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Abstract
A segmented ring ion trap storage source (SRS)
Ireflectron/time-of-flight mass spectrometer
by

Qinchung Ji

The mass spectral detection of chromatographic eluents has suffered from trade-
offs of the spectral generation rate, mass resolution, mass range, sensitivity and
sample utilization efficiency. A segmented-ring ion trap storage source with
electron impact ionization has been developed for use with time-of-flight mass
analysis to overcome these trade-offs and provide high spectral generation rate
and excellent sensitivity without loss of mass spectral (discriminating)
information. During the ionization period, an RF voltage is applied between the
ring and end cap electrodes. Most of the ions generated in the ion source
accumulate there throughout the ionization period. A pulsed extraction of the
ions stored in the ion source is accomplished by switching the trap electrodes
from the RF storage voltage to the DC voltages required to provide a linear DC
extraction field essential for the TOF analysis. The application of the pulsed
extraction field is synchronized with the phase of RF voltage applied during the
ion storage period.

A mathematical model of a reflectron which is able to temporally focus

isomass ions at the detector surface was established. A numerical solution and a



general procedure for constructing a broad range energy focusing reflectron was
developed.

A segmented ring ion trap storage source/reflectron/ time-of-flight mass
spectrometer was fabricated. A gas chromatograph was interfaced to the time-of-
flight mass spectrometer. Without component optimization, better than unit mass
resolution is achieved through m/z 500 without the need for collisional ion
cooling which is mandated for quadrupole ion trap mass analysis. With an
extraction rate of 1 kHz and a recording rate of 4 spectra/s, a linear working
curve is obtained between 36 pg and 18 ng of chlorobenzene delivered
chromatographically. The detection limit for chlorobenzene is 36 picogram with
signal to noise ratio of approximately 50:1. The system has demonstrated the
potential to achieve the sought-for goals of very high sample utilization efficiency

at high spectral generation rates.
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CHAPTER 1. INTRODUCTION

1.1 Background

In the 1980s, a group of scientists at Michigan State University realized that the
advantage of combining gas chromatography with mass spectrometry was
limited by the capabilities of the mass spectrometer'. Developments in
chromatographic techniques had created a need for dramatic improvements in
the spectral generation rate, sample utilization efficiency and mass range for
mass spectrometric detectors.

For gas chromatography/mass spectrometry analysis, components of a
mixture separated by a chromatograph enter the ion source of a mass
spectrometer continuously. Typically, samples are ionized by electron impact
ionization. lons generated in the ion source are mass analyzed in either of two
ways. In the first type of mass spectrometric analysis, all of ions in the ion source
are transferred continuously to the mass analyzer and ions are analyzed
exclusively and sequentially based on their m/z value. The m/z value of the ion
is recognized by scanning a transmission window, which allows only ions of
certain range of m/z values to pass through to the detector. Electronic properties
(such as magnetic strength, DC offset and RF amplitude) that are applied to the
mass spectrometer are varied to allow scanning of the mass window across the
mass range of interest. The commonly used mass spectrometers of this type are

the magnetic sector mass spectrometer and the quadrupole filter mass



spectrometer. In the second type of mass spectrometric analysis, ions are mass
analyzed in separate batches; all the ions with different m/z values in each
individual batch are analyzed simultaneous or within a short period. The
commonly used mass spectrometers of this type employ Fourier Transform mass
spectrometry (FTMS), Time-of-Flight mass spectrometry (TOFMS) and lon Trap
Mass Spectrometry (ITMS). The batch mass analysis of ion packets with
different m/z values is called time array detection (for TOFMS), frequency array

detection (for FTMS), and sequential destabilization scanning (for ITMS).

1.1.1 Sample utilization efficlency

Sample utilization efficiency is defined as the ratio of the number of ions
detected to the number of sample molecules introduced into the ion source. It
depends on the sample ionization efficiency, the ion transfer efficiency, and the
sample utilization duty cycle. This duty cycle can be defined as the fraction of
the time of each analysis cycle during which detectable ions are being generated
and measured.

For the scanning type of mass spectrometric analysis, the sample
utilization efficiency suffers from a low duty cycle. For example, for a scan range
of 500 mass units and a unit resolution mass window, individual m/z ions can at
most only be detected over one five hundredth of the scan period; During the
remaining 99.8% of the scan, this particular m/z value ion is lost. The scanning

duty cycle is 0.2%.
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In TOF and FTMS mass spectrometric analysis, the duty cycle depends
on the fraction of the batch mass analysis cycle during which detectable ions are
generated and maintained in the ion source. The mass analysis time for TOF-
MS is about 100 us. While ions can be generated throughout this period, thermal
motion of the ions created will carry most of them out of the source before they
are analyzed. Unless some ion storage mechanism is invoked, only the ions
created in the few microseconds prior to extraction will be analyzed. The
sampling duty cycle is 1-2%.

For ion trap mass spectrometry, the ions are generated and stored in the
ion source during the ionization portion of the analysis cycle. The duty cycle is
thus dependent upon the ratio of the ionization/storage period to the total mass
analysis cycle. This is always less than unity due to the ion cooling and mass
analysis portions of cycle. In addition, at higher sample concentrations, ion
production is automatically curtailed to avoid saturation of the ion trap capacity

(limited to ~10° ions).

1.1.2 Spectrum generation rate

The spectral generation rate for all types of mass spectrometers is limited by
some fundamental properties’. In scanning mass spectrometers, higher spectral
generation rates are achieved by sacrifices in mass range, resolution or
sensitivity. Narrowing the mass range, such as in the selected ion monitoring
(SIM) technique, shortens the spectral data acquisition cycle, but limits the

amount of the spectral information obtained during each cycle. Scanning filter






mass spectrometers and ion trap mass spectrometers all involve some finite time
to scan over the desired mass range. The spectrum generation rate is therefore
limited to the mass range divided by the maximum scan rate. The mass analysis
period for TOF mass spectrometers is set by the flight time of the ion with the
highest m/z value to be detected. This is generally less than 200 us, allowing a
maximum spectral generation rate in excess of 5000 Hz for the entire mass
range. Due to the physical nature of this technique, a transient waveform strikes
the detector in an increasing m/z sequence after every source extraction. This
waveform or transient, contains information for a complete mass spectrum,
however, it is usually not converted and stored as an individual spectrum at this

rate.

7.1.3 Mass spectral resolving power

For scanning mass spectrometry, the resolution can be improved by decreasing
the window size of mass analysis. This slows the scanning rate. For magnetic
sector mass spectrometry and quadrupole filter mass spectrometry, a narrower
mass window will result in a smaller fraction of the ions reaching the detector
over the whole mass range. For ITMS, the resolution is also improved by using a
slower scanning rate. Scanning the ITMS more slowly results in a lower duty
cycle, therefore a lower sample utilization efficiency.
For TOF and FTMS mass spectrometry, the resolution is not related to the
sample utilization efficiency. FTMS can provide extremely high mass resolution

but it requires an ultra high vacuum that is not readily compatible with sample



n

& A

Ly
r

I

1

¢h

AY



introduction through a gas chromatograph. The very high mass resolution is
obtained by summing a large quantity of frequency domain transients®. This
reduces the spectrum generation rate significantly. The resolution of a time-of-
flight mass analyzer is related to the design of the ion optics and the electronics

incorporated in the instrument.

1.1.4 Direction of the improvement of mass spectrometry detection for gas

chromatography

A time-of-flight mass spectrometer can produce several thousands of transients
each second, this gives a fundamental measurement base for fast GC/MS
detection. The sample utilization efficiency of TOFMS could be improved by
implementing some kind of ion storage between ion extractions for TOF
analysis. The mass resolution could be improved by innovative ion optical and
electronic control design. The improvement of the mass resolution and sample
utilization efficiency of the time-of-flight mass spectrometer, while keeping its
fast spectrum generation rate, has been a research direction in Professor Enke’s
group and the MSU/NIH Mass Spectrometer Facility for many years. These
goals are essential to achieve the full capability of mass spectrometric detection
subsequent to chromatographic separation. The goals of fast spectral generation
rate and high sample utilization also require fast detector electronics and
continuous recording of the individual extraction transients generated at their

maximum rate.



1.2 Time-of-flight mass spectrometer

1.2.1 Introduction

The principles of mass analysis in TOF mass spectrometry can briefly be
described as follows. lons are either generated in the ion source, mainly by
electron impact ionization, or introduced into the source region from an external
ionization source such as electrospray, or APl (atmospheric pressure ionization).
The ions in the ion source are then extracted by the application of a short high
voltage pulse across the ion source volume. lons with different m/z values gain
equal amounts of kinetic energy. These ions are directed through a field free
region where they will be separated on the basis of their differing velocities. lons
with lower m/z values have higher velocities and will reach the detector earlier.
lons with higher m/z values have lower velocities and will reach the detector
Iater. The arrival times of the isomass ion packets reaching the detector and the
detector response to the consecutive isomass packets are recorded as a time
domain transient. Each time domain transient can be converted into a mass
spectrum.

Time-of-flight mass spectrometry was first introduced by Cameron and
Eggers® in 1948. In 1955, Wiley and McLaren developed this technique and
demonstrated its practical usefulness*. Time-of-flight mass spectrometry was
also the first mass spectrometry technique to be interfaced with gas
chromatography®. However, TOFMS was soon eclipsed by magnetic sector

mass spectrometry and then scanning quadrupole mass spectrometry for
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chromatographic detection due to the higher resolution and easier interface of
the scanning instruments. Recently, time-of-flight mass spectrometry has gained
renewed attention due to its simplicity, fast spectral generation rate and
unlimited mass range®. The mass resolution has been improved significantly
because of the theoretical and practical developments in ion optics and

789,15

electronic control systems (such as the ion reflectron , high voltage

10,18

extraction pulse, and dynamic field ion focusing ™ '). The spectral output has

been improved significantly because of the developments of the transient

recorder and computer control systems'' "2,

1.2.2 Spectral generation rate and time array detection

For time-of-flight mass spectrometry, the spectral repetition rate is limited by the
flight time of the heaviest (slowest) ion to reach the detector after being
extracted. For a 1 meter flight tube reflectron/time-of-flight mass spectrometer
and an ion kinetic energy of 1800 eV, an ion with an m/z value of 800 daltons
requires a flight time of less than 100 us. For this upper mass limit, the time-of-
flight mass spectrometer is able to generate more than 10,000 transients each
second. If an analog oscilloscope is used, transients are displayed on the screen
repeatedly. Since the detection of the complete transient is essentially the
acquisition of an entire array of time domain data, the term time-array detection
is used for this detection scheme. However, it is not practical to encode and
store each transient as an individual mass spectrum at the maximum transient

generation rate. Fortunately, even for very fast chromatography, it is not



necessary to generate 10,000 individual mass spectra each second.

Scientists at the MSU/NIH Mass Spectrometry Facility have invented a
time-array detector called the integrated transient recorder which can acquire the
information from 10,000 transients each second'®. Several consecutive
transients are summed together to give an individual mass spectrum in the time
domain. If 10,000 transients are generated by the time-of-fight mass
spectrometer each second and 100 successive transients are integrated into one
mass spectrum, this integration will reduce the mass spectral generation rate
from 10,000 spectra/s to 100 spectra/s which is an excellent mass spectral
generation rate for capillary GC/MS. Also the integration of the 100 individual
transients will improve the signal-to-noise ratio of each spectrum by a factor of
10 which is the square root of the number of summed transients. Because the
ion residence time in the ion source is about 2 us, due to thermal motion of the
ions, the 10,000 Hz extraction rate provides a sample utilization duty cycle of

2%, If the extraction rate were slower, the duty cycle would be even less.

71.2.3 Mass resolution of the time-of-flight mass spectrometer

1.2.3.1 Initial spatial and kinetic distribution

The mass resolving power can be calculated as the temporal distribution of a
particular isomass ion packet at the detector position divided by its total flight
time. Although the ion optical path and ion extraction electronics have major

effects on the mass resolving power, they can be optimized, often leaving the



initial kinetic energy and spatial distribution of the ions in the ion source as the
two major factors which are limiting the mass resolution. The effects of these
factors on the exit times and velocities for isomass ions are shown in Figure 1-1.
The ideal situation, one that has zero initial spatial and velocity distribution, is
shown in Figure 1-1(a). Isomass ions leave the ion source at the same moment
with the same velocity. The effect of spatial distribution is shown in Figure 1-
1(b). Isomass ions located at different source positions experience different
extraction voltages. They leave the ion source with different velocities and at
different times. The effect of the kinetic energy distribution is shown in Figure 1-
1(c). The ions leave the ion source with different velocities and times because of
their different initial velocities. An extreme case of Figure 1-1(c) is shown in
Figure 1-1(d). Two ions have the same initial velocity but in opposite directions.
These two ions leave the ion source with the same velocity but at different times.
This time difference is called the turn-around time. The turn-around time causes
a more significant detrimental effect to the isomass temporal distribution at the
detector than the energy distributions in the same direction as shown in Figure
1-1(c), therefore, the turn-around effect has received greater attention as

discussed in a later section.

.

1.2.3.2 Space focus plane and two stage extraction

The initial spatial distribution of the isomass ions in the ion source as shown in
Figure 1-1(a) contributes significantly to the ion velocity difference of these

isomass ions. If not corrected, this velocity difference will cause significant
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Figure 1-1. Schematic of four typical initial ion spatial and kinetic energy
distributions and their effects on the ion temporal distributions. Arrows show the
velocity vectors of ions with the same m/z. (a) Ideal situation with zero initial
spatial and kinetic distribution in the ion source. (b) Initial spatial distribution but
zero kinetic energy. (c) Initial kinetic energy distribution but zero spatial
distribution. (d) Same kinetic energy in opposite directions but zero initial spatial

distribution.
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temporal distribution at the detector position. In 1955, Wiley and McLaren
defined the concept of the Space Focus Plane and introduced a way in which it
could be moved to the surface of the detector, which significantly improved the
resolution of time-of-fight mass spectrometry as shown in Figure 1-2. The
isomass ions in the ion source are extracted from the ion source by applying a
linear voltage across the ion source. The ions near the back of the ion source
are extracted from a higher potential position. They spend more time in the ion
source but gain more kinetic energy and exit with a higher ion velocity. The ions
near the front side of the ion source are extracted from a lower potential position.
They spend less time in the ion source and leave the ion source earlier but gain
less kinetic energy and therefore have a lower ion velocity. At some position
along the field-free flight path, the faster ions from the rear of the source will
catch up to the slower ions starting from the front. Thus isomass ions originating
from different positions in the ion source will form a minimal temporal distribution
at a particular position along the flight path. This position is called the space
focus plane (or space focus position) and it is independent of the m/z value of
the ion. Wiley and McLaren added a second acceleration region to the ion
source extraction field, so that the space focus plane could be set at the end of
the flight path (the detector position) by adjusting the ratio of the extraction field
and acceleration field. In this way, arrival time dispersion due to the initial spatial
distribution is reduced and an improved mass resolution is obtained. The

resolution of the mass spectrum recorded at the space focus plane is dependent
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on the ratio of the extraction voltage across the ion source to the acceleration
voltage. As this ratio is increased, the resolution is decreased. A higher

acceleration voltage results in better resolution®.

1.2.3.3 Time lag focusing

Wiley and McLaren also developed a technique termed time lag focusing which
is able to minimize the effect of the initial energy distribution as well as turn-
around time (as shown in Figure 1-1(d)). Assume two isomass ions are
generated at the same position in the ion source but have equal initial velocities
in opposite directions. A time lag is applied between ion generation and ion
extraction. During the time lag period, the ion moving toward the front extraction
plate will move to a position where a lower extraction field will be experienced at
the time that the ion extraction pulsed is applied. The ion moving backward will
move to a new position where a higher extraction voltage will be experienced
when the ion extraction pulse is applied. After the ion extraction pulse is applied,
the ion turn around time of the ion moving backwards will be compensated by
the higher velocity gained from the higher extraction voltage it experiences. The
initial forward velocity of the forward-moving ion will be compensated by the
lower extraction voltage. At some position along the flight path, the isomass ions
will converge. The optimum lag period between ionization and extraction is
dependent on the initial velocity of the ions and the m/z value of the ions. Only a

limited fraction of the entire mass spectrum is focused for each value of the lag

period'.
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1.2.3.4 Reflectron

In 1973 Mamyrin introduced the electrostatic reflectron into time-of-flight mass
spectrometry'®. A reflectron is an assembly of electrodes located at the other
end of the flight tube which acts as an ion mirror. The operation of a reflectron in
a time-of-flight mass spectrometer is shown in Figure 1-3. The groups of red
dots represent ion positions along the flight path in equal flight time increments.
The green lines represent ion trajectories. The black lines represent the
electrodes. lons are initially placed in the ion source at different positions. The
electric field of the reflectron decelerates incoming ions and changes their flight
direction back into the flight tube. A reflectron is able to image isomass ion
packets at the detector position while the total flight length and time are
increased.

As discussed in more detail in Chapter Three, since a reflectron can
correct only for energetic differences, it can theoretically give perfect correction
of ion broadening due to the original spatial distribution (similar to the situation
at the ion source shown in Figure 1-1(b)) or initial kinetic energy distribution
(similar to the situation at space focus position). But a reflectron is not able to
correct both initial energy and space distribution simultaneously and it can do

nothing to correct the turn-around time.*®

12.3.5 Dynamic focusing

Dynamic focusing is a technique which modifies the ion behavior after ions are

extracted from an ion source. It could involve a change in some aspect of



15

"Sjuawaloul awy ybiys jenbe ui yied jybiy ay) Buoje

suonisod uol ay} moys sjop pas Jo sdnoib ay| uonisod Jojos)ep 8y} 0} pabew
s1 uoinquisip jesodwa) |jews siy ) "uoibals aal) pjay ayj ul aue|d snooy aoeds

B ULIOJ 82JN0S U0l 3y} Ul suonisod juaiayip ul SUOI SSBWOos! 8y | ‘I1ajawoioads
ssew Jybijj-jo-awn B U UOJJO3|J3. B JO uoiouny pajejnwis Jayndwo)) ‘¢g-| ainbi4

d4s H
uoiBas uojessjsdoe
pue 82Jnos uoj

obejjon



s

Iny
a
at

w

't
Oy
i

freg



16

distance, time, velocity or acceleration. Kinsel and Johnston introduced a
dynamic focusing technique termed post source pulse focusing'’ . This method
involves the application of a focusing voltage pulse to a short field region located
after the source and acceleration regions. The pulse is timed so that it occurs
after the ions of interest have entered this region. All the ions that are entirely
within the dynamic field region will show a substantial improvement in resolution.
All the ions which have already exited the acceleration region will not be
affected.

Yefcheck, Enke and Holland developed a dynamic focusing technique
termed dynamic field focusing'. Two field-free regions exist in the ion flight
path. lons are extracted from a single field source and enter the first field-free
region. The space focus plane is located in the first-field free region. The
dynamic field region is located between the field-free regions. lons will be
accelerated as they leave the first field-free region and enter the second field-
free region. The acceleration is time-dependent because the voltage of the
dynamic field region varies with time. The mathematical derivation and computer
simulation indicated that concurrent space and energy focusing over a wide
mass range is possible and unit resolving power can be achieved up to at least
2000 amu with typical gaseous source conditions. In practical terms, the
achievement of the derived wave-shape for dynamic field operation would be
challenging. This approach has never been implemented in an operational mass

spectrometer.
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1.2.4 Sample utilization efficiency

In 1989, Wollnik, Grix et, al., introduced an ion source design which used
electron impact ionization. The intention of Grix's source design was to generate
a potential well by using two more negative voltage electrodes inside the
ionization region'®. However, experiments showed that the negative voltage
applied to these electrodes did not generate a potential well as expected®. The
potential well that was formed was generated by the electron beam which is
focused into the ion source by an appropriate voltage setting to the source
electrodes®' . Different variations on the Grix ion source design were
expérimented with at the MSU/NIH Mass Spectrometry Facility to enhance the
potential well formed by the electron beam. Because the electron beam shape is
affected by very small changes in electrode configuration, repeatable
experimental results were difficult to obtain.

Another idea that existed in Professor Enke's group for improving the
sample utilization efficiency of the time-of-flight mass spectrometer was to
improve the duty cycle by using a RF ion trap to continuously accumulate ions
generated between extractions. This conéept initiated the research project that is

the basis of this dissertation.

1.3 lon trap mass spectrometer

The quadrupole ion trap is an ion storage device which was first disclosed by
Paul and Steinwedel in 1953 at the same time as the quadrupole mass filter.

Subsequent interest followed two lines: selective ion storage for the study of
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ionic species, and methods to obtain a mass spectrum of the ions stored in the
trap. The long term storage of selected m/z values in the ion trap has allowed
studies of ion spectroscopy and other ionic properties. A "scanning" technique
has been developed by Stafford, et. al? (mass-selective insfability scanning
mode) in which ion trajectories are destabilized in sequential order of their m/z
values. A fraction of the destabilized ions pass through one of the end caps
behind which is an ion detector. The plot of ion current as a function of the m/z
value being destabilized is a mass spectrum. The capabilities of the ion trap
have developed rapidly. This progress was greatly stimulated by the availability
of a powerful commercial (Finnigan MAT, San Jose, CA) ion trap mass
spectrometer (ITMS). Now in the hands of several innovative investigators, the
m/z range of the ITMS has been extended to 70,000 Da/z**, and the ITMS has
been operated at resolutions (FWHM) in excess of 100,000%*.

Since the availability of the ITMS, many investigators have extended the
ion storage capabilities to a wide range of ionization techniques. These include

28 '29 ’30 31

electron impact ionization® :*, positive chemical ionization?’ . , negative

35

chemical ionization*, electrospray®:*,* ion spray®*, thermospray® *,

40 41 ,42

atmospheric sampling glow discharge ionization®, laser desorption* , and

various photoionization techniques® * %,

. lonization is either performed
within the trap, or outside the trap followed by ion injection into the trap. Thus,
the ion trap is rapidly developing as a storage ion source adaptable to a wide

variety of ionization methods.
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The scan speed of the commercial ITMS instrument is 5,555 Da/s, or 117
ms per 650 Da scan. Full scan spectrum generation rates of greater than 5
spectra per second are difficult to achieve due to the need for ion generation,
collisional damping, and mass scanning in each scan cycle. Higher scan rates
are obtained only at the expense of mass resolution, mass range and sensitivity.
There are thus inherent limitations and trade-offs with the mass-selective
instability scanning method for achieving the mass spectra of the ions stored in
the trap.

When the ion trap is combined with external TOF mass analysis, most of
these trade-offs no longer apply. The mass resolution of the TOF system is not
dependent on the precision of the quadrupole field as is the ITMS when
operating in the mass-selective instability mode. Extraction pulses can be
applied more frequently than can destabilizing sweeps. The extraction is
complete in a few us and a new ionization/storage cycle can begin
simultaneously with the mass analysis of the previous batch. The resulting
higher spectral generation rate has the potential to increase the dynamic range
available and increase sample utilization efficiency by emptying the source

before it becomes space-charge limited with analyte ions.
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1.4 Quadrupole ion trap/ time-of-flight mass spectrometer

Pulsed ejection with subsequent mass analysis of trapped ions has been
implemented before in several laboratories*’ - ****°** _ Information on the velocity
distribution of ions was obtained by this method, but work in this direction
stopped in the late seventies in favor of the rapidly developing selective
destabilization mode of mass analysis. The problem of achieving temporal
focusing of ions having a significant distribution of starting velocities and
positions is, if anything, exacerbated by the ion motion induced by the RF field
oscillations. In fact, much of the early work was an exploration of the optimum
phase angle of the RF field at the onset of the extraction ** ** *°. Other studies
explored the cessation of RF altogether prior to extraction®’.

Recently, the quadrupole ion trap was interfaced with time-of-flight mass
spectrometry in Professor Lubman’s Lab®'. The quadrupole ion trap is used as
an ion source for the preparation of ions to be analyzed by the time-of-flight
mass spectrometer. lons generated by an external ionization method are
introduced into the quadrupole ion trap and accumulated in this ion source. This
ion source is filled with collisional bath gas. lons are trapped in this source up to
several hundreds of milliseconds. The ion displacements and initial kinetic
energies are minimized by collisional cooling with the bath gas during this
period. A good mass resolution with time-of-flight mass analysis is achieved by
extracting these “ion trap prepared” ions. Extensive collisional cooling is

necessary because the nonuniform extraction field generated by the hyperbolic
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shaped electrodes of the ion trap is not compatible with the uniform, linear
extraction field required for the time-of-fight mass analysis. Good mass
resolution is only achieved by inserting an ion cooling operation in the spectrum
generation cycle. This sacrifices the fast spectral generation advantage of time-

of-flight mass spectrometry as well as the high sample utilization duty cycle.

1.5 Segmented ring lon trap storage source/reflectron/time-of-flight

(SRS/TOF) mass spectrometer

To make a ion storage source that will increase the duty cycle of the time-of-
flight mass spectrometer and meet the optical requirements of time-of-flight mass
analysis, a segmented ring, ion storage ion trap has been developed. The
theoretical development and computer simulation of this innovative ion source
for time-of-flight mass analysis is discussed in Chapter Two. To minimize the
detrimental effect due to the initial kinetic energy distribution, high extraction
voltages synchronized with the appropriate RF phase angle are required. This is
also discussed in Chapter Two. The development and the design considerations
of a reflectron that is able to focus ions extracted from the ion source with a wide
energy range distribution is discussed in Chapter Three. The instrument
construction, control and timing system, static and dynamic voltage supplies,
and the data acquisition and processing systems are described in Chapter Four.
Instrument performance, characterization of the ion storage of this segmented

ring ion trap, and the advantages of interfacing a gas chromatograph with this
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novel ion storage source/reflectronttime-of-fight mass spectrometer are

discussed in Chapter Five.
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Chapter 2 Theoretical development and computer simulation of
the segmented ring ion trap source for time-of-flight mass

spectrometry

2.1 Background

The concept of using an ion trap as an ion storage source for time-of-flight mass
spectrometry has existed in Professor Enke's group for several years. In 1991,
Paul Viasak and Professor Enke submitted a grant application for the
development of a quadrupole ion trap/time-of-flight mass spectrometry system as
part of the NIH/MSU Mass Spectrometry Facility renewal proposal. During the
summer of 1992, Professor Enke, Professor Holland and | started to work on a
revised version of this grant application to be submitted as a independently-
funded project. The idea of using a segmented ring ion trap storage source for

the time-of-flight mass spectrometer was delineated at that time.

2.1.1 Quadrupole ion trap

A suitable electrode configuration for trapping ions is the quadrupole ion trap
which is composed of a hyperbolic ring electrode located between two
hyperbolic end caps. This arrangement was first proposed by Paul and
Steinwedel in 1956'.The general geometry of the device is described by the
relationship

;=22
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where rp is defined as the radius of the ring electrode and 2z, is the separation
between two end-caps. A dynamic voltage is applied between the ring electrode
and the end caps. The resulting ion motion, resolved into r and z components,

can be represented by the Mathieu differential equation

%+(a,+2q,oos2y)x=0

in which x=ror zand

a =24 =— 8eU
2 = r = mrozgz
4V
9: =29, =~ gz ot

where Vis the RF voltage (zero to peak), Q is the RF frequency and U is the DC
voltage between the ring and cap electrodes. The parameters a and q defined
above determine whether the ion trajectory is stable (bound) or unstable
(unbounded). Regions of stability may be plotted in (&, q) space giving a stability
diagram as shown in Figure 2-1°.

Iso-p lines are also shown in Figure 2-1. The significance of the
parameter B is that it is related to the frequencies of ion motion. B is a parameter
which only depends on the value of a and q. It can be shown that the ion motion
has a fundamental or “secular” frequency of oscillation oy and a number of

higher order components of frequency a, given by

m,,=(2n+[3)%, n=0,1,2....



Figure 2-1. Stability diagram for the three-dimensional quadrupole ion trap.
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The solution to the Mathieu equation allows stable motion only for B values
between 0 and 1. Hence, the two sets of intersecting lines in Figure 2-1
represent frequencies of the ion motion along the two perpendicular r and z axes
and are denoted by B, and B, which is related to the oscillating frequency in the
two dimensions a,, @.

The Mathieu equation assumes that there is only one ion in the trap. Also
the equation assumes that the hyperbolic electrodes are perfectly shaped and
positioned. In practical cases, a considerable amount of space charge exists in
the trap and this alters the potential field within the ion trap.

Dawson and coworkers’ developed a pseudopotential-well method
describing the ion motion in the quadrupole ion trap. Disregarding the trajectory
ripple arising from higher order oscillations, ions exhibit simple oscillatory motion
at secular frequencies axz, axyin a so-called pseudopotential well of depth D, and
D, as described in Figure 2-2.

D -8V _
27 4amz2Q?

D, =2D,

This model has been used to calculate the maximum ion density Nmax in the ion

trap when the space charge effect is considered®.
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Figure 2-2. Representative diagram of the parabolic pseudopotential well
D: and D..The respective secular frequencies of ion oscillation within the
wells are o; and o.
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If the ion trap is operated under conditions which maintain a constant V, the
maximum ion density is inversely proportional to the mass and frequency. If g: is

kept constant, the maximum ion density is proportional to the mass and the RF

frequency.

2.1.2 Cylindrical ion trap

An ion storage device of cylindrical geometry is one in which a cylindrical barrel
electrode of radius r; replaces the hyperbolic surface ring electrode of radius ro
and two planar disk (end cap) electrodes replace the end-cap electrodes of the
quadrupole ion trap. The distance between the planar disks is 2z, while the
minimum separation between the end-cap electrodes of the quadrupole ion trap
is 2z. A patent for a cylindrical ion trap was issued to Langmuir et al. in 1962*.
With some mathematical approximations, Benilan and Audoin® deduced that
ionic motion in the cylindrical ion trap may be described by the Mathieu equation

with a and g replaced by « and %, given by
—afove ., _qloy
a-az(n)'x-qz(q)

The theoretical stability diagrams of the two different geometries r;=z;, and
ri=2z,%, were obtained by numerically calculating ion trajectories, using the
Runge-Kutta method of integration, and were compared with that of the
quadrupole ion trap. These stability diagrams involving the . and % parameters
for these two cylindrical ion traps are very similar to the stability diagram based

on aand q for the quadrupole ion trap®. Bonner et al.® discussed the theorstical
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aspects of the cylindrical ion trap with RF applied to the ring electrode and
presented first experimental evidence of ion storage in a cylindrical ion trap. For

a cylindrical ion trap with the geometric relationship r? =222, the potential

distribution is
_ (=0)" k(PN
0r2)= % 2o e Py 5P
_(2n+1)n
pn - 2;

where l is a zero-order modified Bessel function of the first kind. In the case of
the quadrupole ion trap, the electric fields in the r and z direction depend only on
r and z respectively; thus the fields and the equations of the ion motion are
uncoupled. In the case of cylindrical ion trap, both the fields and the equations of
the ion motion are coupled. However, by a numerical calculation method, Bonner
et al. found that the equipotential fields between the quadrupole ion trap and the
cylindrical ion trap were quite similar. This provided an explanation for the ion
storage characteristic within the cylindrical ion trap. Mather et al.” determined
experimentally the stability diagrams of three cylindrical ion traps with the
geome<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>