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ABSTRACT

Halo lon Trap Mass Spectrometry: Design, Instruraton, and Performance

Miao Wang
Department of Chemistry and Biochemistry

Doctor of Philosophy

New ion trap mass spectrometry (ITMS) instrumentatthe toroidal IT and halo IT,
were developed to meet the significant growth irsit@ analysis applications. The miniature
toroidal IT mass analyzer was operated with raskqdency (RF) trapping voltages of 3Jgor
less. Despite its reduced dimensions, it has rquidjiel same ion trapping capacity as
conventional 3D quadrupole ITs. Unit-mass resolsgelctra fon-butylbenzene, xenon, and
naphthalene were obtained. The desired linear swds was obtained using conventional mass-
selective instability scan combined with resonagjeetion.

The halo IT was also based on toroidal trappingrgetoy and microfabrication
technology, consisting of two parallel ceramic e&tthe facing surfaces of which were
imprinted with sets of concentric ring electrodgslike conventional ITs, in which hyperbolic
metal electrodes establish equipotential boundanglitions, electric fields in the halo IT were
established by applying different RF potentialeagh ring. The potential on each ring could be
independently optimized to provide the best tragpield. The halo IT featured an open
structure, allowing easy access ifosituionization. The toroidal geometry provided a large
trapping volume. The photolithographic fabricatroethod avoided difficulty in meeting the
required machining tolerances. Preliminary masstspashowed resolutiom{Am) of 60—75
when the trap was operated at 1.9 MHz and 500 Mn ejection through a hole in the center of
the trap, and through slits machined in the cergfaites were evaluated. The latter ejection
method was done to mimic the design of the tordifial he preferred electric fields containing
higher order components were optimized by adjugtiegootentials applied to the electrode
rings of the halo IT without changing the origit@pping plates and structure of the IT. The
performance of the halo IT with 1% to 7% octopadd (A4/A;) components was determined. A
best resolution of 280r{Am) was obtained with 5% octopole field. SIMION simtibns were
used to demonstrate the toroidal trapping of iorstaeir mass analysis in both toroidal and halo
ITs.

Keywords: lon trap, Mass spectrometry, InstrumeomafT oroidal ion trap, Halo ion trap.
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CHAPTER 1. ION TRAP MASS SPECTROMETRY

1.1 Mass Spectrometry and lon Trap M ass Spectrometry

Modern chemical analysis has been developed ngtfonkcientific research, but also
for practical applications that influence our ddilses. It plays a significant role in the complex
environmental, chemical, agricultural and pharmécalindustries for use in identification,
determination and quantitation of materials otgdes. Among numerous analytical methods,
mass spectrometry (MS) has become widely emplayedlcidate the structures of compounds
of all types, including environmental and forensigyet compounds, drug impurities, flavors and
polymers. Furthermore, it has been used to exgliogie cells and other planets, due to its
unique high sensitivity and high selectivity fottelenination and quantitation of diverse
chemical and biological compounti the practice of MS, molecules in a sample anizied,
resultant mass-to-charge ratiog) of product ions are measured, and mass speetra ar
produced as plots of intensity versuog. Mass spectra provide information about molecular
weights and chemical structures of samples frortrepat of the ions produced and their
abundances. Extensive libraries of mass specttaledast for comparison. If target analytes are
in a complex mixture, more detailed information t@nacquired using tandem mass
spectrometry (MS/MS), an experiment in which muétigtages of mass analysis allow the
selection of target ion(s) from a mixture of iofdlowed by induction of further fragmentation.
MS/MS spectra can be used for molecular structiwadation, structural confirmation, and
guantitation, for example in drug metabolism arteostudies in the pharmaceutical industry,

and for biochemical analyses.



lon trap mass spectrometry (ITMS) is an importaatnher of the MS family. Its
inherently high sensitivity and specificity facite many applicatiorfsincluding threat
detection®* investigation of chemical and biochemical systéfiiicit drug identification’®
planetary exploratioft’° environmental monitoring;*?and so on. In the ion trap (IT) device,
ions are subjected to electrical forces applied bgdiofrequency (RF) field and trapped within a
system of electrodes. A scan function applied éodiectrodes allows ions with stable motion in
the trap to gain energy, lose their stability aedcefected out of the trap accordingi. The
principal advantages of the IT in chemical analgsis be summarized as follows: 1) high
sensitivity; 2) compact size and mechanical siniglio a device which is capable of high
performance; 3) ease of performance of MS/MS erpamts, which can be performed in a single
trapping device; 4) less stringent vacuum requirgsthan other types of mass analyzers; 5)
ability to isolate ions by mass to conduct ion/neale reaction studies; 6) high resolution by
way of slow scans (although mass measurement agcigreelatively poor); 7) ability to select
ions of highm/z using resonance ejection experiments with lowdesgy; and 8) availability of
non-destructive detection using Fourier transfagohhiques. All of these advantages enhance
the attractiveness of the IT mass analyzer, edpetoa miniaturization of instrumentation and
on-site analyses with field portable instrumentafio
1.2 Miniaturization of lon Trap Mass Spectrometry

The growing demand for on-site analyses using M@ foroad range of applications has
encouraged miniaturization of mass spectrometersomparison to traditional procedures of
chemical analyses, where samples are collectetransported to the laboratory for analysis, the
purpose of miniaturization is to bring the laborgttm the sample source. The ultimate goal of

miniaturization is to perform complete chemical lggas on-site for convenience, as well as to



decrease cost and increase throughput. Therefeyestam for on-site analysis should be
affordable, small enough for the application enwinent, and simple to operate. In comparison,
mass spectrometers in the laboratory are typitalte, heavy, expensive and power-consuming.
The development of miniaturized mass spectrometers include the following considerations.
First, compact size and low power consumption acessary for handheld instrumentation, for
example, at airport checkpoints and waste monigasites, and in spacecrafts for planetary
exploration. Second, it is critical that operatafrthe miniaturized device is simple and that data
are processed autonomously ifositu or real time applications. Third, the costs of evahip

and maintenance of these instruments should betmugh for a wide variety of applications.
Fourth, the operational procedures should be sfiaglfor end-users.

While the aims for development of lab-scale magsspmeters have centered around
increasing mass range, mass resolution, mass ne@asoir accuracy and sensitivity, the
development of miniaturized instruments has ainmexthieving a balance among adequate mass
analysis performance, reliable sensitivity, godédevity, ease of fabrication, and simple
operating procedure. Size reduction in mass anaysgeprisingly impacts the design and
performance of the resulting mass spectrometenso¥&considerations for miniaturization of
mass spectrometers are crucial. The first is reletdabrication. It is difficult to maintain
nondistorted electrode geometry in practice, wherfuires high precision machining techniques.
The second is related to sensitivity. Smaller vadumass analyzers lead to fewer analyzed ions,
which results in loss of sensitivity. The third&dated to power consumption. The smaller the
mass analyzer, the lower the force required to taeirihe same field strength, which results in a

reduction in power requirements. The fourth istesldo MS/MS capability. For analysis of



complex mixtures, MS/MS is very useful to minimideemical noise and obtain information
about the chemical structures of the analytes.

ITMS has distinct advantages over other MS instnish&®r miniaturization of mass
analyzers, for instance, ability to operate undghér pressures than other mass analyzers, less
demanding requirements for reducing the instrurseaet and power consumption, and the
capability of performing MS/MS in a single devidderefore, many groups have developed
miniaturized mass spectrometers by using the Ifass analyzet.***’

1.3 Quadrupolelon Trap

The quadrupole ion trap (QIT) can function botlaason storage device in which either
positively charged or negatively charged gaseons t@n be confined for a period of time, and
as an MS with large mass range, variable massutgso| and high sensitivity. It is one of a
number of devices that utilize trajectory stabililsya means to separate ions accordimg2o
Among the other devices are the quadrupole mass, fdylindrical ion trap, linear ion trap,
rectilinear ion trap, and toroidal ion trap.

1.3.1 Structureof theQIT

The original QIT, introduced by Paul in 1953lso called the Paul IT, consists of a
hyperbolic ring electrode between two virtuallyntieal hyperboloidal end-cap electrodes,
which form a chamber within which ions can be coadi, as shown in Figure 1.1. One end-cap
electrode, which resembles a small inverted sagoatains the entrance aperture through which
electrons and/or ions can be gated periodicallyleithe other is the exit electrode through
which ions pass to a detector. The ring electredymmetrically positioned between the two
end-cap electrodes. Thgdimension is the radius of the ring electrodehim ¢entral horizontal

plane and 2 is the closest distance between the two end-&agreties measured along the axis



Ring
electrode

End-cap i
electrode

Figure 1.1. Photograph of electrodes for a QIT.

of the IT. The three electrodes are truncated factcal purposes; however, in theory they
extend to infinity so as to produce an ideal qupdle potential distribution for the confinement
of ions.
1.3.2 Mathieu equations

An electrostatic field in free space must obey hapls equationJ*® = 0. A time-
dependent quadrupolar-shaped electric field inThe produced by a megahertz RF voltage
applied to the ring electrode with the end-captedele grounded. The force on anion is
proportional to its distance from the center of diegice, and ions of appropriatéz ratios have
stable trajectories within the chamber and canrdqged for many second&The mass stability
of ions in the axial direction in the IT is derivBdm Laplace’s equation and governed by the
Mathieu equations

a,=- 216eU2 5 (1.1)
m(rO +225 )Q




_ 8eV
m(r¢ +2z2)Q*

q, (1.2)

wherea; andg, are the two Mathieu stability parameters in thialedirection,e is the charge of
the ion,mis the ion mass, andz, are, respectively, the radial and axial dimensmfithe IT,V
is the zero-to-peak amplitude of the RF voltagdiaefdgo the ring electrod&) is the angular
component of the RF drive frequency which is exgedsn radians per second instead of hertz,
andU is the direct current (DC) offset applied to timgrelectrode.

The Mathieu equations for the radial componenbofmotion are
. and q,=-2q (1.3)

The solutions to the Mathieu equation can be im&tegl in terms of trajectory stability
(and instability) in the radial, ot and axial, og, directions within the electric field of the QIT.
The stability regions corresponding to stable sohg of the Mathieu equation in theandz-
directions simultaneously compose the stabilityrimary. lons can be stored in the IT provided
that their trajectories are stable within the bamgdSolutions out of the boundary represent
conditions at which ions are ejected from the dewind either lost or detected externally. The
stability boundary, as shown in Figure 1.2, intetsevith theg, axis atg, = 0.908; this working
point represents the ion of lowest mass/charge (&tw-mass cutoff, LMCO) which can be
stored in the IT for given values nf, 2, V, andQ.
1.3.3 Secular frequencies

The trajectory of an ion in a three-dimensional \8Dhas the general appearance of a
Lissajous curve composed of two fundamental fregiesnw, o andw, o, of the secular motion.
Planar motions of the trapped ions occur in a plahewn in a simulation by the ITSIM
program?® There exists a group of higher-ordey frequencies in the trajectory, described by

orn andw,n. These secular frequencies, also called tickigukeacies, are given by



a;

01T

4z

Figure 1.2. Stability diagram for the region ofrsiltaneous stability in both the axial and radial
directions near the origin for the 3D quadrupole The isog; and isop; lines are shown in the diagram.

W, :(n+%ﬂujﬂ 0sn<o (1.4)
and
1
W, , :—(n+§,8uj§2 —o<n<0 (1.5)
where
1.,
ﬂu = (au +Equj (16)

for q, < 0.4. Normally, the higher-order secular freques@re of little practical significance.



1.3.4 Pseudopotential well model

The ion trajectory can be regarded as a combinati@nlow-frequency (secular)
oscillation superimposed upon a high-frequencw{dg RF) ripple. The pseudopotential well
model was formulated from this characteristic byafker and Dehmeft:#It is essentially
assumed that, at low values/f the high-frequency ripple is neglected, and tlo¢iom of
trapped ions along threandz directions can be approximated to that of chapmticles acting
in simple harmonic motion in a parabolic potenti@ll. The depth of the well is related to the
trapping parameteis, andq, and, thus, to the experimental operating condstiointhe device.
From this pseudopotential well model, the densitiyapped ions can be estimated, and their
kinetic energies (ignoring the collisional effeatsn be evaluated.

Forq, < 0.4, the pseudopotentidl , acting in thez direction andD , acting in the
direction can be expressed as

—  mrQ?
and D, =—2 2
16e % 16e G

= _mzQ° ,

D, (1.7)

If ro? = 225 for the standard ideal quadrupole device, sultititof Eq. 1.2 forg, and Eq. 1.3 for
g- in Egs. 1.7 gives

D, = :—équ and D: = éVqr (1.8)

The pseudopotential well model offers a fairly sienpicture of the motion of ions held
within the QIT, and also gives an estimation of ¢fffects of space charge and maximum ion
density in the trap. The space charge can be asstamkstribute uniformly over the whole
trapping field, and then act as an effective DQage increment, which causes shifts indahe
values which, in turn, leads to displacements efltbundaries of the stability diagram and,

consequently, of the secular frequenéfes.



Every ion which is placed in the IT must modify fiedds experienced by ions already
present. Eventually, the space charge limit ishhed@nd the maximum number of ions are held
in the chamber when the trapping potential is baddrwith the repulsive electrostatic potential
arising between the trapped icit$° It is assumed that this trapping potential is jited by the

pseudopotential derived above. The maximum ionitdgné,a5 is calculated from

2
No=3 v (1.9)

max n_m(roz + 225 )ZQZ

or, after making the substitution from Eq. 1.2

3 mQ? ,
_ 1.10
T e84 e? % 10)

From these equations, when the IT is operatediaéd RF potentialy, and fixed frequency,
the maximum number of trapped iohg,ax Of a given species is inversely proportionalt$o i
mass. Conversely, when working at a fixpdralue,Nnax is directly proportional to the mass of
the ion and inversely proportional to the squargsotharge.
1.3.5 Higher order field components

In a real QIT, the operation of the system is delpahon certain electrical and
geometrical limitations. The facts that the RF dnpotential may not be strictly sinusoidal, that
the electrodes do not extend to infinity, thatspacing between the electrodes may be
inaccurate, that there may be imperfections irsttepes or precision of the electrode surfaces,
and that one or more holes are drilled througteteetrodes in order to admit electrons or ions
and to eject ions for detection, induce the pres@icuperimposed higher order field
components in the IT. These nonidealities may teadass shifts such that mass spectra of the

ejected ions exhibit peaks not appearing at theecbassignment af/z values, which produces



“black holes” or “black canyons” or regions of iaktlity embedded within the stability diagram
where ions are not trapped.

The electric field in the QIT is a system with dxdgmmetry. The solution of Laplace’s
equation for the derivation of the potential in & @ spherical polar coordinates, ¢, ¢) has

the general form

n

dp.6.9)= @3 A, 25 P, cosd) (L11)

n=0 0

whereA, are arbitrary coefficients arih(cos0) means a Legendre polynomial. WheR,(cos6)

1/2

is written in cylindrical coordinates € (¢ + y?)'? 2), Eq. 1.11 becomes

r?—2z° A, 3r?z-27° “A, 3r*-24r%z* +87°
27 2rS 8ry

b . :%(Az

15r4z-40r?z° +82° N
8ry

A (1.12)

5r® -90r*z? +120r2z* -162°
As +...

16r,
The valuesoh =0, 1, 2, 3, 4, 5, and 6 correspond to the molegipole, quadrupole, hexapole,
octopole, decapole, and dodecapole componentsatagly, of the potential fieldg, in
proportions according to their respective weighfimgfors,A,. Higher-order field components
such as hexapole and octopole can play importées o the operation of modern IT mass
spectrometers. The consequence is that the comizoofethe RF field amplitude arising from

the higher order fields are nonlinear in thendz directions. Therefore, the secular frequencies
of oscillation are not constant and become amp@itdependent for certain field parameters, and
the ion trajectories in theandz directions become amplitude dependent and ardedwupth

each other for the higher order fields.
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1.3.6 Motion of trapped ions

In the operation of an IT, helium is used as adwugis at ~16 Torr to improve both the
resolution and sensitivity due to viscous damping by collisions between ¢ins iand the helium
buffer gas atoms. The ions collapse to the certrectrap in both the radial and axial directions
so that ions do not experience any higher ordé&djesince the effects of higher order fields are
negligible at the trapping center. Moreover, asaimplitude of the RF drive potential is
increased, the buffer gas damping effect opposestrease in maximum displacement of ions,
and they remain tightly bunched and can pass tirtlug exit holes in the end-cap electrodes.
The trapped ions change little in momentum andlf@chtter in collisions with low-mass
damping atoms. This effect of buffer gas in optimigzthe performance of IT mass
spectrometers is called collisional cooling. Théragation is affected by the pressure of the
buffer gas, the operatirg value, and the time for collisional cooliAg.

During external injection of ions into the trapetholes in the end-cap electrodes weaken
the RF trapping field near the holes, which esplgcadfects ions with large axial trajectories.
The holes cause RF field penetration out towardrtbeming ions, and increase the percentage
of trapped ions, especially for slower moving higlass ions, as a function @fat the time of
injection?®

Several methods exist for mass analysis in anudh sis mass-selective instability
scanz® resonance frequency scan ejection, and massiselstirage. For the mass-selective
instability scan, the amplitude of the RF voltagéncreased, and this causes ions of increasing
m/zto become unstable as their excursions withirgtredrupolar potential well eventually take
them beyond the physical bounds of the devicehistpoint, ions are ejected in mass sequence

from the device through perforations in an end-éapadditional “supplementary alternating
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current (AC) potential” with a frequency equal be tsecular frequency,, (Eg. 1.4 and 1.5) can
be applied along the axis of the IT, which coupksonantly with the fundamental secular
frequency of ions that have the corresponding vafys. These ions will, therefore, receive
additional energy, their trajectories will expaadd ultimately they will pass through holes in
the end-cap electrodes. For frequency scan resergection, the amplitude of the RF voltage is
kept constant, and the frequency of the supplemgA@ potential is increased or decreased.
lons with decreasing or increasingzare coupled resonantly with the frequency scan and
eventually eject out of the device.

This supplementary AC potential can be connecteldddT in different ways. The most
common way is dipolar coupling, in which the two Ai@nals, equal but out-of-phase, are
applied to each of the end-cap electrodes. The atkéhod is monopolar coupling where a
single AC signal is connected to one end-cap @ldetwith the other end-cap electrode held at
ground.

1.3.7 Simulation of ion trajectories

Simulation of ion trajectories in a QIT permitswad measurement of ion motion with the
applied drive potenti&® The simplest simulation is to calculate the trajecof a single ion in
an ideal quadrupole field without buffer gas. Sengin trajectory simulation can be done at any
az, g, coordinate or working point within or beyond thalslity diagram to show different
secular frequencies or the ion hitting the ele@sd he effects of ion/neutral collisions are
incorporated to simulate the collisional procesmomentum dissipation, leading to ion
focusing to the center of the IT. Thereafter, restrexcitation and resonant ejection of ions can
also be simulated. Then, the higher-order termsesadded to the quadrupole field to affect ion

motion in the IT. The investigation of spatial akrgy distributions can be simulated by
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simultaneous calculation of the trajectories of entiran 600,000 ions. A wide rangendf

ratios can be accommodated to permit simulatiamads spectra and ion kinetic energy
distributions, and evaluation of space-charge &ffdon trajectories from the ion source through
the IT to the detector can now be simulated togetlith the processes of charge exchange,
ionization, cluster ion formation and ion fragmeiaa. All of the above simulations can also be
repeated in traps with different geometries.

Three computer programs have been extensivelyfoséde simulation of ion
trajectories. They are SIMION, ITSIM and ISIS. Francomparison of the performance, design,
and operation of the three prograffig! it was found that there are many similarities aoghe
differences. The greatest similarity was foundtfe simulation of a single ion in a collision-free
system; calculations of spatial trajectory compasekinetic energies and secular frequencies
were very close. The differences occur in detemgnon-trapping efficiency due to random
effects such as collisions of ions with buffer gé@ms and the different approaches to field
calculation.

1.3.8 Concerns about miniaturization of theQIT

Although more limited in resolution and mass accyreompared to FTICR and TOF
instruments, QITs offer some important advantagasiaiature mass analyzers, such as high
sensitivity, operation at higher pressure thanahgr type of analyzer, and multiple stages of
MS in one single analyzer.

From Eqg. 1.2, the miniaturized QIT requires lowewpr to operate, but this must be
balanced with the performance of the mass analyrduding mass resolution and mass analysis
efficiency. Using a lower RF voltage decreasedridugping potential well depth, which causes

lower ion trapping efficiency and poorer mass resoh. Often, RF signals of higher frequency
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are used for the characterization of miniature Bsmanalyzers to improve performance because
of an increase in the trapping potential well depth

When a miniature QIT was constructed with half earger radius? the shape of the
hyperboloid trapping electrodes required high maicig precision. Any imperfections in the
shapes and inaccuracies in the precision of thatretde surfaces degrade the performance of the
miniature IT, and even result in complete lossoof signa®® Cylindrical quadrupole ion traps
(CITs)*** are much simpler to machine than QITs, and caretbes be miniaturized more
easily because of their flat end-cap electrodesbankl-shaped ring electrode.

Miniature IT mass analyzers are also limited inti@pping capacity since half or quarter
dimensions lead to quarter- or eighth-size maslyzexs. The smaller trapping volume results in
lower sensitivity due to fewer ions trapped andrpooesolution due to space charge problems.
An effective means to address the trapping capacillem is to increase the trapping volume
by using an array of traps with identical dimensidfor example, parallel arrays of small-sized
CITs have been usé@The other way is to modify the geometry of the snasalyzer to increase
the trapping capacity as well as to keep small dsrns. Two alternative geometries, linear and
toroidal®"*®both allow ions to be trapped along a line instefat a point, as occurs in a 3D IT.
1.4 Cylindrical lon Trap

The CIT was derived as a simplified version of alR&aap or QIT to confine charged
particles for examination of charged species, stfdieir reactions with neutral species, and
determination of thevz ratios of such species. The CIT has a simplifiedngetry, consisting of
a cylindrical electrode and two planar end-captesrs of the hyperbolic ring electrode and two
hyperboloidal end-cap electrodes in the QIT. Eauh@p plate has one center hole for entrance

or exit of ions. Simplicity of fabrication of CITgermits investigation of their ion-trapping
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properties as functions of size and geometry. Thexethe general direction of research on CITs
has been toward smaller size, or miniature CITs.

The CIT has received much attention from a numbegsearch groups. Most of the
interest in cylindrical traps has been for use ssrgle ion storage devié&*' Once mass-
selective axial ejection had been exploited with@1T, thoughtful reflection on the application
of the same technology to CITs was made, and Ceb#k used cylindrical traps in the standard
mass-selective instability mode of operation fosmanalysis’>* **Multiple-stage mass
analysis has also been demonstrated using a min-Cl

The main driving force for the development of CI§ she increasing interest in field-
portable analytical instrumentation for on-site lgsig of toxic pollutants and detection of
chemical warfare agent3 A CIT can be easily fabricated from a polishedaheylinder with an
internal radius of a few millimeters and two flaund discs with suitable holes for admission of
electrons or ions and ejection of ions. It is capath storing an adequate mass range of ¥ons,
can be operated as a portable mass spectromeletawidem MS capabilities, and has good
sensitivity. The performance of a CIT depends gfipon its structure and geometry. An
optimization procedure was developed based on é&liclilations and simulations of ion motion
in the CIT field, and experimental results wereoned to confirm the enhanced performafice.

A miniature CIT mass spectrometer was developetftiyetect for field portable and
handheld applicatiors.The miniature CIT mass analyzer accounts for <of%he total volume
and weight of the instrument and, thus, the majmiaturization effort was directed to the
accessory components. The weight of the devicelwdlss with supplied battery, or 12 Ibs when
operated on 12/24 VDC or 110/ 220 VAC. The vacuwystem in the mass spectrometer is

normally large and heavy, and consumes considepaivier. However, in a miniature IT, the
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oscillation of an ion at a certain secular frequeiscsmaller than in an IT of standard size. As a
result, ions experience fewer collisions with buffjas per RF cycle at a given pressure.
Therefore, the miniature CIT can be operated agjlaeh pressure than a normal IT, and the
pumping requirements are reduced. Electron imgagtgnization was used for the detection of
volatile compounds. A miniaturized membrane injettem was designed for gaseous and liquid
samples. Mass spectra were recorded in 2 secomldsimt mass resolution.

The miniature CIT array mass spectrometer was dpeel in order to meet the demands
for high-throughput analysé81o increase the trapping volume for micro-sizegsenalyzers
that were made from modern microfabrication teche#]’*®and to simplify the IT control
electronics and avoid the use of an RF ramp toedeserthe power consumptith.

In the array for high throughput, there are founir@ITs of the same size with barrel
electrodes of 2.5 mm internal diameter. Each C itsaown inlet system, filament assembly,
and small electron multiplier, all within a commwaacuum manifold, operated with a single set
of control electronics. Therefore, the compounda@red in the four channels may differ from
each other, and the channels can be operated ammealisly for high-throughput experiments.

In an array microfabricated using standard integtaircuit (IC) and micro-electro-
mechanical system (MEMS) fabrication technique$ tédps with radius of tm have been
arrayed in parallel in a 0.25 érarea. If only 10 % of the traps could be populatét an ion of
interest, such an array would have a spectral ehdegsity equivalent to a normal QIT, thereby
regaining the signal with the sensitivity seenamweentional size traps. The benefit of CITs with
dimensions on the order of a few micrometers isdparating voltages need to be only a few
tens of volts, which is an appealing feature oncita truly handheld mass spectrometer could

be based.
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In an array with simplified control electronicsetimdividual traps were of different sizes,
so that when the array was operated with a fixe¢pp&Ential, ions of different masses or mass
ranges were stored in separate traps. The RF anblD&ges applied to the ring electrodes were
kept constant, thus, simplifying the operating &tadcs and improving the miniaturization
process. The CIT array was designed so that al ¢onld be ejected simultaneously using a fast
DC pulsé® applied to the flat end-cap entrance electrodsath trap. A position-sensitive
detector was used to detect the ejected ions fawh ef the array elements and produce the ion
intensity versus CIT from which the signal was gated; then, the full mass spectrum could be
constructed. By employing an array of simple tragih different dimensions, in which mass
analysis can be performed without the need to sw@aRF voltage, significant simplification in
the electronics system can be achieved, whichlisvgel to represent a first step to a portable,
handheld IT mass spectrometer ifositu analysis.

1.5 Quadrupole Mass Filter

A guadrupole mass filter (QMF) consists of fourgli@ metal rods arranged as in Figure
1.3. To reduce costs and to simplify constructammays of electrode rods in modern QMFs are
fabricated as round instead of hyperboloidal sifabegood approximation to a quadrupole field
can be obtained when the value of the radig)of each rod was found in the range of
1.12x¢ tore = 1.13>,, whererg is half of the shortest distance between the dfposds>* as
shown in Figure 1.3.

Each pair of opposite rods is electrically connécte pair of rods having an applied
potential of (U+\4jcot) and the other two having a potential of —(Ledd2t), where U is a
DC voltage and Yot is an AC voltage. The applied voltages establislicadimensional (2D)

quadrupole field in the-y plane and affect the trajectory of ions travelidagvn the flight path in
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Figure 1.3. Quadrupole mass filter. lons enter amdrate along the z direction, while they oscélat
the x-y plane. Only ions with stable trajectoriessel the length in the z direction of the QMFhe t
detector.

thez direction centered between the four rods. Whdeeling in thez direction, the ions also
oscillate in thex-y plane due to the potentials applied to the rodsgiven DC and AC voltages,
only ions of a certain/z ratio have a stable trajectory and pass througletitire length of the
guadrupole filter; all other ions deviate from thaxis and hit the rod electrodes. Therefore, a
QMF can be operated so as to transmit either adl @ ions with a certain rangerofz ratio and
to focus them at the exit aperture.

During the operation of a QMF, the potential applie the vertical rods and the potential
applied to the horizontal rods are out of phasé wéch other. The potential along #hexis
centered between the four rod array is generally. ze

The trajectory stability of ions in they plane in a QMF is governed by the Mathieu
equations in the& direction

8eU
a =

=== 1.13
X erZQQ ( )
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=— 1.14
©omriQ? (1.14)
and in they direction
a, =-a, (1.15)
q, =~0qy (1.16)

whereay, x anday, gy, are the two Mathieu stability parameters inxtandy directions,
respectivelyg is the charge of the iomis the ion mass,rgis the shortest distance between the
opposite rod electrode¥,is the zero-to-peak amplitude of an RF potentsailating with

angular frequenc@ in radians per second, antd s a DC voltage applied to one pair of
electrodes while a DC voltage dfl-volts is applied to the other pair of electrodes.

The solutions to the Mathieu equations can bepnéeed in terms of ion trajectory
stability (and instability) in each of theandy directions of confinement within the quadrupole
field. The stability regions correspond to staldkigons of the Mathieu equation in tk@ndy
directions simultaneously, as shown in Figure Odly the upper part of the whole stability
region is shown, since it is symmetric aboutdhexis. When an ion’sy, gx coordinates lie
within the stability region, itsy, g, coordinates must also necessarily lie within tladisty
region.

When a QMF is operated with only an RF potentfad, tod array allows the transmission
of all ions above a fixedvz through the device. Normally, the RF voltage thei fixed or
increased gradually in order to enhance the effayef transmission of ions of highe¥z ratio.

The mass selectivity of a QMF is realized by vagytine magnitudes of the DC and AC
or RF voltages applied in a constant ratio to gehof rods. Light ions (lowr/z) are able to

follow the AC component of the field. In tixez plane, the RF potential greatly affects these.ions
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Figure 1.4. Stability diagram of linear quadrupsjesuch as the QMF and LIT.

They will stay in phase with the RF drive potentgdin energy from the field and oscillate with
a large increasing amplitude until they are lo8tezivia contact with the rods or ejection from
the quadrupole rod assembly. Heavier ions aredféssted by the RF drive, and remain near the
center of the four rod assembly, and are emittealitih the exit aperture at the downstream end
of the rod array. Therefore, thez plane is a high-mass pass filter. On the othed hianthey-z
plane, both heavy and light ions are drawn towhedntegative DC potential of the rods.
However, light ions are refocused toward the celoyethe RF drive if their magnitudes are such
as to correct the trajectories whenever their aombdis tend to increase. Therefore, the field in
they-z plane acts as a low-mass pass filter. By suiteltabéce of an appropriate DC/RF ratio, the
two filters can overlap so that only ions withisraall range of/z ratios have stable trajectories

while traveling in the direction to the detector.
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Figure 1.5. Electrodes of a linear quadrupole I&ss spectrometer.

By varying the amplitude of the RF voltagg,or DC voltagel, the QMF provides a
convenient mass filter which can be tuned to therdd mass. The mass selectivity, i.e.,
resolution, can be varied electronically by simatijusting the RF/DC ratio. Simultaneously, by
ramping both the DC and RF potentials with fixetioraf U/V, an entire mass spectrumrofiz
can be scanned;>®and the mass resolution can be determined byldpe sfU/V.
1.6Linear lon Trap

A linear ion trap (LIT) has hyperbolic (or, in sitepversions, cylindrical) rod profiles,
similar to QMFs, but with four rods in each of taraxial sectiond**®In practice, round rod
electrodes are widely used because they are @asi@nufacture, as shown in Figure 1.5. These
rod sections are positioned adjacently to avoryifield distortions of the trapping and
excitation fields. In an LIT, ions are confined it the center section through a combination of
a radial quadrupolar field by the RF voltage ani@dlgpotential created by raising the potentials
on the two end sections. In comparison to 3D Qlifiear traps have higher injection efficiencies

and higher ion storage capacitféghe trapping volume of the trap can be increageglg by
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making it longer. Thus, the problem of space chaegealsion and accompanying deterioration
of mass resolution and shift of mass assignmeswpgrienced only at greater ion loading.
Virtually all advantages of the 3D QIT are retaimedhe LIT, such as collisional focusing,
resonant excitation and ejection, tandem MS, anidt@n of mass resolution as a function of
mass-selective ion ejection scanning rate. In adtb being combined with other mass
analyzers™®in hybrid instruments to isolate ions of seleat@d ratios and to perform tandem
MS experiments, they can also be operated as siang-mass spectromet&rs’

lons stored in an LIT are subject to a 2D quadreeld driven by an RF potential and a
DC voltage on the rod electrodes in the centei@edviostly, the DC component is zero in the
LIT. The trajectory stability of ions in an LIT governed by the Mathieu equations (same as in
the QMF) given by Eqg. 1.14 in thez plane and by Eq. 1.15 in tlyez plane. The 2D stability
diagram, which is the same as in the QMF as shawigure 1.4, is obtained from the solutions
to the Mathieu equations. In the stability diagréinere is a continuum of iséy-lines, which are
complex functions oé, andq,. Fromg,, resonant frequencies of the ion motion could be
characterized by Egs. 1.4 and 1.5 as in a QIT. Wie®, the resonant frequency for the

direction can be written as

w :%ﬂxg (1.17)

X

Thus, ions trapped in an LIT can be excited restiypéy applying an auxiliary AC signal to two

opposing rod electrodes. Excited ions can disseéaiowing collisions with molecules of

buffer gas, or can be ejected out the LIT, whicsisilar to that in the QIT. Trapped ions can be

ejected mass-selectively so as to isolate a gigeniss in the LIT, or to give a mass spectrum.
Similar to a QIT, 2D multipole fields are well knaywvhich are used for trapping and

manipulating ion§” The ratios of round rod electrode radiusto field radiusro, give
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approximations for higher order fields, so doesr#iative position of one pair of rods to the
other®® The ratio which is optimum for mass analysis lmear quadrupole field is
approximatelyd/ro = 1.13% lon motion in thex andy directions is strongly coupled in the
higher multipole fields. The frequencies of ionilation and the trajectories of trapped ions
depend on the initial conditions. Therefore, theneo stability diagram for ion motion in higher
order fields.

As a stand-alone mass spectrometer, the LIT canreseas spectra with mass selective
radial ejectiorr” lons are confined radially in the center sectigrite RF voltage and axially by
the DC potential on the front and back sectionss lare ejected through a slot in a rod in the
direction of thex axis (X rod). To compensate for the field distmns induced by the slots, these
rods are moved 0.75 mm away from the center. Dipwetgtation with auxiliary AC voltages on
the X rods can be used to isolate, excite, and &jas.

lons can also be ejected axially from an LIT in assiselective manner. lons flow
through an RF only quadrupole field in an LIT withdrapping and produce mass spettians
receive increased energy in thandy directions withg values close to the stability boundary
limit (q = 0.908) when the RF voltage is ramped. lons mmaea stopping potential applied at
the end section of rod electrodes when ions geigimenergy at the fringing field. Mass spectra
are produced by scanning the amplitude of the Rfage to cause ions with differem{z ratios
overcome the stability boundary. Mass resolutiam @ improved by applying a small resolving
DC voltage between the rods by unbalancing th&RF.

An excitation frequency can be applied to the s&dtion rods as dipole excitation, or
between a pair of rods as quadrupole excitdfidons exciting with their resonant frequency at

the fringing fields accumulate kinetic energy, & ajected by overcoming the stopping potential
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at the trap exit. By scanning the excitation fregye ions with differentr/z can be ejected to
produce a mass spectrum. Alternatively, the exoitdtequency can be kept constant and the
amplitude of the driving RF ramped to push ionshwiifferentm/z into resonance. The RF
amplitude increases proportionally to th& value of the ion being ejected.

1.7 Rectilinear lon Trap

A rectilinear ion trap (RIT) has been constructad aharacterized by Cooles al®” It
combines the advantages of higher injection efficies and higher ion storage capacities in an
LIT with the geometric simplicity of a CIT. Roundd electrodes were used in LITs for
simplification, with the addition of a DC trappifigld to the separated rod sections at the both
ends of the LITs discussed above. The geometryeoLITs can be simplified to arrive at the
RIT by using six planar sheets of metal or polyfh&rto give a six-electrode cubic structure.

The simple geometry of an RIT consists of threetedele pairs in thg, y, andz
directions. The pairs of electrodes in #handy directions are rectangular plates of high aspect
ratio with length of 40 mm, 4-5 times the widthdahey are arranged in a rectangular array. On
eachx electrode, a slit is centrally located throughathions can be ejected to a detector. There
is a rectangular plate at each end oftheelectrodes forming theelectrodes.

An RIT can be operated as an LIT by applicationaifage,V, to the pair of electrodes in
thex direction and -V to the pair in thg direction, with the end plates grounded. Masstspec
can be produced by scanniigand ions can be ejected through the apertuteciend plate.
Similarly, the six-electrode cubic structure caroperated as a 3D IT by applying the same RF
drive potential to all four side electrodes and@ ltage to the electrodes. lons are trapped in
the quadrupolar RF field between thg planes, and stopped by the DC potential well atbieg

z-axis. Mass analysis of trapped ions is performadgistandard mass-selective instability by
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scanning the RF amplitude. The ions can be scaoueaof the RIT through the slits in tixe
electrode. In addition, a supplementary AC dipfdequency can be applied between the xwo
electrodes to achieve resonance ejection duringEhscan.

It is relatively easy to modify the essential disiems of the RIT to explore variations in
RIT performance. The magnitudes of the half-distanetween the electrodes in thdimension
(dy) or the one in thg dimension @,) can be varied independently so as to exploreffeets of
both physical size and ratty/d, on the performance of the RIT. The gaps betwegcadt
electrodes and the width of the slits for ejectiso greatly influence ion ejectiéhCreatePot
was used to calculate the higher-order fields &tous RIT geometries. The optimized RIT with
dx = 5.0 mm andal, = 3.8 mm has a quadrupole field coefficieht= 0.6715, an octopole field
coefficient,A, = 0.0832, and a dodecapole field coefficidgt= — 0.1260.

The stability diagram is an important charactezisfiany quadrupole device. The
variation of the stability diagram for the RIT wiasestigated as a function of tdgd, ratio®®
An ion species ofiYz 105 was isolated at several values of the RF gozential amplitude,
from which the corresponding valuestpfcould be determined by Eq. 1.14. At eaglvalue, a
DC potential was applied and adjusted until thegmction signal disappeared, and the
correspondin@y boundary value was determined. The complete gtadiagram could then be
plotted. The stability diagram for an RIT @&f=dy, = 5.0 mm is symmetric about thggaxis, just
as is the stability diagram for the QMF and the .LThe stability diagram for an RIT df = 5.0
mm anddy = 3.8 mm is markedly asymmetric and resemblestdiality diagram for a truncated
QIT. As a result, the secular frequencies inytlderection are shifted to higher values. During
resonant excitation by ramping the RF potential lgoge, ions come into resonance wiil

before they come into resonance witfj and so they are ejected preferentially inxlagrection.
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RITs have higher injection efficiency when ions axélly injected into the RIT?
compared with ~ 5 % for 3D IT8.Therefore, external ion sources are suitabledapting to
RITs, especially atmospheric pressure ionizatioRIJA>"® A direct leak atmospheric pressure
interface used a capillary to directly connectdah&ient air to the vacuum region of the RIT.
However, ion transfer was limited by the low contdince of the capillary. The barrier to high
performance was overcome with the developmentdi$@ntinuous atmospheric pressure
interface (DAPI)"” DAPIs have been characterized with electrospraization (ESI) 7®"°
desorption electrospray ionization (DE8BNd low-temperature plasma (LPPprobe
ionization, and use a pinch valve to control theropg of an interface to the vacuum chamber.
The introduced ions are trapped in the RIT whikeititroduced gas increases the pressure for
~20 ms, and then the gas is pumped away. Masssaatbyld be performed after a delay of
~300 ms until the pressure dropped into the lovitaort range. Chemical analysis has been
performed for various organic compounds and mixtdioe amino acids, peptides, and proteins
in solution™"":82

The tandem MS capability of the optimized RIT hastbdemonstrated using RF/DC
isolation and SWIFT (stored waveform inverse Faurignsform) isolatiofi>**In the MS/MS
experiments, an analytically useful ion/moleculact®rf” was performed in the RIT. The
molecular ion of a chemical warfare simulant, dinyetnethyl phosphonate (DMMP), was
isolated and then dissociated to form a phosphomiagment ion 1fyz 93), which included an
Eberlin transacetalization reaction and electroplaitidition.

In order for simultaneous high-throughput analgdimultiple samples, a multi-channel

RIT mass analyzer was designed and constrd&&d@he system consisted of four parallel API

sources, four RIT mass analyzers, four sets obpiit elements, and four dynode detectors. The
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four parallel systems were assembled in a singteawa manifold with a common vacuum
system, operated by a common set of control eleicispincluding a single RF power supply and
transformer coil. Each of the channels could areBjither positive or negative ions with a
choice of ionization method. This improved the mfiation about analytes from an experiment
with simultaneous data acquisition capabilitiesrfrall four channels. An automatic gain control
(AGC) system for each channel was used to indeplydsontrol the ion population in each
trap. In experiments, two principal analytical msaeuld be used. In one mode, the same
sample is tested in all of four channels usingedédht ionization methods to better interrogate the
sample. In the other operation mode, different dasn@re analyzed in all four channels with the
same ionization method to provide higher througlgmatlysis.
1.8 Toroidal lon Trap

The concept of the toroidal IT came about by ratai 2D QIT cross-section about an
axis at the edge of the ring electrode rather tsacentral axis, as shown in Figure 1.6. It was
obvious that the toroidal IT had a larger volungitanaintained the main dimensiomg §ndz)
which governed the operation of the IT, and theas wnly a single storage region instead of an
array of traps. The toroidal IT is similar in natuo a device constructed by Chuftin which
linear quadrupoles were bent into closed circles@@monstrated for storage’¢fe” and H
ions for several minutes. Similar to other grotfb% they also described traps with circular
guadrupole geometries for storage of ions. A sindlaved quadrupole rod set was used in the
TSQ-70 triple quadrupole mass spectrometer fromi§an-MAT as a transmission devite.

The symmetrical toroidal IT was built by rotatiriget3D IT quadrupole cross-section
about an edge axis. The mass resolution was podithe shapes and intensities of the peaks

were strongly dependent on the ejectipralues because of distortions to the quadrupole
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Quadrupole lon Trap Toroidal lon Trap

Figure 1.6. Original idea of a toroidal ion trafRotation about axis A gives the conventional 3D.QIT
Rotation about axis B generates a toroidal ion tveiph the same cross-sectional dimensions as tfe QI

Figure 1.7. Photograph of the 1/5-scale toroidaith the top end-cap removed. A U.S. quarter is
shown to emphasize the small size of the analyzer.
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trapping field presented by the curvature of tloeagge region. Geometric modification was

made by stretching the separation of end-cap elées; as well as increasing the asymptote
angle for the center ring electrode and decreabi@@symptote angle for the outer ring electrode,
by which a slight nonlinear (mainly octopole) fietdintentionally added to the linear 2D
quadrupole trapping field. Adding a small DC comguatnenlarged the difference between the
axial and radial secular frequencies. As a rebelter performance was obtained in the
asymmetric toroidal IT and unit mass resolution vesched? This full size toroidal IT had
approximately 300 times larger trapping volume tbamparable-sized QITs.

The significant feature of the toroidal IT is thesgibility to trade off the increased
trapping volume for a smaller analyzer assemblysA®wn in Figure 1.7, a 1/5-scale version of
the asymmetric toroidal IT was fabricated with felectrodes: two end-cap electrodes, an inner
ring electrode, and an outer ring electrode, wiicmed the trapping chamber with an ion
trapping volume comparable to a commercial 3D &IBut operated at RF voltages of less than
1.5 kVpp instead of 15 kY, It is currently utilized in a portable gas chrdograph-mass
spectrometer (GC-MS) system commercialized by Tofiechnologies, Iné The analytical
performance of this miniature toroidal IT has bdemonstrated to be comparable to commercial
IT mass analyzers with better than unit mass réisoland system detection limit of 250 pg
(signal/noise > 3) using solid phase microextrac{®PME). Further reduction in analyzer
dimensions could become problematic due to machitulerances (on the order of 0.0005 inch).
19Halolon Trap

The halo IT mass analyZémwas developed based on a toroidal trapping gegrbgtr
using sets of lithographically deposited gold ringgtead of machined electrodes. The mass

analyzer was comprised of two parallel ceramicgslaFifteen 0.1 mm wide concentric gold
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rings ranging in radius from 5 to 12 mm in 0.5-mmarements were imprinted on the inside
surface of each plate and covered with a thin laygermanium, which prevented charge
buildup and smoothed out the potential betweerekbetrode rings. A metal spacer with holes
located between the plates around the exteridrefrapping region was used to further define
the electric field. The holes were used to adméinbe of ionizing electrons and were helpful for
pumping of the analyzer. At the center of eachepledis a 9-mm hole which allowed for ion
ejection. A capacitive voltage divider was usedptimize the trapping field between the two
plates by independently specifying the electricakptial function on each ring, which is
impossible to do with machined ion traps.

lons were createnh situ by electron ionization, and then they were calsilly cooled in
a circular band between the two trapping platessdMgpectra were produced by resonantly
ejecting the ions to an electron multiplier. Resdreggection was carried out by linearly scanning
the frequency of the secular voltage. The combamadif toroidal geometry and open structure
enabled easy access forsituionization, trapping and analysis. Microfabricatimethods made
the device easy to miniaturize. When the trap wesaied at 1.9 MHz with a driving RF
amplitude of 350 ¥, the mass spectrum of dichloromethane exhibitexsalution of 121
(m/Am) for m/z 49, demonstrating both ion trapping and mass arsatapability. SIMION
simulations of collisional cooling showed that tbes were collapsed in a toroidal shape, which
has a significantly larger trapping volume thart thfehyperbolic traps with the samg

In the halo IT, electric fields are made using plamonequipotential electrodes. The
boundaries of electric fields are surfaces on whhehpotential varies over one or more spatial
dimensions. As shown in Figure 1.8, the quadrupotential field produced by hyperbolic

electrodes in a QIT is the same as that in a voloaveng closed surfaces; the potential at every
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Figure 1.8. Specific potentials on two paralledtgls and a cylinder can produce a quadrupolar elect
field identical to that of a QIT.

point is chosen to be equal to the correspondingrpial in a quadrupole field. Depending on
the potentials applied to the closed surfaceselbetric field in such a volume could be perfectly
quadrupolar, or be made to match the field in stred-endcap trap.In contrast to the QIT, a
change in plate spacing has little effect on higirder electric fields, but can be modified
electronically by adjusting the voltage on eaclctetele ring’

With this approach, it is possible to produce ITihwarious trapping geometries. A
guadrupole trapping field was produced betweendgramic plates with the same design, but
with a smaller central hof8.A coaxial IT” was also developed, in which a quadrupole trap was
located at the center of the halo IT using the saapping plates as the planar quadrupole trap.

lons could be trapped in the halo trap, mass-seédgtiransferred into the quadrupole trap,
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collisionally cooled, and then mass-selectivelxtgd to a detector, which resembles tandem MS
experiments in space.
1.10 Significance and Contents of This Dissertation

The development of miniature and field portable i88riven by a variety ah situ
analysis applications, including environmental gsigland remediation, emissions monitoring
and control, chemical and biological weapons detectind cosmic exploration. The advantages
of ITMS, such as ability to operate at relativeigthpressure, easy of miniaturization and
geometry optimization, and ability to perform tamd®S in a single device, have attracted many
groups to develop miniaturized MS by using an IThesmass analyzer. When the dimensions of
the IT become smaller, the shapes of the metalreties must be fabricated with high
machining precision. Any imperfection in the machgof the electrode surfaces would
deteriorate the performance of the miniaturizedJibreover, ion trapping capacity becomes
smaller with the miniaturization of the IT, resaljiin low sensitivity and poor resolution due to
ion repulsion problems.

A novel mass analyzer, called the halo IT (briefscribed in the previous section), was
developed in this work, and the intrinsic advansagfeits design addressed the machining and
space charge problems. The use of polished ceiaaties and photolithographically deposited
electrode rings in the halo IT resulted in a higblignar electrode surface, which avoids
problems related to surface roughfiessid machining issues. The toroidal trapping volume
between the two plates gave a large ion storagecdg@nd avoided space charge problems. The
alignment of electrodes is relatively simple, sinoty two plates comprised the trap. The open
structure of the halo IT provided convenient acdes#on injection, easily admitted optical or

electron beams for ionization, and allowed fast plown to the same pressure as in the
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vacuum chamber. Finally, the trapping electricfielas optimized by adjusting the potential on
each of the electrode rings without change in patgtion or modification of the structure of the
halo IT.

In this dissertation, Chapter 2 describes a minizgd toroidal RF IT mass analyzer,
which operates with a maximum RF trapping voltaf& kV,., or less. At the same time, it still
retains roughly the same ion trapping capacity esn&entional 3D QIT despite the reduced
dimensionsA conventional mass-selective instability scan moai@bined with resonance
ejectionis used to showhe expected linear mass scale with RF amplitUthét-mass resolution
is obtained for the mass spectrandfutylbenzene, xenon, and naphthalene. In Chaptehalo
IT is described based on toroidal trapping geomatiy microfabrication technologVhis
device consists of two parallel ceramic plates féoeng surfaces of which are imprinted with
sets of concentric ring electrodes. Electric figldthe halo IT are established by applying
different RF potentials to each ring. Trapped iaresradially ejected by scanning the resonant
frequency. Preliminary mass spectra show resol{tiénm) of 60—75 when the trap is operated
at 1.9 kHz and 500 ). Chapter 4 introduces a modification that was ntadke halo IT to
allow ejection of ions through slits machined ie ttenter ring electrode. This was done to
mimic the operation of the toroidal IT with the §o&improving resolution by reducing ejection
path dispersion experienced in the halo IT desdribeChapter 3. The performance of the
modified halo IT with 1% to 7% octopole field4{A,) components was determined. The best
resolution of 280r(YAm) for the 51-Da fragment ion of benzene was obthwigh 5% octopole
field contribution with resonant frequency scarceggn from high to low frequency, dipole
ejection and DC offset. Chapter 5 describes sinaratof two designs of the halo IT using

SIMION 7.0 and 8.0. The simulation of the halo ITfthwadial ejection shows bent ion
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trajectories when ejected ions pass through theadle in one of the trapping plates, which

results in decreased sensitivity. In the halo IThvaixial ejection, SIMION and MatLAB are used

to determine the quadrupole, octopole and dodeeagmoitributions to the electric field. Chapter

6 proposes future research directions for perfoneamprovement of the halo IT and the

possibility of performing field asymmetric ion méty spectrometry combined with mass

analysis in the halo IT mass analyzer.
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CHAPTER 2. TOROIDAL ION TRAP

2.1 Introduction

Development of portable MS systehasidresses a broad range of applications, including
chemical and biological agent detection, forensu@stigations, environmental on-site
monitoring, and illicit drug detection/identificat. In order to develop portable mass
spectrometers, support utility requirements and ousst be reduced as well as size, weight, and
power consumption. In addition, several crucial poments of mass spectrometers, such as
vacuum system pumps and mass analyzers, must letumired to allow portability.

IT mass analyzefsre ideal candidates for the development of ptetits due to their
simplicity. They are inherently small, even in coemgial devices, and do not require highly
precise alignment compared to other types of maalyzers. Multiple stages of MS can be
performed in a single IT mass analyzer. The opsgagiressure for them is higher than for other
forms of MS, which requires less stringent pumgggtems. Moreover, since the RF trapping
voltage is inversely proportional to the squar¢hefsize of the analyzer, a modest decrease in
analyzer size results in a large reduction in dpegavoltage and, hence, lower power
requirements. Another benefit is that the redudech&ss analyzer size leads to shorter ion path
length, which may relieve the vacuum requirememénenore.

In order to miniaturize IT mass spectrometers,dssaf space chargand machining
tolerance limits must be addressed. Miniature Iith wonventional hyperbolic shape electrodes
have been previously researcddowever, the machining tolerance plays a moreifsognt
role in trapping field defects as devices becomallem Simplifying the shapes of the electrodes

is one approach to address this machining probifit. mass analyzers have been explored
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since they have planar plate end-caps and a cidalding electrode, which are considerably
easier to machine than hyperbolic surfaces, edpetrissmall dimensions. Therefore, much
work has been done on miniaturization of ITs wiglirdrical geometry:” When the geometry
of the electrodes in CITs deviates significantnfrtheoretical, corrections to the electrodes and
structures of the mass analyzer must be madetregbe trapping field potentials to their
theoretical values. Modeling and simulation proggahave been used to guide these corrections.
Another issue which offsets the gains from redudingize is a reduction in ion storage
capacity’ This reduced capacity leads to space charge éomslitbased on ion-ion repulsion,
which results in deteriorated mass resolution aadsypeak shifts. Several approaches have been
researched to address this constraint in miniadriZ mass spectrometers. One of the
approaches is to array several reduced volumedridil ITS ™ to recover the reduced ion
capacity. Others involve modification of the trappigeometry to increase the ion storage
volume while maintaining reduced IT size. Receritlfi;s*? with either radidf or axial*
ejection have been developed by different groups. [Ength of the 2D quadrupole rod assembly
in LITs can be increased to obtain enough trappoigme to avoid space charge problems.
These devices are now readily available in comrakvearsions. For the same reasons that CIT
geometries are used to approximate the 3D QITRIA " has been reported that uses six
rectangular plates instead of the three-sectiorass@mbly in the LIT. All of these linear
devices provide an increase in ion storage caphagigmploying a traditional 2D quadrupole
with ions trapped over a significant length by gpph DC potential at either end of the device.
In a few cases, these devices have been miniattffiice the purpose of portable analyses.
Arrays of linear quadrupol&&?°have also been reported for high-throughipsitu

determination in high pressure processes.
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Another mass analyzer whose geometry offers ineceem storage and which could be
miniaturized is the toroidal IT: This device has a toroidal trapping region, anttmaviewed
either as rotating on an edge of a conventionaQ@®Dcross section or as curving a linear
guadrupole and connecting end to end. In thesescdmsortion of the quadrupole trapping field
caused by the curvature of the toroidal storagmregegrades the performance of the device,
and corrections to the shape of the electrodesegrgred to generate the necessary electric field
and improve the performance of the IT. Trapped emesdistributed within a circular storage
ring by an RF potential applied to the ring eled&s, which avoids the repulsion problems in
smaller trapping volumes. A miniaturized versioritgg toroidal IT mass analyzer was fabricated,
and preliminary data were obtained.

In the miniature toroidal mass analyzer, despigeréduced dimensions, approximately
as many ions can be trapped in the toroidal reggoa full size, commercial IT mass
spectrometer with a 1 cm radial dimension. Moreplecause of the reduced geometric
dimensions of the device, it is operated at comalolg lower RF voltage because of the inverse
relationship between the two variables. Thereftinig,device operates with an RF voltage less
than 1 k\,, instead of operating at ca. 15 kMn the case of commercial QITs.

The miniature toroidal IT retains all of the adwegets discussed earlier, i.e., size,
simplicity, pressure tolerance, and tandem MS déipalCompared to the approach of arraying
several miniature ITs to address space chargegrahlthe toroidal IT traps all ions in a single
trapping field, which avoids concerns from a mastgrstandpoint in matching the individual
ITs in an array or in interfacing ion sources otegéors to ensure equal rates of ions entering in
or ejecting from each cell of the array. Multipl€ Bower supplies can be used to correct for the

small machining differences that might be preseran array of ITs, however, multiple RF
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circuits are complicated and undesirable from tespective of developing field portable
instruments. Even though multiple IT cells of diffat size have been used to simultaneously
and selectively trap ions of differemiz to avoid RF driveré? this approach is limited by the
number of cells that can be arrayed in order taatunize the mass spectrometer system. In the
miniature toroidal IT, the trapping field is homageis throughout the entire trapping volume.
Because the performance of the mass analyzer $frdagends on machining quality, it remains
to be determined if this advantage of homogen@aping field could be fully realized as the
toroidal mass analyzer is miniaturized further.
2.2 Experimental Section

The toroidal IT mass analyzer consists of threé@es: the El ion source, the trapping
region, and the detector assembly. The trappingmag formed by four electrodes, a filament
end-cap electrode, a detector end-cap electrodenanring electrode and an outer ring
electrode, as can be seen in the photograph imd-Ry&. The names of the four electrodes arise
historically from the 3D QIT origin and indicateethlocation in the assembly (i.e., the filament
end-cap is the electrode closest to the ionizerpgttector end-cap is closest to the detecto), etc.
The “axial” and “radial” dimension terms for thaditional 3D IT would still be valid if only the
cross-sectional trapping geometry is considerdtertoroidal IT. If it is treated as a linear
guadrupole model, thredimension is defined here as the non-ejection dsiom (towards the
inner/outer rings), thg-dimension is defined as the ejection dimensiowétals the end-caps),
and thez-dimension is tangential to the toroidal trappiredd. The electrodes were precisely
machined with machining tolerance specified to 0DMch (0.013 mm) from 316 stainless steel.
The dimensions of the device were scaled to 1thetize of the original version with a radius

(ro) of 2.0 mm, and it retained the same shape ciorecof the trapping field* Spacers
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Figure 2.1. Photograph of the miniature toroid@lmass analyzer showing the filament endcap (left)
removed to expose the ion storage region (right).8. quarter-dollar coin is included in order to
emphasize the small size.
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Figure 2.2. Cross-section schematic of the mim&taroidal IT analyzer showing the major composent
The inset shows a cross-section of the miniatuadal IT with shape corrections to the electrodes.
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between electrodes were machined from alumina sp¥leand provided room to allow gas
conductance in and out of the trapping region. &me and exit slits with a width of 0.28 mm
and three 93° arcs were machined into each ofabeehd-caps using a plunge electro-discharge
machining technique to allow the ionizing electrementer into the trapping region and ejected
ions to exit to the detector.

A cross-section schematic of this toroidal IT masalyzer assembly is shown in Figure
2.2. A miniature electron gun was designed to foonssource electrons into the trapping area
by emitting high-energy electrons from a heateahfiént through a three-element Einzel lens
and then through a slit fabricated in the end-daptede. The middle part (L2) of the Einzel
lens also acted as a gate to turn the ionizatioanahoff. A custom circuit was designed to
switch the L2 voltage between —50 V for ionizatadhand +125 V for ionization on. A
constant-current power supply (Lambda, Model LPTOZFEM, Plainview, NY) provided 70 eV
electron energy with a 1.5-A filament current.

A custom continuous dynode electron multiplier dege (Detector Technologies, Palmer,
MA) was fabricated to provide >1@ain at roughly 1 kV with pressures up to’Ifibar. A
custom circuit providing a gating voltage on a lemesh between the detector end-cap and the
electron multiplier switched between a maximum 80 for detector gate closed and -50 V
for detector gate open to protect the detector flamge ion currents during ionization. A high
voltage power supply (Bertan/Spellman, Model 238uppauge, NY) provided the detector
voltage at —1.7 kV.

The trapping field was established using a custelfiresonant tank RF driver with a
1.9-MHz-frequency signal applied to both the inaled outer ring electrodes. The amplitude of

the RF voltage was 100-20Q.yduring the ionization and ion cooling periods lué scan.
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During mass analysis, the RF amplitude was thenmszhto 700-1200 )4, in a time period of
200 ms, depending on the mass range desired. Arnithef each scan, the RF amplitude was
turned off for 5 ms to allow all remaining ionsléave the trap before the next scan. An arbitrary
waveform generator (Agilent, Model 33250A, PalocAICA) was used to provide the resonant
ejection frequency during the RF amplitude scaprémluce mass spectra. This signal was
applied to both end-cap electrodes through a cu8talom amplifier, which converted the signal
into two signals with 180° phase difference foratigpejection. The system also contained a DC
offset circuit to allow variations in the Mathieparametef.

The entire mass spectrometer analyzer was only i cliameter and 10 cm long,
including the ionizer and detector, as shown iruFeg2.2. The device was enclosed in a custom
vacuum chamber pumped by a 230 L/s turbo pump (BE@&ards, Model EXT255, Crawley,
West Sussex, UK) backed by a 2&/mmechanical pump (BOC Edwards, Model E2M18,
Crawley, West Sussex, UK). Pressures were read asiull range cold cathode vacuum gauge
and controller (Pfeiffer, Model PKR 251/261, Assl@ermany). All pressure readings reported
here are uncorrected values.

All samples used here were reagent grade and unteatdirectly into the vacuum
chamber through either precision needle valves (d/@agelok, Solon, OH) or variable leak
valves (Granville-Phillips, Boulder, CO). As is tgpal for most IT mass spectrometers, helium
buffer gas was used to kinetically cool the ionfoleemass analysis with a nominal pressure of
approximately 3 x 1 mbar admitted through the same precision neediesaescribed above.

Mass spectral data were recorded using a foursgpart function. A period of ionization
for 10-100 ms was followed by a period of ion coglfor about 10-30 ms. The third segment of

the scan function was RF amplitude ramping witlomesit frequency ejection to perform mass
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analysis in 200 ms before the RF was turned ofefiproximately 5 ms to eliminate all ions
from the trap in preparation for the next four-paran. The timing of the scan function segments
was controlled by a PIC-16C770 (Microchip Techngloghandler, AZ) digital microcontroller,
which was programmable through &6 interface, Aardvark’C Control Center (Total Phase,
Sunnyvale, CA), to set the timing values in the .PlIi@e digital I/O outputs from the PIC were
then used to control the initiation of the signedasition integrator, the start of the RF ramg, th
arbitrary waveform generator, the gating of thaaenand detector, and the RF signal on/off
status.

A multifunction data acquisition (DAQ) board (Nat@l Instruments Model 6115, Austin,
TX) coupled with a multiport connector panel (Na&bInstruments, Model BNC 2110, Austin,
TX) was used to provide a variable modulation \gedtéo the RF generator to control the RF
ramp. Signals from the detector were integratedguaicustom preamplifier with a
transconductance of 128(Mand sent to the DAQ board by the multiport conmeptinel. Then
the signals were digitized by one of the analoghtptal channels of the multifunction DAQ. A
synchronization pulse from the DAQ started bothdigeal integrator and the RF ramp
simultaneously. The signal integrator was operate2D kHz, which means that it provided a
digitized signal every 33.3s. A typical RF scan covered ~ 300 Da in 200 meyahg ~ 0.67
ms/Da. Therefore, at 30 kHz integration, there we® scan points acquired across each
nominal mass unit. The number of signal integratimnthe output was linear with time and,
therefore, the signal integrating count (or intégraample number) was used to calibrate the
mass scale for the acquired data. Operating inpitdlata output were controlled and displayed

by an instrument control screen program using Leabvi.1 (National Instruments, Austin, TX).
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Since the current Labview instrument control angugsition program was rudimentary, all
spectra shown were screen captures of the spectlia@ayed in the user interface.
2.3 Results and Discussion

Since the toroidal IT is a 2D quadrupole devicel édthe field corrections employed to
compensate the distortions introduced by the cureatf its geometry are adequate, the cross-
sectional trapping field should look like a linepradrupole. In the toroidal IT, unlike in
traditional 3D ITs, the Mathieg-values (and therefoggvalues) for thex andy dimensions
should be the same, which indicates that the tichppes have similar, if not the same, secular
frequencies in th& andy dimensions. A significant contribution of higheder fields
introduced intentionally or unintentionally couplée ion motions in the andy dimensions.
Therefore, energy associated with the ion’s maitiotney dimension during resonance ejection
can subsequently be coupled into xttimension motion, causing spreading of the iomidlo
during mass analysis, which results in poor regmutit was found that a small DC voltage
applied to either the end-caps or the ring eleetsaalters the Mathieavalue in the stability
equations and improves the mass resolution. In guddrupole deviceg, equal tgs, only
occurs for ara value of zero, and any non-zex@alue will separate thg andp, parameters and,
correspondingly, differentiate the secular frequena thex andy dimensions. Typically, a
negative DC voltage (ca., —1 V) was applied to lotl-cap electrodes through the Balun box
during operation to realize this.

Mass spectral data were obtained for seven diftes@mples (benzene, toluene,
chlorobenzenay-butylbenzene, naphthalene, xenon, and methylnajgrg) and used to create
the mass calibration graph shown in Figure 2.3cé&the RF amplitude was scanned linearly and

the sample integrator was initiated at the same #sithe beginning of the RF ramp, there is a
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Figure 2.3. Mass calibration using seven compouhtisses used for calibration are in parenthesis:
chlorobenzene (77, 112, 114 Da); benzene (78 D&)ehe (91, 92 Da); n-butylbenzene (91, 92, 108, 13
Da); naphthalene (102, 128 Da); xenon (129, 13D, 134, 136 Da); methylnaphthalene (142 Da).

direct linear relationship between the sample sty number and RF amplitude. The
calibration table in Figure 2.3 shows the expetiteghr relationship between mass and RF
amplitude.

The mass spectrum ofbutylbenzene (sample pressure of 1 ® fitbar, uncorrected) is
shown in Figure 2.4A. The inset shows the peak b@bm/z 91/92, which is clearly resolved.
Measurement of the mass resolution for the peakz®1 gave 0.4 Da full-width at half-
maximum (FWHM). The spectrum was obtained by saamnthe RF amplitude from 190-770
Vp.pin 200 ms. The RF frequency was 1.9 MHz, and arast ejection frequency of 900 kHz
(corresponding to an approximate ejectioralue of 0.95) was used to eject ions during the R
amplitude scan. A DC offset of -890 mV was apptiethe end-caps to discriminate the secular

frequencies in thg andy dimensions (i.e., Mathieai# 0). The scan rate of 200 ms/scan was
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Figure 2.4. (A) Spectrum acquired for n-butylberezat a sample pressure of 1 x°lfibar. Peaks were
assigned with nominal m/z values derived from @cation table. (B) Spectrum acquired for
naphthalene at low sample pressure (2 % bdbar) and short ionization time (20 ms). Peaksewer
assigned with nominal m/z values derived from #cation table.

required in this experiment to maintain unit massotution, but was slower than desired for
effective capillary GC-MS performance. Experimemtismass analyzer design, operating
conditions, and machining or assembly procedurestdt being investigated to improve the
mass resolution at faster scan rates.

A mass spectrum for naphthalene is shown in FigutB to evaluate the general system
sensitivity. Despite the early stage of developmieigh signal-to-noise spectra were obtained

for samples with pressures as low as 2 R tbar and ionization times as low as 20 ms. The
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Figure 2.5. Mass spectra showing resolution ofdpe peaks. (A) Spectrum for xenon showing five
isotope peaks. Sample pressure was 2.3 %ribar. (B) Spectrum for dibromomethane showingethre
molecular isotope peaks. Sample pressure was a@>snbar. All peaks were assigned with nominal m/z
values derived from a calibration table.

minor peak in the naphthalene spectrumnat102 Da is still clearly observable. This
performance is comparable to a conventional 3DyEfesn. Mass spectra of xenon and

dibromomethane are shown in Figure 2.5 to showekelution of isotope peaks. A mass
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spectrum of the molecular ion region for xenonhigven in Figure 2.5A. The expected isotope
pattern is observed and each of the isotopesaslgleesolved. Figure 2.5B shows a spectrum of
dibromomethane with the molecular isotopes resoatedz 172, 174 and 176.

Machining tolerance is still crucial to further maturize the toroidal IT mass analyzer to
a large degree. The precision of the electrode msioas during machining were specified to
0.0005 in. (0.013 mm) tolerances, which are atear nhe limits of machining capabilities today.
The importance of tolerances in this device wakzsd when it was polished using aluminum
oxide powder. As a result, ion signals were congydbst after the analyzer was reassembled
and tested due to alteration of ~0.005 in. (0.13) mmnthe outer ring electrode shape during
improper cleaning. After a new outer ring electreges replaced, all normal performance in the
system was restored.

Improvements in mass resolution are continuallpfpenade by optimizing the operating
parameters, including the RF drive frequency, rasbejection frequency, and DC offset
voltage applied to the end-caps. In addition, frrimprovements in the RF power supply to
give higher drive frequency and increased amplituileprovide improved mass resolution and
faster scan speed. Cables and shielding were hopyienum in the prototype system, resulting
in relatively high system electronic noise. Simiglatprograms such as SIMION and COMSOL
should be employed to optimize the quality of thidal trapping field, especially the non-
ejection dimension, since previous efforts in gewyneptimization in the full-size versiéh
were focused only on the ejection dimension. Attesnmpust focus on lowering the higher order
component in the non-ejection dimension, which agsethe trapped ions in this dimension,

leading to poor resolution.
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2.4 Conclusions

Miniaturization of the toroidal IT mass analyzetlwunit mass resolution and high
sensitivity was accomplished. Further developmewehallenging because of machining
tolerances for the complex shapes of the trappigredes. The low RF power used and small
analyzer components in this miniaturized devicenaeessary for development of portable mass
spectrometer systems operated by batteries.
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CHAPTER 3. HALO ION TRAPWITH RADIAL EJECTION

3.1 Introduction

ITMS is playing a significantly increasing rolenmodern chemical analysis. Its inherent
high sensitivity and specificity facilitate manypieations? including threat detection,
investigation of chemical and biochemical systeithsit drug identification, planetary
exploration, and environmental monitoring. The adages of compact size and the ability to
trap and accumulate ions enhance the attractiveriébe IT mass analyzer. Furthermore, the
ability to perform tandem MS in a single trappireyate and the requirement to operate at higher
pressures than other mass analyzers represent atlsjantages, especially for miniaturization of
instrumentation and field portabilify.

The original quadrupole IT, introduced by Panl 1953 and still used today, consists of a
hyperbolic ring electrode between two hyperboloeladl cap electrodes. A megahertz RF
voltage supplied at the ring electrode producesithe-dependent, quadrupolar-shaped electric
field, which is essential for the storage of ioBsveral methods exist for mass analysis, such as
mass-selective instability scan, resonance ejectind mass-selective storage. A variety of IT
geometries and variations have evolved since tigénat Paul trap, including cylindricl,
linear? rectilinear® toroidal; modified angl€,and higher-order multipole (e.g., 22-pole) traps.
Each trap geometry has a unique set of advantageeas such as increased ion trapping
capacity'*° or ease of fabrication and miniaturizatigit> For instance, the CIT has a simplified
geometry, consisting of a cylindrical electrode amd end caps***°This geometry simplifies

machining in full-size traps and greatly faciliswminiaturizatiori.”*® Although the electric
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fields deviate from “ideal quadrupolar” more thame other traps, mass analysis is satisfactory
for most applications.

LITs>*? have hyperbolic (or, in simpler versions, cylimat) rod profiles, similar to
QMFs, but with four rods in each of three axialtsets. lons are trapped within the center
section through a combination of a radial quadrapfiéld and axial potential created by raising
the potentials on the two end sections. The trappalume is larger than in Paul traps because
ions are trapped over a significant length of thetal axial section. This larger trapping region
increases both the efficiency of cooling of injectens and the number of ions that can be
trapped'’ The RIT?° combines the advantages of the LIT and the simetenetry of the CIT.
This device consists of two pairs of rectangulacebdes supplied with RF signals in thaendy
dimensions and a pair afelectrodes supplied with only a DC voltage. loresteapped in the
guadrupolar RF field between tke/ planes and stopped by the DC potential well akheg
axis.

A toroidal IT, operated using mass-selective insitgbwas reported by Lammert et
al.”*! This mass analyzer is composed of four electrogléiament end cap, a detector end cap,
an inner ring, and an outer ring, which form thegping chamber. This device can be viewed
either as a Paul IT cross section that is rotal@ugea line external to the trap or as a QMF
curved and connected end to end. Because of dmstsitio the quadrupole trapping field
presented by curvature of the storage region, wietbriorate the performance of the device, a
slight nonlinear (mainly octopole) field is intemrtially added to the linear 2D quadrupole
trapping field, and asymmetrically shaped electsoate fabricated to improve the ion ejection
characteristics. lons are trapped and distributetdlarge-volume circular storage ring. This

miniature device has approximately the same iorag®volume as a commercial IT mass
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analyzer with a 1-cm radial dimension, but operateRF voltages of less than 1 kyinstead of
16 kV,p. Unit mass resolution has been achieved usingithature toroidal RF IT mass
analyzer.

Miniaturization of each of the above geometrieslieesn pursued, but good performance
has been hindered by several factdr8:**For instance, the trapping volume and, henceagéor
capacity of a hyperbolic or cylindrical trap gerracales as the cube of the trap radius. The
smaller the trap, the fewer the ions that can Im¢atoed, which can result in poor sensitivity
unless a trap array is us&t- Traps with larger inherent storage volumes (&rear and
toroidal) provide improvement in this area. Furthere, sample ionization and introduction are
more difficult with miniature trap¥’ Forin situ El, the electron path through the trap is shart, s
the ionization probability is reduced. For extelpaleated ions, injection into the trap becomes
inefficient as few cooling collisions can take @an the short distance within the trap. Both
situ and external ionization become difficult as theamce to the trap becomes small compared
with the size of the ion or electron beam. IT minigzation strategies must take these factors
into account.

In this chapter, we describe a novel IT mass aea)yalled the halo IT, which is based
on a circular or toroidal trapping geometry in whtbe fields are produced, not by shaped
electrodes, but rather by numerous electrode imgsinted on two planar substrates. The term
“halo”, meaning a disk or ring, describes bothgleemetry of the trapped ions and the geometry
of the electrodes. The halo trap possesses the lsageetrapping volume as the toroidal and
linear ITs. At the same time, the open structutigies improved access for ionization. Finally,
constructing the trap using microlithography metheinplifies fabrication, assembly and

miniaturization.
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Figure 3.1. (A) Halo IT mass analyzer consistifignm parallel ceramic plates; the inside surfacés
each are patterned with metal ring electrodes awverlaid with germanium; (B) in situ electron
ionization; (C) cut-away showing ion trapping beemneplates; (D) ion ejection into an electron mulép.
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3.2 Experimental Section
3.2.1 Design of thehaloion trap

The design of the halo IT is illustrated in Fig@ré. It consists of two parallel ceramic
plates with facing surfaces imprinted with conciengtectrode rings. Appropriate RF and DC
potentials are applied to each electrode ringltmalrapping and mass analysis. The field lines
are generally similar to those of the toroidal ATunique feature of this trap is that it has a very
open structure; i.e., gas molecules and ioniziegtedns can freely enter the trap through the
spacing between the plates. lons are formed, tch@el collisionally cooled within the toroidal
field. During mass analysis, ions are ejected ihéocenter of the structure and onto an electron
multiplier detector.
3.2.2 Fabrication of the haloion trap electrodes

The procedure for fabrication of the trapping mateillustrated in Figure 3.2.
Construction began with 0.635-mm-thick, 99.6% puaiumina substrates (Micro Substrate,
Tempe, AZ). A series of holes were laser cut (redsBervices, Garland, TX) through the
alumina. The largest center hole was cut to a dianog 9.14 mm, and fifteen 13n holes
were cut in a spiral pattern, each with an increasadius from the middle of the center hole of
0.5 mm. The center hole served as an exit for relestejected from the trap, while the 15
spiraling holes were used to electrically connexj electrodes to electronic elements on the
opposite side of the substrate. Additional holeseveeit to fit positioning rods used to align two
substrates together to form the trap. After lasgtirgy, the 127t¢m holes were filled with a gold-
tungsten alloy and both sides of the alumina satestrwere polished to a surface roughness of

better than um. Small trap substrates as shown in Figure 3.2 wem laser cut from the
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Figure 3.2. Fabrication steps for each open steraigg electrode plate. (A) Holes laser cut in sthoo
ceramic discs, filled with gold; (B) chromium anald@layers evaporated on both sides of discs; (C)
chromium and gold layers patterned and etched ertdp and back sides of the discs; (D) top-side
coated with germanium.

Figure 3.3. Top-view photograph of a trapping pl&bricated from an alumina substrate. The picture
was taken before deposition of germanium over the igng electrodes.
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polished sheets. Metal electrodes were formed esubstrate surfaces in the Brigham Young
University Integrated Microfabrication Laboratory.

The substrates were spin-coated with photoreskathwas then photolithographically
patterned using chrome masks. The mask desigrattr €de of the substrate contained 15 rings,
100um wide, spaced 500m from each other as shown in Figure 3.3. Eachwiag designed to
intersect one of the gold-tungsten filled lasertbubugh-holes in the substrate. After
development and removal of the photoresist, a 53@@armanium layer was vapor deposited on
the top side of the substrates. The germanium legated the gold ring electrodes to serve as a
charge dissipation layer for the trap while in @tiemn. The resistivity of the germanium layer
also produced a well-defined transition potentetiheen adjacent rings, reducing edge effects
on ions located close to the rings. Out of thel totanber of plates made, 75% worked well.

A capacitor network was used to establish the gekaon each of the ring electrodes
under RF excitation. Spring-loaded pins were atddesed to the PCB board in order to make
electrical contact with the substrates. The aligminneds that were used to hold the alumina
substrates in position relative to one another \aése used to hold the capacitor populated PCB
boards in position relative to each substrate.

3.2.3 Electron ionization source

In initial tests, sample gases were ionized indigetrapping volume using electron
ionization. Electrons emitted from a hot tungstéamient were accelerated and focused into a
planar beam, which passed between the plates. Becduhe open geometry of the trap,
virtually all of the trapping volume was floodedtiwelectrons simultaneously (see Figure 3.1).
The gating of the electrons from the e-gun was diynehanging the bias voltage on the filament

from =70 to +50 V.
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3.2.4 Wavefor m generation

The halo IT requires several different waveforméutaction properly. The trapping RF
waveform was generated using custom-built eleatsotiiat generate a 1.9-MHz sinusoidal wave
with amplitude up to 650 y4. The ejection AC signal was a triggered frequeswgep with
increasing amplitude, starting at 50 kHz and endin@00 kHz. The frequency sweep was
provided by an arbitrary waveform generator (332584\lent Technologies, Santa Clara, CA).
The resonance ejection signal was applied onlizgeartnermost and outermost electrode rings on
each plate and was superimposed on the drivingdfalsalready being applied to those rings.
3.2.5 Operation of the haloion trap

The halo IT was enclosed in a custom vacuum chapuraped by a turbomolecular
pump (Pfeiffer, model TMH 520-020, Asslar, Germarml) samples were HPLC grade or were
>99% pure. The headspace vapors of the samplesimiyduced directly into the vacuum
chamber via precision needle leak valves (Nuprofgek, Solon, OH). Sample pressures were
normally 10° mbar, and helium buffer gas was admitted intovéium chamber to kinetically
cool the ions via the same precision needle ledlesdo a nominal pressure of 4@.0° mbar.

All pressures were measured by a full-range coldozie vacuum gauge and controller (Pfeiffer,
model PKR 251/261, Asslar, Germany). All readingsarted here are uncorrected values.

As shown in Figure 3.1, ions are trapped betweenwio electrode plates and ejected
through the center hole to the detector. The operaff the halo IT is illustrated by comparing
the diagram in Figure 3.1 with the timing schemé&igure 3.4. At the beginning of the cycle, the
RF voltage is turned off to clear previously tragpppens out of the trap. The RF is then turned
back on along with the e-gun, allowing sample tadmézed in the trapping volume. The e-gun is

then turned off, allowing the ionized and trappachple to collisionally cool. The ejection AC is
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Figure 3.4. Timing diagram for the Halo IT. Theifstages are dump, ionize, cool, and analysisfigjec
scan. In the dump stage, the RF is turned offaotdjapped ions that were not ejected during the
previous analysis/ejection scan. During the ion@mastage, both the trapping RF and the filameasbi
voltage (-70 V) were turned on (e-gun on). Durihg tool stage, the filament bias voltage was turned
back to +50 V (e-gun off), while maintaining thagping RF in order to cool the ions. In the fineEdge
(analysis/ejection scan), the trapping RF stayegvdmle the ejection AC swept through the ejection
frequency.

then turned on, and a frequency sweep is initigdsdhis ejection frequency reaches the secular
frequency of an ion, that ion is resonantly ejedtech the trap. Because ejection frequency is
ramped from lower to higher frequencies, ions geted out of the trap in order of decreasing
m/z. The field and geometry of the trap were set edggentially eject the ions toward the center
of the rings (toward = 0, in the radial direction). Once an ion is &ecfrom the trapping

volume toward the center of the rings, it is acedksl toward the detector. The discrete dynode
detector (ETP, SGE, Austin, TX) collects the pesitions ejected from the trap. The output of
the detector is fed into an integrating amplifieddrom there to the DAQ board in the computer.

Figure 3.4 shows the time intervals and sequenciefization, RF trapping, and ejection.
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Figure 3.5. Control diagram for the Halo IT. Th& Re-gun, and ejection AC are all enabled by the
computer through the DAQ board. The ejection A@lse modulated (amplitude) via the DAQ board.
The frequency modulation for the ejection AC isvited by an arbitrary waveform generator.

3.2.6 Instrument control and data acquisition

The ion trap was controlled by a computer throu@N&-2110 data acquisition board
(National Instruments, Austin, TX). The control tsadre used was Labview 7.1. Figure 3.5
shows the data flow of the system. The computer/va@rd provided the enabling pulses for
the trapping RF, ionization, and the ejection AGe Tomputer/DAQ board also read the signal
from the detector.
3.3 Results and Discussion

3.3.1 Arbitrary field generation

An electrostatic field in free space must obey hapls equation[J*® = 0. In practical
systems, the free space region is bounded by ss;faad the problem of determining the field
in free space reduces to the problem of definiegpibtential at every point on the boundary.
From the potentials on the boundaries, one canrdate the potential profile in free space. The
inverse problem is closely related; i.e., choosirdgsired potential profile in free space (such as
a quadrupole potential) and then determining thendary conditions that will produce the
desired field profile. In other types of ion trafise boundaries are selected to be equipotential
surfaces. As a result, the boundaries can be estatllusing conductors, and generally, the
desired field profile is produced with relativew electrodes. The shapes of these electrodes

are determined by the field profile in free spa®] with this approach, one is not free to select
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arbitrary boundary shapes. In most cases, the studpibe field-defining electrodes do not
correspond to shapes that are easy to machine.

In this work, we used an alternative approachifddfgeneration, which is to start by
defining the geometry of the boundary surfacesthad apply a different potential to each point
on the surfaces to generate the desired potentiedé space. Within a restricted volume, this
approach is, in theory, capable of accurately sgiting the desired field profile. This approach
is similar in principle to that used by Wang andnitzek®® By using this approach, it is possible
to select simple geometries for the field-defingugfaces, such as planes and cylinders. The
difficulty, however, is that every point on the e requires a different potential. Rather than
using an infinite number of potentials, a finitenmaer of separate voltages can be used by taking
advantage of the smoothing effect that occursentadstatic fields; i.e., discontinuities in the
field become rapidly smoothed out as one moves dxeay the electrodes. Therefore, a good
approximation to the desired field profile in tlegion of interest is achieved by selectively
placing a series of finite-sized electrodes orfigsld-defining surfaces and setting an appropriate
voltage at each point. A thin resistive layer betwéhese electrodes further smoothes the
potential function. Figure 3.6 shows a SIMION 7iffadation of the fields produced using this
method. Both the potential and field functions sttewn along the plane midway between the
two plates. Near the center of the trapping redioa radial field is nearly linear.

In most ion traps, analysis of electric fieldsyigitally done by projecting the fields onto
the cylindrically symmetric Legendre polynomialsiégirupole, octopole, hexapole, etc.). lon
trap performance is then related to the amountygmel of higher field contributions present. For
the toroidal geometry, however, this derivatiorfields is not strictly valid, and to date, no

rigorous solution has been presented. For instdhedields shown in Figure 3.6 are primarily
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Figure 3.6. Equipotential surfaces in the halo &§,calculated using SIMION (top); and plot of the
potential, @, and electric field magnitude, E, as a functiomaafial position, measured on the plane
equidistant between the two plates (bottom).

guadrupolar in the plane of the figure, but theifegdoes not show the curvature out of this
plane. Also, whereas an ideal quadrupole fielderexton the origin extends to infinity in every
direction, a similar field in toroidal geometry,ntered in the trapping region, would violate
Laplace’s equation at the rotational axis of thegolt is, thus, not yet clear: (1) how higher-
order fields are defined in this geometry and (Bateffect such fields will have on mass
analysis. As a result, the fields in Figure 3.6énawt been analyzed, and are only shown for
illustrative purposes. A possible advantage of tiethod of producing trapping fields is that

modification of the field shapes can be done sinygighanging the potentials on the rings,
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rather than physical modification of the electrofles, increasing the spacing between
electrodes).
3.3.2 Performance characteristics of the haloion trap

Preliminary mass spectra for dichloromethane ahete are shown in Figure 3.7. The
spectra were obtained by sweeping the resonantajdoequency from 50 to 600 kHz in 100
ms. The RF frequency was 1.9 MHz. Figure 3.7A shawaverage of four spectra of
dichloromethane at a pressure of 7.6 ¥ fitbar. Helium buffer pressure was 1.8 <*Ifibar.
The RF amplitude was 500,¥ and the resonance ejection AC amplitude was 68ggThe
expected isotopic peak doubletalz 49/51 is clearly resolved. The mass resolutiorttierpeak
at m/z 49 is measured as 0.64 Da FWHM. The isotoiecular peak triplet atvz 84/86/88
can also be seen, but is not clearly resolved.rEi§wB shows the average of four spectra of
toluene. Sample pressure was 9.9 ¥ frtbar, and helium buffer pressure was 2.7 x 10-8rmb
The RF amplitude was 626,Y, and the resonance ejection AC amplitude was 93ggm
Measurement of the mass resolution for the moleqdak atm/z 92 showed 1.3 Da FWHM, so
the peak doublet that should ben#dt 91/92 is not resolved. The fragment peaks/at63/65 are
clearly resolved.

Simulations of the halo IT using SIMION 7.0 indiedtthat the standard mass-selective
instability scan would not work with this trap. $geally, ions are ejected onto the plates
themselves, rather than into the center. For #asan, resonance ejection was used to obtain
spectra. Due to limitations of our electronics,wsed a mass analysis scan in which the
resonance ejection frequency was scanned, whitérigpthe driving RF amplitude and

frequency constant. Although we used a frequenag s€ the resonance ejection signal,
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Figure 3.7. (A) Mass spectrum of dichloromethageorded with the halo IT; FWHM mass resolutions
for the m/z 49.0 and 51.1 peaks are, respectiGebd and 0.83 Da; (B) mass spectrum of toluene;
FWHM mass resolution for the m/z 92.2 peak is a3 D

presumably other types of resonance ejection sgankl also work, and may improve
resolution.
The effects of varying ionization time and heliuallision gas pressure were studied

using toluene as analyte. lonization times rangech 5 to 95 ms. As the ionization time
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increased from 5 to 45 ms, the signal intensity alsreased. Above 45 ms, however, the
intensity remained constant, but resolution detateml. Mass resolution improved as helium
pressure increased from 1 x1® 1 x 10° mbar. This result is consistent with observations
other types of ion traps. The highest mass of #éwce is currently limited to 112 Da by the
electronics, although a higher range would likedypossible by changing the driving RF
amplitude or frequency. Other aspects of the hRlpdrformance may also be limited by the
electronics, such as stability of the RF amplitude.

We anticipate several performance advantages dine tonique structure of the halo IT.
For instance, the toroidal trapping volume is mgadater than the trapping volume in traditional
QITs. For full-sized traps, this translates intorgased dynamic range and reduced space-charge
effects on mass resolution. lons in standard size L cm) hyperbolic and cylindrical traps are
cooled to a small region at the trap center withius of roughly 0.5 mm’ resulting in an
effective trapping volume of roughly 0.5 mnin contrast, ions in the halo IT are cooled ting
between the plates. Assuming similar voltage gradiéso that the minor radius of the trapped
ions is still 0.5 mm) and assuming the major radiuthe ring of trapped ions is 8 mm, the
trapping volume is increased to roughly 40 nithus, for a given density of ions and a given
level of mass resolution, the halo IT can contd#8f ttmes as many ions as a conventional
guadrupole trap. This larger storage capacity,lam that found in LITs, may allow greater
sensitivity when using mass-selective trappingieoestatistical factors when measuring ratios of
small isotope peaks, and greater dynamic rangelarger volume is expected to result in
improved sensitivity in a miniaturized device. Semly, the open structure facilitates formation
and trapping of ions; even if the device is snthk, trapping volume remains easily accessible to

electrons or ions, although externally injectedsionust still overcome an RF barrier to be
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trapped. Significant work remains to be done, otimproving the halo trap design and in
guantitative characterization of trapping capaasnsitivity, and other parameters.

At a more general level, an advantage of produanbgrary fields using rings is that less
volume is wasted within the trapping structurehymperbolic ion traps, a perfect quadrupolar
field requires that the electrodes be infinitelygka In practice, electrodes are truncated at 2—3
times the characteristic trap radius, a comproméween the field nonlinearity caused by
truncation and device size and power. However, obtte volume is not used for trapping. In
cylindrical and rectilinear traps, volume is alsasted because of field imperfections near the
electrode surfaces. With an arbitrary field base@lectrode rings, however, the electrodes do
not have to follow equipotential surfaces. Rathieg,field can be made to appear as though
electrodes extend much farther. In this case, ldwredes can be located very close to the
trapping region, so device size is minimized.

3.4 Conclusions

The halo IT combines the advantages of a torordgling geometry with a novel
fabrication method utilizing microfabrication litgaaphy. Although the device reported here is
not miniaturized in the traditional sense, aspsatd as open access to ions or electrons, large
ion storage volume, fabrication method, and thétgho electrically optimize trapping fields
make the halo trap well-suited to future miniatatian efforts. Initial spectra are promising,
although improvements in the exact form of trapgotentials, mass analysis scan functions,
and other details will result in an improved instent.

This work also demonstrates the method of arbitfieigt generation in ITs. Time-
dependent electric fields are not produced usimgeclthree-dimensional metal surfaces, as in

other ITs, but rather using 2D arrays of quasi-pedalent electrode rings. Using this method, the
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shapes of trapping potentials can be changed etecally, without physical modification of the
trap electrodes. This same method also allowsxtezier of the trap to be open for easy ion,
sample, or ionizing electron admittance, while rteaimng trapping fields in the interior of the
device.
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CHAPTER 4. HALO ION TRAPWITH AXIAL EJECTION

4.1 Introduction

With its inherent high sensitivity, compact analysize, and high specificity, ITMS3as
been widely accepted for many applications, incigdiosmic exploratiofr® threat and forensic
detectior}® identification of chemical and biochemical compdsiin pure form or in complex
mixtures®’ and environmental monitorirfg. Other major advantages that enhance the
attractiveness of ITMS for field portable applicets include simple construction, relatively
high pressure operation compared to other masgzaral low power consumption, and the
ability to perform multi-stage tandem MS in a seghalyzer.

The conventional quadrupole IT was originated byl Fa1953* A hyperbolic ring
electrode between two hyperboloidal endcap eleeg@ioduces a time-dependent quadrupole
electric field when an RF voltage is supplied te ting electrode. Current commercial IT mass
spectrometers typically have a trap radig} ¢f approximately 1 cm and are operated with an
RF trapping voltage on the order of 15kVFor portable analysis by ITs, it is desirablehb(dt)
to reduce electrical power by operating the trapgia lower voltage, and (2) to reduce the trap
dimensionsZ, andrg). At the same time, the RF frequency must be as®d to maintain an
adequate pseudopotential well depth. However, smlAllmass analyzers are more subject to
space charge performance degradatfddne of the solutions to this problem is to incesti®
ion storage capacity of the trap without increasiagharacteristic trapping dimensiong §nd
ro). Recently, several grouppa® have investigated various IT geometry designsamtain ion

19,20
T,

capacity while miniaturizing the analyzer. The idad | reported by Lammert et al., is

comprised of four hyperboloidal electrodes: two@aps, an inner ring, and an outer ring, which
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form a toroidal trapping geometry. RF trapping &g supplied to the two ring electrodes forces
ions to focus in a circular band rather than abiatpas in a 3D quadrupole IT, thus maintaining
the ion storage volume while significantly decregsihe characteristic trapping dimensions.
This miniature device, with a 2.5-mm trapping fieddlius, has approximately the same ion
storage volume as a commercial IT mass analyzéravit cm radial dimension, but operates at
RF voltages around 1 k\, instead of the 15 ky4, typical of commercial quadrupole ITs. Unit
mass resolution was obtained for toluene, dibrofowomethane and diethylphthalate, which is
comparable to resolution values observed from mesth-top GC-MS systerfiddowever,
improvement in the performance of the toroidaldTiinited to a large degree by the machining
tolerance<? which are specified to 0.0005 inch (0.013 mm)thar electrodes and which are at
or near the limits of current machining capabistie

The halo IT mass analyz€rwhich has a circular trapping geometry analogaushape
and size to the toroidal IT, was recently repotigaur group. It consists of two patterned
parallel ceramic plates made by microlithographye Toroidal trapping volume is located
between the two plates, which is produced not pehyoloidal electrodes, but rather by a
number of concentric electrode rings fabricatedhentwo facing planar surfaces. By the same
process, we have also created a conventional aalapping field between two ceramic plates,
which demonstrates better resolution than the Fafé While the halo IT possesses a similar
trapping volume as the toroidal IT, its open stwwetprovides much greater access for electron
ionization. The use of microlithographic methodsabricate the traps resolves the issue of close
machining tolerances, and all ITs fabricated is thanner can be further miniaturized without
being limited by machining tolerances. By adjustiing array of the electrode rings (i.e., number

of rings and spacing between rings) and the voitagelied to the rings, the radius of curvature
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Figure 4.1. Schematic diagrams (not to scale)fprevious and (B) new halo IT mass analyzer dssig

of the toroidal trapping field can be changed talifyothe shape and size of the ion storage
volume.

In the halo IT described in the last chapter, tapged ions were resonantly ejected
radially to the center of the plates (in théirection), as shown in Figure 4.1A, and then draw
by a high negative voltage through a hole in thddia of one of the plates to an orthogonally
positioned detector. The spatial spread of iorthém direction across the trapping field as well
as spatial dispersion that occurs when the ioms2Qf from the trap to the detector compromise
the peak intensity. Furthermore, the high voltageh® detector could interfere with the
guadrupolar trapping field, degrading the resohutiefforts to shield the trapping field from the
detector voltage by inserting a hollow copper aydininto the center hole did not solve this
problem.

In the toroidal IT:® trapped ions are ejected through three equallyesh@3° arc slits in
the endcap electrodes rather than through the gleetrode. The slits in one endcap electrode

serve as the entrance for energetic electrons finefilament, and the slits in the other endcap
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electrode provide an exit passway for resonandgtef ions in the axial direction (i.e., in the
direction) to the detector. In an attempt to im@r e resolution of the halo IT, we simulated the
resonant ejection of ions in the axia) direction instead of in the radial direction dodnd that
axial ejection should improve resolution and etfficiency. Therefore, in this study, three
equally spaced 92° arc slits for ion ejection waehined in each of the trapping plates (Figure
4.1B) at the same radius as in the toroidal IT.

It is well known that the mass resolution in ITMSaffected by the presence of multipole
fields. A number of investigations of multipoleliecomponents in trapping fields of

124 and rectilinear ITY have been made to understand the

conventional quadrupofe?® cylindrica
behavior of trapped ions and to optimize the pentorce of the ITs. Certain amounts and types
of higher-order multipole fields can increase theexl with which ions accumulate energy
during dipole ejection to improve the ITMS resatuiti To date, no detailed studies have been
made of the effects of higher-order fields on te@rmance of toroidal trapping fields. In fact,
the curvature of the toroidal trapping area contel additional multipole components to the
electric field compared to the normal quadrupol&®Therefore, determination of the higher-
order components in the toroidal field is an impottstep in the optimization of the performance
of the halo IT.

In this chapter, the halo IT plates were modifigdhachining thin slits in the sixth
electrode rings in order to determine if axial &m@t of ions would improve ITMS resolution
compared to radial ejection. Furthermore, a vaméfyotential distributions were simulated and
then applied across the series of halo IT electrodgs to study the effects of higher multipole

components on resolution. Both efforts were designemprove the overall resolution of the

halo IT.
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4.2 Theory
The electrical potentidlin a quadrupole ion trap with cylindrical symmetgn be

expressed in spherical coordinate®,() as

|
9(0.0,91)=0,(1)3 A (rﬁj R (cos0) (4.1)
wheredy is the RF voltage applied to the ring electroddewviine endcap electrodes are
groundedyy is the normalization radius (normally the innetivs of the ring electrode), As
the expansion coefficient of the ordeand Rcosd) is the Legendre polynomial of ordefThe
valuesofl =0, 1, 2, 3,4...... represent monopole, dipole, quaale) hexapole, octopole...... as
a multipole expansion for a given potential digitibn. The quadrupole term gives the main
contribution of the potential in the IT.
For an RF quadrupolar device with toroidal geometrg form of a quadratic electric

potential in cylindrical coordinatesandz in the axial direction of the toroidal IT can be

expressed &%
®(r,2)= A(r - R)* + 1z (4.2)
whereR is the distance from the trapping center to thati@nal axis, and andu are arbitrary

constants. The potential in the toroidal regiondsstrained by the Laplace equation, which in

cylindrical coordinates takes the form

10( 0d) 0°d R R
0%P(r,z)==—| r— |+ =2A| 2—— |+2u=2A| 2—- +2u=0 4.3
(r.2 rar( arj 0z° ( rj H ( R+s) H (43)
wheresis defined as
s=r-R 4.4)

From equation 4.3, the quadrupole electric potedisdribution can only be generated for two

cases
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R=0, therk = 1,u = -2, resulting in a three-dimensional (3D) quaadre IT (4.5)

R — oo, thenk = - p = 1, resulting in a two-dimensional (2D) linear IT (4.6)
Thus, the existence of a purely quadrupolar ele@eld in a toroidal trapping region is
impossible, as are any pure higher-order multifields. However, if the curvature of the
toroidal region is small enough, i.e£<R, a nearly quadrupolar field is obtained in thanity
of the trapping center. In this case, equatiorrddsices to

A+p=0 (4.7)
similar to a 2D linear IT. Thus, the toroidal trapgpfield more closely resembles a 2D
quadrupolar field than a 3D quadrupolar field.

Although pure multipoles (including quadrupole)atte fields do not exist in toroidal
systems, similar effects induced by multipole feedill are observed in a toroidal trap. For the
sake of convenience, throughout this chapter, pulitlike components in a toroidal trap are
still applied by using the same terms used in cotioeal ITs.

For a primarily quadrupole device, thAgterm (monopole) does not produce an electric
field and, therefore, does not affect the behawfaons. The odd ordered field components are
zero for a toroidal trapping field because of syrtrgnabout the plane perpendicular to the
rotational axis. Thus, the potential distributian fhe toroidal shape for the quadrupde)(
octopole A,) and dodecapoleéd§) terms can be approximatedas

(D(S, Z,t) = (Do(t){Az(zz —232j+ A{Z‘l —622432 + S4J+ AG(Z(S —157*5? ‘:5152284 _ j:l

Y 'n 'n

(4.8)
The potential along the z direction in the cenfeahe toroidal trapping region can be evaluated

ats= 0 in the above equation as

75



Table 4.1. Dimensions and positions of the eleetniings on the ceramic plates.

Ring number Inner radius (mm) Outer radius (mm)
1 0.0 2.8
2 3.5 3.6
3 4.2 4.3
4 4.8 4.9
5 5.3 54
6 5.7 6.3
7 6.6 6.7
8 7.1 7.2
9 7.8 7.9
10 8.7 8.8
11 9.8 16.0

D(2)eo = P (t)

RG] »

wheredq(t) is the RF voltage on the ring electrodeis a dimensionless coefficient for the
order, andy is the corresponding normalization radius. Siteehalo IT more closely resembles
a 2D quadrupole, equation 4.9 was used in the pregak to approximate the higher order
components, i.e., octopol@4A,) and dodecapoled§/A,), along the z direction at the minimum
of the radial potentials(= 0).
4.3 Experimental Section
4.3.1 Fabrication of the halo IT with axial gection dits

Figure 4.1B shows the design of the halo IT witrchiaed slits in the B electrode ring.
The mass analyzer was comprised of two parall@noer plates with eleven concentric electrode
rings, assembled face to face with each other apdrated by a distance of 5.06 mm. Table 4.1
lists the dimensions of the electrode rings andstparation distances between successive
concentric rings. The design of the plates for legjection was taken from the toroidal IT

geometry, since it was already shown to give goadsmesolution. The slits had a radius at 6
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¥~ Germanium layer
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Figure 4.2. Schematic diagram illustrating the idesfor connection of the capacitor network to the
electrode rings.

mm, which are the same as in the toroidal IT. Blesectrode rings were fabricated on each
trapping plate to allow the generation of a widgets of electric fields. The slits had to be
machined in one of the electrode rings to avoidesercharging during ion ejection. Th& 6
electrode ring was chosen for machining the ejadilds in order to leave the same number of
electrode rings (5 rings) on either side to prodiesired electric field. After simulations in
SIMION, a toroidal trapping volume the same sizénabe toroidal IT was produced at the slits
when appropriate potentials were added to thereldetrings.

A detailed description of the fabrication of thagping plates was given in the previous
chapter’* The plates were constructed from alumina substi(&@ 0-mm diameter, 0.64-mm
thickness, 99.6% purity, Hybrid-Tek, Clarksburg,)Ndoles and slits in the ceramic plates were
machined by laser cutting. Three equal distancé-816h diameter holes were machined 20.3
mm distance from the center for positioning thr&856nm diameter stainless steel balls to
ensure accurate and precise spacing and paragjehant of the trapping plates. The accuracy
of plate alignment is limited by the placement p®n of the laser-drilled holes, which was

specified as + 1am, but may be much tighter. The expected uppet linmisalignment is = 10

pum in thez direction and = 12um in ther direction. Two smaller holes (13#n diameter) were
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laser drilled in each electrode ring and filledwét gold-tungsten alloy to serve as vias for
electrically connecting the electrode rings to gmdtact pads on the opposite side of the
substrate. Finally, three equally spaced 92° ascwith 6-mm radius and 0.4-mm width were
cut by laser in the ceramic plates to function»aalajection exits. The electrode rings were
lithographically patterned on the ceramic plates esvered with a thin semiconducting
germanium coating in a clean room facility as diéset previously* Approximately, 50% of
the plates fabricated according to this design wesedul in making measurements.

A series of printed circuit boards (PCBs) were ii@died with spring-loaded contact pins
that matched the contact pads on the ceramic pBseh PCB contained a different capacitor
network that determined the specific RF voltagesa@pplied to the individual electrode rings
(Figure 4.2) in order to test the desired multipelkctric fields. The capacitance between each
ring was measured using a capacitance/conductaets (HP 4280A 1MHz C Meter/C-V
Plotter, Hewlett-Packard, Palo Alto, CA). Differerscbetween measured and intended capacitor
values were typically between 0.1 and 0.8%. Theltieg errors in the octopole and dodecapole
field components for each design were calculateatguSIMION, and were found to be less than
0.02 of the magnitude of the octopole and dodeegpetspectively (that is, for a stated 5%
octopole (A/A,), the measured error was {5 = 0.001}%). This lagdikely to be less
significant than factors such as capacitor heattgnoise, and simulation/calculation error.
4.3.2 Experimental Setup

The experimental setup to test the modified haldd$ign was identical to that described
previously*! Briefly, the halo ITMS system included a home-baikctron gun, halo IT mass
analyzer, discrete dynode electron multiplier dietedRF waveform generator, arbitrary

waveform generator, and control and data acqumsgistem. The electron gun was gated by

78



changing the bias voltage from -70 to +120 V onfilaenent (W5, Scientific Instrument
Services, Ringoes, NJ) with a 1.7-A current to oarthe ionization time. A custom-built RF
generator was used to apply a 1.7-MHz sinusoidakfeam with amplitude up to 900, to
the capacitor network on the PCB for trapping ofsioas shown in Figure 4.2. For monopole
ejection, an AC signal was frequency swept usingraitrary waveform generator (33250A,
Agilent Technologies, Santa Clara, CA), which warphfied up to 10 V., using a custom-built
amplifier. For dipole ejection, the signal from thestom-built amplifier was further converted
into two signals with 180° phase difference usirmgistom-built converter. The ejection signal
(either before the converter for monopole or ontheftwo phase different signals after the
converter for dipole) was connected to tfeefectrode ring (where the slits are located) @n th
ceramic plate farthest from the detector, which s@®ad to the other electrode rings on the
same plate by the capacitor network. THeeRectrode ring in the other plate (i.e., the plate
closest to the detector through which the ejeated pass) was grounded for monopole ejection,
or connected to the out-of-phase signal after tmwerter for dipole ejection. The discrete
dynode detector (AF138, ETP, SGE, Austin, TX) a® ¥V was used to collect positive ions
ejected from the trap. The output of the detectas amplified with a transconductance of 128
MQ using a custom-built integrating amplifier and fetb the DAQ board on a computer. The
halo IT system was controlled using a PC throu§N&-2110 data acquisition board (National
Instruments, Austin, TX). The control and data Hemgsoftware was LabvieW7.1.

The halo IT was enclosed in a custom-built vacutiamtber pumped using a 520 L/s
turbomolecular pump (Pfeiffer, model TMH 520-02Gshar, Germany). Sample headspace
vapors and helium buffer gas were introduced dyeweto the vacuum chamber via precision

needle leak valves (Nupro/Swagelok, Solon, OHyesgures of I®mbar and 10 mbar,
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respectively, which were measured using a full-eaogld cathode vacuum gauge (Pfeiffer,
model PKR 251/261, Asslar, Germany). All pressealings reported in this paper are
uncorrected. Mass spectra shown here were calthtsiag various samples, such as benzene,
toluene, dichloromethane, heptane, chlorobenzemknanane under the same operating
parameters.
4.3.3 Computation Methods

According to the superposition principle in elecfield theory, the coefficients for each
order (i.e., quadrupole, octopole and dodecapoégjuation 4.9) for all rings in the halo IT can
be summed to provide the overall multipole fieldngpmnent to the total electric field. SIMION
8.0 and MATLAB R2008b were used to calculate ApeA, andAs dimensionless multipole
coefficients?® The resultant multipole components of the totatglc field in the halo IT were
calculated by multiplying the voltages applied &zle ring by the various multipole coefficients,
and summing all of the products of each multipgfeet The various summed higher-order
multipole percentages were obtained by dividindheaegnmed higher-order multipole
coefficient by the summed quadrupole coefficient then multiplying by 100% (i.eA4/A; for
octopole, and\s/A, for dodecapole). Finally, the SOLVER function indwsoft Office Excel
was used to specify new voltages to apply to thetedde rings in order to adjust the multipole
percentages to the desired values.
4.4 Results and Discussion
4.4.1 Performance of thehalo I T with axial gection

In the halo IT, ions are formed, trapped, and salhally cooled within the toroidal field.
In the original halo IT desigff,a 9.14-mm-diameter center hole served as an@nxiviis ejected

from the trap during mass analysis (Figure 4.1A)tiby ejection, the trapped ions absorbed
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energy from the ejection signal and resonateddinextion parallel to the trapping plates (i.e., in
ther direction), and then were drawn out through thaerehole by the voltage on the detector.
As shown in Figure 4.1B, in the modified halo Ifitee 92° arc (6-mm radius) slits with 0.4-mm
width were fabricated in the ceramic plates towaltbrect axial ejection from the toroidal
trapping field. In this new design, trapped ionsorgate in a direction perpendicular to the
trapping plates (i.e., in thedirection), and ultimately escape through thes $btthe detector.
From simulation using SIMIOR| we observed that axial ejection should improvesna
resolution compared to radial ejection.
Actual measurements using the new halo IT plath axial ejection slits gave comparable peak
intensities (Figure 4.3) to the older center e@ttiesign, even though the total exit area through
the slits was only approximately 0.176 times themaof the center hole. The center hole design
was originally thought to provide high ion ejectimansmission, however, the large negative
voltage on the detector interfered with the ejetttectric field. Consequently, ions with high
energies were given trajectories that caused tberollide with the trapping plate instead of
being drawn out through the center ejection hbles  significantly reducing ejected ion
transmission efficiency. In contrast, axial ejesttbrough the small slits gave similar ion
transmission efficiency, even though the area tifinouhich the ions could escape from the
trapping field was much smaller and only half afrthcould be ejected to the detector side for
detection.

Mass spectral resolution was increased from apprataly 100 iiVAm) to 280 (WAm)
when ion ejection was changed from radial to aXibk high order electric field components
along the ejection (radial) direction in the oragjitnalo IT were calculated using SIMION as

described in the experimental section, which gaveaopole A/A,) percentage of 24.3% and a
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Figure 4.3. Toluene mass spectra obtained usingddial ejection, with 9.9 x I1®mbar sample
pressure, 2.7 x 1®mbar helium pressure, 1.9 MHz RF frequency, 626avhplitude, ejection AC
frequency scanned from 50 to 600 kHz in 100 msp®38§ amplitude; (B) axial ejection, with 1.4 x i)
mbar sample pressure, 1.3 x4 fhbar helium pressure, 1.7 MHz RF frequency, 66%avhplitude,
ejection AC frequency scanned from 640 to 100 kHDD ms, 2.9 )4, amplitude with -0.8 V DC offset,
dipole ejection; and (C) simulation of axial ej@eti(only ions with m/z values of 63, 65, 91 and Bipfe
the presence in (b) of a peak at 105, the resudinabn-molecule interaction (H from tolyl ion exclges
with methyl from a neutral toluen).
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dodecapoleAs/Az) percentage of 1.6%. Such a high percentage opotd field, which has the
greatest influence on ion trapping among all ofrthétipole fields, was much higher than
needed or desired. It lengthened the resonani@jgatocess, keeping the ions in the trapping
field longer than necessary, and producing poarluéisn as a result.

In the new design, trapped ions are ejected iz theection through the slits. Therefore,
the trapping center must be exactly in-line witl #jection slits. Simulation has shown that ions
should be trapped in a very thin circular band dydaetween the slits in the two ceramic plates
under the electric field conditions we have considen this work. In the toroidal ¥°
geometric modification was made from symmetricggnametric geometry to intentionally add a
slight nonlinear (mainly octopole) field to improtlee performance of the device. Since the halo
IT has the same trapping geometry, the higher drellels also play a very important role in the
ejection of ions. Accordingly, they were studieddetail in order to optimize the performance of
the new halo IT design.

4.4.2 Effect of percentage of octopole field component on performance of thehalo I T

It was reported that the optimum performance aihdylcal ITs* and rectilinear ITS
was achieved when the sum of the percentages @itigve octopole field component and the
negative dodecapole field component was approxisnat8% in the axial direction. Since the
curvature of the toroidal trapping geometry inhéseproduces higher order field components,
as indicated in equation 4.3, it became necessatgtermine their compositions in different
electric fields and to investigate their effectstiap performance in order to optimize the
performance of the halo IT. When we tried to caistthe percentages of the octopole and
dodecapole field components, the dodecapole fiedponent could not be more positive than

-45% when the octopole field was kept below 10%sTas mostly due to the curvature of the
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toroidal geometry in the halo Ff.The electric fields in a toroidal trapping volume not
symmetric with respect to radial motion toward wag from the rotational axis. This
asymmetry, which does not exist in other typeslsf hffects both the ion motion and the
multipole fields. The influence of fields highematihdodecapole, such as hexadecap@le (
ikosipole Asp), and tetraikosipoled;,), on the performance of more conventional ITs havte
previously received much attention because theyypieally very small. Likewise, we did not
consider their contributions to halo IT performabegause the octopole and dodecapole
components were likely much more important. In thask, we fabricated 4 sets of PCBs to
generate 1%, 3%, 5% and 7% octopole fiellgA,) with constant -50% dodecapole fiels:AA,)
to investigate the influence of octopole field merage in the axial direction.

Three ejection modes were used to investigateftbets of different octopole field
percentages: (1) RF amplitude ramp and ejectidineastability boundary, (2) RF amplitude
ramp with constant resonant ejection frequency,(@hdesonant frequency scan with constant
RF amplitude. The resonant frequency scan mode thavieighest ion intensity of the three
excitation methods. Figure 4.4 shows the effectsctdpole percentage on the mass spectra of
benzene obtained from the halo IT using resonaquincy scan ejection. At 1% octopole field,
the peaks atvVz 77 and 78 Da were narrow (1.2 Da FWHM) and pdytegparated with
approximately 60% valley. At 3% octopole field, tim@lecular ion peak (i.e., 78 Da) was much
wider (3.8 Da FWHM), and the resolution was redudebtiroad peak appearsratz 90, possibly
the result of an ion molecule reaction in the teygh as the H/CHexchange that occurs for
toluene? When the octopole field was increased to 5%, waryow peaks were observed for
the GHs" and GH," fragments ai/z 51 and 52 Da (0.19 Da FWHM), however, peaks for 77

and 78 Da were unresolved, and the peak at/2@s still present. Finally, for 7% octopole field,
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Figure 4.4. Benzene mass spectra obtained usapgping fields containing (A) 1% (2.9 x f@nbar
sample pressure, 5.8 x TOnbar helium pressure, 1.7 MHz RF frequency, 9lPavhplitude, ejection
AC frequency scanned from 600 to 80 kHz in 100QLrfis\}., amplitude), (B) 3% (1.4 x 10mbar sample
pressure, 1.3 x I&mbar helium pressure, 1.7 MHz RF frequency, 820avhplitude, ejection AC
frequency scanned from 500 to 100 kHz in 100 résy,2, amplitude with -2.0 V DC offset, dipole
ejection), (C) 5% (2.0 x I®mbar sample pressure, 1.1 x4fbar helium pressure, 1.7 MHz RF
frequency, 644 ), amplitude, ejection AC frequency scanned fromt64M0 kHz in 100 ms, 2.3.y
amplitude with -0.6 V DC offset, dipole ejectionflgD) 7% (3.6 x 10 mbar sample pressure, 3.1 x40
mbar helium pressure, 1.7 MHz RF frequency, 657avhplitude, ejection AC frequency scanned from
650 to 100 kHz in 100 ms, 0.2 Mamplitude, dipole ejection) octopole field contriions.

the spectrum showed the poorest mass resolutianyo$et of conditions. Fragment peaks were
only observed for 5% octopole field conditions, @¥halso provided the best overall resolution
for the low masses (e.g., 280Amfor m/z51 and 52 Da and 5% Amfor n/z 77 and 78 Da).

The peak fomVz 90 Da in 3% and 5% octopole fields is probablydoicis of fragment ion
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Figure 4.5. Mass spectra obtained using 5% octefield contribution for (A) dichloromethane (3.7 x
10° mbar sample pressure, 1.9 x1fbar helium pressure, 1.2 MHz RF frequency, 48pavhplitude,
ejection AC frequency scanned from 600 to 100 kH00 ms, 0.3 ) amplitude with -0.2 V DC offset,
dipole ejection) and (B) heptane (2.8 x@bar sample pressure, 1.9 x1fbar helium pressure, 1.2
MHz RF frequency, 360,Y amplitude, ejection AC frequency scanned fromt6aDO kHz in 100 ms,
1.2\, amplitude with -0.3 V DC offset, dipole ejection).

condensations with benzene molectfiesie to electron transfer by helium, which could be
stable if the pressure was high enough. Both 1%B38hactopole fields gave better results than
the 7% octopole field. The strongest ion intensitiere obtained for the 3% and 5% octopole
fields. Of the field combinations studied, 5% odail@pappears to give the best tradeoff of
performance.
4.4.3 Performance of the halo I T with 5% octopolefield

Mass spectra for dichloromethane and heptane akgrsim Figure 4.5. The spectra were
obtained using dipole ejection by sweeping themasbejection frequency. A few volts of DC
offset were added to the ejection signal in ordeslitain stronger peak intensity. From equation
4.7, the electric field in the halo IT more closedgembles that of a linear quadrupole than a 3D
guadrupole IT. The secular frequencies in the aqal radial directions are equal for a linear

guadrupole, and trapped ions will be resonantlyteddn both directions simultaneously unless
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a DC voltage is used to differentiate the two sactriequencies such that ions are excited only
in the axial directiort?

Figure 4.5A shows an average of ten spectra (a&ndly the Labview operating software)
of dichloromethane taken sequentially. The fragnperaiks atvz 49 and 51 Da were clearly
resolved with a mass resolution of 0.18 Da (FWHNtz 49 Da). However, the molecular ions
atm/z 84/86/88 Da could not be resolved. Figure 4.5Brshan average of ten spectra (same as
above) of heptane with resolution of 0.20 Da arid® @a (FWHM) for the fragment peaksmafz
43 Da and 57 Da, respectively. However, the petk¥$z/1 and 100 Da are relatively wide.
From these and other mass spectra not shown heye rgsolution was only observed for ions
with nvVz values less than 70 Da. The largest and smatiestabserved in this work wen#z
198 and 38 Da, respectively. Fragments wmithvalues lower than 38 Da were below the low-
mass cut-off and could not be detected.

Simulations of the halo IT using SIMIGNB.0 also indicated that good mass resolution
could be obtained in the low mass region, as shaviiigure 4.3C. In this simulation, ions with
m/z at 63, 65, 91 and 92, matching th& values and relative abundances of the typicahfixg
ions of toluene, were generated between the tvppiing plates at random positions, random
energies, and random directions. For collisionsv/ben ions and helium atoms, only elastic
collisions were taken into account. Two out-of-gh&requency-sweeping ejection signals were
applied, one to each plate, with a DC offset vatémeject ions out of the trap. The conditions in
the simulation were close to those in the real grpent, except no neutral sample molecules
were added. In the simulation, space charge effeets not considered. The simulation was

terminated when all ions hit the trapping platbs, boundary walls, or the detector.
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From the simulated mass spectrum in Figure 4.36kgatm/z 63 and 65 are well
resolved (0.55 Da FWHM far/z 63). Much worse resolution (1.9 Da FWHM) was otéai for
m/z 91/92, which matched the results from the expanisas shown in Figures 4.3B, 4.4C and
4.5. Since the depth of the pseudopotential wealkjgendent on th&/'z value, higher mass ions
are trapped in shallower wells and may be mordyeagcted from oscillations stimulated by the
scanning ejection frequency, even though their hetsecular frequencies have not yet been
reached® Therefore, there essentially exists a wider rasfggection frequencies to give
trapped ions of specificyz values energy and move them out of the trap, éspefor higher
m/z values, which broadens the time interval for eépgcions and, hence, lowers the mass
resolution. This may possibly be a result of usowger operating voltages in miniaturized ITs,
since lower trapping amplitude gives a shallowaud®potential well. This will need to be
addressed if the operating power is reduced falapte analysis. Moreover, the ejection
frequency was scanned linearly, but the relatignbletweenm/z value and its secular frequency
is not linear. Higher mass analysis requires moaa $requency points per unit time to obtain
the same sampling per mass unit as lower masssanalhis was demonstrated with a slower
frequency scan used for higher mass analysis, eterlvesolution was obtained.

During experiments with 5% octopole field contriloat an unexpected phenomenon
was observed. With an increase in RF potential srepsctral peaks withvz values greater than
70 Da moved further into the low mass directiofittards) as expected, while peaks witkz
values less than 70 Da moved further into the m@iss direction (rightwards), as shown in
Figure 4.6. The degree of movement was less fdtgp@éh n/z values lower than 70 Da. This
behavior was consistent regardless of test anahf®F generator, and only occurred in a 5%

octopole field with resonant frequency scan ejectirom high to low frequency in the dipole
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Figure 4.6. Heptane mass spectra showing thetsftddA) 423 V,, (B) 402 ., (C) 381 V., and (D)
360 ., RF amplitudes on peak positions for 5% octop@kl fcontribution; 2.0 x 18 mbar sample
pressure, 1.9 x 1&mbar helium pressure, 1.2 MHz RF frequency, &jaoC frequency scanned from
600 to 100 kHz in 100 ms, 1.1} Mamplitude with -0.4 V DC offset, dipole ejection.

ejection mode with DC offset. While we do not cosatply understand this phenomenon, it may
be related to the non-linear electric field presernhe toroidal geometry. When the secular
frequency of the trapped ions was scanned, theimmnsased their oscillation amplitude by
picking up energy from the ejection signal. Simtausly, with the oscillation amplitude
increase, their frequency shifted to higher valhesause of the positive octopole field. The ions
were then out of resonance and the increase itliaigm amplitude stopped. However, when
they went back to the center, their oscillation Aimges increased again until they picked up
enough energy from the ejection signal to be ejedtethis ejection process, the ions are
delayed in leaving the trap, and they shift tohtgh mass direction (rightwards). With an
increase in RF potential, the pseudopotential whlth holds the trapped ions get deeper. lons
take more time to eject, and they shift more tohigd mass direction (rightwards). Since lower
mass ions have deeper pseudopotential wells tlglehimass ions, the phenomenon is more

apparent for them compared to the higher mass dns.effect on lower mass is larger than the
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effect of changing ofj, values by increasing the RF potential, which rssal mass peaks
moving in the low mass direction (leftwards). THere, the compromised movement of low-
mass ions is towards the high mass direction ighds) with low speed. The movement of low-
mass peaks with increase in RF amplitude is nbeanical mass shift since it is not
compound dependent.
4.5 Conclusions
The performance of the halo IT mass spectrometsrimproved by axial ejection of

ions from the trapping region through slits macHinethe ceramic plates. The resolution was
improved by a factor of 2.3. The resolution andratance of the mass spectral peaks were
greatly affected by percentages of high-order camepts of the electric field. The best
resolution (28GnwAm for m/z 51 Da) was obtained using an electric field with &ctopole
component. It was found important to consider higitder components in the trapping field to
optimize the performance of the halo IT. The oudrapping field shape and multipole
composition can be changed by applying differetépibals to the electrode rings. This is
accomplished by soldering the appropriate capangbwork onto the PCB without having to
change the ceramic plates and the structure dfdleelT. This design should allow
straightforward evaluation of the effects of mutlgfields other than quadrupole and octopole
on ion trapping and the effects of all multipolerqmonents on resonant ejectiorf to further
enhance the performance of the halo IT. Improvemntnass resolution may also be possible
with higher frequency or higher amplitude RF, othaeptimization of other trapping parameters.
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CHAPTER 5. SSIMULATIONS OF

TOROIDAL AND HALO ION TRAPSUSING SIMION

5.1 Introduction

With the evolution of the IT mass spectrometer mjwowerful tool for both research and
routine analysis, there has been significant istareunderstanding and characterizing
trajectories of trapped ions in an IT through ckdtians or simulation software. Simulation of
ion trajectories in an IT permits visual measuren@émon motion from ionization, trapping and
cooling by the applied drive potential, and prodigaunstable ion trajectories and ejecting ions
out of the IT according tovz by ramping the amplitude of the RF potential @rstng the
frequency of the ejection signaln tandem MS, more sophisticated techniques weveldped
to simulate the isolation and ejection of ions vatparticulam/z. Simulation of the ion
trajectories in a newly-designed IT can be usgarédlict the performance of the new IT, which
would be very helpful in the development of the IT.

The earliest calculations of ion trajectories iIQld were reported over 40 years ago
involving resonance free and collision free motionsingle-mass ions, and predictions were
obtained from calculations for ion trajectoriesateition, sensitivity, storage, and peak shdpes.
A few years later, improved trajectory calculatiamfisons qualitatively explained the complex

process of ions pulsing out of the quadrupole ¥rBy.integration of the Mathieu equation

d?u

dé?

+(a, —2q, cos2&)u=0 (5.1)

the ion trajectory properties in time and spacelmnalculated. In the equatianis the
displacement in a trag;is a dimensionless parameter equdltt2 whereQ is a frequency and

is time; anda, andq, are Mathieu stability parameters as in Eqs. 1130 This integration
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method was limited to calculations for only one,iand required time-consuming calculations.
With the application of higher order Runge-Kuttgalthms and high performance computers,
the run time for simulations was reduced whild staintaining an acceptable accuracy.
Subsequently, simulation software packages addedapability of simultaneously calculating
ion trajectories under the influence of auxiliar¢g And/or DC potentials, collisions with buffer
gas of variable pressures, space charge interactioa higher order electric fields.

The simplest simulation in an IT is calculating thegectory of a single ion in an ideal
guadrupole field without buffer gas. This can be&lat any point with differera, g,
coordinates within or beyond the Mathieu stabidiiggram to show the secular frequency of the
single ion or how it is lost by hitting the eledes of the trap. The effects of ion/neutral
collisions were simulated using the discontinuonléston model in order to calculate the
collision probability for the pressure of the buféms® After collision, it was assumed that the
kinetic energy of ions would decrease without cliagtheir directions,leading to ion focusing
to the center of the IT. Thereafter, resonant exoib and resonant ejection of ions can also be
simulated by adding supplementary voltages to kbetredes. The investigation of spatial and
energy distributions can be simulated by simultaisezalculation of the trajectories of more than
600,000 ions. A wide range ofz ratios can be accommodated to permit simulatiomads
spectra and ion kinetic energy distributions, avalgation of space-charge effects. lon
trajectories from the ion source through the IThi® detector can now be simulated together with
the processes of charge exchange, ionization etligst formation and ion fragmentation.

Three computer programs, SIMIGRITSIM and 1S13, have been extensively used for
the simulation of ion trajectories. In contrastI&IM and ISIS, which are adept at providing

detailed information for ITs, SIMION is more vendatnd allows the simulation of ion
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trajectories in virtually any electrostatic or maga field of hybrid instruments or of custom-
designed assemblies of electrodes. It has beentas@tiulate a number of different mass
spectrometers, including QIPQMFs? digital ITs* time of flight!* and ion cyclotron
resonance? as well as ion mobility spectrometéfdon behaviors in new IT designs were
simulated by SIMION to examine their performaneeah array of micrometer-sized CI*%,
simulations were performed on the effects of terafpee on ion and neutral species, pressure of
cooling gas, ion mass, trapping voltage and frequespace charge, and fabrication defects. In
the new concept of gap-tripole ffwhich is a mix of a linear and a 3D trap, simualas showed
axially-focused performance, high ejection effia@gnand high duty cycle. Moreover, SIMION
has been extremely powerful for modeling electroion optics in an ion source where
externally created ions were guided such as in"E@htrix-assisted laser desorption/ionization
(MALDI), *® or glow discharge (GBjinstrumentation, or where high-energy electronsewe
concentrated fain situionization such as in Einzel lené&sr complex ion funnel$: The
efficiency of injecting and trapping ions from axternal ion source in a QIT was measured and
simulated using a simple hard-sphere collision rh&tfé Thus, SIMION can directly model
charged particle trajectories through custom-desiggiectrodes as in new-concept ITs or ion
sources, and can take into account truncation atekin electrodes, and additional higher order
electric fields due to IT geometric modification.

To understand the ion trapping and ejection trajges in the toroidal IT and halo IT,
computer simulations with SIMION 7.0 and 8.0 haeet performed in this work. Focus was on
the trapping field, ion collisional cooling andggang in the field, and ion excitation and ejection
Higher order fields were calculated in the trappiietd, and electric gradient contours were

researched for trapping ions. lons were collisipnaboled in a toroidal shape to demonstrate

94



trapping in the toroidal and halo ITs. Mass spewateee also simulated from random creation of
ions in trapping areas, collisional cooling withffiea gas, trapping by RF drive potential,
resonant excitation and ejection by auxiliary AQtage, detection and compiling the simulated
data.
5.2 Computational Method

Simulations of toroidal IT and halo IT performamnwere carried out using SIMION 7.0
and 8.0 software (Idaho National Engineering Latwoya Idaho Falls, ID). All electrodes in
both the toroidal and halo ITs were defined in SIMIusing a half-million-point potential array
(PA) with nonsymmetricat dimension and symmetricglandz geometry. Every grid unit was
set as 1@um for all simulated traps. In the toroidal IT, Péere drawn according to the metal
electrodes with ideal machining and perfect aligninin the halo IT, since the semi-conductive
germanium layer is neither an electrode nor nontedde, there were two approaches to
simulate the electrode rings and the germaniunrlagehe first approach, ring electrodes were
simulated as PAs according to their dimensions,thedjermanium layer was regarded as a
metal electrode between each pair of rings withatherage potential of the two adjacent
electrode rings. In the other approach, bars aguptd the dimensions of the electrode rings
were drawn all the way across the PA, and corredipgmotentials were set. The electrodes in
this PA file consisted of a series of concentritnders. Then the “find” function was used to
highlight all points with potentials lower than theaximum ring voltage, and all non-electrode
points between the bar electrodes were changdddtrades with the same potentials, which
were regarded as the germanium layer. Excess @llechoints were changed to non-electrodes
and the thickness of the ring electrodes and gaumatayer were kept at 1 mm (100 grid units),

and a center hole or slits for ion ejection andahgpacers were added in the PA file. For this
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approach, the potentials on the germanium layevdxsst the electrode rings were set at identical
values as the potentials between the correspomingentric cylinder electrodes.

In the concentric cylinder system, the voltagethefadjacent cylinders can be expressed
as?

V,-V, = 'z (5.2)
2, I,

whereV, andV; are the voltages of the adjacent cylinder eleespuis the charge per unit
length of the cylinderg is the permittivity of free space between the eelj cylinders, and,
andr are the radii of the adjacent cylinders. Sincect@rge is uniformly distributed on the
electrodes, Eq. 5.2 can be used to express th®rahips between the potential of any point in
the systenV and the voltages of the cylinder electrodes

27, (V, =V) _ 27&,(V -V,) (5.3)

r r
In-2 In—
r r

Therefore, the potential of any point between tylender electrode¥ is

\A In'z +V, In"
r r
V= . L 5.9
In-=
r.l

wherer is the distance between the point and axis o€timeentric cylinder electrodes.
In the germanium layer between two adjacent eldetrings, the resistance of the

germaniumR can be written as

wherep is the resistivity of germaniunhjs the length of the piece of germanium, @nd the

cross-sectional area of the germanium.
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Therefore, the resistance of any tiny germaniurg ohradiusr between two electrode
rings with voltages o¥; andV, is

R= ,0i (5.6)
2/ra

wherea is the thickness of the germanium layer.
Eq. 5.6 can be integrated to obtain the resistahtge germanium between any two

adjacent electrode rings with radiimfandr..
R=Ln (5.7)

Therefore, the relationships between the voltdgée any point on the germanium with radius

and the voltages of the electrode rings are expdeas

V,-V V-V,

= a)S
L|nr72 L“‘]L
2m r  2m 1
From Eg. 5.8, the voltagé at any point on the germanium can be expressed as
V, In'z +V, In"
v=—"' ] 5.9)

The identities of Egs. 5.4 and 5.9 proves the sge@proach to simulate the germanium layer.
Then the PAs were refined to a convergence limit@f the lowest limit possible in
SIMION. A user-written program using SIMION langwagrovided the initial ion parameters in
the traps, collisions with buffer gas, time-varyklgctrical potentials at the electrodes, and other
control functions. These programs are includedhé&Appendix.
In the simulations, ionization took plairesituand the initial positions of ions were

randomly distributed i, y, andz directions within a cylinder in the trap. Initiain velocities
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and directions were randomized to a Maxwell disititm. lon time-of-birth was randomized
within the ionization period. lons collided withfber gas and were trapped in a circular band
with low energies in the center of the trappingeagn a-few-second cooling time. In order to
speed up the simulations, in a simple version efgtogram, the random initial positions of ions
were restricted within a spherical volume with éhin radius to decrease the cooling time, and
the initial ion velocities and directions were randy set in small ranges to simplify the
calculations.

The simulations involved a helium collisional buftes, and each helium molecule was
defined to have a random position and resting stiaiee moment of impact with an ion. In all
simulations, both ions and buffer gas moleculegestat the same temperature. The collisional
probability is related to the mean free path, whectletermined by the temperature and pressure.
The collisions between ions and buffer gas molexulere assumed to be elastic collisions.
Whether or not a collision happened was determinyecbmparing a random number between 0
and 1 to the probability of collision in each tistep. Scattering angle and velocity for each ion
collision were determined using momentum and eneogygervation calculations in tlkey, and
zdimensions. In the simple program version, themfsze path was defined at 300 K and 1
mTorr pressure to avoid extra calculations.

In all simulations, space charge effects were nasitlered due to the large trapping
capacity a toroidal geometry can provide to avoittion repulsion issues. Simulations were
terminated when all ions hit the trapping platés, boundary walls, or the detector. In the simple
program version, another restriction that all revrgg ions died when the mass scan was over

was added to terminate the program to minimizestimeilation time.
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The SIMION program can be used to calculate anéroehe the coefficients for higher
order multipole electric fields in the trappinglfie of ITs* SIMION 8.0 and MATLAB R2008b
programs were used to calculate faeA, andAs dimensionless multipole coefficients.
According to the superposition principle in elecfield theory, the coefficients for each order
(i.e., quadrupole, octopole and dodecapole in egudD) for all rings in the halo IT can be
summed to provide the overall multipole field comepnot to the total electric field. Initially, a
file describing the geometry of the halo IT wasateel in SIMION. Then, a voltage of
1000.0001 V was sequentially added to each ringirelde while keeping the voltage on the
remaining electrodes at 0 V. For each applied geltzhange, the simulated potential and its
corresponding value were recorded for every grid unit (i.e.eatial time steps) along the
direction. With the data obtained, MATLAB was ugedietermine the multipole field

components for each ring at a desired degree ofacy (i.e. Az, Ay andAg for thel™

ring
electrode wheré= 1 to 11) in the direction as specified in equation 10 (a polyndmish up
to 20 poles) with their corresponding least-squéites

After the multipole coefficients for each ring wetetermined as described in the
previous paragraph, arbitrary voltages were asdigméhe various ring electrodes, and the
resultant multipole components of the total eledigld in the halo IT were calculated by
multiplying the voltages applied to each ring bg tlarious multipole coefficients and summing
the products of each multipole type. The varioussed higher-order multipole percentages
were obtained by dividing each summed higher-onagtipole coefficient by the summed

guadrupole coefficient, and then multiplying by ¥00.e.,A/A; for octopole, and/A; for

dodecapole). Finally, the SOLVER function in MicoftsOffice Excel was used to specify new
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Figure 5.1. SIMION simulation showing the traje@s of trapped ions that have been collisionally
cooled into a circular band by 1 mtorr helium.

voltages to apply to the ring electrodes in ordeadjust the multipole percentages to the desired
values.
5.3 Results and Discussion
5.3.1 Reliability of simulation

The SIMION software package was primarily usedaiculate the electric fields
generated when a configuration of electrodes aei Woltages are specified. It was also used to
calculate the trajectories of charged particleth@se fields when the initial conditions for these
particles are given. For an application, SIMION dafine the system geometry and conditions,
record and visualize results, and extend the sitonl@apabilities by user programming.

By using SIMION simulation, a visualized result wated to the theory prediction. For

example, in the halo IT with radial ejection, tretage on each ring was calculated using
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SOLVER in the Excel software to produce a quadregtéctric field between the two trapping
plates. lons were expected to be trapped at agadjual to that of thé"8electrode ring,
corresponding to the toroidal trapping well. Aswhan Figure 5.1, trapped ions collisionally
cooled into a circular band between the two plateke &' electrode ring.

The SIMION simulated mass spectra matched thetseaom real experiments. The
mass spectrum of toluene produced by SIMION (Figug closely matches the spectrum from
experiment under the same operating parametets,asuBF frequency and amplitude, ejection
frequency and DC offset with dipole ejection. e gimulation, ions with amvz value of 105
were not generated, and fewer ions were retainékitrap than in the real experiment.
Therefore, the mass spectrum simulated by SIMIOtNbeiter resolution, especially in the
higher-mass region, and did not show a pealatalue of 105.

In SIMION simulations, the behaviors of ions agsult of changing one or more of the
operating parameters agreed with the results pextifrom experiments. For instance, in
experiments in which the resonant ejection frequevas scanned from high to low, if the RF
amplitude was increased, every trapped ion wasegjesooner. In the simulations, several
programs with different RF amplitudes were run #redresultant mass spectra were compared.
Higher RF amplitude also gave earlier ejected mas&s.

On the other hand, if SIMION simulations were nomducted correctly or according to
experimental parameters, they produced resultsatbed not consistent with experiments.
Before figuring out how to simulate the germaniwayer in SIMION, the electrode rings were
set in the geometry files without correctly considg the germanium layer. The resultant
simulations showed the expected trapping of iorestioroidal shape, but ion ejection did not

match the mass spectra obtained from experimehtsg&rmanium layer is used to minimize
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edge effects of the electrode rings when ions wkrge to the plates in the halo IT. When ions
were driven by resonant frequency and expandedttiagectories from the trapping center close
to the plate, edge effects from the electrode rgrgatly influenced the trajectories of resonant
ions if the germanium layer was absent. Therefores would not behave correctly according to
the real experiments, and the simulations producexpected results. During other simulations,
if some parameters, such as the potential on @wtretle ring, or ejection amplitude, were
improperly selected in SIMION, ions could not bapped or ejected, and no simulated mass
spectra were generated.

Overall, SIMION simulation produced the expectesuits according to theory and
experiments in this work. Therefore, the SIMION ralalg was considered reliable to be used in
this work to predict and confirm experiments.

5.3.2 Simulations of thetoroidal IT

The geometry, electric field profiles and mass wsialperformances of a toroidal*f?’
were simulated in the SIMION program. Figure 5.8 the geometric images of the toroidal
IT in full (A) and cut in half along the center aXB). The electrodes were designed in
simulations to produce a structure that approxithtie shape and dimensions of a real toroidal
IT with ideal machining techniques. The detectoFigure 5.2A was simplified to be a flat plate
with — 1.7 kV applied as in real experiments.

Figure 5.3 shows the electric field with isopotehtiontours in the toroidal IT. From the
figure, a quadrupole trapping field is shown tdidmened in the toroidal IT, and the trapping
center is not on the axis which connects the gedlits. The vertices of the isopotential
contours do not form a straight line, shown as me&nts in the inserted figure. When ions

resonate with the ejection frequency and becomeeskand move from the trapping center to
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Figure 5.2. Images of the toroidal IT (A) in fulith a detector and (B) cut in half along its cerdgis
for simulations.
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Figure 5.3. Isopotential contours in the toroid@lshowing the trapping electric field.
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Figure 5.4. Simulation of ion trapping, excitatiand ejection in the toroidal IT.

the slits, their ejection trajectories expand altdrglowest potential points (the vertices of the
isopotential contours) until they pass throughdfits. Since the vertices for the isopotential
contours do not line up with the slits, the exaitatdirections of ions are divided into thandr
directions. The excitation of ions in thelirection will lead to poor resolution; therefoeesmall
amount of DC offset must be added to the electréeittser end-cap or ring electrodes) to
modify theg, value to minimize the excitation of ions in thdirection.

The SIMION program can also simulate trapping, &ticin and ejection of ions in the
toroidal IT, as shown in Figure 5.4. The green blue ions remained tightly trapped at the
center of the toroidal geometry, while the sectriequency of the red ions (different colors of
ions represent differemt'z) was coupled resonantly with the supplementargtigie AC in thez

direction. Since a DC voltage offset was addedapmarent excitation of ions in thalirection
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Figure 5.5. Potentials along the germanium surfdté mm and 0.25 mm above the germanium layer
within the trap.

was observed. When the red ions obtain enough gifieng the resonant ejection frequency,
their unstable excursions in the quadrupole trappoiume eventually take them beyond the
physical boundary of the device. lons were ejefiteth the device through the slits in the end-
cap electrodes toward the detector, as shown breth&rajectory out of the trap to the detector
in Figure 5.4.
5.3.3 Simulations of thehalo I T with radial gection

The novelty of the halo P is that the trapping electric field is defined dssired
surfaces with position-varying potentials rathertlthe shapes of the metal electrodes in
traditional ITs. A surface with different potentfainctions on it can be realized using resistive
materials, such as germanium. To create a dedeettie field which can be controlled and

optimized, it is necessary to superimpose the idefields produced by arbitrary potential
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functions on the resistive materials. In the hdlpconcentric electrode rings were fabricated on
a ceramic plate beneath a layer of germanium yshiegolithographic techniques. The voltage
on each electrode ring was independently contrdiied capacitor network. The germanium
layer on the electrode rings established a contiasdtmundary condition with defined voltages to
create the trapping field. Figure 5.5 shows howgdenanium layer smoothed the electric field
in the halo trap. The voltage steps clearly evidirctly on the germanium layer with increase
in the distance from the center of the ceramioeplegre much lessened at 0.1 mm above the
germanium layer. The voltages at 0.25 mm abovgénmanium layer were continuous and
smooth. Therefore, the germanium layer minimizegkeeffects in the halo IT. Another function
of the germanium layer was to prevent charge hwglidwhich could interfere with the fields in
the trap.

Simulations showed how ions were created, collidigd helium molecules, and
decreased their excursion ranges in the trap. Duhe process, the coupling of ion secular
frequency and applied RF potential could be visualéasured as small ripples. Trapped ions in
the halo IT were collisionally cooled into a cirauband, which is demonstrated by the SIMION
simulation shown in Figure 5.1. lons in a standsimd (p = 1 cm) QIT or CIT are cooled to a
ball with radius of roughly 0.5 mm at the centethw trap® resulting in an effective trapping
volume of roughly 0.5 mfh In contrast, ions in the halo IT are cooled ting between the
plates. Assuming similar voltage gradients and 8-radius trapped ion ring, the trapping
volume is increased to roughly 40 rrfor a given density of ions and a given levehafss
resolution, the halo IT can contain ~ 80 times asyrions as a conventional trap, which should

result in greater sensitivity.
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Figure 5.6. SIMION simulated mass spectrum shogouy resolution in the low mass region and poor
resolution in the high mass region.

Mass spectra simulated using SIMION in the halevith radial ejection indicated that
good mass resolution could be obtained in the l@gswegion; in contrast, poor mass resolution
occurred in the high mass region, as shown in Ei§us. In this simulation, ions in the range of
m/z from 100 to 650 were generated between the twiping plates at random positions,
random energies, and random directions in a cytatlvolume. Resonant frequency scan
ejection was used in this simulation, which wasiaated when all ions hit the trapping plates,
the boundary walls, or the detector. The simulateds spectrum showed poor mass resolution
atm/z higher than 250. The reason is due to edge effieatsause the field to drop off
significantly near the center hole when ions aeetejd out of the device along the radial axis,
producing field distortions even though the tragpields in the vicinity of the center of the
trapping region agreed well with the toroidal IToMover, simulations also showed that
bending of the ion trajectories when they weretegérom the trap and passed through the

central hole resulted in most of them hitting thegtqy thereby producing poor sensitivity.
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5.3.4 Simulations of thehalo I T with axial gection

In the halo IT, the effect on the trapping electiétd by changing the distance between
the two electrode plates is not the same as inattional ITs, and the separation of the plates
does not directly modify the higher order multipottributions to the field. In ITs with metal
electrodes, the distance between the electrodgs ataimportant role in the contribution of
higher order multipoles in the trapping electridi A positive octopole component was
generated by stretching the end-cap electrodesnpensate for the negative octopole
contribution caused by electrode truncation andopations for electrons/ions entrance/exit,
therefore improving ion ejection efficiency and massolution. In the halo IT with planar
resistive electrode;* the higher order multipole contributions are mataged by modifying
the potential function on the resistive electroaesead of varying the plate spacitig.

Four trapping electric fields with different pertages of octopole components in the
halo IT were designed by modifying the potentialdtions on the electrode rings on the plates.
As shown in Figure 5.7, halo IT electric fields kit, 3, 5 and 7% octopole and constant -50%
dodecapole contributions were plotted with theguteant isopotential contours, and the higher
order components in the axial direction along tkis aonnecting the centers of the slits were
drawn for each trap. From the figure, the centéth@electric fields for the traps look similar;
however, small differences are observed in theoregear the trapping plates, which correspond
to different higher order field components. FigGréE also shows that the differences in higher
order contributions mainly occur in the regions giram the centers of the electric fields
0.2). Therefore, during ion trap operation, higbeter components have little effect on ions
when they are collisionally cooled to the trap eenbut play an important role in ion trapping

efficiency and ejection when their trajectories aear the trapping plates. These simulations
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illustrate a possible way to optimize the perforg®nf the halo IT by varying the higher order
components independently.
5.4 Conclusions

SIMION simulation programs have been employed fodwng and developing the
toroidal and halo ITs. They allow simulations ofdlectrodes and electric field profiles with
arbitrary geometries, permit visual measuremeimmimotions with various applied RF
potentials and ejection parameters, and help tenstahd how the traps perform mass analysis.
SIMION simulations for the toroidal and halo ITsi@dated ion motion behaviors, predicted
experimental results, and showed the effects dfdrigrder multipole contributions to the
electric fields. These applications of SIMION derstated that it is a powerful and helpful tool
for the design and development of ITs.
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CHAPTER 6. CONCLUSIONS AND FUTURE DIRECTIONS

6.1 Conclusions

Miniature, field-portable MS is being developed 6or-site analysi$ITMS is
particularly attractive for miniaturization dueits intrinsic advantages including new and
unique geometries to maintain sufficient trappiotumes. This dissertation describes the design
and development of toroidaland halo IT$,both of which have a circular trapping volume
rather than only a trapping center as in a congaatilT. This allows higher ion capacities,
especially when the devices are miniaturized.

The toroidal IT was designed by rotating a convaral 3D IT cross-section on an edge
axis instead of the center axis. It has a tordidgdping geometry and maintains similar trapping
capacity as a conventional QIT, even though itsetisions were miniaturized. Unit mass
resolution and high sensitivity was obtained ughig miniature device through preliminary
optimization of operating parameters, such as aron and cooling times, RF drive amplitude,
ejectiong value, and ejection voltage. Further miniaturizatis challenging due to the
machining tolerances for the electrodes. Improvemehits performance are continually being
made by optimization of the trapping electric feeld the non-ejection dimensions.

The halo IT combines the advantages of a torordalping geometry with
photolithographic microfabrication of two paraltgramic trapping plates. This work
demonstrates a novel idea for trapping ions inrhitrarily generated electric field. The electric
field in the halo IT is produced by controlling array of voltages applied to concentric electrode
rings on two mirrored plates, rather than usingyedr3D metal electrodes. With a number of

electrode rings on two identical, facing ceramuat@s$, the shapes of, and higher order multipole

112



contributions to the trapping electric field candb&nged by controlling the potentials on the
rings without physically modifying the shapes of #lectrodes or stretching the traps. Moreover,
the products of any trapping geometry, such as &&iping volume, a toroidal band, or a linear
shape, are possible using this approach.

The plates of the halo IT were initially designeddiva center hole in each plate for radial
ion ejection. This trap with only two ceramic pkgrovided an open structure, which allowed
ions or electrons to have open access to the wiragping area, and facilitated easy pumping of
the trap. Mass spectra were obtained with massuteso up to 120 fvAm, FWHM), which
demonstrated toroidal trapping and mass analysistive novel trap. Mass resolution was
limited in this design, since ions ejected throtigd center hole were influenced by the trapping
field and the high voltage on the detector.

The geometry of the halo IT was subsequently medifiy machining slits in the ceramic
plates for ion ejection directly from the trappitogoid instead of through the center hole. The
mass resolution was improved by a factor of 2.pé&orming axial ejection using the new halo
IT. Investigation of octopole contributions to tinapping fields on performance of the halo IT
demonstrated the concept that the overall trapfehd) shape and multipole composition could
be easily controlled by applying different potelstit the electrode rings. Higher order
multipole components in the trapping field are im@aot for optimization of the performance of
the halo IT. This axial ejection design kept altloé advantages of the previous design, such as
open access for ions or electrons, large ion stovatume, and high precision fabrication, all of

which are well-suited for future miniaturizatiorfats.
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6.2 Recommendations for Improving Performance of theHalo I T

For the halo IT, worse mass resolution was obseimeldigh-mass peaks than for low-
mass peaks. The possible reason is that higherioresare trapped in a shallower
pseudopotential well and are more easily ejectéabilne trap compared to lower mass ions.
Therefore, high mass ions are subjected to exaitaven though their matched secular
frequencies have not yet been reached, and thesjented with a wider range gf values,
which results in worse mass resolutfolt RF power with higher amplitude could be applted
the trap, the pseudopotential well for ions woutdticreased enough so that only a
corresponding secular frequency could give sufficenergy to push ions out of the trap. Since
the RF trapping frequency must also be increas#d Rk amplitude to keep ions in the desired
region of the stability diagram, a new RF poweragator that could provide higher frequency
and higher amplitude would improve mass resolution.

A resonant ejection frequency scan with constanaRBplitude is primarily used for
mass analysis with the halo IT. When resonant #aqies were scanned, ions with differevit
values are ejected at differghvalues. Due to the existence of higher order il
components at specifitvalues in the non-ideal trapping electric fielohs with differentn/z
values are resonantly ejected from unexpected backg fields'° Some would be excited
because of nonlinear resonance and lost beforebihayme resonant and ejected from an ideal
guadrupole field. lons with the saméz value could also exhibit two or more peaks. Wiwesi
are ejected by scanning the RF amplitude with eorisjection frequency, those with different
m/z values are always ejected at the s@gmalue with the same higher order electric field a
they should exhibit the same peak width. This waelglire a new RF power generator which

could provide amplitude-scanning.
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In the toroidal IT, when ions were ejected at Jpwalues with scanning RF amplitude,
peaks with good mass resolution were observed. Halbave the same toroidal-shaped
trapping field as in the toroidal IT, and resonejetction occurring at low values should also
give improved mass resolution.

Since the halo IT is a 2D quadrupole trapping deviapped ions have similar secular
frequencies in the andr directions? During ion resonant ejection, energy associated thie
ion’s motion in thez direction is coupled to motion in thealirection, resulting in spreading of
the ion cloud in the non-ejection direction duringss analysis, therefore, producing poor
resolution. A small DC voltage offset applied te #ectrodes alters the Mathiawalue in the
stability equations and improves the mass resaidtidowever, in the halo IT, the trapping
electric field is created by voltages on the etsb#rrings instead of shaped metal electrodes in
conventional ITs. RF voltage is applied to onehef tings on each plate, and ejection voltage is
applied to another. A capacitor network connecéh@f the rings is used to conduct the
trapping and ejection voltages to all electrodgsirwhich generates the quadrupole trapping
field and dipole ejection. In this work, a DC offseas added to the ejection signal; however, it
could not pass through the capacitor network tolreéhae other rings. Therefore, the DC voltage
was applied to only one electrode ring on eacleplais probably insufficient to alter the
Mathieua value if a DC offset is applied to only one rilgystematic work should be focused on
the Mathieu stability diagram of the halo IT toeletine how many rings should be connected to
the DC voltage to alter the Mathiawalue and how to realize the DC voltage applied to

multiple rings.
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6.3 Recommendations for Simulations

The trapping electric field in the halo IT can bmwated using the COMSOL
Multiphysics modeling and simulation program (Comsaockholm, Sweder!) COMSOL,
using finite element analysis, allows the calcolatf a quasi-static solution to Laplace’s
equation for the electric field with the RF modulée electric field is simulated by the
calculation of voltages at each vertex of a tettlatve. The tetrahedral mesh is adaptively refined,
which is proportional to the electric field gradiemd can be denser around the object of interest.
Therefore, COMSOL is better for electric field agdbtion and simulation than SIMION,
although it cannot simulate trajectories of trapfme in the ITs. COMSOL also offers an
extensive interface to MATLAB, and includes portlatattering boundary conditions, and
complex material models. For the halo IT, COMSOh sanulate the unique design of a layer of
germanium spread on the gold electrode rings, dated on ceramic plates. It avoids the
electrode simulation problem in SIMION which ongcognizes electrodes and nonelectrodes.
COMSOL is more suitable for calculation of the heglorder multipole contributions to the
trapping electric fields in the halo IT.
6.4 Tandem MSin theHalo I T

In order to perform tandem MS in the halo ion tr@fper ionizing the sample and cooling
down the ions, parent ions whose structures ait@fest must be isolatéd A combination of
RF and DC voltages can be applied to the trap¢oraplish this. By changing the amplitudes of
the RF and DC voltages, conditions can be estagigihwhich only ions within a narrow mass
range are stable and other ions are ejected. Treggeed ions have a characteristic secular
frequency related to the stability parameter. Addsation AC with a small voltage having a

frequency matching the secular frequency of themaons could be applied. Absorption of
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Figure 6.1. Halo IT timing sequence to performdam MS. Dumping non-ejected ions out of the trap in
period A; ionization in period B; parent ion isoian in period C; fragment ions generated in period
and mass analysis scan performed in period E.

energy from the dissociation AC would increasekinetic energy of the ions and, through
collisions with helium buffer gas, this kinetic ege would be converted into internal energy,
which could cause dissociation of the parent ioilCHy (collision-induced dissociation). Finally,
the fragment ions would be analyzed by the standesk-selective instability scan with
resonance ejection AC to record the daughter MSEpERtrum. Figure 6.1 summarizes this
tandem MS experiment, showing how the combinatidRFg DC, dissociation AC and ejection
AC voltages could be applied to the electrodesiia@propriate sequence to record the MS/MS

spectrum.
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6.5 lon Mobility Spectrometry intheHalo I T

lon mobility spectrometry (IMS} is an electrophoretic separation technique irgés
phase, where ions are separated based on theilitreslas they drift through a buffer gas under
the influence of an electric field. Field asymmettn mobility spectrometry (FAIMSj was
introduced in an attempt to achieve more selegtitian that obtained with traditional IMS by
using a strong, high-frequency, amplitude-asymroetectric field and a weak DC
compensation voltage.

The unique design of the halo IT is suitable farf@@ning FAIMS analysis between the
two parallel plates. Combining IMS measurement Wit in one device would produce a very
powerful analyzer because of its ability to distirglp different ions with identical or nearly
identical masses.

If the halo IT could be operated in the sequenderofmobility analysis to mass analysis,
ions of interest could be first selected by FAIM&l dhen the same ions could be ejected out of
the trap in order ofiVz values. During such operation, all ions could firstpushed into the halo
IT by the ionization gate for mobility analysis.8ma high DC potential would be applied to the
outermost and innermost rings on both plates tp kees within the trap. At the same time, the
rings in the lower plate would be maintained atugia potential while a high-frequency
asymmetric waveform is applied to the rings indipper plate to perform the mobility
experiment. Different ions with different mobilitsalues would oscillate between the two plates
with different trajectories as a function of theobgd waveform. At a certain value of the
asymmetric potential waveform, only ions with aregsponding mobility would be allowed to
remain, while ions outside the mobility range wohdlost by colliding with the plates. Then,

the helium bath gas would be decreased to loweopkeating pressure for mass analysis. At the
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same time, the high potential on the outermostianermost rings would be maintained until the
pressure is stabilized for mass analysis. Thenfaw&eform would be added to the middle ring
for cooling the ions selected by FAIMS, and a staddnass-selective instability scan with
resonance ejection would be used for mass anallisesadvantage of operating the halo IT for
both mass and mobility analyses sequentially inmaass analyzer is that it would be possible to
identify ions not possible with mass analysis aldf@ example, isobaric ions with different
mobilities could be separated and identified.
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APPENDIX. SIMION SIMULATION PROGRAMS

SIMION simulations support user-written programsaatrol and establish most of the
properties of ions and fields, such as ion inpi@atameters in traps, ion-neutral collisions, time-
varying electric fields, and other computationaigmaeters. This appendix includes programs
written for simulations of ions from creation, gsibnal cooling, excitation, to ejection
accordingwz order in the toroidal and halo ITs. A complicatedsion was used to understand
ion motions in the traps, while a simplified versiwas used to provide useful results in shorter
time.

1 Complicated version of SIMION program

-- program for toroidal ion trap

-- created by Daniel Austin

-- revised with resonant ejection frequency scaMiBo Wang
-- written in Lua for SIMION 8

simion.workbench_program()

--define buffer gas parameters

adjustable _gas_mass_amu =4 mua

adjustable _pressure_pa = 0.183133 pa = 1 mtorr

adjustable _temperature_k =300 --K

adjustable _mean_free_path_mm =-1

adjustable _sigma_m2 = 2.27E-180ss section 200 amu w He

-- define ionization volume
adjustable initial_ion_spread_r =1 smadial width
adjustable initial_ion_spread_axial =1 wrtotal width

-- define trap parameters

adjustable initial_voltage =385 eltg O-p
adjustable ionization_time =1 sm
adjustable cooling_time =3 -ms
--adjustable ramp_rate =02V/ms
adjustable trap_frequency = 3E6 --drdzing RF
adjustable detector_voltage = -15000its DC
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-- define ejection frequency

adjustable frequency_0 = 1.3E6z; bkginning ejection frequency
adjustable frequency 1 = 88.5E3%; ending ejection frequency
adjustable ramping_time =60 --ms

adjustable _eject_voltage =2.5- volts 0-p

adjustable DC_offset =1 --volts

-- define maximum time and PE steps

adjustable pe_update _each_usec = 0.0E digplay update

adjustable max_time_step = 0.0in microsec

-- define other variables

-- functions
function erf(z)
local z2 = abs(z)
localt=1/(1+ 0.32759109962 * z2)
local res = ( -1.061405429) *t
res = (res + 1.453152027 ) * t
res = (res - 1.421413741 ) * t
res = (res + 0.2844966736) * t
res =((res - 0.254829592 ) * t) * exp(-z2*z2)
res=res+1
if z< 0 then res = -res end
return res
end

function gaussian_random()
locals =1
local v1, v2
while s >=1 do
vl =2*rand() - 1
v2 = 2*rand() - 1
S = v1*vl + v2*v2
end
local rand1 = v1*sqrt(-2*In(s) / s)
return rand1
end
function segment.initialize()
sim_rerun_flym =1

-- randomize initial ion positions to a cylinder

local radial_position = initial_ion_spread_r * 4gand())
local random_phase = (6.2832 * rand())

local z_offset = sin(random_phase) * radial_positio
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local y_offset = cos(random_phase) * radial_positio
local x_offset = initial_ion_spread_axial * (rand))5)
ion_px_mm = ion_px_mm + x_offset

ion_py_mm =ion_py_mm +Yy_offset

ion_pz_mm =ion_pz_mm + z_offset

-- randomize ion time of birth
ion_time_of_birth = ionization_time * rand() * 1000

-- randomize ion velocities to Maxwell curve
local root_kt m =sqrt((8314 * _temperature_k)r imass)
ion_vx_mm = 0.00155*root_kt_m*(rand()+rand()+rang@nd()-2)
ion_vy _mm = 0.00155*root_kt _m*(rand()+rand()+rane@nd()-2)
ion_vz_mm = 0.00155*root_kt_m*(rand()+rand()+ranggnd()-2)
end
function segment.tstep_adjust()
if ion_time_step > max_time_step then ion_tinteps max_time_step
end
end
function segment.fast_adjust()
-- control trap RF and ejection frequency

local ramp_start = (cooling_time + ionization_tirfi€)00
localomega =1.0 --frequency (rad/usec)
local eject_coefficient =0 -- eject coefficient
local eject_amplitude = 0 -- ejection signal arnuyale
local eject DC_offset = 0 -- DC offset in ejectisignal
local Q =2 * 3.14159 * ramping_time * 1E-3 * fregpucy 0 * frequency_1 / (frequency O -
frequency_1)
omega = trap_frequency * 2 * 3.14159 * 1E-6 -- frequency (rad/usec)
if ion_time_of flight >= ramp_start then
eject_ DC_offset = DC_offset
eject_amplitude = _eject_voltage
eject_coefficient = In ((frequency_0 - foeqpcy_1) * (ion_time_of_flight - ramp_start) /
(ramping_time * 1E3 * frequency_1) + 1)
end
adj_electOl = eject_DC_offset
adj_elect02 = initial_voltage * sin(omega * ion_anof_flight)
adj_elect03 = adj_elect02
adj_elect04 = eject_amplitude * sin(Q * eject_cardint) + eject DC_offset
adj_elect05 = detector_voltage
end

function segment.other_actions()
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-- ensure PE surfaces are updated regularly
local next_pe_update = 0.0 -- next timepdate PE surface
if ion_time_of_flight >= next_pe_update then
sim_update_pe surface =1
next_pe_update = ion_time_of_flight + pe atedeach_usec
end

local last_ion_number = -1
local last_speed_ion =-1
local effective_mean_free_path_mm =-1

-- Define constants

local k = 1.3806505e-23 -- Boltzmann constark)
local R = 8.3145 -- Ideal gas constdf(tmol*K))
local kg_amu = 1.6605402e-27 -- (kg/amu) conversactor
local pi = math.pi -- PI constant

local eV_J =6.2415095e+18 -- (eV/J) conversamtor

-- Compute mean-free-path.
-- Only recompute mean-free-path if speed_ias ¢hanged

local vx =ion_vx_mm
local vy =ion_vy_mm
local vz =ion_vz_mm

local speed_ion = sqrt(vx"2 + vy"2 + vz"2)
if abs(speed_ion / last_speed_ion - 1) 5 then
-- Compute mean gas speed (mm/us)
local c_bar_gas = sqgrt(8*k*_temperatuvpi/k gas_mass_amu * kg_amu)) / 1000
-- Compute median gas speed (mm/us)
local c_star_gas = sqrt(2*k*_temperaturé dgas _mass_amu * kg_amu)) / 1000
-- Compute mean relative speed (mm/usyéen gas and ion.
local s = speed_ion / c_star_gas
local c_bar _rel =c_bar_gas * ((s + 1/{2*s0.5 * sqrt(pi) * erf(s) + 0.5 * exp(-s*s))

-- Compute mean-free-path (mm)
effective_mean_free_path_mm = 1000 * kemperature_k * (speed_ion / c_bar_rel) /
(_pressure_pa * _sigma_m2)

-- Store data about this calculation.
last_speed_ion = speed_ion
end

-- Compute probability of collision in curretine-step.
local collision_prob = 1 - exp(- speed_ion hidime_step / effective_mean_free_path_mm)
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if rand() > collision_prob then
return -- no collision
end

-- collision follows (Temperature and kinetieeegy used in collision)

local vr_stdev_gas = sqgrt(k * _temperature( kyas_mass_amu * kg_amu)) / 1000
local vx_gas, vy_gas, vz_gas -- computed ve&xi
local scale = speed_ion + vr_stdev_gas * 1¥732--sqrt(3)=~1.732
repeat
vX_gas = gaussian_random() * vr_stdev_gas
vy_gas = gaussian_random() * vr_stdev_gas
vz_gas = gaussian_random() * vr_stdev_gas
local len = sqrt((vx_gas - vx)"2 + (vy_gas))"2 + (vz_gas - vz)"2)
until rand() < len / scale
VX = VX - VX_gas
Vy = Vy - Vy gas
VZ =Vz - vZ_gas
local impact_offset = sqrt(0.999999999 * rand()
local impact_angle = asin(impact_offset)
local impact_theta = 2*pi*rand()
local speed_ion_r, az_ion_r, el_ion_r = rect8dpolar3d(vx, vy, vz)
local vr_ion = speed_ion_r * cos(impact_angle) -- radial velocity
local vt_ion = speed_ion_r * sin(impact_angle) -- normal velocity
local vr_ion2 = (vr_ion * (ion_mass - _gas_masau)) / (ion_mass + _gas_mass_amu)
VX, VY, vz = elevation_rotate(90 - deg(impactgla), vr_ion2, vt_ion, 0)
VX, VY, vz = azimuth_rotate(deg(impact_thet),vy, vz)
VX, VY, vz = elevation_rotate(-90 + el_ion_x, vy, vz)
VX, VY, vz = azimuth_rotate(az_ion_r, vx, vg)V
VX = VX + vX_gas
Vy =Vy +Vy gas
vz = vz +vz_gas
ion_vx_mm, ion_vy_mm, ion_vz_mm = VX, VY, VZ
end
function segment.terminate()
sim_rerun_flym =0
end

2 Simplified version of SIMION program

-- program for halo ion trap with slits

-- includes boundary ejection only

-- designed for a PA array, only one adjustablayarr

-- created by Miao Wang in April 2009 by revisitgttrap Demo
-- written in Lua for SIMION 8

124



simion.workbench_program()

-- particle initial conditions

adjustable percent_energy_variation = 90.0 --@amded ion energy variation (+- %)

adjustable cone_angle_off vel_axis = 180 -- ranti@pectory cone angle (+- degrees)

adjustable random_offset_mm =0.1 --ranided initial ion offset position (in mm)
-- with mid-point at zero offset.

-- collision damping (if enabled)
adjustable _collision_gas mass =4.0 -- massna (helium=4)
adjustable _mean_free_path =0.4 -- mesmdath in mm

-- define trap parameters

adjustable initial_voltage =80 -{tedd-p
adjustable ionization_time =1 --ms
adjustable cooling_time =1 --ms
adjustable ramp_rate = 55.55V/ms
adjustable trap_frequency = 1.5E62z-ddving RF
--adjustable detector_voltage = -250@lts DC
-- define ejection frequency
--adjustable frequency_ 0O = 1.73E8z, beginning ejection frequency
--adjustable frequency_1 = 200EBz; ending ejection frequency
adjustable ramping_time =100 s-m
--adjustable _eject_voltage = 15- volts 0-p
--adjustable DC_offset =3 --volts
-- define maximum time and PE steps
adjustable pe_update each_usec = 0.00%k display update
adjustable max_time_step = 0.00f microsec

function segment.initialize()
sim_rerun_flym =1

-- Randomize ion's position, KE, and direction.

-- Ensure 0 <= percent_energy_variation <= 100.
percent_energy_variation = min(abs(percent gynesariation), 100)
-- Ensure 0 <= cone_angle_off vel axis <=180.
cone_angle_off_vel_axis = min(abs(cone_angfevef_axis), 180)

-- Convert ion velocity vector to 3-D polar edmates.

local speed, az_angle, el_angle
= rect3d_to_polar3d(ion_vx_mm, ion_vy_mon_ivz_mm)
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-- Randomize ion's defined KE.
local ke = speed_to_ke(speed, ion_mass)
* (1 + (percent_energy_variation / 100**(rand() - 1))
-- Convert new KE back to ion speed, and set it
speed = ke_to_speed(ke, ion_mass)

-- Now, to randomize the ion velocity directjave first

-- make the ion's possible random velocitydions fill a solid cone
-- with vertex at the origin and axis orientdng the positive y-axis.
-- The angle that the cone side makes witrctime axis will be

-- the cone_angle_off_vel_axis value.

-- randomize elevation angle: (90 +- cone_angfie vel _axis)
local new_el = 90 + cone_angle_off vel _axi2*#&nd()-1)

-- randomize azimuth angle: (0 +-90)

local new_az =90 * (2*rand()-1)

-- Now that we generated this randomized camewill rotate it
-- so that the expected ion velocity directmatches the ion's
-- original velocity direction.

-- Convert to rectangular velocity components.

local X, y, z = polar3d_to_rect3d(speed, newnaw _el)

-- Rotate back to defined elevation.

X, Y, z = elevation_rotate(-90 + el_angle, xz2)y

-- Rotate back to defined azimuth.

ion_vx_mm, ion_vy_mm, ion_vz_mm = azimuth_refakz_angle, x, vy, z)

-- Randomize ion's position components.

ion_px_mm = ion_px_mm + random_offset_mm * ¢@n (1/2))
ion_py_mm =ion_py_mm + random_offset_mm * ¢@n (1/2))
ion_pz_mm =ion_pz_mm + random_offset_mm * @A (1/2))

-- Randomize ion's time of birth.
ion_time_of_birth = ionization_time * rand()2000
end
function segment.tstep_adjust()
if ion_time_step > max_time_step then ion_tinteps- max_time_step
end
end

function segment.fast_adjust()
-- control trap RF and ramp
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local ramp_start = (cooling_time + ionization_tirri€)00
localomega =1.0 --frequency (rad/usec)
local amplitude = initial_voltage
omega = trap_frequency * 2 * 3.14159 * 1E-&requency (rad/usec)
if ion_time_of flight > ramp_start then
amplitude = initial_voltage + ((ion_time_dlight - ramp_start)*ramp_rate)
end
adj_elect00 = amplitude * sin(omega * ion_time_&6§Ht)
end

function segment.other_actions()

-- ensure PE surfaces are updated regularly
local next_pe_update = 0.0 -- next time to upd&esirface
if ion_time_of_flight >= next_pe_update then
sim_update_pe surface =1
next_pe_update = ion_time_of _flight + pe atedeach_usec
end

-- simple collision

-- Get patrticle speed v.
local v, az, el = rect3d_to_polar3d(ion_vx_mom_vy mm, ion_vz_mm)
-- Compute distance step (distance traveldma-step) in mm
local distance_step = v * ion_time_step

-- Detect collision.
-- This uses a probability of collision by coanmg the
-- distance step to the mean-free-path.
if rand() <=1 - exp(- distance_step / _meaee fipath) then
-- Attenuate velocity, ASSUMING direct lnih still gas molecule.
v =V * (ion_mass - _collision_gas_mas@dn_mass + _collision_gas_mass)
-- Convert back to rectangular coordinateg save.
ion_vx_mm, ion_vy_mm, ion_vz_mm = polar3a rect3d(v, az, el)
end

--to end flights that get stuck past resonant fesaqy
if ion_time_of_flight > (ramping_time + ionitian_time + cooling_time) * 1000 then
ion_splat =-1 end
end

function segment.terminate()
sim_rerun_flym =0
end
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