ro,
less than 1 mm. The main benefit of the linear ion trap over the conventional Paul trap is the
increased ion storage capacity,*’ and with simpler trapping fields than those of the toroidal
trap.**® The increased storage capacity of the planar linear ion trap makes it an ideal candidate

for initial exploration of the viability of planar ion traps as miniaturized mass analyzers.

The electric potential in the space between the plates was calculated using SIMION 8.0
(Scientific Instrument Services, Ringoes, NJ, USA) and Matlab (Mathworks, Natick, MA, USA)
using a previously published procedure.*! The electrode patterns were made to be symmetric
about the central ejection slit as shown in Figure 2-2. The pattern in the planar electrode LIT
was a series of symmetric lines, numbered from line pairs closest to the slit going outward. The
line pair closest to the slit is assigned as Line 1 (one on each side of the central, or slit electrode),

and the line pair furthest from the slit is assigned as Line 5.

The mass-selective instability scan used in the planar electrode LIT employed a linear
ramp of the RF amplitude with a constant additional AC signal. The RF trapping voltage was
230 Voyp at a frequency of 2.82 MHz. This RF frequency was chosen based on available power
supplies and is higher than that used with the larger plate spacing reported previously. As
discussed by Tian et al.* and Pau et al.,?* higher RF frequencies are generally needed for smaller

trapping dimensions due to the fundamental relationship between RF voltage, frequency, and
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size of ion traps. The ionization time was 30 ms, and the cooling time was 40 ms. The RF
voltage was ramped from 230 Vop to 610 Vo over a period of 200 ms. The AC signal was
constant at a frequency of 1350 kHz and had a magnitude of 7.4 Vop. The ionization time, AC
frequency, and AC magnitude were optimized experimentally to obtain the highest quality
spectra. The signals from 100 scans were averaged to produce a single spectrum. The
uncorrected pressure of sample gasses in the vacuum chamber was 1.0 x 10 Torr measured
with an ion gauge, and the uncorrected pressure of background helium buffer gas was 2.8 x 1073
Torr measured with a Pirani gauge. The timing of the control signals is shown in Figure 2-5. The

headspace vapors were sampled using the same inlet and procedure described previously.*’

610V
RF amplitude, .
230V

Elactron gun
gate

Resonant ejecton
1350 kMHz)

l—r—l \ T J
ionization I Mass scan Lrj

lon coaling / lon
trapping dump

Figure 2-5: Control signals for the planar electrode linear ion trap experiment

Several electron ionization mass spectra of toluene were obtained using a linear ramp of

RF amplitude and resonance ejection. The characteristics of the spectra showed some
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dependence on the alignment of the two plates. As the plate assembly was disassembled and
reassembled, the spectra showed variation, even under otherwise similar conditions. Figure 2.6
shows four such spectra. These four spectra were obtained under identical experimental
conditions, but the ion trap was disassembled and reassembled between each. Schwartz et al.*’
demonstrated that LITs are particularly sensitive to the alignment of the electrodes, and the
present observation appears to be a manifestation of that effect. Although the alignment of plates
was verified using calipers after each assembly, small differences in alignment appear to be

responsible for noticeable differences in spectra. Improved techniques to align the plates are the

subject of ongoing research.

The molecular ion at m/z 92 and the fragment ion at m/z 91 appear in all spectra.
Fragment ions at m/z 65, 63, and 39, which correspond to the cyclopentadienyl ion, its Hz loss,
and its ethyne loss, respectively, are observed in one spectrum, but are not observable in the
others. The small features around m/z 50 could be due to a very small number of ions at m/z 50
and 51, which are known fragment ions of toluene; however, these peaks are below the detection
limit. In the top spectrum, the signal intensity is greater, but the peaks are wider, possibly due to
small differences in plate alignment, or to space charging. The different intensity might also be
related to the different pattern of observed fragment ions. For the remaining spectra, the mass
resolution (m/Am FWHM) was measured to be 120-130 in the mass range of m/z 91 to 93,
comparable with the resolution obtained using larger plate spacing.** However, the mass
accuracy of the m/z 91 and 92 peaks was off by approximately one mass unit with a significant
delay in the ejection of m/z 92. These shifted peaks might also be the result of space charging or
non-linear fields.>® Increasing the ionization time did not result in increased peak intensity;

however, the peak intensity decreased when ionization times shorter than 30 ms were used.
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These observations suggest that the trap was operating near a space-charge limit, but direct

measurements of the number of trapped ions were not made.
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Figure 2-6: Four EI mass spectra of toluene using the planar electrode LIT with ro = 0.95

mm. The spectra were obtained under identical conditions, but the trap was disassembled

and reassembled between each. Differences in the spectra may be due to small changes in
plate alignment.
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Figure 2.7 shows a spectrum of dichloromethane taken using the planar electrode LIT.
This spectrum is an average of 200 individual scans. A different amplifier — with a significantly
slower response time — was used in the results presented in Figure 2.7 from that used above, due
to a failure in the original amplifier. Ions at m/z 49, 51, 84, 86, and 88 are observed,
corresponding to the chlorine isotope peaks of the molecular ion and the Cl-loss fragment ion.
The isotope ratios correspond with those expected. Several smaller peaks may be due to
contamination. Similar to the toluene results, unit mass resolution or better is observed for all
peaks, but the mass accuracy is off by as much as £0.5 m/z units. As with toluene, the mass

error in dichloromethane peaks was observed to be repeatable between scans.
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Figure 2-7: (a) EI mass spectrum of dichloromethane using the planar LIT with ro = 0.95
mm; (b) EI mass spectrum of dichloromethane from NIST database
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The resolution of the LIT with plate spacing of ro = 0.95 mm is comparable to that of the
LIT with ro = 2.19 mm plate spacing. Even though the 0.95 mm trap is smaller, the resolution
was not greatly sacrificed by the reduced trapping volume. Several parameters affect the
resolution, including RF frequency and amplitude, AC frequency and amplitude, end-bar voltage,
electron gate voltage, DC off-set voltage, detector voltage, ionization time, cooling time, ramp
time, sample pressure, helium pressure and scan averaging number. All of the parameters should

be varied and optimized to generate signals and spectra with good resolution.

We have obtained the first experimental data from a linear ion trap with a half-spacing (ro)
of 0.95 mm by positioning two plates closer together from previous 2.19 mm without remaking
the plates, which demonstrated the retained resolution as the larger LIT. The capacitive voltage
dividers on PCB provided different RF amplitudes to each electrode and the capacitor values
were adjusted to provide the correct electric field at this closer spacing. The length of the

trapping region, 45 mm, is unchanged from the old device.

2.2.4 Calculating and Optimizing Electric Fields

In this work, the full RF amplitude was applied to Lines 2, 4, and 5, while 65% of this RF
amplitude was applied to Line 3, and 16.1% of the RF magnitude was applied to Line 1. This
potential distribution yields a field with the same monopole value as that in our previously
published work.*> These RF amplitudes were established by soldering small, surface-mount
capacitors onto two PCBs, one behind each ceramic plate. Other than the values of the
capacitors used, the PCBs were identical to those used with the larger plate spacing. The total
capacitance of each plate was 25 pF. This value was chosen arbitrarily for convenience, and the

values of individual capacitors were normalized to achieve this total capacitance. For a portable
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instrument it would be desirable to minimize the capacitance of this device, and this will be

pursued in future work.

As mentioned above, initial exploration of the planar electrode LIT was presented in
previous work.*> The plates were designed for a larger spacing — the slit width, electrode width,
and electrode spacing were all selected to produce best results for an ion trap more than twice the
size of the present device. It is not suggested that these same plates can be moved closer
together indefinitely without any redesign, but rather that lithographically patterned plates in

general are a viable option for miniaturization.

Table 2-1 shows the coefficients (not normalized) of the equations for the lowest
multipole terms for each patterned line pair when the plates are spaced with ro value of 0.95 mm.
For comparison, Table 2-2 shows the coefficients with the originally designed spacing with an ro
value of 2.19 mm. The electrode encompassing the ejection slit was kept at zero potential during
trapping and ejection. Note that the values of the higher-order fields on each line are
significantly different between the two spacings. Because the size of the ejection slit and the
plates did not change as the plates were moved closer together, the effects of the slit and plate
edges were different between the two plate spacings. The optimized RF amplitudes applied to
each electrode compensate for these slit and edge effects, which is why the RF amplitudes on
each electrode are very different between the two spacings. A comprehensive treatment of this

approach, and the effects of varying the trapping field by changing the RF amplitudes of

1.51 1_41

individual electrodes, is given in the publications of Zhang et al.”’ and Austin et a
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Table 2-1:
Multipole coefficients for each patterned electrode line with plate spacing ro = 0.95 mm

Line Ao Ag A4 Ag Ag A[{)

1 2224406  -114.182 128.112 -33.9923  228.3132 -781.927
2 139.3137  -149.506 -0.81321 8.377479 109.994 -446.437
3 75.08995  -90.7605 18.46099 -7.713 71.96953 -279.807
4 12.86505 -15.9104  3.936706 -2.38406 15.78186 -59.7109
5 1.007278  -1.24664 0.30418 -0.11435  0.785304 -3.05944

Table 2-2:
Multipole coefficients for each patterned electrode line with plate spacing ro = 2.19 mm

Line Aoy A> As As As Ao

1 168.4429 18.4 -2.525 2.06 -5.0509 4.389
2 185.4522 -7.0538 -6.2327 0.8457 -2.3571 2.1646
3 209.479  -34.6738 -3.8072 1.3366 -1.7502 1.62
4 108.4486  -25.6412 0.3638 0.567 -0.7763 0.7001
5 48.3397  -12.2671 0.4456 0.2134 -0.3428 0.3803

Tables 2-1 and 2-2 illustrate some specific effects that occur when the plates are more
closely spaced. First, the monopole, or Ao term, is generally much smaller as the plates are
spaced closer together. This is because the central grounded electrode covering the slit occupies
a larger solid angle as seen from the trapping center, and therefore becomes more dominant on
the trapping field as the plates are moved together. To compensate for this effect, higher voltage

must be applied to the outer electrodes.

In compensating for the loss in effective voltage in the trap, there is a loss of range in the
tuning of the higher order multipoles. While the octopole (A4/A2) and the dodecapole (Ac/Az2)
terms are comparable with the original 4.38 mm spacing, the even higher order terms are orders
of magnitude different. This might explain the large voltage needed to accomplish resonant
ejection compared with the voltage used in the larger trap. This problem can be addressed by

using a narrower ejection slit and with a redesign of the electrode layout to be more appropriate
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for the miniaturized spacing. It should be noted that the pattern used on these plates is far from
optimal for this plate spacing, but nevertheless can produce reasonable results. This effect is in
contrast to ion traps made using machined electrodes, where such a large displacement from the

optimal trapping geometry would severely degrade performance.

2.3 Sub-mm Linear Ion Trap

2.3.1 Instrumentation

We have demonstrated the linear ion trap with ro = 2.19 mm and 0.95 mm plate spacing
using toluene and dichloromethane, and obtained acceptable mass resolution. With the size
reduction, the ion trap performance was still maintained. Since this project aims at developing
the miniaturized linear ion trap, the size limit would be one of the important issues. The size
reduction process should move forward in small steps to gradually solve unexpected problems.

Therefore, the next step is to further miniaturize the linear ion trap.

A linear ion trap with characteristic trapping dimension of ro= 362 um was created to test
the possibilities of miniaturization using the two-plate approach. By reducing the size of LIT to
sub-mm scale, the power consumption will be greatly reduced using lower voltages, and smaller
and less electrodes allow less capacitance, which would be an efficient way to ion trap

miniaturization.

The plate of the large linear ion trap (ro = 2.19 mm and 0.95 mm) demonstrated above
consists of 8 RF electrodes and capacitive voltage dividers to apply RF amplitudes. The
capacitor values were adjusted to provide the optimum electric field. However, if the capacitor

value is too high, the instrument then requires high operating power, which may exceed the limit
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of available power for portable applications. In addition, since the plate spacing is inversely
proportional to the RF frequency in Mathieu equation, a high frequency RF power supply would
be necessary for a small ion trap. It is difficult to manufacture such an RF power supply with
both high voltage and frequency. Therefore, reducing the capacitance is important to reduce the

power requirement of the further miniaturized mass spectrometers.

To overcome the capacitance problem in the sub-mm linear ion trap system, the electrode
configuration was redesigned such that five electrodes were patterned on each ceramic plate
(Figure 2-8). The plate spacing was reduced to 724 pum (ro= 362 um), and the plate size was 2
cm x 4 cm. Compared with the large plate with ten RF electrodes, the small plate only consists
of two RF electrodes applied with the same RF amplitude. Thus, no capacitive voltage divider is
required in this ion trap, which efficiently reduced the capacitance and simplified the

microfabrication process.
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Figure 2-8: (a) Two ceramic plate facing together at ro= 362 pm; (b) electrode
configuration on the ceramic plate; (c) assembled sub-mm linear ion trap.
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2.3.2 Electric Field Determination

Prior to fabrication, the higher-order field effects were studied using software SIMION 8.0
to create a model for electrode configuration. The electrode configuration on the plate
determines the electric field that affects the ion trap performance. Each electrode was designed
and optimized in different sizes and positions, and the electric field in each case was determined
via SIMION simulation. Higher-order field effects were studied to improve the ion trap
performance. One of the electrode configurations with optimal quadrupole and higher-order
fields was selected for microfabrication and subsequent use in the following experiment, which
contains the electric field similar to that of the published rectilinear ion trap.?* Theoretically, the
two similar electric fields in the sub-mm linear ion trap and rectilinear ion trap would provide

similar performance.

The slope of the potential distribution is straight close to the trapping center, which is
indicative of a dominant quadrupole and small contributions of higher-order terms. The plot is
curved closer to the slits, indicating more nonlinear electric field further away from the trapping
center. The electric field was then calculated via subtracting a perfect quadrupole potential from
the recorded electric potential. The electric field of the published rectilinear ion trap was studied
for comparison (Figure 2-9 a). Hundreds of sub-mm linear ion trap designs were simulated for
electric field optimization, and one design with a similar electric field with that of the rectilinear
ion trap was obtained (Figure 2-9 b). All of the electric field calculations were normalized. The

difference in noise may be due to the large step size.
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Figure 2-9: (a) Higher order non-linear electric trapping field of the published RIT.?; (b)
Higher order non-linear electric trapping field of the LIT with ro=362 pm. Differences in
noise are not important—what matters is the shape of the overall curve.
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2.3.3 Mass Analysis Methods

In most mass analysis experiments, mass-selective instability mode and mass-selective
resonant ejection mode are the commonly used methods—these were discussed in Chapter 1. In
this experiment, mass-selective resonant ejection was used at the beginning to collect the
preliminary data. However, since the size reduction might cause a small trapping capacity and
sacrificed resolution, the results may not be able to provide good mass resolution to demonstrate
the ion trap performance. To address this problem, a digital waveform was applied as an
alternative method to compensate for resolution loss.”>>* One pair of high and low voltages was
used to create trapping and excitation digital waveforms by rapidly switching between discrete
voltages; a square wave chirp was used to sweep the trapping frequency. The quadrupolar
trapping and excitation waveforms are generated using fast, low voltage electronics. As a
consequence, mass spectra can be obtained via frequency sweep rather than the RF amplitude

ramp, thereby significantly extending the mass range.

Compared with ramping the RF amplitude, digital waveform operation has been
demonstrated to greatly enhance the mass resolution. J. A. Richards®*> first introduced the
concept of the digital waveform method on a quadrupole mass filter in 1973. Recently, Ding et
al.’*%7 presented a theoretical study on ion motion in a quadrupolar field driven using a digital
waveform. The digital circuitry was used to produce the rectangular waveforms. By switching
the circuits rapidly between discrete DC high voltage levels, a trapping waveform voltage is

applied to the ring electrode. The timing of the switches can be precisely controlled by specially

designed digital circuitry (Figure 2-10).
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Figure 2-10: Schematic diagram of digital waveform circuitry. K; and K; are two switches.

For an ion of mass m and charge e moving in a trap driven by a periodic rectangular
waveform (Figure 2-11), the stability parameters can be expressed as solutions of Mathieu

equation

—8el | — 4eV (2_1)

mr¢Q?’ 2 mréQ 2

In the above equations, U is the DC voltage; V is the RF voltage; ro is the half-spacing between
the two plate in the LIT; Q is the frequency, where Q = 2 n/T, and T is the period of the

rectangular wave.
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o time

Figure 2-11: Rectangular wave voltages applied to the ion trap; V1 and V> are the low and
high discrete DC voltage, respectively; d is duty cycle; 7 is the time of positive signal, and T
is the period of the rectangular wave.

For the digital trapping waveform, both U and V are related to Vi, V> and the duty cycle

(d), which can be calculated according to the equations

U=d Vi +(1-d)V> (2-2)

V=2(Vi. V3)(I-d)d (2-3)

Parameters could be varied to generate different digital waveforms. For example, by
varying the Vi, V2 or d, U and V would change with time, which varies the a and g values.
Alternatively, if only T is changed with time, Q2 would be a variable in the analysis. Different
waveforms would produce different ion motion and mass selectivity. There is an excitation
waveform applied with the trapping waveform, working as 1/3 of the trapping frequency, since
the 1/3 ratio of the excitation and trapping frequency has been demonstrated as optimal point in

previously published papers.
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The relationship among parameters used in digital trap operation is shown in Figure 2-12.
An overall timing control is generated from a pulse generator (PNC), triggering the trapping
waveform and excitation waveform, and switching the electron gate with time. The trapping
waveform was generated from a function generator with a swept frequency from 5.0 to 1.0 MHz
switched between -5 and +5 V. However, the required trapping voltages were -25 and +25 V,
which were out of the limit of the function generator. A metal-oxide-semiconductor field-effect
transistor (MOSFET) was introduced in the circuit design to amplify the amplitude of the
trapping waveform. Another function generator was used to generate the excitation waveform
with amplitude of -0.5 and +0.5 V at 1/3 of the trapping frequency. One side of the end-bar
voltage was controlled using the pulse generator to switch the electron gate, which was opened
and closed in expected time duration. The electronic signals were input into the ion trap in the
vacuum chamber, and the detector signal was output from the vacuum chamber to the

oscilloscope through a preamplifier.

57



I

lon trap jnpyts !

Vacuwm Chamber

lan Trap

=t s m el -
asng mgpu3

Ivl

Ll
(]
i
i
'
[l
(]
i
i
(]
[

"..-----

Trzpplnt, Wavelarm (B8]

Agilent TIE304 Triple
Dustpuit OC Pewer
Supply

Agllent 35304 Triple
Output SC Bower
Supply

" PCemd bary; B

Stanferd Function
Genefator Model
DE343

]

BNC Madal 575
Pulse!Delay
Genaritor
(Taming]

Interface
[Combines all
Inputs into one
output sitde)

L
_| Dutetturm.?gir'hl.ll_'u' ‘I

= cherturﬂutnutsn;nnl t

0 Excltation Wnveform

Trapping wavetarm
+\ power supply

hregitcide shape Tar

Trajrpsij] Waesslianm

Trapping wavifarm

Wl {

MOSFET

N power supply

+_;:I:abunWaquurm el r

Stanfard Function
Genafator Model
D5345

+ Tranpling Wavelors

Legrey

Trapplng Weiveliorit :

rFre

O=zllloscopé

Smmplifier

Valtage Bon

Figure 2-12: Circuit design for ion trap system using digital waveform analysis.

2.3.4 Ion Source Design

the ion source. The ion trap was operated in the vacuum chamber filled with sample gas for
analysis and helium gas for collisional cooling. The electron gun (made by Torion, Inc.) was
positioned close to one of the DC end-bar pointing to the center of the plate along the slit
direction. When the electron gun directs a high-energy electron beam, the sample molecules
between the two plates are ionized via colliding with electrons.

plate spacing of the miniaturized LIT, the electron beam might not reach to the plate center
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In the previous experiments on the planar linear ion trap, electron ionization was used as

with the decreased




completely. A slight deviation or defocusing would significantly reduce the ionization efficiency,
which causes insufficient ionization and low sensitivity. To improve the ionization efficiency in
the sub-mm LIT, three ionization sources were tested in the sub-mm linear ion trap, including

glow discharge ionization, electrospray ionization (ESI) and electron ionization (EI).

A glow discharge ionization source was customized to improve the ionization efficiency
due to its high-pressure resistance, low power consumption and long lifetime. The direct-current
(DC) glow discharge was created by applying a high potential between two metal electrodes
within a gas tube at low pressure (0.1-10 Torr). When the voltage exceeds a threshold named
the striking voltage, the gas ionizes. Figure 2-13 is the cross section of a metal flange on the
vacuum chamber, separates the air and vacuum at left and right, respectively. A grounded
capillary tube is the sample inlet that passes through the vacuum chamber. On the vacuum side,
a plastic annular tube with larger diameter enshrouds the capillary tube. A metal needle is fixed
on the plastic tube applied with a high negative voltage. The sample molecules ionized via
colliding with electrons are driven towards the cathode (needle) by the electric potential, and the
electrons are driven towards the anode (capillary tube). Therefore, the sample gas and nitrogen
background gas are ionized and inlet into the vacuum chamber by the pressure and voltage
difference. The sample ions are filled in the vacuum chamber and trapped by the linear ion trap
for mass analysis. Glow discharge ionization source is convenient, high-pressure resistive, low
power consumption and robust. However, the background gas may cause high noise in the

results, and ion fragmentation is easily influenced by pressure.
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Figure 2-13: Customized glow discharge ionization source

In addition to glow discharge ionization, an electrospray ionization source was
customized as the ion source (Figure 2-14). The capillary tube was used as sample inlet. A
sample needle was positioned to align with the hole of the capillary tube outside the vacuum
chamber. The sample solution was pumped using a syringe pump, then ionized and sprayed at
the needle tip applied with -3000 V. At the needle tip, a Taylor cone was formed as the spray
under the high voltage. An air curtain of nitrogen gas was used to accelerate solvent evaporation.
In the ESI source, the ionization process may be explained by three mechanisms: the ion
evaporation model (IEM), the charge residue model (CRM) and the chain ejection model
(CEM).>® The IEM suggests that the ions experience increased repulsive force during solvent
evaporation, and continuously split to smaller droplets. When the Coulombic force is strong
enough, the ion will be repulsed out of the droplet. Low molecular weight analytes usually
follow the IEM. The CRM suggests that the droplet continuously evaporates, and the charge will
finally remain on the ion with all the solvent evaporated out, which applies for large globular

analytes. The CEM is for disordered polymers that the polymers leave out of the droplet and
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take charge with them. The ESI source makes the sample inlet simple and efficient. However,
some practical problems occurred during the experiment, such as high voltage discharge between
the needle tip and capillary tube, instability due to improper position between the needle and
capillary inlet, and clogging in the capillary due to improper syringe pumping speed. Moreover,
some dry spots were found on the ceramic plates after the vacuum chamber was opened,
indicating that the droplets were not completely evaporated before being inlet to the vacuum

chamber.

Sample and solvent High voltage ESI needle Vacuum chamber

pumped by a syringe pump Nebulizer gas N, Sample inlet

Figure 2-14: Customized electrospray ionization source

We next tested the electron ionization source, which was commonly used in our previous
experiment. The tested electron gun was a commercial type, including an electron filament, a

Pierce electrode, a chamber, a set of Einzel lens®® elements and an electron beam outlet hole
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(Figure 2-15). The tungsten filament coated with yttrium was applied with -60 V to generate
electrons with energy of 60 eV. The Pierce electrode at back of the filament was applied with -
61 V to push electrons toward the Einzel lens. The Einzel lens consists of three round electrodes
applied with different voltages to focus the electron beam. The focused beam passes through the
exit hole of the electron gun chamber and reaches the center of the two ceramic plates for
ionization. If the electron beam is well focused, most electrons would reach the trap and the

ionization efficiency would be higher.

Pierce electrode

-1V Ground chamber ,
l Einzel lens

Figure 2-15: Einzel lens geometry of electron ionization source

However, no signal was observed using glow discharge ionization and ESI source, and
only weak ionization signal was observed using the EI source. The reason why signals were not
observed using both glow discharge and ESI source was not clear, but the low ionization signal

from the EI source might be caused by poor beam focusing and thus low ionization efficiency of

62



the electron gun. To obtain higher signal intensity, the electron gun was redesigned to enhance

the ionization efficiency.

Compared with the old electron gun, all parts of the new electron gun were revised
(Figure 2-16). Several simulations were carried out with different electron gun geometries,
especially on the shape, amount and position of the Einzel lens (Figure 2-17). The electron gun
chamber was designed in a rectangular shape due to its better electron focusing and higher
electron transmission rate than that of the round shape. The hole on each electrode was also
enlarged to a long slit to enhance electron transmission. The curved filament in the old electron
gun was replaced by a longer and straight filament to generate more electrons and match the slit.
In addition, the geometry of the Einzel lens was redesigned and the electrode number was
increased from three to five to achieve good focusing. The performance of the old and new
electron guns were simulated and compared in SIMION 8.1 that showed different electron
transmission rates, which is the percentage of the electrons passed through the hole/slit to the

total number of the created electrons that were similar to each filament in the simulation.

W)

A
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Figure 2-16: (a) Old version electron gun; (b) redesigned electron gun
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(b)

Figure 2-17: Two types of simulated Einzel lens: (a) Round-shape Einzel lens; (b)
rectangular Einzel lens with two pairs of focusing electrodes.

The voltage on each Einzel lens electrode was optimized for electron focusing. The
voltages on the first three electrodes from left to right are 0, -30 V, 0, which works as a normal
Einzel lens. The other two electrodes at the end work as focusing electrodes. The highest
electron transmission rate of the old (Torion) electron gun is 29%, while that of the new electron
gun reaches 79% (Figure 2-18). The results indicate that the redesigned electron gun
significantly improved the electron transmission rate. In a practical experiment, the new
filament is longer than the old filament, so that the electrons created in the new electron gun

should be more numerous than that in the old electron gun.
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Figure 2-18: (a) Old electron gun with electron transmission rate of 29%:; (b) the
redesigned electron gun with electron transmission rate of 79%

The simulation results were tested in experiments. A similar trend was observed using a
Faraday cup detector, the same ionization voltage and electrode focusing voltages (Figure 2-19).
The two electron guns were independently pointed to a Faraday cup detector at the same distance
with a mesh in between under vacuum. An ampere meter was connected to the Faraday cup,
which measured the emission current received from the electron guns. As a result, the ion

transmission efficiency was greatly improved by the redesigned electron gun.
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Figure 2-19: Emission current detected by Faraday cup detector. Filament voltage: -61 V

2.3.5 Results and Discussion

Although troubleshooting in the mass spectrometry system was made comprehensive, we
were not able to observe any mass spectra with this setup. The feasibility of the sub-mm LIT
design was reconsidered and a few drawbacks were revealed. One possible problem might be
missing a ground electrode between the RF and AC electrode (Figure 2-20), which may cause
interactions between high-frequency RF and AC waveform in such a small distance, so that ions
would not be effectively trapped or resonantly ejected. Therefore, a ground electrode might be

necessary as a shielding electrode for an effective electric field.
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RF Electrode

RE Electrode

Figure 2-20: Electrode layout on the 724 pm-spacing LIT. A ground electrode should be
considered between RF electrode and central AC electrode to avoid waveform interference.

In addition, the DC end-bar may be too small to keep a well-focused electron beam
straightforward alone the slit direction, thus the ionization efficiency may be impacted even
though the electron transmission efficiency was improved (Figure 2-21). The width of the AC
electrode may also be a problem in ion ejection. The AC electrode is 215 um wide, but a 100-
um slit is contained at inner side of the electrode, so the effective AC electrode may be too

narrow to provide enough AC ion resonant ejection (Figure 2-22).
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Figure 2-21: Electron beam path through the end-bar electrode in the SIMION simulation

RF Electrode

RF: Ele;:tmde

AC Electrode

Figure 2-22: Electrode layout zoom-in from Figure 2-20

The most important issue is the aspect ratio of the ceramic plate. The aspect ratio of the

large and sub-mm plate are compared in Figure 2-23. The plate spacing is 724 um and the plate
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thickness is 500 pm, however, the slit width is only 100 pm, which may be too narrow to eject
ions out through the slit, so that most of the ions hit the edge of the slit before being ejected out.
The resulting charge build-up hinders other ions from being ejected. These possible reasons may
cause the failure of the sub-mm linear ion trap. Although this sub-mm LIT does not work, we

could learn from the failure, which provides the reference for the follow-up ion trap development.

(a)

(b)

Figure 2-23: (a) Aspect ratio of the large plate; (b) aspect ratio of the sub-mm plate

2.4 Wire Linear Ion Trap

2.4.1 Instrumentation
In most linear ion traps, the geometry consists of solid metal electrodes that are fabricated

with ion ejection slits. However, the ion ejection efficiency was limited by the narrow slits that
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may reduce the sensitivity. An extreme problem of the ion ejection was described in the sub-mm
linear ion trap that ions could not be ejected through the narrow slit with high aspect ratio. In
other conditions, slits are not as small as that of the sub-mm linear ion trap, but some portion of
the ions are still blocked by the solid electrodes. One immediate solution is to enlarge the slit
width. However, a wider slit on the electrode would cause the more severe edge effects that
significantly distort the electric field. Wang et al.®* presented a mesh-electrode linear ion trap
with a wide slit that could prevent electric field distortion, but creating a simplifier linear ion trap
without using a slit while keeping a good electric field would be an ideal development. Our
group created a new type of linear ion trap using fine metal wires instead of solid metal
electrodes.®! In this way, all the electrodes were in wire shape that greatly increased the ion
ejection efficiency, and easily fabricated and assembled without using slits. It only requires two
end-cap plates fixed on four supporting rods. Wires are run through the laser-drilled holes on the
end-cap plates and the threads on each side are braided together. The distance between the two
end-cap plates is slightly elongated by adjusting the fixing nuts to tighten the wires. The
fabrication and assembling process can be easily achieved in the lab. In addition, it is easy to

miniaturize the wire linear ion trap by reducing the spacing between the wires.

The wire linear ion trap consists of twenty-four wires held and positioned under tension
by four supporting rods and two plastic end-cap plates (Figure 2-24). The end-cap plates were
made of polyether ethyl ketone (PEEK) with 24 laser-drilled holes with 0.23 mm diameter in
each plate. The position of the holes was optimized in the simulation and 24 wires with 0.2 mm
diameter were fixed through the holes at four sides in a quadrupolar shape (Figure 2-25). The
supporting rods and nuts were used to straighten the wires under tension, making a 62 mm length

of the wire linear ion trap. The size of the wire linear ion trap was (H x W = 7.6 mm X 6.7 mm).
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The trap height is defined as the distance between the top wire and bottom wire that are closest to
the center. Similarly, the width is defined as the distance between the left wire and right wire
that are closest to the center. An electron beam generated from the electron gun passes through
the hole on one end-cap plate embedded with metal electrode. Electron gating was performed on
the end-cap electrode to control ionization inside the trap. The ejected ions finally reach the

electron multiplier detector through a shielding plate.

Figure 2-24: Wire ion trap with positioned electron gun. (Adapted from Wu, Q.; Li, A.;
Tian, Y.; Zare, R.N.; Austin, D.E., Miniaturized Linear Wire Ion Trap Mass Analyzer.
Anal. Chem. 2016, 88, 7800-7806.)
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Mass-selective instability scan was used with a linear ramp of the RF amplitude and a
constant additional AC signal. An RF waveform was applied on the wires of one opposite pair
for ion trapping, while AC signals are on the other pair for resonant ejection. The RF trapping
voltage was 175 Vop at a fixed frequency of 1.42 MHz. A static potential of -60 V was applied
on the electron gun filament with an ionization time of 150 ms. The RF voltage was ramped
from 400 Vo to 800 Vopover a time period of 250 ms. The AC signal generated by an arbitrary
waveform generator (SRS DS345, Stanford Research Systems, Sunnyvale, CA) was constant at a
frequency of 180 kHz with amplitude of 4.3 Vop. The ions were detected using an electron
multiplier with -1400 V and the signal was output by an oscilloscope through a preamplifier
(Keithley 427 current amplifier, Beaverton, OR). Signal was averaged over 50 scans to produce

a single spectrum. The uncorrected pressure of sample gasses in the vacuum chamber was 5.0 x
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10 Torr measured with an ion gauge (FRG-720, Agilent, Santa Clara, CA), and the uncorrected

pressure of background helium buffer gas was 2.6 x 10 Torr.

2.4.2 Results and Discussion

Two compounds were analyzed using the wire linear ion trap — toluene and a mixture of
toluene and deuterated toluene (toluene-Ds) with a ratio close to 1:1 (Figure 2-26 (a)(b)). The
peaks of m/z 91 and 92 of toluene sample shown in Figure 2-26(a) were separated, which
presented unit mass resolution. However, the peaks from the mixture of toluene and deuterated
toluene in Figure 2-26(b) were not completely resolved. A slight mass shift was observed on
both mass spectra possibly due to wire misalignment, space charge effects or low precision of
fabrication. The results demonstrated the feasibility of the wire linear ion trap. The follow-up

experiments for ion trap optimization and improvement have been done.
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Figure 2-26: (a) Mass spectrum of toluene from wire linear ion trap; (b) EI mass spectrum
of toluene from NIST database; (c) mass spectrum of toluene and deuterated toluene (Dsg)
mixture; (d) EI mass spectrum of deuterated toluene (Ds) from NIST database

2.5 Conclusion

The experiments demonstrated the feasibility of ion trap miniaturization using
lithographically patterned planar electrodes. The 1.90 mm spacing ion trap in the present work
has a higher aspect ratio than that with the larger plate spacing (4.38 mm), increasing the
theoretical trapping capacity compared with a device with all three dimensions scaled by the
same amount. The 1.90 mm spacing LIT can be made without remaking the ceramic plate by

only changing the capacitive voltage dividers on the PCBs, which provides a simpler way for ion
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trap miniaturization. We have also demonstrated an interesting property of such ion traps, which

is that the germanium coating at the inner side of the plate might affect the mass resolution.

A further miniaturized sub-mm LIT with plate spacing of 724 um was created and tested in
both mass-selective resonant ejection mode and digital waveform method.  Several
improvements and troubleshooting were made in the ion source customization, electron-gun
redesign and simulation. Some drawbacks in the LIT design were found that might cause the
failure of the ion trap operation. These experiments have provided guidance with regard to the

electrode and slit layout on future miniaturized designs.

A linear ion trap made of 24 wires supported between two plates was studied and
demonstrated experimentally. Unit mass resolution was obtained in the toluene sample, but the
mixture of toluene and deuterated toluene (toluene-Ds) was not resolved. Mass shift was
observed in the results, which may be caused by wire misalignment of untightened wires. The
parameters were adjusted to generate the mass spectra. More optimization work on the ion trap

performance improvement is necessary in the following experiments.
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3 SIMULATION STUDY OF CHAOTIC ION MOTION IN A TOROIDAL ION

TRAP MASS ANALYZER*

3.1 Introduction

3.1.1 Toroidal Ion Trap Development

Ion trap mass spectrometers are widely used for identifying and quantifying compounds
and analyzing mixtures in fields of study as diverse as biochemistry,' environmental monitoring,’
forensics,’ petrology* and planetary science.>® In a 3-D quadrupole ion trap, a radiofrequency
(RF) waveform and three hyperboloidal electrodes—two end-caps and one ring electrode—
create the quadratically varying electric potential needed to trap and mass-analyze ions.”
Similarly, the quadrupole mass filter employs four hyperbolic rods, trapping ions in two
dimensions and allowing a subset of ions to pass through the length of the device.” Many
geometrical variants have been designed to facilitate miniaturization or otherwise modify some
aspect of trap performance. For instance, the cylindrical ion trap (CIT) utilizes cylindrical
electrodes, which are simpler to manufacture and miniaturize than those of the quadrupole ion

101" The linear ion trap (LIT) is derived from the quadrupole mass filter but with added

trap.
axial trapping.'>!* The LIT has the advantage that ions are not confined to a small volume at the
trap center, but rather are confined along a line, allowing more ions to be trapped for a given

frequency and RF amplitude.!*'* The rectilinear ion trap is derived from the LIT, but with flat-

rectangular electrodes.!>!® In 2001, Lammert et al. created the toroidal ion trap, in which the

* This chapter is from a published paper “Li, A.; Higgs, J.M.; Austin, D.E., Chaotic motion of single ions in a
toroidal ion trap mass analyzer. Int. J. Mass Spec. 2017, in press”, in which I performed all the simulation
experiments except for the S value calculation.

82



cross section of a quadrupole ion trap is rotated along an axis located outside of the trapping
region. The toroidal ion trap consists of a central electrode, an outer ring electrode, and two end-
caps, all based on hyperbolic surfaces of revolution. Analogous to the LIT, the toroidal trap
exhibits a larger trapping capacity—ions are trapped in a torus or ring and ejected through slits in
the endcap electrodes.!”!® A miniaturized version of this toroidal ion trap is currently used in a
commercial, portable GC-MS instrument.!” Taylor and Austin presented a simplified electrode
geometry in which the toroidal trapping region is made using cylindrical electrodes and ions are

ejected radially to a detector located at the center.?’

3.1.2 Ion Motion in Ion Traps

Although the electrode geometry may be simplified, the ion motion in all RF trapping
devices is rather complex. Ion motion consists of several components (Figure 3-1), including
micromotion (small-amplitude motion at the same frequency and phase as the applied RF) and
secular motion (large-amplitude, harmonic motion with frequencies corresponding to the
position of the ion as plotted on a stability diagram).?! Secular motion consists of several
frequencies, with the dominant frequency typically a fraction of the frequency of the driving RF.
Secular motion is often resonantly excited by a supplementary applied signal for ion excitation,

fragmentation, isolation, or ejection.?*2°
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Figure 3-1: Ion motion in the electric field. (Adapted from Nappi, M,; Weil, M.; Cleven,
C.D.; Horn, L.A.; Wollnic, H.; Cooks, G.R. Visual representations of simulated three-
dimensional ion trajectories in an ion trap mass spectrometer, Int. J. Mass Spec. and Ion
Pro., 1997, 161, 77-85)

The complex motion of trapped ions is commonly studied using a combination of
mathematical models and computer simulations. These studies seek to optimize ion trap design
and performance or to understand specific observations. For instance, Berkeland et al. discussed
the ion micromotion in a quadrupole ion trap, and described three methods to detect and
minimize adverse micromotion.?’” Londry et al. discussed mass selective axial ion ejection from
a linear quadrupole ion trap via studying the ion motion to obtain optimal electric fields.?® Higgs
et al. studied the ion motion in three different types of toroidal ion traps.?® Huo et al. presented a
SIMION simulation study of the slit impact on the miniature rectilinear ion trap in which the trap
performance was optimized via adjusting the slit geometry.”’ Yang et al. optimized the
performance of a toroidal ion trap with triangular electrode geometry via SIMION simulation.*

Wu et al. studied the electrode misalignment of the planar linear ion trap via simulating the
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1

electric field and ion trapping.®! Blain et al. discussed design considerations for a micrometer-

scaled cylindrical ion trap relying on SIMION simulations of ion motion.>?

3.1.3 Electric Field in Ion Traps

The motion of trapped ions is due primarily to the shape and magnitude of the time-
varying electric potentials and fields within the trap. The electric potential distribution within a
perfect quadrupole ion trap is purely quadratic, and the resulting field perfectly linear, but in
practice this cannot be achieved due to electrode truncation, slits and/or holes, and imperfections
in electrode fabrication and positioning. These factors lead to distortions of the potential
distribution. For distortions with the same symmetry as the trap itself, the distortions are
conveniently modelled using higher-order solutions to the Laplace equation. For instance, small
amounts of hexapole, octopole, decapole, dodecapole, and other higher-order terms superimpose
onto the dominant quadrupole and make the resulting electric field non-linear. Even small
contributions of these nonlinear terms can have a significant effect on the ion motion. The
nonlinear field is either detrimental or in some cases beneficial to ion excitation and ejection.
Non-linear fields can cause undesirable and unexpected ion ejection (black holes or black
canyons) that make ions eject at undesirable times, but can also be used to contain ions during
excitation and improve ion ejection and mass analysis.>>*” Numerous studies have focused on
optimizing trap performance via adjusting the higher order field terms. For instance, the original

Finnigan quadrupole ion trap was stretched by 10.8% in the ejection direction to improve mass

2 1_12 1_15

accuracy and resolution.'” Other groups including Wu et al.'?, Ouyang et al.'” and Bruker-
Franzen®® instruments also optimized higher order fields in ion traps by modifying the geometric

structures. A “-10% compensation rule” was presented for field optimization, suggesting that an
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optimal field for a boundary or linear resonance ejection mass scan should contain a sum of -10%

of the relative strengths of octopole and dodecapole.®

Compared to the electric fields in other ion traps, the electric field in the toroidal ion trap
has additional complexities due to the curvature of the trapping region. Lammert et al.
demonstrated that a pure quadrupole field cannot be achieved in the toroidal ion trap due to the
radius of curvature of the trapping region.!” Wang also noted that, for the same reason, none of
the conventional higher-order multipoles are strictly applicable to this device.* The trapping
center of a toroidal trap is not co-located with the rotational axis, so electric potentials increasing
with any polynomial form from the trapping center will of necessity have a ‘“cusp” or
discontinuity at the rotational axis. While they may be useful to first order, they do not
completely describe the potentials or the ion behavior in the device. Kotana and Mohanty have
developed mathematical models to describe the potential distribution in the toroidal ion trap.*!
They also presented a computation method on the stability diagram in the toroidal ion trap and

observed features similar to what we observed.*?

Higgs et al. conducted SIMION simulations exploring motion of ions in toroidal ion

8

traps,?® and also in a potential representing a mathematically pure, quadrupole-like toroidal

harmonic.*

Among other findings is that a centripetal effect shifts the center of ion motion
outward from the saddle-point of the trapping potential. In addition, the pure toroidal harmonic
shows a strong, fairly broad chasm or black canyon running through the stability region. We
subsequently conducted simulations on these toroidal systems to understand mass analysis
through boundary ejection, including characterizing the direction of ion ejection under different

conditions. In doing so we have observed an interesting and unusual behavior. On many

portions of the stability diagram, including black canyons and expected non-linear resonance
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lines, the direction of ion ejection shows fractal-like behavior. The direction of ion ejection is
extremely sensitive to initial conditions of the simulation, and zooming in to a specific feature
shows finer details with similar pattern. In other words, the ion ejection demonstrates classical

chaotic behavior.

3.1.4 Chaos in Non-linear Electric Fields

Classical chaotic motion is a deterministic but unpredictable long-term state in a
nonlinear dynamic system that is highly sensitive to initial conditions. A common example is the
double pendulum (a pendulum is attached to the bottom of another pendulum). The motions of
the pendula do not follow simple, predictable patterns. Using appropriate equations of motion, it
is possible to calculate any future state, but the calculation must be done iteratively—calculation

4445 The motion of

of a given future state requires knowing the immediately preceding state.
chaotic systems is generally represented by a set of nonlinear equations of motion. Because of
the nonlinearity, it is impossible to calculate the (n)th step state without knowing the information
of the (n-1)th step. Therefore, it is unpredictable in the long-term, but deterministic. Small
differences in the initial state will cause diverse results. A chaotic system contains many

“decision” points where small differences in the current state lead to different paths. In some

cases rounding errors in calculations can have a similar effect.

Chaos is defined as an irregular and disordered motion. However, if every step of the
chaotic motion is recorded, we can see the locus follows an orbit, which is called the strange
attractor (Figure 3-2). The strange attractor can be observed in any chaotic motion, and the

interesting thing is that the structure of the strange attractor is similar to the ion motion in the ion
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trap (Figure 3-1). It is possible that there may be some relationship among the strange attractor,

chaotic motion and non-linear electric fields in the ion trap.

Figure 3-2: Strange attractor reflects the orbit of chaotic motion.

3.1.5 Two-ion and Single-ion Chaotic Motion

Chaotic motion of ions in traps has been studied from the standpoint of the two-ion effect,
which is different from what is reported in the present study. With two ions in a trap, the
position and charge of one ion affect the motion of the other ion, analogous to the effect one
pendulum has on the other in the double pendulum example. Bliimel showed that two or more
ions in a quadrupole ion trap demonstrate chaotic motion due to Coulombic repulsion, and
argued that this chaotic motion is responsible for RF heating of trapped ions.*® Baumann et al.
also studied the regular and chaotic motion of two ions in a quadrupole ion trap, and provided
integrals of ion motion and critical parameters that can cause chaotic behaviors.*” Hoffnagle et
al. investigated an order-chaos transition of two ions in a quadrupole ion trap, and presented the

48

Mathieu-Coulomb equations to interpret a boundary transition.” Hasegawa et al. demonstrated

the nonlinear equations of two-ion motion in a quadrupole ion trap using a discrete Fourier
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expansion method that predicts a bistability between the regular and chaotic state.*’ In each case,

the motion of a given ion is perturbed by the other ion.

Trapped ions also exhibit chaotic behavior in a quantum mechanical context, including
transitions of excited states. These quantum effects have been widely studied, but are of a
fundamentally different nature than the chaotic behavior in the present study. For instance,
Walther characterized quantum chaos-order transitions of single ions in a quadrupole ion trap
using polarization gradient laser cooling, and obtained relevant parameters for phase
transitions.”® Berman et al. introduced a quantum model for a single-ion transition to quantum
chaos in a linear ion trap, and compared with the classical dynamic system in different

dimensionless driving forces.>!

In our simulations of toroidal ion traps, we have observed that individual ions exhibit
chaotic motion due entirely to the trapping fields and the resulting simulations of motion. This
paper focuses on chaotic behavior of single ion ejection in the cylindrical toroidal ion trap. We
present the stability diagram for this device. Fractal-like patterns appear in a series of zoomed-in
regions of the stability diagram, including nonlinear resonance lines. We also discuss the

implications for other ion trap geometries and the effect on mass analysis.

3.2 Methods

3.2.1 Simulation Study of Stability Diagram
Ion trajectory simulations using SIMION 8.1 (Scientific Instrument Services, Inc., Ringoes,
NJ) were carried out on the toroidal ion trap composed of cylindrical electrodes.?’ Figure 3-3

shows the design of this ion trap. The SIMION model contains a 2-D array rotated about an axis.
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The dimensions as published and as used in these simulations are R = 36.15 mm, ro = 5.91 mm,
zo = 5.81 mm, slit width = 1.6 mm with a reported hexapole component of -2.3%, octopole of
+0.8%, and decapole of -3.6%. The size of the SIMION potential array was 600 x 600 grid units

(gu) with cylindrical symmetry. All simulations used double-precision values for all parameters

to minimize the effect of rounding errors.
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Figure 3-3: (a) Geometry of the published cylindrical-electrode toroidal ion trap (R = 36.15
mm, ro = 5.91 mm, zo = 5.81 mm, slit width = 1.6 mm). The dimension ry is the distance
from the trapping center to the surface of the ejection slit. (Adapted from ref 20); (b) 3-D
representation of the cylindrical-electrode toroidal ion trap. The dimension R is the
distance from the trapping center to the rotational axis.
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The simulated trap was operated with an RF frequency of 1.14 MHz and an RF amplitude
that ranged from 0 to 1000 Vo-p, applied to both RF electrodes. A DC offset was also applied to
both the RF electrodes with a voltage that ranged from -150 to 150 V. In some simulations, an
AC signal was applied on the electrode opposite the ejection slit to examine resonant ejection
behavior. In these cases the AC frequency was 380 kHz, or one-third the RF frequency, with
1.75 Vop amplitude and 3.25 V offset, as in ref [20]. The AC signal was phase-locked with the
RF, with the zero-crossing of the RF coinciding with the zero-crossing of the AC. The mass-to-

charge ratio of the ions was 100 Th.

To create the stability diagram, ion stability was simulated for all possible combinations
of RF amplitude and DC offset within the above ranges, with step sizes of 1 Vo (RF) and 0.3 V
(DC). Zoomed in regions included ever-smaller subsets of the DC and RF ranges and smaller
step sizes, with the smallest RF step size being 10 uV. Data were processed using Excel

(Microsoft, Redmond, WA).

Except where noted, for each value of RF and DC, ions had identical initial parameters:
RF phase = 0, zero initial kinetic energy, located at a position 0.2 mm away from the trapping
center (offset 0.15 mm in r, 0.15 mm in z). The small offset from center corresponds to 0.01 eV
per 100 V applied to the RF electrodes, and was kept small to avoid effects due to large ion
excursion from the trapping center. For each simulation with a given value of RF and DC, only a
single ion was used. The initial state of the ion was identical in each run—no random variables
or distributions were used. The simulation did not include any ion-neutral collisions. The
potential surface was updated every 0.05 ps to provide a smooth RF waveform. The ion was
considered stable if it remained in the trap after 5 ms. If the ion hit an electrode within 5 ms, the

position of the ion’s demise was recorded. This information established which of the four
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electrodes was hit—designated herein as the inner radial, outer radial (AC), or either of the axial

(RF) electrodes. The “inner radial” electrode includes the ejection slit.

3.3 Results and Discussion

3.3.1 Chaotic and Fractal Behaviors

For the full stability diagram, the RF and DC voltages had a step of 1 Vop and 0.3 V,
respectively, over the full voltage ranges given above. For each data point, the RF and DC were
held constant and the ion trajectory simulated for that point. No supplementary AC was applied.
The results are shown in Figure 3-4. Blue points designate ions considered stable (>5 ms). Red
points indicate ions that impacted on the inner radial electrode, including the ejection slit.
Yellow points indicate ions that struck the RF electrodes (ejection in the direction of the
rotational axis). Grey points show conditions under which ions impacted the outer radial
electrode. Most of the plot area consists of large regions with a single color. However, the blue
stable region is crossed by a prominent line of instability at fr + 2z = 2 that corresponds to the
hexapole resonance in conventional quadrupole ion traps. A narrower unstable band runs most
of the way through the stability region and also corresponds to the hexapole fr = 2/3 resonance.
Both top and bottom apices show additional lines of instability originating at the apex, as is
common in other types of ion traps.>® Above and to the right, and below and to the left of the
stability region, ions are unstable and ejected in the axial direction. In the other two regions of
instability, ions are unstable and ejected radially. For values of RF and DC above and to the left,
all ions are ejected inwardly. However, the region below and to the right consists of bands
alternating between inward and outward radial ejection, with the bands generally becoming

narrower as they approach the region of stability.
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Figure 3-4: Stability diagram of cylindrical-electrode toroidal ion trap without applied AC.
Colors represent the direction with which the ion is ejected at each combination of RF and
DC voltages. Insets show zoomed in regions as indicated.

Figure 3-4 also shows several zoomed-in subsets. In these cases, the step size
between points is 0.1 V. Sections from the more prominent unstable line (fr + 24z = 2) show
interesting banding and other patterns at this scale. To be consistent with the convention for
plotting ion trap stability diagrams, the DC and RF are scaled differently in the main stability
diagram. However, zoomed-in areas are plotted with the same scaling between RF and DC.
Because of this, rectangular sections from the main stability diagram appear as square zoomed-in

sections. In each inset, the scale bar shows the dimension of both RFo, and DC voltage.
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The complete stability diagram was also determined with the addition of a small AC
signal applied to the outer electrode, as described above. All other parameters were the same as
the stability diagram from Figure 3-4. The results of these simulations are shown in Figure 3-5a.
Notable differences from the diagram without AC are: 1) the hexapole resonant line (fr = 2/3) is
wider and spans the whole width of the stability region; 2) the stability region has several new,
faint lines of instability; and 3) the upper left region of instability now has several small features
with outward radial ejection. Two subsets of this diagram, labelled b and c, were zoomed in for
further study using a 0.1 V step size. From these, two interesting regions (d, e) were selected

and zoomed in to a step size of 0.01 V. This process continued down to a step size of 0.00001 V.
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Figure 3-5: Stability diagram of cylindrical-electrode toroidal ion trap with applied AC.
Colors represent the direction with which the ion is ejected at each combination of RF and
DC voltages. Insets show zoomed in regions as indicated.
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These regions show chaotic behavior: the ejection direction is very sensitive to small
changes in the operating voltages of the trap. Further, the patterns obtained at one scale are
qualitatively repeated (self-similar) at all smaller scales. Figures 3-5d, f, h and j show
particularly interesting and intricate patterns as the ion alternates between axial, radial inward,
and radial outward ejection. Rounding errors would give random patterns, particularly at smaller
scales, and would not give the structures observed in these figures; hence we conclude that the

observed chaotic behavior is not due to rounding errors in the simulation.

The simulation yielding Figure 3-5f was re-run several times using a different initial
position and velocity vector of the ion (Table 3-1). These simulations explored whether the ion
motion is also sensitive to these initial parameters. The results (Figure 3-6) show that the
observed chaotic patterns are also sensitive to the choice of ion starting conditions in the

simulations.

Table 3-1:
Ion initial conditions used for Figure 3-6a, 3-6b and 3-6c¢.
Figure 3-6 | Kinetic Energy  Velocity Vector  Starting Position RF Phase at Ion Birth
(a) 0.05eV (2,0,0) 0.1 mm offset in r 0
(b) 0.1eV (0,1,0) 0.2 mm offset in r 0
(©) 0.1eV (0,1,0) 0.3 mm offset inr 0
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Figure 3-6: Re-run of the simulation in Figure 3-5f using three sets of different initial
conditions of the ion. The initial conditions are shown in Table 3-1.

As expected, ions with nearly identical starting conditions have similar trajectories
initially, but these trajectories diverge at some point prior to ion ejection. To illustrate this, a
simulation of two trajectories for the same ion with nearly the same initial conditions (differing
by 0.0001 mm in starting position) is presented in Figure 3-7. The results show that the two ions
started at very close position and have almost the same trajectory initially, then deviated from
each other over time, and are eventually ejected to opposite directions. Ion repulsion was not

considered in this simulation.

Ion traps in practice are usually operated with some amount of buffer gas or
background gas. Ion-neutral collisions cool ions and improve mass analysis. These collisions
also scramble information about an ion’s starting conditions in the trap. Another simulation was
run (Figure 3-8) with buffer gas to investigate the influence of collisions on the direction of ion
ejection. The ion initial condition was same as that of the Figure 3-6¢, but with helium buffer
gas at 3 mTorr. Collisions randomize ion ejection among several possible directions, but with

preference for outward radial ejection. In experiments this result means that ions would be lost
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to non-detection directions just as they would be without collisions. However, the chaotic

pattern is obscured by the collisional randomization.

(d)

(2

Figure 3-7: The ion time-of-flight increases with figure number. Two ions are created with
nearly the same initial conditions (differing by 0.0001 mm in starting position). Ion #1 is
red, and ion #2 is green.

B Radial in

il Radial out Axial

Figure 3-8: Re-run of the simulation in Figure 3-6¢ using the same initial conditions but
with helium buffer gas at 3 mTorr.
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We next ran simulations to determine whether the chaotic behavior also affected the
position or other properties of the stability boundary, as this may affect boundary ejection of ions.
A subset close to the bottom right boundary was zoomed in using a 0.1 V step voltage between
each point in both RF and DC axes. The same region was recalculated using different initial
conditions including ion-starting position, velocity vector, initial kinetic energy and the RF phase
at ion formation (Table 3-2). The subset contains a portion of the stable trapping region and part
of the chaotic boundary. Similar to the results seen in Figure 3-6, these simulations (Figure 3-
9(a)-(h)) showed different chaotic patterns outside of the boundary. However, the position of the
boundary shifts with each set of variables. Within this small sample set, the location of the
boundary in terms of RF amplitude spans a range of 30 V, which would correspond to a large

uncertainty in the m/z of ions ejected at that portion of the boundary.

Table 3-2:
Ion initial conditions of Figure 3-9a-h

Figure 3-6 | Kinetic Energy  Velocity Vector ~ Starting Position RF Phase at Ion Birth

(a) 0.1eV (3,0,0) 0.3 mm offsetin r 0.8=
(b) 0.5eV (3,0,0) 0.3 mm offsetin r 0.8=
(© 0.05eV (2,0,0) 0.1 mm offset in r 0
(d) 0 (1,0,0) 0.4 mm offsetin r 0
(e) 0 (1,0,0)0 0.2 mm offset in z 0.56
® 0.3eV (1,0,0)0 0.2 mm offset in z 0.56
(2) 0 (1,0,0) 0.4 mm offset in z 0
(h) 0 (1,0,0) 0.2 mm offset in z 0

(d)
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Figure 3-9: Simulation with 0.1 V step voltage of the subset close to the bottom right
boundary using different initial conditions of the ion (Table 3.2). Note that in a-d, the ion
starting position is offset in the r-direction; in e-h the ion starting position is offset in the z-
direction.

In Figure 3-9, an obvious boundary shift was observed due to an offset of ion
starting position in the r-direction. Ions in Figure 3-9a and 3-9b were created at the same
position (0.3 mm offset in r) and the boundary position was approximately the same, even
though their initial kinetic energy was different. In Figure 3-9c, the ions were created closer to
the trapping center (0.1 mm offset in r) and the boundary shifted to right. In Figure 3-9d, the ions
were created further away from the trapping center (0.4 mm offset in r), the boundary shifted
significantly to left and only a small stable region was observed at the upper left corner of the
figure. In Figure 3-9g and 3-9h, ions were created at same initial conditions but different offset
position in z-direction and a slight boundary shifted was observed. The observation may indicate
that the ion starting position in r-direction has more influence on the boundary shift than z-
direction. However, it is not predictable from this small sample set whether the boundary shift is
chaotic (i.e., small change in initial conditions gives large difference in outcome), or whether
there may be some predictive relationship or function relating the boundary shift to the initial

conditions.
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Another subset close to the other boundary at upper right was zoomed in using 0.1 V
step voltage and different initial conditions as well (Figure 3-10 and Table 3-3). With other

parameters constant, varying the RF phases at ion formation caused a slight boundary shift.

Table 3-3:
Ion initial conditions of Figure 3-9a-h

Figure 3-6 | Kinetic Energy  Velocity Vector Starting Position RF Phase at lon Birth

(a) 0.1eV (1,0,0) Trapping center 028w
(b) 0.1eV (1,0,0) Trapping center 0.8=
(© 0.1eV (1,0,0) Trapping center 1257
(d) 0.1eV (1,0,0) Trapping center 1.8=
(e) 0.1eV (1,0,0) 0.15 mm offset in r and z 0
® 0.1eV (1,0,0) 0.15 mm offset inr and z 0.5=n
(2) 0.1eV (1,0,0) 0.15 mm offset inr and z 0.8=
(h) 0.1eV (1,0,0) 0.15 mm offset inr and z 1.5=n

(a)‘ (b)‘ (c)- (d)‘
(e)‘ (t)h (g)h (h)h

I§ Stable B Radial in I Radial out Axial

Figure 3-10: 0.1 V step voltage simulation of the subset close to the upper right boundary
using different initial conditions of the ion (Table 3.3); Figure 3.10a-d The ion starting
position is at the center of the trap and the RF phase difference were varied; Figure 3.10e-h
The ion starting position is 0.15 mm offset in both r and z-direction and the RF phase
difference were varied.
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In these simulations, the position of the stability boundary was sensitive to the initial
conditions of the ions. In addition, the boundary itself is somewhat diffuse, and therefore
sensitive to the trap operating conditions. Somewhat similar observations were made by Ding>?
in simulations and experiments on quadrupole mass filters in which the electrodes consisted of
two different diameters of rods. In this case, the higher-order terms of the trapping field were
modified with the physical geometry of the filter. Different filter geometries showed shifted
stability boundaries relative to the ideal filter. However, boundary shifts in the present work are
observed without any change to the physical electrodes nor to the shape of the trapping fields.
Ding also observed what were called “diffuse” boundaries near the apex of the stability region,

and these may be similar to the effect reported in the present work. Konenkov et al.>

presented
simulations of stability boundaries and calculated peak shapes for quadrupole mass filters to
which higher-order multipoles had been added. They found a predictable shift in the boundaries

as a function of higher-order fields. They also reported an increase in peak width under such

conditions, which may be a result of the diffuse boundary we have observed.

We next examined the resonant lines crossing the stability regions, which may play a
role in ion isolation, ion losses, or resonant excitation and ejection. Zoomed-in regions are
shown in Figure 3-11. The step voltage in each inset is 0.1 Vop. The ion ejection along the fr +
2pz = 2 line shows banding at this scale, similar to what was observed without applied AC. The
hexapole resonant line (fr = 2/3) also shows patterns. The comparison between the two stability
diagrams indicates that the applied AC waveform may change the specific details of the ion

motion, but it does not cause the chaotic aspect of the motion.
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Figure 3-11: Stability diagram of cylindrical-electrode toroidal ion trap with applied AC.
Insets show zoomed in regions from the resonant features crossing the stability region.

While the familiar black canyons of ion traps result from non-linear field
components, ion losses typically appear when ions are far from the trapping center, such as ion
introduction, activation, and fragmentation.>® In contrast, non-linear ejection in the present work
appears with ions located close to the center (trapped with “thermal” energies). Along a ring
corresponding to the trapping center of a toroidal-type trap, the electric field is still curved
around the torus.?® This additional curvature may cause the observed ion instability. It may also

be that non-linear effects are more pronounced in toroidal traps for other reasons.

103



3.3.2 Influence on Ion Trap Operation

Franzen noted®® that ion traps made entirely of higher-order potential distributions
(e.g., a hexapole-only trap) are not capable of mass analysis because ion motion is sensitive to
initial ion conditions. However, our results show that this principle applies more broadly, and (at
least in the present case) also applies to ion traps with relatively small amounts of higher-order
terms. Nonetheless, the cylindrical-electrode toroidal ion trap is capable of mass analysis with
resolving power comparable to other types of ion traps®’ using resonant ejection, and yet also
exhibits chaotic ion motion. It has previously been noted that the diffuse features of stability
boundaries of toroidal traps** complicates ejection along those boundaries. In addition, the
observation in the present work of strong resonance lines and associated ejection indicates a

possible limitation to the operational mass range in a toroidal trap.

Franzen®® also noted that a variety of coupling effects accompany higher-order terms.
These include coupling of kinetic energy among different coordinate axes (r and z) and pick-up
of energy from the applied RF. The observed chaotic behavior may have a related underlying
mechanism, as coupling may be position dependent. However, at this point there is insufficient

information to explain the relationship between these effects.

We have presented only one output variable in the above simulations, specifically
the ejection direction. Chaotic motion may also be present in other forms among ions that are
stably trapped, but would not have been noticed in these simulations. The non-linear
components of the electric field that lead to chaotic motion are present at all points in the
stability diagram, including regions identified as “stable”. Of course, in practical applications,
chaotic motion resulting from Coulombic forces from other trapped ions may be a greater effect

than—or at least a different effect from—that resulting from the electric field.
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Higgs et al. * noted patterns in nonlinear resonance bands of a toroidal harmonic
field that are similar to the patterns observed in the present device, although they did not attribute
these to chaotic behavior. However, the presence of these patterns indicates that the chaotic
behavior in the present study is not limited to this specific electrode configuration, but may be
general to toroidal ion traps. Whether chaotic trajectories also play a role in other types of ion
traps remains to be seen. The asymmetry of the electrodes in toroidal traps makes it easy to
observe chaotic motion. Specifically, the three ejection directions — radial inward, radial
outward, and axial — have similar pseudopotential well depths but very different field shapes.
Nonlinear terms are present in the electric fields of all realizable ion trap designs, so likely
chaotic motion is an element in ion trajectories in other devices as well.>> Due to the symmetry
of other trap types, chaotic motion may not be observed as differences in ejection direction, but
may be expressed in other aspects of ion motion. Other types of traps do, however, exhibit black

canyons and black holes, -3

similar to the regions examined in the present work. Likely chaotic
motion is a general condition resulting from nonlinear fields in quadrupole-type ion traps,

although it may not play a significant role in mass analysis and performance.

3.4 Conclusion

Non-linear terms in the electric field of ion traps result in several effects on trap
performance, including mass accuracy, mass resolution, and trapping capabilities. These terms
also give rise to chaotic motion of the trapped ions. This effect is shown in the ejection direction
of ions within resonance bands of a cylindrical-electrode toroidal ion trap. While Coulombic
forces of neighboring ions can cause chaotic motion, we show that the effect is also present for
individual ions, and is due only to the shape of the trapping fields. Although ion motion is

strongly sensitive to initial ion parameters and trap voltages, high-resolution mass analysis (peak
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widths of less than 1 amu) has been demonstrated in this specific trap. Future studies will

explore the extent to which chaotic motion exists in other types of ion traps.
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4 MINIATURIZED CYLINDRICAL TOROIDAL ION TRAP MASS ANALYZER

4.1 Toroidal Ion Trap
In ion trap development, the toroidal ion trap was directly derived from the 3D quadrupole
ion trap by rotating the cross section of a quadrupole ion trap along an axis located outside of the
trapping region.'? The toroidal ion trap consists of a central electrode, an outer ring electrode,
and two end-caps, all based on hyperbolic surfaces of revolution (Figure 4-1). Analogous to the
LIT, the toroidal trap exhibits a larger trapping capacity—ions are trapped in a torus or ring

region and ejected through slits in the end-cap electrodes.

(a) (b)
Nz
2

AN

Figure 4-1: The result of rotating a conventional 3D ion trap cross-section. Rotation on an
axis that intersects at the intersection of the hyperbolae (a) gives the conventional 3D ion
trap geometry. Rotation on an axis that is placed at some distance away from the
intersection of the hyperbolae (b) gives a toroidal trapping geometry.!
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As mentioned in Chapter 3, the electric field is more complicated in the toroidal ion trap
than other types of ion traps due to the curvature generated from the torus geometry. In the
original design of the torodial ion trap, the electric field trapping center is slightly off, toward the
ejection slit, due to the curvature (Figure 4-2). Therefore, the ejected ion would easily hit the
electrode close to the slit, which would significantly reduce the ion ejection efficiency. To
address this problem, Taylor and Austin developed a cylindrical toroidal ion trap (CTIT) by
rotating 360 degrees along an axis that is out of the cross section of a cylindrical ion trap, which
makes the ejection direction different from the original toroidal ion trap (Figure 1-9, Figure 3-3).
In this way, the curvature did not move the trapping center, and the electrode geometry of the

toroidal ion trap was simplified from the hyperbolic to cylindrical (Figure 4-3).

Axis of Rotation

Figure 4-2: Electric field distortion (misaligned trapping center and ejection slit) of toroidal
ion trap caused by curvature.
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Figure 4-3: Electric field in cylindrical toroidal ion trap. Movement of the trapping center
due to curvature is not relevant to ion ejection; ion ejection is always aligned with the
ejection slit.*

4.2 Miniaturized Cylindrical Toroidal Ion Trap

The miniaturized cylindrical toroidal ion trap developed by Taylor and Austin has been
demonstrated.® The electric field was also studied and discussed in Chapter 3. Here, we further
miniaturized the cylindrical toroidal ion trap to 1/3 of its original published size to demonstrate

its feasibility and performance.

4.2.1 Instrumentation

Figure 3-3 (previous chapter) shows the design of the original cylindrical toroidal ion trap.
The dimensions of the published trap are R = 36.15 mm, ro = 5.91 mm, zo = 5.81 mm and slit
width = 1.6 mm, with a reported hexapole component of -2.3%, octopole of +0.8%, and decapole
of -3.6%. In this experiment, the dimensions of the miniaturized ion trap, scaled at 1/3 of the

original size, are R = 12.05 mm, ro = 1.97 mm, zo = 1.94 mm, slit width = 0.53 mm.
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4.2.2 Mass Analysis

The mass-selective instability scan in both forward and reverse mode was initially used
with a linear ramp of the RF amplitude with a constant additional AC signal. The RF frequency
was 3.405 MHz, which is ~3 times the frequency used in the published trap. The RF voltage
ramp was varied each time using different trapping, starting, and ending voltages to obtain and
optimize the signal. The AC frequency and amplitude were also varied to determine the resonant
ejection point. The signals from 100 scans were averaged to produce a single spectrum. The
uncorrected pressure of sample gasses in the vacuum chamber was 5.0 x 107> Torr, and the
uncorrected pressure of the background helium buffer gas was 3.0 x 10~ Torr, measured with a
Pfeiffer DPG-202 wide range vacuum gauge. Toluene, deuterated toluene (Ds-toluene), benzene,

n-heptane and isobutylbenzene were separately analyzed with the electron ionization source.

4.3 Results and Discussion

Peaks from all the samples were observed using a mass-selective instability forward scan.
The mass spectrum of benzene is shown in Figure 4-4. However, the peak position did not move
when varying the AC frequency and the mass resolution was not acceptable. In an RF voltage
ramp, the g value of the ions increases with the increased RF voltage. When an AC signal is
applied, a resonant line would be created at the stability diagram. The ions approach the
resonant line with an increased g value, and are eventually resonantly ejected at the resonant
point. When the AC frequency is changed, the position of the resonant line should be changed as
well, so that the same peak should be ejected at a different times when varying AC frequencies,
but the peaks stayed constant position through this experiment. Therefore, we may conclude that

the peaks might not be caused by AC resonant ejection.
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Figure 4-4: (a) Forward scan mass spectrum of benzene with applied AC waveform; (b) EI-
mass spectrum of benzene from NIST database

The RF was used, while the AC waveform was turned off, to determine the ejection mode.
The peaks were the same with the applied AC waveform, which may be due to boundary ejection.
However, peaks can also be observed in the reverse scan without applying the AC waveform
(Figure 4-5). Theoretically, boundary ejection could not occur in the reverse scan, since ions
would not be trapped initially outside of the stable region. Therefore, a possible explanation is

that the peaks were ejected from black canyons.
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Figure 4-5: (a) Reverse scan mass spectrum of n-heptane without AC waveform; (b) RF
waveform consists of both forward and reverse scans - mass spectrum of n-heptane without
AC waveform; (¢) RF waveform consists of both forward and reverse scans - mass
spectrum of isobutylbenzene without AC waveform; (d) EI-mass spectrum of heptane from
NIST database; (e) EI-mass spectrum of isobutylbenzene from NIST database

In the simulation study in Chapter 3, several black canyons were observed in the stable

region, which would cause unexpected ion ejection during mass analysis.” When ions approach

a black canyon, they pick up as much energy as they would from a resonant line directly made

by the AC. Then, the ion excursion would increase for ion ejection. Unlike the AC resonant line,

black canyons can only provide a small amount of energy for ion excursion and non-linear

resonant ejection. Thus, the mass resolution of the peaks observed from a black canyon ejection
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is much lower than that of an AC ejection, an important reason why black canyon ejection

should be avoided.

Ions with the same mass-to-charge ratio should be ejected at the same ¢ value, at the same
time. However, if the stable region contains complex non-linear resonant lines (black canyons),
ions with the same mass-to-charge ratio would reach the black canyons successively when the ¢
value increases or decreases during mass analysis, and only a small portion of the ions would be
ejected at each black canyon. Therefore, the mass spectrum would be reflected as multi-peaks
for the same ions. The only solution to this problem without optimizing the trap geometry is to
restrict the g value of the ions within a small range, in which the stable area is clear of any black

canyons.

As shown in Figure 4-4 and 4-5, there are peaks that do not follow current theories, and
could not be assigned at this time. If the peaks are the ions ejected at only one black canyon, the
converted mass-to-charge ratio of the ions should be linear as a function of the ejection voltage,
but the calculated result was nonlinear. If the peaks were the ions ejected at multiple black

canyons, it would be impossible to assign the mass-to-charge ratio of the ions.

Therefore, the electric field of the miniaturized cylindrical toroidal ion trap may not be
efficient for mass analysis due to the strong black canyon effect. The next step on this
experiment would be electric field optimization that a calculated portion of nonlinear higher
order terms could be added into the electric field to compensate the black canyon in the stable
region. After determining the portion of higher order terms, the electrode shape or position of

the cylindrical toroidal ion trap would be adjusted to obtain the expected electric field.
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4.4 Conclusion

The mass analysis performance of the one-third scale miniaturized cylindrical toroidal ion
trap was studied, which was impacted by the black canyon effect. Several peaks were observed
at a fixed time with varied AC frequency, many of which could not be assigned due to random
ejections. In addition, the mass resolution of the peaks was not acceptable, due to the black
canyon effect. The black canyon effect was caused by a distorted electric field, which may be
optimized in a follow-up experiment. The higher order nonlinear terms of the electric field
would be studied and optimized for electrode repositioning and redesign, which might eliminate

the black canyon effect in the stable region and improve the ion trap performance.
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S PERSPECTIVE AND FUTURE WORK

5.1 Summary

Three types of miniaturized ion trap mass analyzers were presented in this dissertation.
These include the 1/3 scale cylindrical toroidal ion trap; the wire linear ion trap®; and both the
sub-mm spacing planar linear ion trap, and large-plate planar linear ion trap with dual spacing.'-
The planar linear ion traps consist of two ceramic substrates that are lithographically patterned
aluminum electrodes coated with a thin layer germanium. The two plates are aligned using
sapphire balls and contact, with a printed circuit board (PCB) on the backside. The PCBs also
connect to electric power supplies that provide different voltages to each electrode on the
ceramic plates. A quadrupolar electric field is then generated via applying the voltages on the
electrodes, and the electric field can also be adjusted and optimized by changing the voltage
distribution on the electrodes. In the miniaturization of the large spacing linear ion trap, spacing
was moved closer together without remaking the ceramic plates and electric fields were
redesigned via changing the capacitive voltage dividers on the PCBs. In the wire linear ion trap,
twenty-four stainless steel wires are aligned and held tight between two plates. A quadrupolar
electric field is created via applying different RF and AC waveforms on each electrode. The
electric field can be adjusted by changing the wire position. In the miniaturized cylindrical
toroidal ion trap, the electrodes are miniaturized to 1/3 of the original cylindrical toroidal ion trap.
By adjusting the position of the RF electrodes of the cylindrical toroidal ion trap, the electric

field could be slightly changed.
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5.2 Future Work

5.2.1 Sub-mm Linear Ion Trap

The feasibility of the 724 um-spacing LIT was not demonstrated due to the electrode and
plate design problems mentioned in Chapter 3, which have been used as the guide to the
following linear ion trap design. The next generation plate has a tapered shape at the slit area, so

that the ions can be ejected out of the narrow slit instead of hitting the slit edge (Figure 5-1).

Figure 5-1: Tapered LIT plate

An alternative plan is proposed for the sub-mm LIT, which is to design a linear ion trap
using only PCBs instead of using both PCBs and ceramic plates. All the electrodes are patterned
on the PCBs and applied with electronic signal directly from the power supply. Compared to the
ceramic plate, PCB 1is less expensive, more rugged and easily fabricated. Three-month
fabrication time and $200 price for each ceramic plate would be greatly reduced to three days
and $20 for each PCB. Since the precision of PCB is not as good as that of ceramics, the linear
ion trap using PCBs would be studied at a larger plate spacing than the sub-mm spacing. In

addition, the PCBs would be fabricated with a tapered plate, as seen in Figure 5-1.
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By using a PCB-based linear ion trap, a two-plate PCB quadrupole-quadrupole-LIT (Q-
Q-LIT) system could be completed, which consists of two PCB plates patterned with electrodes
to generate two quadrupole ion guides and a linear ion trap in series (Figure 5-2). The first
quadrupole is used to guide ion or perform collision induced dissociation (CID) in rough vacuum.
The second quadrupole ion guide in high vacuum will axially transfer the ions into the LIT.
Mass analysis can be performed in the LIT. There is an end-bar wall with an injection hole
between each component. Electrospray ionization (ESI) will be used instead of EI. Mass-
selective instability and digital waveform methods would be used for mass analysis. This two-

plate mass spectrometry system would become a novel method for portable-MS development.
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Figure 5-2: Two-plate PCB quadrupole-quadrupole-LIT (Q-Q-LIT) system.

5.2.2 One-third Scale Cylindrical Toroidal Ion Trap
In the previous experiment on the one-third scale cylindrical toroidal ion trap, the black

canyon effect significantly affected the mass analysis. The electric field should be optimized to
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eliminate the black canyon effect. The direct way is to adjust the position and distance between
the two RF electrodes without remaking the electrodes, which may partially eliminate the black
canyon effect. However, it is not deterministic since slight change in the electrode position may
not eliminate the black canyon completely. Another method to solve this problem is to redesign
the electrode configuration. The electric field would be optimized and studied in a simulation by
adding different portion of nonlinear higher order terms. The optimized electric field may not
contain black canyons in the stable region, which would lead to performing a more efficient mass

analysis.

5.3 Development of the Miniaturized Mass Analyzers

Four miniaturized ion trap mass analyzers were discussed and studied here, including
miniaturized linear ion trap with spacing of 4.38 mm and 1.9 mm, sub-mm linear ion trap, wire
linear ion trap and cylindrical toroidal ion trap in both original and 1/3 miniaturized sizes. Each
of them has unique capabilities with different advantages and drawbacks. In the future,
miniaturized ion traps would experience continuous evolution and improvement. The next step
for the linear ion trap would be developing sub-mm mass analyzer with good mass resolution
and larger trapping capacity compared to the other traps in the same size. Although there are
many challenges to the size reduction, they would be revealed and addressed in this process. For
the wire linear ion trap, the characteristics of simple-made and robust make it promising for the
trap miniaturization, especially working in the harsh environments. For the cylindrical toroidal
ion trap, the trap at original size has been commercialized to provide outstanding performance,
so it is also worthy to be further miniaturized. However, the complex electric field would be a

challenge to the miniaturization, which should be effectively addressed in the future.
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