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Abstract

Until recently, the use of microscope-mode imaging mass spectrometry (MSI) was
restricted by the available technology. Fast cameras were limited to acquiring a single
image relating to a set m/z range which had to be predefined before the experiment
was started. Now, new developments in camera technology have produced time-stamping
cameras that can record the arrival time of ions at a detector, without the need to define an
exposure time. This allows the images relating to different species with a range of m/z to
be acquired simultaneously. One of these cameras is the Pixel Imaging Mass Spectrometry
(PImMS) camera, which has the added advantage that each pixel within the sensor has
four memory registers. This means that up to four events can be observed, by each pixel,
within a single time-of-flight cycle.

Here, the application of the PImMS camera to microscope-mode MSI is presented.
Initial experiments are conducted using a converted conventional velocity-map imaging
instrument. Simulations are presented in order to predict the performance of the ion
optics when used for spatial imaging, and the result of these simulations is then compared
to those obtained experimentally, using a commercially available charge-coupled device
(CCD) camera and a photomultiplier tube (PMT). These spatial resolutions along with
simultaneously obtained mass resolutions are then compared to those obtained using a
PImMS1 camera.

Further experiments are presented in which the PImMS1 camera is used in conjunction
with a modified commercially available mass spectrometer, the LT2 Plus (produced by
Scientific Analysis Instruments Ltd — SAT). This instrument is designed to obtain isotopic
resolution for m/z < 1000, whilst also maintaining a spatial resolution better than 50 pm.
These specifications are obtained using the PImMS1 camera, and it is shown that images
of multiple chemical species can be obtained simultaneously.

A new data analysis method is developed, which attempts to model the shape of
PImMS data event clusters. Although the application of this method cannot be fully
realised with data obtained with a PImMS1 camera, a modified version is successfully
applied to PImMS1 data and produces both an improvement in the time precision of the
camera, as well as a more efficient use of the available data.

Finally, various designs for a primary ion beam are presented that could be used in
place of the standard laser desorption system. The ion beam is designed for use with
an MSI instrument, ablating sample from a large area of sample, and with a short pulse
length for time-of-flight analysis. A final design is presented that can produce beam pulse
that can be focussed down to form a pulse length of 5ns, across a target of 2.5 mm.

As a collection, the works detailed in this thesis present the development of a stigmatic
ion microscope that uses the PImMS camera, from a proof-of-concept to a viable analytical
instrument.
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Chapter 1

Introduction

Mass spectrometry (MS) was first performed, over a hundred years ago, by J. J. Thom-
son [1]. It now forms the basis for a multitude of analytical techniques and procedures
ranging from the analysis of everyday species such as food or soil samples [2-4], to se-
curity applications such as explosives detection or forensic analysis [5-8|, and research
applications such as pharmacology and reaction dynamics [9-14].

Imaging mass spectrometry (MSI') is a more specialised field that combines the ana-
lytical strengths of mass spectrometry with the spatial resolution of optical microscopy.
The result is a chemically resolved map of the surface of a sample. This map can then
either be analysed to show the mass spectrum for a specific area, or the image corre-
sponding to species within a specific range of mass to charge ratio values. These data are
therefore more enlightening than that produced by either of the techniques on their own.
These techniques have been used widely for tissue imaging where knowing the location
of certain proteins is of use [15,16], and especially in the mapping of pharmaceuticals in
tissues [11,17]. The images produced can range from detailed analysis at cellular lengths
all the way up to whole-body rodent sections [18,19]. Alternatively, they can also be used
for other applications such as to connect fingerprints (and therefore an identity) to the
handling of specific substances [20,21].

In this chapter some of the concepts of mass spectrometry will be presented, focussing

!The acronym MSI is preferred to the more obvious IMS in order to avoid confusion with ion mobility
spectrometry.
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on those that are most relevant to MSI. First there will be an introduction to techniques
used in time-of-flight mass analysis, especially for analysis in MSI. This will be followed
by an explanation of some of the common detector technologies, and specifically those
capable of acquiring spatially resolved images. After this there will be a discussion of the
various methods of sample ionisation. Lastly, the work building up to this thesis will be

discussed along with an outline of this document.

1.1 Mass Analysis

In the original work by Thomson, the mass of a species was obtained from the magnitude

of the deflection, d, of the ionised particle by a magnetic field,

z
d=—A 1.1
mu (1.1)

where z is the charge number of the particle, m is its mass number, v its velocity, and A is
some constant that is dependent on the strength of the magentic field. It follows from this
equation that rather than the mass of the particle, it is the particles mass-to-charge ratio
(m/z) that is measured. This is a common theme in MS; and although many applications
and publications refer to the mass of a species being measured it is important to note that
it is in fact the m/z of the species that is obtained.

There is a wide variety of technologies available that enable the m/z of a species to be
determined [22]. The work in this thesis solely uses a technique known as time-of-flight

mass spectrometry which will be discussed in detail in the following section.

1.1.1 Time-of-Flight Analysers

Time-of-flight mass spectrometry (TOFMS), in its simplest form, is a four stage process
[23]. First, a sample of ions is produced at a defined time, ¢, and position, (z¢,yo), either
by some direct ionisation process or otherwise. Second, the ions are accelerated from their

original position, for example by a static electric field, E, and in the process they gain
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some kinetic energy, ¢V, where ¢ is the charge of each ion (and is a multiple, z, of the
elementary charge, e), and V' is the kinetic energy of each ion (in electronvolts). The ions

will then reach a final velocity, v¢, that will be described by,

2
O (1.2)
m

In the third step, the ions traverse a field-free flight tube of length, L, and as their velocities
are dependent on their m/z, they separate out along the TOF axis. Finally, the ions arrive
at the detection assembly of the instrument and their arrival times, ttor, are recorded.

From equation (1.2) it would be expected that these arrival times should follow:

brop = —o T (1.3)
TOF — /—Qev Z. .

From this it is simple to see that species with a higher m/z will arrive later than those with
a low m/z. More specifically, the arrival time is equivalent to the square root of the m/z
of a species multiplied by a factor that is entirely dependent on the design and operation

of the mass spectrometer. Equation (1.3) can be rearranged to find the dependence of m/z

on tTOFa
2eV 12

L2’

(1.4)

m/z =

which can be used to convert a TOF spectrum into a mass spectrum. There is no the-
oretical limit to the range of masses that can be analysed using such a TOFMS system,
but each of the four stages in the TOFMS process does come with its practical limitations
due to the instrumentation and ionisation processes.

These limitations result in an uncertainty in the arrival time of ions even though they
have an identical m/z: rather than each peak appearing at an exact point in the mass
spectrum, the peak has some definite width. This uncertainty is quantified, when analysing
a mass spectrum, as the mass resolution, m/Amsgy. Here m is the centre (or weighted
average) of the peak, and Amygy is the width of the peak — specifically it is the full

width at half the maximum (FWHM) of the peak. The qualifying subscript, 50%, is used
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to explicitly specify that the width of the peak is being taken as the FWHM although
this is generally accepted so that the simpler nomenclature, m/Am will suffice, and this
simpler form will be used in the remainder of this thesis. The resolution obtained for a
peak in a spectrum is only valid for that given peak (as is clear from the equation) so it
is also necessary to qualify a resolution with the m/z (or species) to which it applies.

An approximation to the mass resolution of a spectrum can also be obtained directly
from the TOF spectrum. The relationship between the mass resolution and “time resolu-

tion” is found by first differentiating equation (1.4),

ldm  2eV

With the approximation that the gradient of the slope defined by this equation does not
change with a small deviation (such as that of the width of a peak in the TOF spectrum)
from the average value of the peak, then the equation can be written with the peak widths,

Am and At,

1Am 2eV
_ ~ —2t. 1.
z At L2 t (1.6)

The final result is then found by the division of equation (1.4) by equation (1.6):

— . (1.7)

There are many factors that reduce the achievable mass resolution by increasing the
uncertainty in ion arrival times. The ion production step requires a precise control over
the time that the ionisation occurs. lonisation techniques will be discussed later in this
chapter, but for the analysis of surface samples this is mostly limited to the use of either
a laser beam or a beam of primary ions [24-26]. The lasers that are used for these
experiments typically have a pulse width of several nanoseconds which instantly adds to
the uncertainty in the arrival time of a given species [27]. However, it is important to note
that depending on the ionisation mechanism, the spread in the time of production of ions

may not match directly to the laser pulse width [28].
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Figure 1.1: A cartoon representation comparing two different designs of electron multi-
plier: a) a discrete dynode design; and b) a transmissive microchannel plate (MCP). Both
of these designs can either be directly read out using an oscilloscope or the signal can be
converted into light using a scintillating screen.

One of the largest factors contributing to a reduced mass resolution is the spread of
initial ion velocities. The derivation above assumes that all ions have no initial kinetic
energy which would not be the case. If the acceleration occurs in a uniform field, the total
final velocity would be found as the square root of the sum of the squares of the initial

velocity, v;, and the velocity gained from the accelerating field (which was calculated above

Vot = \/ V7 + VE. (1.8)

By increasing the accelerating voltage, the value of vy will increase, which in turn decreases

in equation (1.2)):

(relatively) the contribution of v; to vy. The contribution of the initial spread of ion
velocities to the resolving power of a TOFMS instrument will be reduced by increasing
the accelerating voltage. Although the peak width is decreased, the arrival time of ions
will also be decreased so that the same TOF spectrum will be compressed into a much
smaller time range. At this point, the precision of the ion detection assembly can become
the limiting factor for the instrument’s resolving power.

There are a number of different methods for the detection of ions, but they all depend
on the principle of amplification of the signal before recording the output [29]. The am-

plification step is usually achieved through the use of an electron multiplier (or dynode).
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Figure 1.1 shows two different designs that result in an amplified electron signal from a
single incident ion. Figurel.la) shows a discrete dynode design where an ion impacts
on the first “conversion” dynode which emits secondary electrons. These electrons are
accelerated towards a further dynode, which is biased towards a more positive voltage,
and the electrons from this dynode are then accelerated towards the next, and so on cre-
ating a cascade of electron emissions resulting in a signal gain on the order of 10°. The
second design, shown in figure 1.1b) shows a microchannel plate (MCP). The electrode is
created with an array of channels which, when impacted by an ion, emit further electrons.
The electron cascade continues through the channel, controlled by a voltage gradient held
across the plate, finally resulting in a cloud of electrons exiting at the other end. The
resulting electronic signal can then either be directly recorded by reading the current from
the final electrode (or a Faraday cup), or it can be converted into light by a scintillating

material.

1.2 Imaging Mass Spectrometry

MSI can be performed in two distinct and complementary ways [30]: the microprobe
method, shown in figure1.2a); and the microscope method, shown in figure1.2b). The
microprobe method uses the ionising beam to resolve the sample spatially. The beam is
focussed down to a spot that defines a small “pixel” on the surface which is then sampled,
and a mass spectrum for that position is collected. The position of the beam on the
sample is then moved, and the mass spectrum for this next pixel is collected. This process
is continued across the area of interest on the sample, with the size of the movement of
the beam (as well as the beam spot diameter) defining the spatial resolution of the image.
The mass resolution is therefore decoupled from the imaging mechanism as the analyte
ions extracted from each spot can be sent to any mass analyser.

Conversely, the microscope method for MSI uses a defocussed ionising beam that ab-
lates analyte from a large area of the sample. The ions produced must then be mass

analysed whilst maintaining their spatial resolution [31-34]. This is achieved by using a
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Figure 1.2: A cartoon comparing the a) microprobe, and b) microscope modes of imaging
mass spectrometry. In the microprobe method the ionising beam is focussed down to a
small spot which then defines the spatial resolution of the data. A full mass spectrum is
acquired for each of these spots (or pizels). In the microscope mode a large portion of the
sample is ionised simultaneously and the information on where these ions were produced
15 conserved whilst they are accelerated towards the detector.

technique known as “ion imaging”.

1.2.1 Ion Imaging

Ion imaging is analogous to optical microscopy in that the trajectories of ions are ma-
nipulated by electric fields much like light is focussed using lenses [35,36]. The spatial
distribution of ions on a sample is considered the object. The ions are accelerated and
focussed through an assembly of ion lenses which have a certain focal distance, and so the
ions form an image on the detector [37]. Just as with optical lens assemblies, depending
on the number of ion optic elements, the resultant image may be inverted.

Figure 1.3 illustrates an ion optic assembly focussing ion trajectories from two different
locations into an inverted and magnified image. The focussing is achieved independently of
the initial ion velocities (represented by the direction of the arrows). The spatial mapping
of the ions is therefore decoupled from the method of ionisation as it is not the ionising

beam that now defines the resolution; instead, the quality of the focussing done by the
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Figure 1.3: A cartoon representation of ion trajectories from two different positions
coming to a spatial focus. The trajectories are comprised of ions with different velocities
which are mapped within the region marked by the dashed box. The image is both inverted
and magnified.

ion optics defines the quality of the mapping.

The dashed box in figure 1.3 marks out the region across which ions with the same
velocity are focussed to the same distance from the TOF axis. This region is known as the
velocity-mapping focal plane (analogous to the back-focal plane in optical microscopy).
Here, ions with a high transverse velocity are mapped further from the TOF axis than
those with a low transverse velocity component. Overlapping this region with the ion
detector it is possible to obtain images of the velocity distribution of ions which can be
used to map the dynamics of reactions and collisions of gaseous species [38,39].

Similarly, by the appropriate placement of a contrast aperture at the back focal plane of
the ion optics, a range of ion trajectories may be selected. This allows for either only ions

with a low transverse velocity to be permitted, or even for dark-field ion microscopy [40].

1.2.2 Increased Mass Resolution in Microscope Mode

Although the spatial resolution of the instrument is decoupled from the ionising beam
spot size, the methods available to increase the mass resolution of an obtained spectrum

are more restricted. This is because the ion trajectories need to be controlled in order to



Introduction 9

E=0 E=(V,-V,)/L E=0 Time focus
® sV ® sV ® SV .’ SV

a) b) c) d)

Figure 1.4: Four panels showing the steps involved in the delayed extraction pulsing
regime. This technique is used to compensate for the spread in the initial velocities of ions
produced in a TOFMS source.

retain the spatial resolution. Nonetheless, it is possible to improve the resolving power of

a microscope imaging instrument with only a modest reduction in the spatial resolution.

Delayed Extraction

Delayed extraction (DE) is a technique that compensates for the difference in the initial
velocities of ions in TOFMS [41-43]. Figure 1.4 shows the process of the technique. In
panel a), there is no extraction field. The two ions shown in this panel have different initial
velocities where v, > v;. In panel b) the faster ion has covered more ground than the slower
one, and so has traversed further through the extraction region of the ion optics. It is
at this point that the extraction field is applied. As the faster ion has traversed further
through the extraction region it is subjected to less of an increase in velocity. In panel ¢)
the ion that was initially slower has gained such kinetic energy that it is now faster than
the other ion. The two ions are now in the field free drift tube, and as they reach the
detector the ion that has originally been slower catches up with the other ion forming a
time focus, as shown in panel d).

This technique can be used in conjunction with microscope mode MSI. However, as the
cloud of ions expands during the field-free period before the extraction field is employed,
spatial resolution is lost. Not only do the ions spread out along the TOF axis but they
also drift laterally obfuscating their original position. Furthermore, the time focussing
is mass dependent: only a specific m/z range is fully time focussed, ions outside of this

range are only partially focussed. By changing the delay time, the range can be moved
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to higher masses by increasing the delay time, but with microscope MSI there is a limit
to how long the delay time can be before the lateral spread of ions completely blurs the

obtainable spatial resolution.

Post Extraction Differential Acceleration

The lateral spread of ions experienced with the delayed extraction of higher mass species
limits the use of the technique for microscope MSI. This can be overcome by using a
modified version of the delay pulsing technique: post extraction differential acceleration
(PEDA) [44]. With this technique, the ions are immediately extracted after they have
been ionised. The ions pass out of the extraction region and into the next part of the ion
optic assembly. In this second region, the strength of the electric field is increased. This
leads to a similar disparity in the transfer of electric potential energy to the kinetic energy
of the ions as with the DE technique: those ions that had a larger initial velocity will have
travelled further through this section of the ion optics, so that when the field is increased
they gain less kinetic energy. In much the same way as with DE, the ions form a time
focus which can then be made to coincide with the detector.

As the ions are immediately extracted, they do not suffer from spatial blurring due
to their lateral motion; however, there is still a dependence on the mass of the ions
being focussed. The range of ions that are time focussed is less with PEDA than with
DE; however, the technique can be extended without the same repercussions. A velocity
correction to the PEDA technique (VCPEDA) has been shown and allows the retuning of
the mass range of the PEDA technique without any loss in the spatial or mass resolutions
[45]. This technique is presented and explained thoroughly in the DPhil thesis of Benjamin
Winter [46].

1.2.3 Non-linear Imaging Geometries

Although the simplest method of maintaining the spatial resolution of an image is using a
linear TOF geometry, it is also possible to maintain a stigmatic image through various non-

linear ion optic components. A reflectron is a mirror which acts to reverse the direction of
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motion (or at least one component of the motion) of charged particles [47,48]. It consists
of a potential wall that is set so that no ion should be able to fully scale it. ITons with a
higher kinetic energy will penetrate further into the potential and in doing so will take a
longer time to turn about. If the reflectron is designed correctly, the extra time that the
faster ion spends within the ion mirror should compensate exactly for the extra time that
the slower ion takes to traverse the field free regions (those between the extraction optics
and the reflectron, and the detector and the reflectron).

Such a design has been shown to successfully conserve a velocity-mapped image through
a reflectron [49-51]. Designs for the use of reflectrons in stigmatic imaging have also been
filed [52,53]; but, despite the resurgence of MSI, there is little current research into their
use. As with the electrode voltage pulsing regimes for linear TOFMS, it would be expected
that the use of a reflectron will impose a limit on the mass range of a microscope MSI
instrument.

Another system used to increase the mass resolving power for non-linear TOFMS is
the use of sector analysers. Sector analysers use either magnetic or electric fields to control
the trajectories of ions according to their momentum or kinetic energy respectively [54].
These sectors can be used to transfer an ion image, and have been used in conjunction to
that effect in one of the earliest commercial ion microscopes: the CAMECA IMS-3f [55].

Electrostatic analysers (ESAs) are currently favoured for research applications of the
microscope method of MSI. Ron Heeren (FOM-AMOLF [56]) has used a triple focussing
time-of-flight (TRIFT) instrument for numerous applications [57-59]. The TRIFT is com-
posed of three consecutive 90° ESAs which turn the ion trajectories by a total of 270°.
This system allows for an impressive spatial resolution of 4 um [18].

The MULTUM 1I is another system using ESAs to transfer a stigmatic ion image
[60-62]. It is comprised of four ESAs which each turn an incoming ion beam by 157.1°. The
sectors are arranged so that ions travel in a “figure of eight” pattern. This trajectory can
therefore be cycled, theoretically giving a limitless flight tube length, although in practice

the spatial resolution obtained with the instrument reduces with repeated cycles [61].
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1.3 Detector Technology

Stigmatic ion microscopy also increases the burden on the detector technology used as the
detection assembly must be spatially sensitive. A chevron stack of MCPs is used, where
two plates are mounted consecutively so that the pores in each align, and the bias angle
of these pores is offset between them. The amplified signal produced by this assembly can
then be obtained either by a device within the vacuum (such as a delay line detector —
DLD), or the signal can be transferred ex vacuo using a scintillating screen and a camera.

A DLD consists of a length of electrical conductor wire attached at each end to a signal
time recorder such as a time-to-digital converter (TDC). Incident charge, such as a cloud
of electrons produced by an MCP, propagates along the conducting wire in both directions
and the time of arrival of this signal at each end of the wire is noted. The difference in
the signal times between the two ends of the wire can then be used to calculate at what
point along the line the charge originated [63-66]. By contorting the conducting wire into
a serpentine pattern the DLD can be made to cover a two dimensional area and this can
be made to match the output of an MCP stack.

Such a simple DLD can only resolve a single ion event at a given time. A hexanode
DLD has been developed to overcome this and allow for much higher count rates, although
they are still limited so that ions arriving within approximately 10ns of one another, and
within 1mm on the detector cannot be resolved [67]. These DLDs have been used in
various applications of ion microscopy with observed spatial resolutions of only a few
microns [68-70]. The timing resolution of these detectors is incredibly fast at around a
few hundred picoseconds [68].

By positioning a scintillating screen behind the MCP stack the electron cloud can be
converted into light which can then be collected by a camera. In this implementation
the screen will be positively biased from the output face of the MCP stack so that emit-
ted electrons are accelerated towards it. Different materials will scintilate at different
wavelengths, and with different response times [71]; although, there is a general trend for
brighter (more efficient) screens to have a slower response.

There are many cameras (mostly consisting of a charge coupled device — CCD) that
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can be used to record the image illuminated on such a scintillating screen with the main
criterion being that the overall detection system needs to have sufficient precision to dis-
tinguish between consecutive peaks in the TOF spectrum. This is usually achieved by
gating one of either the MCP stack or the exposure time of the camera itself. If the MCP
is gated then it is the gain voltages applied across one of the plates that is adjusted. With
a reduced gain, no image is seen, but when the gain is reapplied, the image appears. The
speed at which this can be done is dependent on the switching technology, but it is pos-
sible to pulse MCPs faster than 10ns [72]. The intensified CCD cameras that are used
with MCP-scintillator detectors also have an inbuilt MCP (which acts as the intensifier).
These can therefore also be gated to a similar precision of a few nanoseconds.

These solutions only allow a single image to be acquired for each duty cycle of an
experiment. With the microscope method MSI many different ions will be produced that
correspond to different species with different m/z. A single frame camera has to be set to
a specific m/z range. There are some framing cameras that can record multiple images
for a single experimental cycle, but these still have to be preprogrammed and the number

of frames is still limited [73-75].

1.3.1 Pixel Cameras

Whereas DLDs are limited in the number of particles that can be detected simultaneously,
and framing cameras need to be preprogrammed and can only record a small number of
images, there is a new generation of cameras that can be used to acquire ion images for
many different m/z at high count rates. Two of these cameras, both of which are based
on complementary metal-oxide-silicon (CMOS) technology, are the Timepix sensor, and
the PImMS sensor [76-78]. Both of these sensors have levels of logic built into each pixel
which allow them to function independently of their neighbours. These are time-stamping
sensors that record the time that an event occurs so that at the end of the acquisition
cycle time codes and positions can be read out and stored. As each pixel has inbuilt logic,
there is no need to define an exposure time as each pixel will record the time of an event

relative to some external sync trigger; and as the pixels run independently of one another
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Figure 1.5: a) the PImMS camera, and b) an overview of the pizel logic contained within
each pizel of the PImMS sensor.

they can record events that occur at different times allowing multiple peaks in a TOF
spectrum to be simultaneously recorded.

The Timepix sensor is an implementation of the Medipix sensor designed for use with
TOFMS and mounted inside a vacuum chamber directly behind the MCP stack. It has
been used in conjunction with numerous experiments including a velocity-map instrument
[79], a TRIFT ion microscope [80-84], and neutron detection [85]. It has also been used
with commercial quadrupole mass spectrometers to improve the efficiency and resolution,
and similarly with a linear MALDI TOFMS instrument as a diagnostic tool [86-88].

The Timepix sensor currently has a timing precision of 10 ns, and is usually employed
in an array of four chips giving a pixel count of 512 x 512. The sensor can currently record
the time of a single event in each pixel, but there is a new generation of the Timepix sensor
currently in development: Timepix3 [89]. This new version of the sensor has an improved
timing precision of 1.6ns. The sensor can also be continuously read so that there is no
need to wait until the end of the acquisition cycle before transferring pixel event data.

The PImMS sensor is, in many ways, similar to the Timepix sensor; although, it also
has some crucial differences. The most marked difference is that the PImMS sensor is used
as a camera (shown in figure 1.5a)) and so is designed for use at atmosphere outside of the
vacuum chamber; whereas the Timepix sensor is (currently) used in-vacuum to directly
detect electrons. The PImMS camera therefore requires a scintillating screen to be used

to convert the electron cloud, produced by the MCP stack, into light. The PImMS sensor
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uses the INMAPS production technique to increase the density of logic that can be located
within each 70 um x 70 pm pixel [90,91]. Figure1.5b) details an overview of this logic.
Light is collected in four photodiodes, which are equally spaced within the pixel, and is
converted to a signal. This signal is then amplified before entering a shaper which converts
the integrated increase in charge into two different pulses. The comparator then compares
these pulses against two reference threshold levels in order to ascertain whether an event
has been acquired. When an event has been triggered the time of that event is stored in
one of four 12-bit memory registers.

The multiple memory registers allow for multiple time codes to be stored before the
sensor needs to transfer the data. The 12-bit time code gives a dynamic range of 4095.
The camera can currently be run at a maximum of 80 MHz which corresponds to a timing
precision of 12.5ns and a total acquisition time of 51 us [92,93]. Once an event has been
recorded, there is a deadtime within the pixel of several hundred nanoseconds whilst the
pixel resets. During this time no further events will be recorded within that pixel but
all the remaining pixels will still function normally. There are also methods available to

compensate for the loss of signal due to this dead time [94,95].

1.4 JIonisation Methods

The method of ionisation within a mass spectrometer largely impacts the quality of the
resulting spectrum, affecting the kinetic spread of any successfully ablated ions, as well as
the level of charge and degree of fragmentation that they undergo. Further, the chosen
technique can also limit the type of sample that can analysed, restricting whether the
sample must be gaseous or solid, or stable in a vacuum.

The earliest technique was that of electron ionisation (EI), also referred to as electron
impact ionisation [96-98]. This technique requires a volatile sample that can be introduced
into a vacuum chamber which will contain some sort of filament from which a discharge of
electrons is produced. The electrons are accelerated towards an anode, colliding with the

sample gas, causing the ionisation. Resultant analyte ions, produced by EI, are subject
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to extensive fragmentation which leads to far more cluttered spectra.

For a stigmatic imaging instrument, such gas-phase ionisation techniques are not ap-
plicable. The desire to analyse a spatially resolved surface sample rules out the use of
EI and other techniques, such as chemical ionisation (CI) [99,100], and field ionisation
(FI) [101], that require a gaseous sample. Field desorption (FD) is an extension of FI
applicable to surface samples [102]; although, the technique requires a specific surface in
order to generate the high electrostatic fields needed for the desorption and ionisation.

Perhaps the simplest surface ionisation technique employs direct irradiation with a
laser. The technique evolved from spectroscopic methods, turning into a spectrometric one

enabling the elemental analysis of metals [103], and in turn organic compounds [104,105].

1.4.1 Matrix Assisted LDI

Laser desorption is an attractive technique for surface analysis as the probing beam can
be easily adapted (in terms of size, and fluence) to suit a given application. However, the
wavelength of the laser must be matched to produce ions for any given sample [106,107],
except for with the use of infrared (IR) LDI which can ablate a range of molecules but
also induces fragmentation [108].

In the work by Karas, studying the dependence of LLDI on wavelength, it was noted
that the threshold irradiance needed to observe alanine was reduced in the presence of
tryptophan to a value one tenth that needed for alanine alone [106]. It was suggested that
although the alanine did not efficiently absorb the laser irradiation, the tryptophan did,
and so resulted in the ablation of both species at the lower fluence. This phenomenon,
termed “matrix assisted” LDI (MALDI), was soon shown to be applicable to further non-
absorbing compounds and also to large species (10kDa) [109,110].

With the MALDI mechanism, a matrix and laser system are chosen so that the absorp-
tion spectrum of the former coincides with the output wavelength of the latter [111,112].
There is then no longer a requirement for the ionisation system to be adjusted for a dif-
ferent choice of analyte. Furthermore, as it is the matrix, rather than the analyte, that

absorbs the incident light there is very little analyte fragmentation: the matrix acts as a
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shield.

Although MALDI is often heralded as a “universal” ionisation technique there are still
many factors that need to be kept in mind once a matrix / laser pair has been chosen.
The laser fluence, beam spot size, and the laser pulse length all impact on the quality of
an obtained spectrum [113-116]. Furthermore, there is still a search for yet more species
that can be used as matrices that might be more robust to different applications [117,118].

The underlying ionisation mechanism is still a topic of debate. Initially, the mechanism
was assumed to involve some level of energy pooling through which matrix molecules could
be ionised before next transferring a proton to the analyte [119-124]. More recently, a
new model has been proposed: the so-called “lucky survivor” model [125,126].

The lucky survivor model assumes that analyte ions are formed within the solid solution
of the matrix on the surface of the sample, before the desorption step has occurred. The
laser then causes clusters of molecules to be ablated, some of which will encase these
pre-ionised analyte molecules. Throughout the plume expansion, the matrix molecules
evaporate from the cluster, leaving only the ionised analyte.

Although these models attempt to explain the desorption and ionisation steps of the
MALDI process, a thorough study into the dynamics of the process has not been under-
taken. A number of smaller studies have been attempted that measure the supersonic
expansion of the MALDI plume [127], and the speed or angular distribution of the analyte
ions [128-131]. These studies do give contradictory results so there is still a great need
for a more in-depth study into the plume dynamics that could then be used to validate or

disprove some of the current models.

1.4.2 Secondary Ion Mass Spectrometry

Another, popular, ionisation technique used with surface samples is secondary ion mass
spectrometry (SIMS) [132]. Here a primary beam of ions is directed at the surface of the
sample with a kinetic energy of several thousand eV. This energy is transferred to the
sample through a “cascade” of collisions resulting, initially, from the primary ion and the

molecules within the surface, and then subsequently, between these recoiling molecules
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and further stationary particles in their vicinity. Any molecule near the surface of the
sample that is transferred sufficient energy to overcome its binding energy with the bulk
is then ejected [133].

SIMS analysis can be performed in two different manners. “Static” SIMS uses a low-
current primary ion beam in order to limit the damage dealt to the sample [134]. This
results in the emission of neutrals and ions preferentially from the top layer of the sample.
Conversely, “dynamic” SIMS uses high beam currents to drill down through a sample.

There are many different species that are used in the primary ion beam for SIMS [26].
These include smaller ions such as Cs*, Ga™, and Ar™ [135-137], as well as larger molecules
and clusters such as Au, ™, and Cg,t [138,139]. These different species interact in different
ways with the target sample [140]. The smaller ions are more penetrating, leaving a
cylindrical trail of particles with imparted momentum. The larger molecules and clusters
fall apart on contact with the surface of the sample imparting their energy to the species
at this level leading to a more efficient transfer of momentum to particles which can then

escape the surface.

1.5 Outline of This Thesis

The work in this thesis succeeds that presented in the DPhil thesis of Wei Hao Yuen who
began the investigation into converting a conventional velocity-map imaging instrument
for spatial imaging [74,141]. This work also introduced some of the first experimentally
obtained spectra using the PImMS1 camera [78,141,142].

The work that will be presented outlines the development of a stigmatic imaging micro-
scope that uses the PImMS1 camera for multi-mass imaging, and was conducted in parallel
with further, complementary, developments in ion imaging and detector technologies that
are presented in the DPhil thesis of Benjamin Winter [46].

In the next chapter there will be an overview of some of the experimental methodologies
and the instrumentation used to obtain mass resolved ion images. This will be followed by

an overview of the simulation techniques that are used to facilitate the development of this



Introduction 19

instrumentation. There will then be two chapters featuring the bulk of the experimental
data that features in this thesis. The first of these chapters will present a characterisation
of a modified velocity-map imaging instrument alongside simulations, and will show some
of the first multi-mass MSI experiments conducted that use the PImMS1 camera. The
second of these experimental chapters will focus on the development of an instrument using
the PImMS1 camera that can achieve higher resolutions than the simple VMI instrument.
There will then be a chapter that discusses a model for the fitting of event clusters within
a PImMS data set and shows the advantages that might be gained by applying this model.
Finally, there will be a chapter which presents designs for a possible primary ion source

for the development of a SIMS ion microscope.



Chapter 2

Experimental Methods

The requirements necessary for microscope-mode MSI are quite different to those of both
conventional MS instruments, and ion imaging experiments. A compromise has to be
found between these two instruments that offers both an acceptable mass and spatial
resolution, across a wide mass range.

In this chapter the experimental methods and considerations applied in the testing of
the PImMS1 camera with microscope-mode MSI will be described. First, two converted
instruments: a velocity-mapped ion imaging instrument, and a commercial mass spec-
trometer, will be detailed. Their similarities and differences will be discussed specifically
in relation to their operation. There will also be a description of the sample preparation
methods employed to create the test patterns that are used to evaluate the systems.

There was also a further instrument designed specifically for the analysis of surface sam-
ples. This instrument was optimised to be used with the velocity-corrected post extraction
differential acceleration technique outlined in the previous chapter, and is described in de-

tail in the thesis of Benjamin Winter [46].

2.1 Modifications to the VMI Experiment

The first imaging mass spectrometer developed in the Brouard group laboratory was
adapted from a velocity-map ion imaging instrument [143]. This instrument was built

in-house for experiments with conventional framing cameras, and was further used with
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Figure 2.1: A schematic of the modified imaging instrument. The path of the laser, the
ton optics, the flight tube, and the 1on detection system are all detailed. The schematic is
not to scale.

the DALSA camera (a fast-framing CCD camera capable of storing multiple ion images
within an inbuilt shift register) [73]. The instrument was modified so that, with only minor
changes, it could be switched between either analysing surface samples or investigating
the reactions of gas phase species [74,144]. It is formed of four distinct parts: the source
chamber, the reaction chamber (housing the ion optics), a flight tube, and a detector. As
the source chamber is solely used to introduce a collimated molecular beam into the ion
optics, it is not needed for the analysis of surface samples, so this whole section can be
separated by a blank vacuum flange. This also has the advantage of greatly reducing the
time taken to pump the instrument down to vacuum from atmosphere. The ion optics
are mounted on four threaded stainless-steel rods which screw into the flange separating
the flight tube and the reaction chamber (see figure2.1). The ion optics can be exchanged
to suit different experiments. In general, for surface analysis, the first electrode is a solid
stainless-steel plate, in contrast to its former design used in molecular beam experiments,
which has an aperture at its centre through which the molecular beam passes before it

intersects the laser beam.
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2.1.1 The Laser

When the instrument is converted for surface analysis, a sample is mounted in the first
electrode, which is then irradiated with the 355 nm (third harmonic) of an Nd:YAG laser
(Continuum Powerlite 8010). The laser fires at a repetition rate of 10 Hz, limiting the full
experimental repetition rate, and the temporal width of the pulse is between 3-7ns. The
laser beam is asymmetrically defocused such that the vertical divergence of the beam was
greater than the horizontal divergence. As can be seen in figure 2.1, the laser beam enters
the vacuum chamber through a fused silica window and approaches the sample plate at
a low angle of incidence (= 10° from the surface). This angle has the effect of spreading
the laser profile horizontally across the surface so that, when combined with the vertical
divergence from the cylindrical lens, the beam is spread across the whole of the surface
of the sample. The laser power is controlled by varying the delay between the external
triggers for the laser flash lamps and the Q-switch, up to a maximum pulse energy of
350mJ. The laser power is then further attenuated by passing the beam through two 50%
beam splitters. This attenuation is necessary, as the shot-to-shot variation in the laser
pulse energy is smallest when the laser is used at it highest power; however, this power is
far too high for most applications, so the attenuation allows the laser to be run at its most
stable, whilst still producing a practical output power. For a sample diameter of 5mm
the theoretical maximum fluence is approximately 100 mJ/cm?; although, in practice a

fluence closer to 45mJ/cm? is used.

2.1.2 The Ion Optics

For both surface samples, and for molecular beam experiments, the ion optic assembly
consists of three electrode plates. As already described, for surface analysis the first plate
(commonly referred to as the “repeller”) is made of stainless steel. It was manufactured
93 mm in diameter and had to be 2mm thick so that a 25 mm x 25 mm recess could be
created to a depth of 1.1 mm. This recess was added so that a surface sample, mounted
on an indium tin oxide (ITO) coated glass slide, could be inserted into the plate. The

ITO coating on the slide allows a voltage to be applied to the surface. To ensure that a
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connection is made between the steel plate and the slide, a short single strand of conducting
wire is attached across the both of them, secured by Kapton tape.

The second and third electrode plates (commonly referred to as the “extractor” and
“grounded” plates respectively) are identical to one another, also being made of stain-
less steel. They too have a diameter of 93 mm, but are only 1 mm thick, and both have
an aperture at their centres, 20 mm in diameter. The electrodes are separated from one
another using ceramic (Makor) spacers which fit on the threaded mounting rods. The
distance between the extractor and the repeller is 14 mm, and the distance between the
grounded plate and the extractor is 21 mm. The ion optics are situated in the reaction
chamber, which is also made of stainless steel and is pumped by a turbomolecular pump
(Pfeiffer, Vacuum TMH-521P), which is in turn backed by a rotary pump (Leybold, Trivac
D40V). The chamber pressure is monitored with a hot-filament ion gauge (T-100K, Duni-
way Stockroom Corp.) and is operated at a pressure of approximately 1 x 1077 mbar.

The flight tube is separated from the reaction chamber by a mechanical gate valve,
allowing the two sections to be isolated from one another, so that the flight tube (and
detector) can remain under vacuum whilst adjustments are made to the reaction chamber.
The flight tube is pumped by a separate turbomolecular pump (Pfeiffer, Vacuum TMU
071P [145]), which is backed by the same rotary pump as that on the reaction chamber.
An active inverted magnetron ion gauge (AIM, Edwards [146]) is used to monitor the
pressure in the flight tube, which is of a similar order to that in the reaction chamber.
The full flight path of the ions from the sample surface in the ion optic assembly to the

detector at the end of the flight tube is 615 mm.

2.1.3 The Detector

The detector assembly consists of a chevron pair of microchannel plates (MCPs) and a
scintillating screen (Photonis — formerly Burle [147,148]). The MCPs are imaging grade,
referring to the quality control over the pores, and have an active diameter of 75 mm. Each
channel (or pore) is 25 um across, with a pitch of 32 um, and a bias angle of 8°. The open

area ratio of the MCPs is therefore 45%. The input face of the output MCP has a gold
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Figure 2.2: A cartoon, two dimensional, representation of the difference between a camera
viewing a point light source, or one that is collimated. The schematic on the left supposes
that photons are released in all directions over a full 2w hemispherical surface, whereas
that on the right is of a directed photon release comparable to what might happen with a
fibre optic bundle.

coating which allows a voltage to be applied quickly so that the detector may be pulsed
on or off. There is a gap of 1 mm between the two MCPs, and they are aligned so that
the channels between them match, increasing the obtainable gain. Each individual MCP
can withstand a potential difference between its back and front face of 1.25kV. The two
middle faces (that is the output face of the input MCP, and the input face of the output
MCP) are generally held at a voltage which is half that of the output face of the output
MCP; however, the voltage applied to each face is controlled separately so this does not
have to be the case.

The scintillating screen is a P47 phosphor (Y,SiO5:Ce) coated onto a fibre optic bundle,
which is mounted 3 mm behind the output MCP. A voltage is applied to the screen which
can be as high as 5kV relative to the output face of the output MCP. The fibre optic
bundle directs light along the normal from the surface, rather than allowing the light
from a scintillation event to spread out in a full 27 hemispherical distribution. This is
an important distinction to make (see figure 2.2). The physical size of the camera lens is
constant (the cross sectional area, a) but depending on the distance of the camera from

the source, d, the fraction of emitted light that is captured by the camera will change. For
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an unfocussed 27 hemispherical distribution the fraction of light captured will be,

a

Syt (2.1)

whereas if the light has some directionality (for example, the photons produced may have
a restricted maximum angle of emittance from the normal, 6), the fraction captured will

be higher:
a
27 [1 — cos (20)] d?

(2.2)

This is a simplification of the case where a fibre optic bundle is used. An optical fibre has
an upper limit to the emission (and acceptance) angle known as the critical angle. This
restricts the angles over which light can be emitted (known as a numerical aperture, NA).
The result of this is a dramatic increase in the intensity of light observable by the camera.
This is especially important when using an unintensified camera (such as the PImMS1

camera), the performance of which is dependent on incident light levels.

2.1.4 The Cameras

The light emitted from the scintillating screen is converted into a signal by using a photo-
multiplier tube (PMT), giving time resolved intensity information, and a camera, giving
positional information.

Two different cameras can be used: a conventional intensified CCD camera (Photonic
Science), and the PImMS1 camera. The CCD camera converts incident light into a charge
collected in each pixel, giving a map of the intensity. By gating the intensifier, the resulting
image can be restricted to give only the positional information of a single ion species. The
intensifier can be gated down to a width of a few hundred nanoseconds. The camera itself
has a resolution of 768 x 576 pixels. It is fixed in a frame that is attached to three threaded
stainless-steel rods, which are screwed into the vacuum flange of the detector housing and
has to be positioned between 150 mm to 200 mm from the screen in order to focus on the
whole of the detector screen. The camera is shrouded in a curtain to cut out all ambient

light, which both gives a greater contrast between the flashes on the detector screen, and
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also reduced the wear and damage to the intensifier which occurs at ambient light levels.

The PImMS1 camera has a relatively lower resolution of 72 x 72 pixels, although each
pixel also records the timing information of an observed event. An internal clock counts
the time passed after the camera is initially triggered. This clock currently has a base
frequency of 80 MHz corresponding to a time precision of 12.5ns. Each pixel has four
12-bit memory registers which can hold the time-stamp of observed events. This gives
a maximum value of 4095, which means that at a time precision of 12.5ns, the camera
can record a time-of-flight spectrum for just over 51 us. The PImMS1 camera is mounted
on a table behind the instrument. It has a cooling unit which maintains the sensor’s
temperature at 25°C and a supply of dry nitrogen gas is constantly flushed through the
camera box to avoid condensation. A c-mount camera lens (Navitar DO-5095) is used to
maximise the light collection. The lens has to be positioned over 600 mm from the detector
and a smaller area of the scintillating screen is focussed on. As with the CCD camera,
a curtain is used to reduce the ambient light, although this is only done to increase the
contrast as the PImMS1 camera does not have an intensifier tube.

The PMT can be used in conjunction with both of the previously described cameras.
It is necessary in conjunction with the CCD camera to give time-of-flight information, and
is useful with the PImMS1 camera, as it gives a second spectrum for comparison. The
PMT is enclosed in a light-tight box with a liquid light guide (LLG) attached at one end.
As with the cameras, the PMT must be shielded from ambient light when in use.

The data from both of the cameras, and the PMT, are collected on a computer, and
then analysed. The data obtained with the CCD camera are analysed on the fly: each
frame, that is each ion image resulting from one experimental duty cycle, has a threshold
applied, and can then be centroided. These processed frames are then summed together
to give a final output.

The data obtained using the PImMS1 camera are saved directly to disk. Only events
where a pixel has gone over a specified threshold are saved, and these are formatted as:
pixel z-coordinate, pixel y-coordinate, time-of-flight, duty cycle number, and register in

which the time-stamp was stored. These data can then be further analysed at a later date
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using a number of different post-processing methods which will be outlined in chapter 6.
Finally, the data obtained using the PMT are simply averaged over a number of duty

cycles and saved as a comma separated list. These data are primarily used to calibrate

the timing of the CCD camera intensifier gate, and as a comparison for the time-of-flight

spectra obtained using the PImMS1 camera.

2.2 Modifications to the L'T2 Plus

The LT2 Plus is a model of linear, time-of-flight, mass spectrometers, designed to be used
for the analysis of MALDI MS samples. It is produced by Scientific Analysis Instruments
Limited (SAI [149]). An automated sample exchange system allows the sample plate
to be swapped without having to bring the entire instrument up to atmosphere. The
sample plates are a standard 96 well design, allowing for multiple samples to be loaded
simultaneously. “Thrust tubes” (three-phase electric motors, wound around a magnetic
rod) are used to adjust the position of the sample plate, and these are controlled by an
optical encoder system. A computer interface is used to select each well and display the
collected mass spectra.

Being a commercial product, the LT2 Plus is designed to be simple to use; however,
this also means that control over some of the parameters is hidden. Controls over detector
voltages, for example, are altered by adjusting a small potentiometer control on the rear of
the instrument, on one of many DAC (digital-to-analogue converter) boards. To this end,
in order to have full control over all of the various experimental parameters, the coverings
of the instrument had to be removed (see figure2.3).

The entire instrument can fit on a table top, with a footprint of 52 cm x 83 cm. The
height of the instrument is 130 cm, which is predominantly determined by the field-free
time-of-flight tube (~1m long). A single turbomolecular pump backed by a diaphragm
pump achieves a chamber pressure of 10=7 — 10~ %mbar. In order to avoid breaking the
vacuum whenever a sample is exchanged, the sample block can be retracted from the ion

optics and a seal is formed around the sample plate. This small exchange region can then
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Figure 2.3: Images showing the LT2 Plus with its commercial covering (left), and after
it has been stripped down.

be brought to atmospheric pressure and the sample replaced. The exchange region is then
evacuated to a rough vacuum by the diaphragm (backing) pump before the seal is broken
and the pressure is left to equilibrate. The sample can then be positioned back within the
ion optics. The whole process can take as little as five minutes.

The LT2 Plus uses a small N, laser (SRS NL100), which is coupled into a 1.5m long
optical fibre with a core diameter of 200 ym (Schaefter + Kirchoff [150]), and subsequently
is coupled to the vacuum chamber via a focussing lens. The laser can operate at a repetition
rate of 20 Hz producing light at 337 nm with a pulse width of < 3.5ns (FWHM) and an
average power of 3.4mW. The actual power incident on the sample will differ from that
produced by the laser as there are losses due to the imperfect coupling of light into, and
out of, the fibre. At the interface of the vacuum chamber, the light is coupled into a
lens assembly built into the main body of the chamber, which focusses the light from the
fibre onto the sample, passing through one of four symmetrically positioned holes within
the extractor electrode of the ion optics. On the sample, the laser forms a spot with a

diameter of roughly 200 pm.
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As described above, the sample stage translates in order to choose different samples on
the sample plate. The movement of the stage is controlled by piezoelectric motors which
allow for high precision adjustments. A “webcam” gives a live video of the sample which is
positioned at the centre of the instrument (directly on the time-of-flight axis): this is the
sample that will be most effectively focussed onto the ion detector. This “webcam” image
is obtained by focussing the camera with a lens and mirror assembly through another one
of the four symmetrically positioned holes surrounding the main aperture in the extractor
electrode of the ion optics. A small LED is used to illuminate the sample.

The ion optic assembly itself consists of five electrodes which form an extraction region
followed by a pseudo-Einzel lens: it is only referred to as a pseudo-Einzel lens here, as the
fields either side are not equal, so the lens itself is asymmetric (due to its environment)
despite the symmetric voltages applied to it. A delayed extraction pulsing regime is used
to increase the obtainable mass resolution (specified as > 2500 FWHM) over the 1 m flight
tube. The synchronisation of the electrode pulsing with the firing time of the laser beam
is achieved by the internal electronics of the LT2 Plus. A delay is set via the computer
software, which is communicated to the DAC board in the LT2 Plus. A beam splitter
directs a small portion of the beam to a photodiode, which is monitored by a DAC board
and the pulse delay is triggered from that signal.

At the end of the flight tube there is an electron multiplier (ETP), which provides a fast
readout mechanism that amplifies incident ion signal with a precision of approximately
2ns. The electron multiplier is only capable of registering timing information, not spatial
information. The signal is acquired by an analogue-to-digital converter board housed
within the LT2 Plus frame, which then transfers the information to a computer via a USB
interface.

In order to use the LT2 Plus for microscope-mode MSI, a number of modifications were
necessary to the hardware. These consisted of adjustments to: the laser focussing; the ion
optic pulsing regime and voltages; the detector; and therefore, the data acquisition and

analysis.
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2.2.1 The Laser

Microscope-mode MSI has unique requirements on the laser power and profile in order to
achieve the best results. For MALDI microprobe-mode MSI, the fluence of the laser on
the surface needs to be held constant, just above the threshold level necessary to produce
ion signal. The profile of the beam is also important, in as much as hot-spots in the
profile will cause a reduced mass resolution, as they induce a wider velocity distribution
in the nascent ions [151]. The spatial resolution in microprobe-mode analysis is directly
coupled to the size of the laser beam spot: a smaller spot gives a more precise location
for the acquired mass spectrum. Conversely, with microscope-mode analysis, the spatial
resolution is decoupled from the spot size and instead, is solely dependent on the resolution
of the ion optics; however, the quality, and quantitative reliability of a microscope-mode
acquisition are both dependent on the uniformity of the beam profile.

Initial ion images obtained using the LT2 Plus were dominated by ring structures.
Figure 2.4 a) shows an ion image, for which the laser fluence is only over threshold at the
very extremes of its profile. The sample that was analysed consisted of a grid pattern
(repeating squares) of a dye that had been applied to a sample plate. As only a ring
of the sample is well illuminated, it is difficult to ascertain whether the ion optics are
successfully spatially focussing the analyte ions. The accompanying line profile shows that
ion intensity from the centre of the spot almost reaches zero intensity. It was confirmed
that the observed structure arose due to the laser profile by adjusting the configuration
of the optical fibre, and by fine tuning the coupling of the laser into the fibre. This led to
an improvement in the profile of the spot as shown in figure 2.4 b). However the intensity
at the centre of the image shown is still much lower than that at its extremes.

In order to further assess the quality of the beam, a power meter was used to measure
the pulse energy emitted from the fibre optic, and the CCD sensor from a “webcam” was
used to measure the profile of the beam. The CCD sensor and printed circuit board (PCB)
were extracted from the protective casing and the lens was removed, leaving the sensor
exposed. By aligning the fibre with the sensor, it was possible to record single frames

using the proprietary camera software. This approach was far more reproducible than any
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Figure 2.4: lon images of the Crystal Violet parent ion (nominal mass 372 Da) obtained
from a square gridded sample of laser dye applied to a glass slide. The images show the
ring structure observed due to the inhomogeneity of the laser profile. Each ion image is
accompanied by a plot of a line profile taken across the image. Image a) was the original
observation and image b) was obtained after changing the coupling of the laser into the
optical fibre.

attempts to optimise the laser profile using an ion image as it removes the sample quality
from the problem.

Figure 2.5 shows a comparison between the beam profiles as measured by the modified
“webcam”. Figure2.5a) shows an acquired image of the beam profile before any optimi-
sation, alongside a line profile taken from the image. Although the centre of the profile
is the most intense, there is still high intensity at the edge of the spot. This implies that
there is a large amount of light being transported through the cladding of the fibre, as
opposed to the core. This will also have an impact on the laser power transmitted.

The fibre optic launcher, the optic which couples the laser from free space into a fibre

optic cable, is attached directly to the NL100 laser. The assembly has very little control
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Figure 2.5: Images of the laser beam profile before (a) and after (b) optimisation. The
images were taken using the CCD sensor from a “webcam”, and are accompanied by line
profile plots.

over the transverse position of the launcher relative to the beam, as by design the laser
beam and the launcher should be aligned. However, there is control over the focussing
optics of the launcher as, depending on the diameter of the beam, and the length of
the optical fibre, the focussing will need to be adjusted. Figure2.5b) shows the profile
obtained once the coupling of the laser with the fibre optic had been fully optimised. The
profile shown here has the single peak that is expected, implying that there is very little
transmission of light through the fibre cladding.

Figure 2.6 shows a comparison between the measured power output from the optical
fibre as a function of the power set on the laser. The laser power is set through software
included with the LT2 Plus, and can be set to a value between 0 and 340; although, this
is not expected to be linearly proportional to the laser power (which has a maximum

rating of 3.4mW). The blue points in figure 2.6 are those measurements taken before the
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Figure 2.6: A plot of the measured laser power emitted from the optical fibre as a function
of the set laser power (an arbitrary integer between 0 and 340). Data in blue was obtained
before the optimisation process, whereas data in red was obtained after optimisation. The
crosses and circles are experimental measurements: the crosses are considered to be the
points before the optical fibre is saturated; the circles are considered to be those points after
saturation. The lines are exponential fits to the data obtained before saturation.

coupling optimisation, and the blue line is an exponential fit through the first 11 points
(which were determined to be those measurements representing the optical fibre before
saturation). Similarly the red points are those taken after the optimisation and the red
line is an exponential fit through the first 15 points which were determined to be pre-
saturation.

It can be seen from the figure that after the optimisation the recorded power levels
were ~50% higher than before. However, even after the optimisation, the laser power
still saturates the fibre (albeit at a higher level). An exponential extrapolation can be
made from the data in the early part of the graph, before the fibre saturates (the crosses
representing the regime before saturation). This extrapolation shows that the optimised
fibre coupling does lead to the maximum power of 3.4mW, however this value is not

realised due to fibre saturation.
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2.2.2 The Ion Optics

The LT2 Plus employs a delayed extraction pulsing regime. This is not ideal for a
microscope-mode MSI instrument, as during the delay, before the extraction, there is
no electric field, so any ablated ions are free to expand from their origin point on the
sample. When the extraction optics are finally switched on, there is already a degree
of uncertainty in the position of the analyte ions that is therefore impossible to recover
through ion optical focussing. This implies an upper limit in the length of the delay before
ion extraction. Longer delays preferentially time focus ions with higher m/z so the upper
limit in the length of the delay is really an upper limit in the mass range.

Under normal conditions, the LT2 Plus would operate with an acceleration voltage
of 20kV. This high accelerating voltage is ideal as it reduces (in a relative sense) the
“chromatic” blurring from the ion velocity spread, which would otherwise reduce the mass
resolution. At these high accelerating voltages, the difference in arrival time between
two ions of different mass will be very short (on the order of nanoseconds), which is not
compatible with a time-stamping camera with a precision > 10ns. In order to estimate
the voltages needed to spatially focus the analyte ions, whilst still retaining a high mass
resolution, it is necessary to simulate the ion optic assembly. Simulation methods will be
described in chapter 3, and the experimentally observed resolutions will be presented in

chapter 5.

2.2.3 The Detector

The electron multiplier supplied with the LT2 Plus is capable of high resolution time-of-
flight measurements (~2ns FWHM) and has an active area of 10 mm x 25 mm, but does
not record any spatial information. Rather than the micro-scale array of transmissive pores
in an MCP, TOF-MS electron multipliers, in general, consist of either a single macro-scale
funnel or a succession of reflective dynodes. In the former case, a potential gradient is
applied from one end of the funnel to the other, encouraging the creation of secondary
electron emission and amplifying the charge. With reflective dynodes, each consecutive

surface is held at an ever increasing voltage, attracting emitted secondary electrons. At
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Figure 2.7: A cartoon of the detector assembly featuring the MCP chevron stack and the
scintillating screen. An incident ion (represented by the +) initiates an electron cascade
(represented by the red lines). Electron excitation causes the scintillating screen to emit
photons. The power supply attached to the output face of the output MCP is divided down
to supply the output face of the input MCP and the input face of the output MCP.

the end of the funnel, or dynode chain, there will be a final electrode or Faraday cup which
can measure the incident current.

In order to amplify the current without losing the spatial information of the ions
incident on the detector, MCPs must be used. The electron multiplier in the LT2 Plus
was replaced with a 25 mm double-stack MCP (Photonis). The MCPs are fixed with a
1mm gap between them, and are arranged in a chevron formation where their pores are
aligned to maximise the transmission of electrons between them. The pores have a pitch
of 12 ym, a diameter of 10 um, and a bias angle of 5°. A potential gradient must be
applied across the MCPs to produce a current, and each individual plate is rated up to
a maximum potential difference of 1kV. As shown in figure2.7, a single power supply is
used to apply both the potential for the output face of the output MCP, as well as the
potential that is applied to the output face of the input MCP, and the input face of the
output MCP. A resistor chain divides the supply voltage such that the potential applied
to the two middle faces is half of that applied to the output face. The front face of the

first MCP is held at earth ground. This means that a maximum voltage of 2kV can be
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safely applied to the MCP stack.

In order for this detector to be used with a CCD camera, or the PImMS1 camera,
the electrons produced must be converted into photons. This can be achieved using any
of a number of different scintillating materials (see chapter1). For the work presented
in this thesis, two different scintillating materials were used with the L'T2 Plus detector:
originally a plastic scintillating material with a short (/~2.51ns) response time was used
(BC-408, Saint-Gobain Crystals); this was then later replaced by an organic scintillating
material with an equally short response time (E404 [46]). Both of these materials have
emission spectra that cross from the ultraviolet into the blue end of the visible range with
the output of BC-408 peaking at 425 nm and E404 peaking at 412 nm.

The housing for the detector used with the LT2 Plus was manufactured by SAI and
was designed such that the scintillating screen could be exchanged with relative ease. The
screen was mounted with a 3mm gap from the back of the MCP stack and can withstand
a potential difference across that gap of 5kV. Unlike the detector used on the converted
VMI instrument (section 2.1.3), there is no fibre optic bundle to focus the light emitted
from the scintillating screen; instead, the screen is contained fully within the vacuum and

any camera that is used must focus through a window at the screen itself.

2.2.4 The Cameras

As with the VMI instrument, a CCD camera and the PImMS1 camera were alternately
used with the LT2 Plus. Both of these were used alongside the PMT (as in section2.1.4).
Using a 10 mm spacer for the c-mount camera lens, the field of view of the PImMS1 camera
can be reduced to perfectly match the 25 mm detector screen. The minimum focal length
of the camera is also reduced from 600 mm to 250 mm. This increases the intensity of light
collected as well as making mounting the camera much easier.

The PMT (1P28, RCA) can be interfaced with the same analogue-to-digital converter
(ADC) board that originally was connected to the electron multiplier. This also allows
the LT2 Plus software to incorporate the PMT signal, which is necessary when using the

automated scripts to find signal and record data.
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Figure 2.8: A photo of the conventional 96 well sample plate used with the LT2 Plus
(left) and the sample plate built in-house to hold two ITO coated glass slides (right). The
glass slides are held in place with Kapton tape, and a small piece of wire is used to make
a connection between the stainless-steel holder and the ITO coating of the slides.

2.3 Sample Preparation

In the course of designing and testing a mass spectrometry instrument, it is necessary
to prepare samples of known compounds that can be analysed in order to test what
resolutions can be achieved. In imaging mass spectrometry, these samples also need to
have some spatial definition.

All the samples used for the work presented in this thesis were applied to indium tin
oxide (ITO) coated glass slides. The slides are 25 mm x 25 mm and 1.1 mm thick. The ITO
coating (on one side) gives the slide a conducting layer, so that a voltage can be applied.
This is necessary so that the electric field around the sample retains its homogeneity. The
slides are inserted into the repeller plates of whichever instrument they are to be analysed
in. In the case of the LT2 Plus, an adapted version of the 96 well sample plate was
manufactured in-house, which can hold two glass slides (see figure2.8). Kapton tape is
used to hold the slides in place, and a small piece of conductive wire is used to make an
electrical connection between the stainless-steel sample holder and the ITO coating of the
glass slides.

A number of different chemical species were used to test the capabilities of microscope-
mode MSI. Organic dyes (e.g. Crystal Violet, Auramine O, Exalite 398, etc.) were used

for the majority of the experiments, as they produce samples that are very robust, lasting
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for, in some cases, days before they have to be replaced. This robustness is necessary
when attempting to optimise some parameter of an instrument, a task which can take
hours. The dyes chosen were all susceptible to simple laser desorption, as opposed to
needing a matrix to facilitate the ionisation process, which made the testing procedure
more reproducible as it removed any interaction from the matrix solution from the quality
of the results.

As both instruments were being designed as MALDI sample analysers, it was also
necessary, after optimisation with the organic dyes, to perform tests with a MALDI sample.
For this process a range of polyethylene glycol (PEG) compounds were used. These
polymers give a predictable and regular succession of mass peaks, which make them ideal
for calibrating mass spectrometers. They can be used in a matrix solution which, in the
case of the work presented in this thesis, is often a-cyano-hydroxycinnaminic acid (CHCA).
The drawback of these samples is that they do not hold a spatial pattern well and these
samples do not last as long under laser irradiation. PEG itself is a liquid, and even in the
solid solution of a MALDI matrix there is a significant amount of flow which blurs the
lines of any attempted pattern.

A combination of the dye samples used for optimisation and testing of the spatial
resolution, and the PEG samples used for a more thorough testing of the mass resolution
with the MALDI process over a wider mass range allowed for a thorough understanding
of how each instrument performs. For the experiments described in this thesis, a number
of different methods were used to apply each sample to the ITO coated glass slides. The
most common methods were the dried droplet technique, printing using a customised

inkjet printer, and electrospray deposition.

2.3.1 The Dried Droplet Method

The simplest method of applying an analyte to a glass slide is by the dried droplet method.
The analyte (and, if used, the matrix) is dissolved in some solvent and mixed. This solution
is then transferred directly to the sample plate using, for example, a dropping pipette. The

droplet is then left as the solvent evaporates. Depending on the conditions, matrix crystals
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Figure 2.9: A photographic comparison of samples created for testing the spatial perfor-
mance of the MSI instruments. The samples were created using a) printing using an inkjet
printer , and b) electrospray deposition.

will form in varying sizes. The sample coverage should be relatively homogeneous at the
centre of the spot; although, the edge of the droplet often shows a higher concentration
of solute. Obviously this technique is not compatible with any spatial patterning; but is
nonetheless, a very useful first step in instrument testing due to the simplicity and speed

of the preparation process.

2.3.2 Using Inkjet Printers

As the work in this thesis will be testing imaging mass spectrometry, it is also necessary
to have spatially defined samples. Figure2.9 shows a photographic comparison between
two samples created by different techniques.

Figure 2.9 a) was produced by an inkjet printer. Two different inkjet printers were used
to produce samples for the MSI testing: a Canon Pixma IP 4950; and an Epson Stylus
R320. By designing a test pattern of colours that consist of only a single printer ink (cyan,
magenta, yellow, or black for the Canon printer; the Epson printer also has a light cyan,
and light magenta), it is possible to print multiple solutions onto an ITO coated glass slide
at different positions. The solutions are injected into empty replacement ink cartridges,

which are then loaded into the printer.
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Both printers have a CD printing facility, which is used by adding a CD holder which
automatically feeds through the printer. A glass slide can be inserted into a CD by cutting
out a 25 mm x 25 mm square. The CD has to be fixed into the holder, so that the position
of the glass slide, relative to the holder, is known. This was achieved by drilling a pair
of matching holes in both the CD, and the holder, so that the CD can be reproducibly
positioned in a specific orientation.

In figure2.9a), two different dyes have been sprayed in alternating stripes using the
Epson printer. It can be seen that this technique is not perfect as there is some overlap of
colour between the stripes, but the separation is enough to be used for MSI. The stripes
are also not perfectly homogeneous as the printing process effectively spots the solution
onto the glass slide. This effect can be reduced by repeated applications (the sample shown
in the figure was printed in ten layers), but with this there is the risk that if the sample
is not loaded correctly the pattern will be ruined.

The stripes in figure 2.9 a) were each printed with a width of 400 ym. It is possible to
print patterns with a resolution of down to 200 ym with printer inks, but with the organic
dyes favoured for these experiments, the resolution is closer to the separation shown in

the figure [152].

2.3.3 Electrospray Deposition

Figure2.9b) was produced using an electrosprayer which was built in-house [46]. The
electrosprayer consists of a sample holder, beneath a suspended needle with a flat tip,
through which the analyte solution is pushed. The solution flow is controlled using an
automatic syringe pump (KDS Legato 100 [153]). The solution is pushed to the end of
the needle tip, where it forms a hemispherical interface due to surface tension [154]. A
positive voltage is then applied to the needle (up to a maximum of 5kV), which polarises
the solution so that an excess of positively charged species are found at the surface of
the solution obtruding from the needle. The electric field which forms between the high
voltage needle and the grounded sample plate below distorts the hemisphere into a Taylor

cone. Charged droplets of the solution are then emitted from the apex of the Taylor cone
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and are attracted towards the sample plate, creating a reproducible circular pattern.

The electrosprayer can be controlled by adjusting the voltage applied to the needle and
by adjusting the height of the needle from the sample plate. This changes the strength
and shape of the electric field formed between the needle and sample, which results in a
change in the size of the spot produced. The voltage applied to the needle needs to be
high enough to polarise the solution sufficiently, but also must be set correctly to form
a stable Taylor cone. The sprayer can be effectively turned off by increasing the needle
voltage above this ideal level, at which point the Taylor cone reduces in size to the point
where it is almost fully retracted back within the needle. This can be extremely useful
when a sample has been sprayed, as it reduces the likelihood of large drips of solution
falling from the needle as the sample is removed.

In order to produce a spatial distribution of analyte a stencil must be used. The
sample shown in figure 2.9 b) was produced using a nickel grid with a pitch of 500 ym and
a wire width of 67 um (Goodfellow NI008720 [155]). A drop of acetone can be used to fix
the grid flush against the slide, and after spraying, once the solution has dried, the grid
must be carefully removed rather than dragged in order to avoid damaging the sample.
The sample thickness can be controlled by adjusting the spraying time. This process
is hard to reproduce for multiple analyte samples, as if too much solvent is deposited
onto the original pattern it can redissolve the analyte and blur the image, but with a
low enough flow rate it is possible to create samples with multiple analytes with different
spatial distributions. The optimum distance between the needle and the sample surface

was found to be 17.5 mm.

2.4 Centroiding

When considering the acquisition of an ion image in a simulation, an ion reaching a detector
is recorded accurately and precisely, but an ion reaching a detector in an experiment is
subject to a three step conversion process: first, the ion is converted to a shower of electrons

by the MCPs; next, this electron footprint is converted into light by a scintillator; and
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finally, the light is converted back into an electronic signal by a camera or PMT. This
process doubtless contributes to the form of the acquired image, most noticeably as the
electron cloud produced by the MCPs will spread out transversely before reaching the
scintillating layer. This means that each ion event will be converted into a spot source on
the detector which, in turn, will illuminate a cluster of the camera’s pixels. The intensity
observed for each ion is therefore different, so an ion counting technique needs to be used
in order to properly verify the true number of ions present in an image [156]. The image
blurring from the detector can be reduced, to some extent, by centroiding the image

acquired for each shot before summing it into the total output.

2.4.1 CCD Camera

The process of centroiding is divided into three parts: each image must have a threshold
applied so that signal can be distinguished from the background noise; the next step is
to group those pixels that have been found to contain signal into clusters representing
individual ion events; each of these ion events can then be reduced down to a single value
which should best describe the position of the original ion. This process results in a large
reduction in the quantity of data and can reduce the “smoothness” of ion images, so it is
usually necessary to acquire much larger data sets.

Applying a threshold to an image is relatively trivial as, especially when using an
intensified CCD camera, the intensity of an event resulting from the millions of electrons
produced by the MCP stack is much higher than that observed for background noise. The
CCD camera outputs an 8-bit image; therefore, each pixel can have a value from 0 to 255.
A lower bound threshold can be applied, e.g. 17, so that pixels with greater intensity than
this are retained and any pixels with a lower value are reduced to zero intensity.

In order to identify which pixels belong to specific ion events, the Labview IMAQ
“Find Circles” function was used [157]. This function accepts an image as its input and
returns the coordinate (position of centre, and radius) of any features in that image that
are circular. This method can distinguish between overlapping events and by applying a

threshold to the minimum radius of the event, further background noise can be eliminated
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from the image. The final coordinate of the ion event is simply taken as the centre of the
circle and this value is then added to the summed image with each ion event being given
equal intensity.

For a CCD camera, this process is done on-the-fly, i.e. continuously during the acqui-

sition. This means that the original “raw” data set cannot be recovered.

2.4.2 PImMS1 Camera

Centroiding of data obtained with the PImMS1 camera is rather different. The data
collected do not have an analogue dimension: there is no intensity for each event. However,
each event is collected and resolved in time as well as by its position on the sensor. The
challenge with centroiding a PImMS data set is to decide which events correspond to a
single ion arriving at the detector. This list of events is referred to as a cluster. As with
the data from the CCD camera, events in a cluster will occur in adjacent pixels (either
defined as the four closest neighbours within 1Px (where Px is the pitch of the pixels
on the sensor), or the eight closest neighbours within v/2 Px). However, the proximity of
these events in time is less clear-cut. In order to search for events in neighbouring pixels
there must be some restriction on the number of time-bins to search through. Anecdotal
observations of these clusters imply that a gap of several time bins may occur between
spatially adjacent pixel events, and that the earliest time bins of a cluster are almost
always found at its centre.

The PImMS data is recorded so that each event has its pixel position (x,y) and its time
bin (7) recorded. The criteria for pixels belonging to a single cluster is defined spatially
where both Az and Ay may take a value of -1, 0, or 1. This is the aforementioned “eight-
connectivity”, as it encompasses all eight nearest neighbours to a given pixel. The temporal
displacement is less simple to define, but must be restricted such that A7 < Anyax. It is
the definition of Anyax that makes the temporal displacement more complex.

In order to investigate a suitable value for Amyax, data taken with the PImMS1 camera
was analysed, and figure 2.10 shows plots obtained from this data. The data were taken

from a section of a time-of-flight spectrum covering the mass of only a single species,
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Figure 2.10: Two frequency plots pertaining to data, obtained with the PImMS1 camera,
that was used to define the centroiding algorithm used for future PImMS1 data sets. Plot
a) shows the number of clusters observed for each laser shot, whilst plot b) shows the sizes
of these clusters (i.e. the number of pizels).

covering a range of only 50 time bins. The experiment was purposely conducted at a very
low count rate, so that ion clusters could be assumed to be completely separate. At this
low count regime, Amyax was set to 50 so that any spatially adjacent pixel events would
be included in a given cluster.

With these criteria for cluster detection, the number of clusters observed per shot was,
indeed, found to be very low, as is shown in figure2.10a). The size of these clusters, N,
was also found to vary: although over 40% of clusters were found to include just a single
pixel, many clusters contained between two and eight pixels, with cluster sizes as large as
twelve being observed.

Each of these clusters was then further analysed to measure their temporal spread. The
full spread in time of a cluster from the first time code, 7y, to the last, v, was measured
and figure2.11 a) shows the resulting frequency plot. The distribution is seen to peak at
around five time bins; however, there is also a significant fraction of clusters with wider
time spreads up to a maximum of eleven time bins.

This observation, (7y —79)max ~ 11, gives a method for identifying clusters by testing
all of the events within eight-connectivity that occur within eleven time bins of the earliest
observed event [158,159]. However, it is also possible to use the difference in time code

for sequential events within a cluster. Here the sequential time bin displacement must be
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Figure 2.11: Two plots showing spread of time codes observed in the PImMS1 data set.
Plot a) shows the full distribution of the full time spreads from the first event observed in a
cluster to the last. Plot b) shows the excess number of clusters observed when centroiding
a data set as a function of Amyax with the recursive search.

used in a recursive algorithm that searches for neighbours to the first event and, if any are
found, then searches for further neighbours to them (and so on).

Both of these methods have merit. By only looking at the full time spread of a cluster
the search window is limited, whereas with a recursive search there is no upper limit to
how far an event must be from the first time code. Conversely, with the recursive search,
two clusters that overlap spatially will still be distinguishable, as the algorithm expects
new events displaced from the centre of the cluster to arrive later in time.

In order to test the cluster searching algorithm, the data were analysed multiple times,
using the method of recursively searching for events belonging to each cluster, but with
a different value for Anyax each time. The number of clusters was then counted and
compared. It was observed that as Amyax increased, the number of clusters observed
was reduced. This is because, for small values of Amyax, events are incorrectly excluded
from a cluster and so are identified as belonging to an extra cluster in their own right.
Figure2.11b) shows a plot of the number of excess clusters observed as a function of
Amvax. It can be seen that after Amyax = 7 there is no longer an excess of clusters
identified.

Although both methods for cluster identification appear to be valid, the recursive

method has the advantage that distinctions can be made between adjacent clusters, and
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Figure 2.12: A plot of the average time code observed in the spectrum of data separated
out depending on the size of the observed clusters. The error bars represent the standard
deviation of the data.

that even if there is an occasional large cluster with many events, the algorithm will
continue to search for neighbours. For these reasons, all references to the centroiding of
PImMS1 data in this thesis refer to the use of the recursive analysis with the parameter
Anax = 7.

Once a cluster of pixels has been identified, the act of reducing this list to a single
coordinate is very simple. As an event cannot be recorded before it has occurred, it can
be assumed that the earliest observed time code in the list is the most accurate, and so
it is this time code that is set for the cluster. Spatially, a centre-of-mass is taken for all
the events where each event is given an equal weighting. The result of the centre-of-mass
is then binned back to the original pixel map. If the value of the centre-of-mass falls
directly between two pixels, then the cluster is pseudo-randomly assigned to one of the
pixels. There are more advanced and complex methods for assigning the spatial centroid

of a cluster, but these are not used in the work presented in this thesis [79,160,161]!.

IDiscussion of these more advance spatial centroids for PImMS data sets can be found in the works of
Craig Slater [158,159]
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Figure 2.13: Plots displaying the progression of PImMS1 data as it is centroided from
a) the raw data set. Clusters are identified using the recursive searching method and each
cluster of events is reduced to its earliest observed time code resulting in b). Finally, the
smaller clusters are discarded (here only clusters of five pizels or more are kept) and this
spectrum in c) is compared with the spectrum obtained with a PMT.

Applying these criteria, and with Anyax = 7, the PImMS1 data were again analysed.
Figure 2.12 shows the average time code observed for each cluster, as a function of the
size of that cluster. There is a general trend observed for smaller clusters to be observed
at later times than larger clusters. At the largest cluster sizes (nine to twelve pixels), the
number of observed clusters is very low and the trend becomes less regular.

As was stated earlier, an event cannot be observed before it has occurred. This implies
that the average time observed for the largest clusters is more accurate than the time
observed for smaller clusters (although this does assume that all of the clusters result
from ion events from the same species). In order to take advantage of this, these smaller,

less reliable, clusters can be discarded.
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Figure 2.13 shows a different data set taken with the PImMS1 camera under the same
conditions as the data used previously. Figure2.13a) shows the mass spectrum that is
obtained from the “raw” data set, and shows an evident slow rise with a long tail. Fig-
ure2.13b) shows the result of centroiding on the PImMS data set. Rather than event
counts, this plot shows the cluster counts from the data. This plot includes all of the
identified clusters. Finally, figure2.13¢) shows a comparison between a mass spectrum
obtained from the centroided PImMS1 data where only clusters of five pixels or more are
included. There are now multiple peaks present in the spectrum. This can be compared
to the spectrum obtained with a PMT (shown in blue), which confirms that this peak
structure is real. As would be expected, the count of events and clusters is reduced in
applying this algorithm, but the three graphs show how information can be extracted from

a previously featureless peak.

2.5 Summary

In this chapter the instrumentation and techniques used for the studies in this thesis have
been presented. Two instruments have been described which have been modified and
converted so that they can produce mass-resolved microscope-mode images with either
a conventional CCD camera or the PImMS1 camera (or indeed any other light sensitive
camera). Three methods for producing samples, with which to test the resolutions of these
instruments, were also described.

In the following chapters, the methods for predicting the resolutions of these instru-
ments will be discussed and methods for analysing the data produced by them will be
presented. Experimental data obtained using these methods will later be presented and

then some improvements to the instrumentation will be discussed.



Chapter 3

Simulation Methods

Before undertaking laboratory work, the performance of the instruments was simulated.
As the ion optics have to focus ions both spatially and temporally (i.e. position and mass)
any adjustments to the assembly’s parameters will affect both of these resolutions. It is
important to understand the interplay between these specifications in order to design an
instrument that is able to reach the resolutions required by whatever application may be
in mind. The final specifications will be a compromise (there is no trivial solution to a high
resolution, all-round mass imaging spectrometer), and the situation is complicated further
if one tries to take other specifications (such as mass range, sensitivity, and analysis time)
into account.

In this chapter some of the techniques used for modelling and predicting the perfor-
mance of ion optics will be presented and discussed. There will first be an overview of
the first order analytical models that can describe charged particle trajectories. This will
be followed by an in-depth look at the more sophisticated particle trajectory simulation

program, SIMION [162].

3.1 Modelling Ion Optics

A simple analytical model can be formed to describe the motion of charged particles within
an electric field using Newton’s laws of motion. The assumptions in this model limit its

use as a direct comparison to experiment; however, these first order approximations do
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describe the general trends that can be expected from an ion optic assembly, and allow for
a more intuitive understanding of how the ion lenses work than the more accurate “black
box” trajectory simulation programs. An understanding of the underlying theory, coupled
with the use of more advanced simulation software give a rounded view of an experiment

as a whole.

3.1.1 Transfer Matrices

The transfer matrix treatment of charged particle trajectory calculations reduces the in-
fluence of an ion optic element to that of an operator acting on a vector which represents
the current state of that particle. The derivation is based on that by Liebl [163], and a
more rigorous treatment can be found in appendix 9.

A particle, p, is defined by its progress along the TOF axis (which here is the z axis)
relative to each ion optic element, n, and at each of these elements it has two values: its
orthogonal displacement from the major axis, r, ,, and its direction relative to the parallel

of that major axis, r/ ., where

p?n’

o Ar
Az

r

(3.1)

The simplest “element” in an ion optic is a drift space, or field free region. Simply, a
drift space will only change the translational displacement of a particle, and this is done

according to the length of the space, L,, and the direction of the motion of the particle:

- . (3.2)

p;n pn—1

The field formed between two plates with differing voltages will be a uniform field. A
particle entering this field at a potential, V,,_1, having already been accelerated from some
higher potential, V), will be further accelerated to the next electrode if it is held at an even

lower voltage, V,,. The trajectory of a particle can also be described by a transfer matrix,
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the derivation of which can be found in appendix 9, culminating in equation (9.26):

1 2L,
r Vo—Vn +1 r
= Vo—Vn—1 . (33)
r 0 Vo—Vn—1 r’
p,n Vo—Vn p,n—1

In practice, there will be a deviation from a perfectly uniform field close to any plate
that has an aperture through which higher strength fields can penetrate; however, the
perturbation to a particle’s trajectory can be compensated for, approximately, by adding

a further transfer matrix which represents the lensing effect of the aperture,

r 1 0 r 1 0 r
= = , (3.4)
! _1 9 ! _Enpa—BEn 7
o In pn—1 4(Vo—Va) i1

where f is the focal length of the lens, E, and FE,,; are the electric fields before the
aperture and after it respectively, and V; — V,, is the approximate particle energy at the
aperture, in electronvolts [35, 36].

The previous approximations took advantage of the fact that the accelerating voltages
experienced by the particle are much greater than the particle initial kinetic energy so that
the trajectory of the particle is closely parallel to the major axis (the so called paraxial
approximation). This approximation is not valid for the initial extraction region as, in
spatial imaging, particles will be emitted at a variety of angles. This means that a more
explicit definition is necessary for the initial extraction vector (this is also derived in

appendix 9, equation (9.27)),

3 Vi
r Tpi + sin(oy, ;)2Lq T

- , (3.5)

r sin(ay,;) Vo‘fvl
p,1

where r,,; is the initial radial position of the particle on the repeller plate, a,,; is the initial
angle between the direction of motion of the particle with the major axis of the assembly,
and V; is the initial particle kinetic energy in electronvolts.

For a three electrode assembly (shown in figure3.1) there is an initial extraction, Fj,
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Figure 3.1: A cartoon of the simple three electrode ion optic assembly. The potentials,
V.., and element lengths, L,, are annotated along with the resulting electric fields, E,,.

followed by a lens, Vi, then a uniform acceleration field, Es,, before a final lens, V5. This

whole assembly is then described by the multiplication of the appropriate matrices,

= MDriftMLen52M2,1MLenslMExtr (36)
7,,/
»,3
1 219
_ 1 Lj 1 0 \/WH
E3—F -
0 1) \—awg 1) \0 /it
1 0\ [ rpi+sin(a,)2L /o2
x ! (%) o1 (3.7)
FEo—F . V;
—4(\%4}1) 1 sin(ay ;) =

Figure 3.2 shows nine trajectories corresponding to three different point sources (form-
ing the “object”) situated on the TOF axis, at 1 mm from the axis, and at 2mm from the
TOF axis. Each trace represents a particle, all of which are assumed to have an initial
kinetic energy of 0.65eV, and a slope of ' =0, -1, or 1 respectively. The trajectories are
traced through the ion optics which are based on those in the converted velocity mapping
instrument (L; = 15mm, Ly = 22mm, Ly = 546 mm; V5 = 2000V, V; = 1760 V) and
are then focussed onto a detector creating an image. The image is magnified x 15 and is
inverted. The inset to the figure shows the trajectories expanded around the ion optics.
The back-focal plane is marked in the figure: in ion imaging this is also referred to as the

velocity-mapping plane as it is the position along the TOF axis at which particles with the
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Figure 3.2: Three traces of trajectories calculated using equation (3.7). The object, back-
focal plane and image plane are marked accordingly.

same velocity are focussed to the same point in space, irrespective of their initial position.

The focussing can be altered by adjust the ratio of the two fields, F; and E5. In
practice the acceleration potential of the ion optics is set, and the last electrode is held at
ground so the ratio of the fields is controlled solely by adjusting the potential applied to

the extractor electrode.

3.1.2 Accounting for Aberrations

The trajectories shown in figure 3.2 are an ideal case. Taking, for example, the equation
for the lensing effect of any aperture (equation (3.4)), the focal length, f,, is equated to
a ratio of the difference between the fields either side of the aperture, E,,; — F,, and a
multiple of the particle energy at the aperture, Vy — V,,. One of the approximations made
to obtain this equation was that the accelerating potential was large enough that any
initial kinetic energy gained from the ablation process could be considered negligible (this

approximation was also made when deriving the other equations). However, if the kinetic



Simulation Methods 54

a) b)

Figure 3.3: A cartoon depiction of a) chromatic aberrations observed in the difference in
focal lengths for particles with higher (red) or lower (blue) kinetic energy, and b) spherical
aberrations observed in the difference in focal lengths for trajectories passing at different
distances from the major azis of the lens.

energy spread is large enough, the effect of the lens will be observably reduced for those
particles that have a higher initial energy. This is referred to as a chromatic aberration
as it is directly analogous with the chromatic aberrations observed in optical microscopy
when those rays of different colours are focussed at different lengths. Figure 3.3a) shows
a cartoon depiction of chromatic aberrations where the trajectories in red represent a
particles with higher energy which are therefore converged to a lesser degree (resulting in
a longer focal length) than those particles with lower energy, represented in blue.

Figure 3.3b) shows another common aberration, namely: spherical aberrations. Here
the degree of lensing is no longer independent of the radial displacement of the particle
from the major axis. The consequence of this is that the quality of the focussing of an
image is related to the ratio between the size of the object (sample diameter) and the
diameter of the apertures in the lens electrodes. If the size of the aperture in an electrode
is significantly greater than the distribution of radial displacements of the particles at that

aperture then the spherical aberrations will be negligible.

3.2 Particle Trajectory Simulations: SIMION

The SIMION software package is a particle trajectory simulator and electric field calcula-
tor. The user can input the geometries and applied voltages of an ion optic assembly, and

specify the properties of particles within that assembly. The simulation will then run and
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the resulting particle trajectories can be recorded. In practice, it is only ever the position
of a particle as it reaches the area representing the detector, and the time at which this
occurs, that are needed in order to model the system: these being the only results that
would be obtainable in the laboratory.

SIMION uses the same premise to calculate trajectories as is used in the transfer matrix
treatment of charged particle optics: the classical equations of motion are applied to an
object as it traverses a potential field. However, rather than simplifying the problem down
to give an analytical solution, an iterative approach is taken to calculating the electric
field. This has the advantage of giving a far more accurate simulation of an ion optic
assembly; crucially, higher order aberrations (such as those discussed in section 3.1.2) can
be estimated. The method is still not perfect though. The accuracy of the simulation is
dependent on the precision of the calculated electric field and the trajectory itself. Higher

precision simulations are both processor and memory intensive.

3.2.1 Solving Laplace’s Equation

The form of an electrostatic field, E, can be deduced from the potential field, V. Laplace’s

equation states that the divergence of the gradient of such a field is equal to zero:

V2V =0, (3.8)

or

2 2 2
g;g + gy‘g + 22‘2/ = 0. (3.9)
This equation limits the viable options for a solution to those with no minima or maxima
as the potential at any point is equivalent to the average of the potential over a spherical
surface centred at that point. Combining this property with the boundary conditions of
the potential at the surface of the system gives all the information needed to calculate the
field. These boundary conditions come in two types: Dirichlet boundaries have a defined
potential, and Neumann boundaries have a defined derivative (e.g., that at the edge of the
av

simulation 95 = 0).
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An ion optic is constructed by defining each electrode as a collection of voxels which
are each considered a known Dirichlet boundary condition. Thanks to the superposition
principle each electrode can be considered in turn and the complete field can later be
calculated as a weighted linear combination. This is especially convenient when adjusting
the voltage of one electrode relative to the rest during the particle flight time (this is often
done when simulating pulsed extraction techniques). Neumann boundaries are used at the
extremes of the simulation volume and to define planes of symmetry allowing for fewer
grid points to be used.

As the solutions to each of the fields relating to the electrodes are not likely to be
analytically elegant, an iterative solution is found using a finite difference technique. Once
the boundary conditions are set each voxel is considered in turn, setting its potential to
an average of its neighbours. This process is then repeated with each successive iteration
resulting in a numerical solution for the field that is closer than the previous. At some
success criterion the process is stopped (in SIMION this criterion is that no voxel has
changed in value by more than 0.005V in a single iteration).

Once the field has been obtained, particles can be introduced to the system and their
trajectories calculated. The Runge-Kutta method of numerical integration is used to
calculate the position and velocity of each ion in discrete steps. The time-step for the
calculation can be varied such that more complicated regions of the field are traversed
with a higher precision than simpler regions (e.g., the field free flight tube). It is at each
time steps that the electric field is re-evaluated so that a time variance can be applied to

the field.

3.2.2 Defining Particles

However accurate the estimation of the electrostatic potential field may be, the simulation
results will be meaningless unless combined with a realistic definition for the ablated ions.
As discussed in chapter 1, the MALDI process is not well understood and so does not
offer us a definitive model from which to calculate the initial conditions expected from a

MALDI sample. There is, however, some literature that details experimentally obtained
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Figure 3.4: A depiction of the coordinate system used in SIMION. The major azis (time-
of-flight axis) is the z-axis. The initial velocity of the particle, v, is defined by the initial
kinetic energy, Eg, and the direction of motion which is separated into azimuth, 0z, and
elevation, Ogr,, components.

velocity distributions for various species.

Ions are defined by a set of variables which are: mass, charge, initial position, initial
speed, initial direction of motion, and “time of birth”. The effect of the depth of the sample
(spread in the x, or time-of-flight axis), speed distribution, and directional distribution on
the resolutions of SIMION simulations has been investigate and unsurprisingly can have
a large impact on the results of a simulation [152]. This means that it is important to
set these initial ion conditions correctly if any estimation of the absolute resolutions is
desired.

A curiosity of the MALDI process is that the speed distribution observed for different
species seems to be independent of mass: for a given laser ablation, the analyte molecules
will be produced with the same average speed. According to Beavis and Chait this average
speed is close to 750ms™! distributed with a full width at half the maximum (FWHM)
~150 ms~! [128]. However, there are a number of different articles which all report different
average velocities. The same is true of the angular distribution of the velocities of ablated
ions is not so neatly confined. Zhang and Chait showed that for a number of molecules
with different masses a cos™(#) distribution could be used to describe the distribution
where n was dependent on the ion mass. It was suggested that higher mass ions tended
towards higher values of n (giving a more forward focussed distribution) but there was no

thorough investigation into this relationship. Values as high as n = 28 were measured by
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Zhang and Chait and there was a general trend of forward peaking [129].

The z-position spread of the sample and the “time-of-birth” distribution of the ions are
both considered to be negligible. The topography of a sample will undoubtedly impact the
obtainable resolution as the focussing condition needed at different positions will vary (see
the variable L in equation 3.7). A sample with high peaks and low troughs will effectively
have a range of starting positions from which ions can be ablated but samples produced
using the electrospray device described in chapter 2 are created with very little variance in
thickness (as little as 50 nm). Similarly, although the ionising laser can have a temporal
width as large as 10 ns, the actual ionisation time of molecules in the MALDI process has
been shown to have a much reduced variance. It has been proposed that this is due to
certain energy pooling mechanisms that occur during the plume expansion, resulting in
the actual ionisation event occurring only when there is a high concentration of multiple
excited state molecules: a criterion that is only satisfied at the absolute peak of the laser
intensity [28].

There are a number of different data formats that can be used to define particles for
SIMION simulations. The most flexible of these is the *.ion format in which the definitions
of each individual ion can be explicitly set. It is trivial to create codes to generate these
files to conform to any desired distribution. SIMION also has some internal particle
distribution generators which can be used with * fly2 files. These files state the parameters
of the distribution and SIMION generates a pseudo-random list of ions accordingly. There
is no option for a cos™(#) distribution of angles, but a Gaussian function can be used to
approximate this.

Due to the lack of consensus on what ion definitions should be used, a set of parameters
were chosen that would give a cautious estimate [130,131]. An average velocity of 500 ms ™,
with a full width at half the maximum of 500ms~' was chosen, along with an angular
spread of 60° (FWHM). These parameters are likely to be an overestimate of the true
velocity spreads observed in the instrument, but will therefore give a lower limit for the

measure of the spatial and mass resolutions.
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3.2.3 Defining Ion Optics

The potential arrays that describe the ion optic assembly (and the rest of the instrument)
are defined using a space of voxels. The precision of the electric field calculated in SIMION
is set by the size (set in millimetres) of each grid unit. Smaller grid units will give a
higher resolution but will require more computer memory to be stored and will slow each
trajectory calculation.

Symmetry in the ion optics can be exploited to reduce the number of grid points
needed to define an ion optic assembly. A majority of the linear, time-of-flight instruments
described in this thesis are cylindrically symmetric about the time-of-flight axis. This
greatly reduces the number of points needed to define the electric field as only a single
(z,y) plane of potentials needs to be defined and the two faces of the plane are then defined
as Neumann boundaries.

Once the electrodes have been defined (and then refined) individual voltages can be
applied to each. As stated earlier, the superposition principle means that, at each time
step, voltages can be changed and the whole field can then be recalculated with relative
ease and speed. The time precision of the simulation is great enough that a pulsed electrode
should be observed as a slope rather than a step function. Simply, a voltage switch and
an electrode form a resistor-capacitor circuit which will have a time constant, 7 = RC,

such that the voltage on the plate is given by

Vo =V + Vaew |- 77 .10

where V(0) is the voltage on the plate before the switch, Vg is the potential difference
between the baseline voltage before the switch and the target voltage after the switch,
s is the time at which the switch is triggered, R is the internal resistance within the
switching electronics, and C' is the capacitance of the electrode.

Further additions can be made in an attempt to more fully simulate the ion optics; for
example, a voltage ripple can be applied to each of the ion optics to model the instability

of power supplies. At some point a line must be drawn, and if such exhaustive measures
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are to be applied, an understanding of the other limitations of the simulation should be

kept in mind.

3.2.4 Interpreting Simulation Results

Once the ion optics have been modelled and the particle trajectories have been calculated,
the results of the simulation have to be interpreted. The most useful data to extract from
the simulation are the final positions of the ions on the detector, and the times at which
each ion arrives. From this information spatial and mass resolutions can be calculated. If
the initial position of the particles are defined as originating from a progression of discrete
point sources then the resulting positions on the detector should be separated into a
progression of spots also. The distance between each spot allows the magnification of the
image at that position, M;, to be calculated and the spatial resolution of each point source
can be determined from the spatial spread of the ions. Here the standard deviation of the
ion positions, o, and o, (the spread parallel to the detector face), are used to calculate

the FWHM,

AR50, = 2y/2In(2) /02 + 0% ~ 2.3540. (3.11)

Here it is assumed that o, = 0, = o which should be the case in a cylindrically symmetric
simulation. This resolution can then be used, along with the calculated magnification, to

calculate the resolution at the sample surface,

AR5o%.;
Arso%,: = 7]\?%’ ' (3.12)

Although taking the FWHM of the image produced by a point source is simple enough
in silico, in practice the production of a sample that acts as such a source is more trou-
blesome. Samples used in experiment to ascertain the spatial resolution obtainable with
an instrument are composed of a repeating pattern with well defined pitch. A common
measure for the spatial resolution of images of these samples is to take the distance covered
from 20% to 80% of the maximum intensity of an edge of a feature [164].

As has been shown in equation (3.11), the FWHM of a peak described by a Gaus-
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Figure 3.5: Results from the numerical convolution of a Gaussian function and a rect-
angle function. Figure a) shows a plot of the rectangle function (in black), the normalised
Gaussian function (in red), and the result of the convolution (in blue). In this plot the
width of the rectangle is ten times the o of the Gaussian. Figureb) shows the variation of
the rising edge (from 20-80%) of the result of the convolution as a function of the width
of the rectangle function (relative to the Gaussian width). Rising (from 20-80%) of a pure
Gaussian function is shown in blue, and the upper limit to the observed trend is shown in
red.

sian distribution is related to the standard deviation of that distribution by a factor of

24/21n(2) ~ 2.354. The rising edge of such a distribution, from 20-80% its maximum

value, is related to the standard deviation by a factor of \/2 In (55) — \/2 In (55) ~ 1.126.
As, in practice, a sample will not be comprised of discrete point sources, but rather a fea-
ture with a size much larger than the spatial resolution of the ion optics. The rising edge
of such a feature will be a product of the underlying shape convolved with the Gaussian
response function.

Figure 3.5 shows the results of a numerical convolution of a Gaussian function and a
rectangle function. Figure3.5a) is a plot of a rectangle function (in black), a normalised
Gaussian function (in red), and the result of the convolution of the former two functions
(in blue). The width of the rectangle function is 100, where o is the Gaussian width. The
result follows the form of the rectangle function but with a blurring at each extremity. By
measuring the rising edge of the this result, from 20-80%, for various different widths of
the rectangle function, whilst keeping the Gaussian width constant, the plot in figure 3.5 b)
is obtained.

Figure3.5b) shows the variation in the rising edge (from 20-80%), measured on the
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result of the convolution of a rectangle function with a Gaussian function, with respect to
the width of the rectangle function. The plot starts at the value for the rising edge of a
pure Gaussian function (ARsy_gy &~ 1.1260 — shown in blue), and rises as the width of the
rectangle function is increased. The variation reaches an asymptote at ARy g9 ~ 1.6830
(marked in red).

Using the value for the rising edge of a feature from 20-80%, assuming that the feature
is at least an order of magnitude wider than the resolution of the image, then in order to

compare with experiment, the simulated resolution should be found by:

AR2O—80,1‘ ~ 16830’, (313)

0.715A Rsgo, 1. (3.14)

Q

Both the magnification and the spatial resolution at the sample are dependent on their
displacement from the time-of-flight axis. This means that it can be helpful to consider the
standard deviation of these values over all of the point sources as well as the average. A
high standard deviation implies that there is some distortion or aberration in the focussing
property of the lens system; for example, a pincushion distortion in an image means that
the magnification of that image increases with increasing displacement from the centre.
There is likewise Petzval field curvature, which means that any imaging system that uses a
curved medium (e.g., a glass lens or an electric field) to transfer the image of a flat surface
cannot focus that image onto a plane. Instead the image is focussed across a concave
surface: a consequence of the spherical aberrations observed in finite width lenses.

The mass resolution of a system is defined as

t

Am~ ——
m/Am x5

(3.15)

where t is the average arrival time of the ion packet, and At is the full width of the arrival
time distribution at half of its maximum value. The approximation for obtaining the mass
resolution directly from the TOF spectrum is used so that each and every simulation does

not have to be calibrated (see the derivation in chapter1). This resolution is also, by
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definition, only valid for a given mass (or mass to charge ratio) and should be referenced
accordingly.

As outlined in chapter 2, the detector used experimentally has a response time, and
the PImMS1 camera further results in digital time-binned data. Equation (3.15) assumes
that the mass resolution can be calculated from the distribution of arrival times, g(¢), but
in an experiment with a detector that exhibits some response time, h(t), the observed

distribution will then be the result of the convolution integral of the two distributions,

f(t) = (g=*h)(t) = /0 g(T)h(t — T)dr. (3.16)

If we assume that both g(¢) and h(t) are close to Gaussian-like functions with standard
deviations, o, and oy, respectively then the convolution of the two functions will be a

further Gaussian function where

op = /02 + 0} (3.17)

As well as being a convenient choice of functional form, it is also a good approximation
that both the distribution of ion arrival times due to the ion optics and the detector
response can be described by Gaussian functions. This means that Atsyy can be defined
explicitly:

Atson, = 2+/21n(2) 004, (3.18)

where
Otot = /02, + 03; (3.19)

Here oy, is the standard deviation of the ion arrival time distribution, and oge is the
standard deviation of the detector response.
It is important to bear this limitation in mind when interpreting simulation results

as it is possible to invest large amounts of effort into reducing the value of oy, without
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realising that o has already reached its limit,

lim (at0t> = Odet - (320)

Tion—0

3.3 Summary

In this chapter, a selection of tools and methods has been presented that allow the pre-
diction of the spatial and mass resolutions obtainable with a given MS instrument. The
simplest, approximate, treatments of a system were presented that give insight into the
mechanism behind the design of ion optics, and explains how a system should work. How-
ever, this model is not sufficient as it cannot give a quantitative measure of all of the
various sources of aberrations that arise. For a more rigorous investigation into the per-
formance of MS instrumentation a higher level trajectory simulation program is needed,
for which SIMION 8.1 is used; and a brief explanation of how this program works was also
presented.

With SIMION, a quantitative analysis of the an ion optic assembly can be obtained.
The final challenge being the precise modelling of the assembly itself, as well as the def-
inition of the ions that are to traverse it. The ion optic assembly can be relatively well
modelled, but it is the ion definitions that hold back a fully complete simulation. Nonethe-
less, SIMION is a powerful tool that can accurately predict the relative behaviour of an
ion optic, as well as the expected resolutions to within an order of magnitude, at the very
least.

Finally within this chapter, some methods for the analysis of the results of SIMION
simulations were presented. The proper analysis of these results is just as crucial as the
setting up of the simulation in order for them to be properly understood. This is most
relevant in understanding the role of the detection assembly in an instrument which is not
modelled in SIMION.

With these tools, understanding the behaviour of ion optics is made far simper. This

leads to the subject of the next chapter, in which both simulation and experimental re-
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sults will be presented detailing the conversion of a conventional velocity-map imaging

instrument, with the goal of purposing the instrument for use with the PImMS camera.



Chapter 4

Multi-Mass Imaging with the
PImMS1 Camera

The motivation for using the PImMS1 camera with microscope-mode imaging mass spec-
trometry instrumentation comes from the camera’s ability to acquire multiple ion images
within the same duty cycle of an experiment — so called multi-mass imaging. This allows
data to be obtained at a much higher rate as both the spatial and the chemical information
of a sample are collected simultaneously. The disadvantage of this is that both the spatial
and m/z resolutions are then defined by the quality of the ion optic assembly, as is the
accessible m/z range. Any microscope-mode instrument designed will necessarily have to
settle at some level of compromise between those three specifications on order to realise
the benefit of the increased throughput.

In order to study the capability of the PImMS1 camera to perform multi-mass imaging
a study was conducted involving the simultaneous acquisition of spatially resolved images
of two species with different and distinct locations on a surface. The aim of this experiment
was to ascertain the benefits and limitations of using the PImMS1 camera for such an
application paving the way for more advanced instrument design.

In this chapter a study of the multi-mass imaging capability of the PImMS1 camera
will be presented. First, results of the simulation of the instrument in question will be

presented; these will next be compared to results obtained with a conventional CCD
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Figure 4.1: The structure of the Crystal Violet molecule. The positively charged ion
that is ablated under laser irradiation has a mass of 372 Da. The image on the right was
obtained using an optical microscope and shows a well-produced grid pattern of Crystal
Violet on an ITO coated glass slide.

camera and PMT; then the tests involving the PImMS1 camera will be presented before;
finally, the PImMS1 camera is tested, in direct comparison with a CCD camera and PMT,

in the acquisition of multi-mass imaging data.

4.1 Simulation Results

Before testing the capability of an instrument to simultaneously produce resolved m/z
and spatial information, it is useful to test the ability of that instrument to resolve both
separately. This allows the general resolution trends to be understood and predicted when
attempting to focus both at once.

These tests were first conducted using the converted velocity-map imaging instrumen-
tation described in chapter 2. Crystal Violet (the structure of which is shown in figure4.1)
was chosen as the sample analyte for the initial tests. This molecule is easily ionised with
simple laser ablation (as opposed to requiring a matrix to facilitate the process) which
reduced errors in the reproducibility of experiments, which could otherwise have occurred
during the sample preparation. It also persists on the sample surface so that a single sam-
ple will suffice for a days testing whereas more delicate samples can be exhausted after
less than an hour of laser irradiation. Further still, it is relatively easy to handle, facil-

itating the production of well-defined samples that, thanks to their vivid colour, can be
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easily analysed by optical microscopy (an example sample is shown in figure4.1). Crystal
Violet is ablated to form a singly charged ion (Cy;Hz,N;) with a nominal mass of 372 Da.
SIMION simulations (as described in chapter 3) were conducted in an effort to predict the
expected trends in both the m/z resolution and spatial resolution as a function of the
voltage ratios applied across the ion optic assembly.

Simulations were conducted using four ion source spots which were positioned at the
sample plate of the instrument in a sequence along the y-axis. These spots were separated
by 1 mm starting at the origin (y = 0, z = 0) and finishing at (y = 3mm, z = 0). These
four spots were chosen so that the image they would create would fit on the detector,
which was modelled as with a diameter of 75mm, as long as the magnification factor
of the system was less than 12.5. The velocity distribution of the ions was set to that
described in chapter 3, and the ions were defined with the nominal mass of Crystal Violet
(372 Da). The ion optics were modelled on those in the converted velocity-map ion imaging
instrument, as described in chapter 2, with the full length of the flight tube set to 615 mm.

Figure4.2 shows a selection of the resolutions obtained from the simulations. The
two plots in the top row, figures4.2a) and b), show spatial resolutions (defined as 20—
80% of the rising edge of a feature — see equation (3.14)), whilst those in the bottom
row, figures4.2¢) and d), show m/z resolutions. The ion optic assembly was made up
of a simple three electrode lens, and the last of these was held at ground in order to
maintain a field-free drift length. In an arrangement such as this, the first electrode (the
repeller) defines the total acceleration voltage of the ion optics (i.e. the total amount of
potential energy transferred to each ion), and the second electrode (the extractor) defines
the ratio of the strengths of the two electric fields generated by the ion optics (i.e. adjusts
the focussing of the system). The two plots on the left, figures4.2a) and c), show data
obtained with an acceleration of voltage of 4kV, whilst the two on the right, figures4.2b)
and d), show data obtained with an acceleration voltage of 10kV. All of the graphs show
the variation of resolution as a function of the voltage applied to the extractor electrode.
Each plot consists of five different sets of data. The first four are illustrated with open

markers and represent the resolutions for each of the four individual ion origin points used
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Figure 4.2: Plots of the simulated spatial resolutions (top row), and m/z resolutions
(bottom row) for both 4 kV (left column) and 10kV (right column) acceleration voltages.
The plots show how the respective resolutions were found to vary as a function of the
extraction voltage applied to the ion optic assembly. The trends in resolution are shown
both separately for each simulated ion source spot, as well as amalgamated into an average
value. The key included in the top right plot is applicable to all four graphs.

in the simulation. The fifth data set is illustrated by a filled marker and represents the
resolutions obtained over the simulation as a whole (i.e. the aggregation of all four spots).
For each data point, the simulation was run a number of times, and the resolutions were
obtained for each of these runs. The data shown in the graphs is an average over all of
these runs and the error bars shown are the standard deviation of each individual run
from the average — i.e. the degree to which the simulation has converged. Whereas the
average value for the spatial resolution is a simple average of the resolutions for each spot,

the aggregate mass resolution is obtained by re-analysing the data set as a whole.
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Figure4.2 a) shows the variation of the spatial resolution, obtained with an acceleration
voltage of 4kV, as a function of the voltage applied to the extractor. It can be seen that
each individual source position has a different optimal resolution: the extractor voltage
required for the optimal spatial focussing of a point source positioned on the time of flight
axis was found to be 3856 V whilst the voltages needed for optimal focussing of a point
source one, two, or three millimetres displaced from the axis were found to be 3854V,
3844V, 3832V respectively. Not only does each position need a different extraction volt-
age to achieve optimal focussing but there is also a difference in the optimal resolution
obtainable from each position. The on-axis position can be focussed with a resolution of
6.8 pm whilst the off-axis positions can only be focussed to resolutions of 7.1 ym, 12.0 ym,
and 13.7 pm respectively. These results are not unexpected as was explained in chapter 3:
the discrepancy in the extractor voltage needed is the manifestation of Petzval field cur-
vature whereby a planar sample is focussed onto a concave surface; whilst the worsening
spatial resolution with deviation of the source from the time-of-flight axis is a spherical
aberration arising from the ion optic design. Choosing the optimal averaged spatial reso-
lution is not trivial: the lowest averaged resolution is 20.2 ym and is obtained at 3850 V
but it should not be ignored that the difference in the resolutions of the four positions is
smallest at 3842 V. At these voltages the ion image is magnified by a factor of 10.2 from
the sample onto the detector.

The overall form of figure4.2b) is very similar to the previous figure. Here the ac-
celeration voltage has been increased to 10kV, and consequently the spatial resolutions
obtained are improved compared to those obtained at the lower voltage; although, the
image magnification is maintained at 10.2. This is because the electric fields that focus
the particles are now stronger relative to the kinetic energy spread of those particles: the
chromatic aberrations arising from the ionisation process are reduced. The best average
spatial resolution is now 11.0 um, and is obtained with an extractor voltage of 9620 V.
This is the same voltage ratio as at 4kV.

The two plots shown in figures4.2 ¢) and d) depict the variation of the m/z resolution

as a function of the voltage applied to the extractor electrode of the ion optic assembly
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with an acceleration voltage of 4kV and 10kV respectively. Both graphs have the same
features; namely, that the m/z resolution decreases with increasing voltage applied to the
extractor electrode but that the decrease is small over the range shown. In both cases it
is, in fact, possible to obtain much higher m/z resolutions than those shown. This can be
achieved by applying a lower voltage to the extractor electrode but by doing this there will
no longer be any discernible spatial focussing, and so the instrument could no longer be
considered an imaging mass spectrometer. Both plots also show that the m/z resolution
obtained for any individual ion source position is much higher than the m/z resolution
obtained when taking all source positions together. This implies that the focussing ability
of the instrument is not much dependent on the ion source position but that, instead,
a deviation from the time-of-flight axis results in an increase in the total flight time so
that ions from each of the source positions arrive at the detector in discrete packets with
those positioned on-axis arriving first. As the m/z resolutions do not vary by much when
compared to the spatial resolutions it is sensible to focus the instrument using the spatial
resolution as the sole criterion. It is then found that m/Am = 112 with a 4kV accelerating
voltage, and that m/Am = 127 with a 10kV accelerating voltage.

The plots above give an indication of the resolutions obtainable with the modified
velocity-map imaging instrument. They indicate that, as the spatial resolution is far more
sensitive to a change in the focussing of the instrument, the instrument should be spatially
focussed preferentially to focussing in the m/z domain, and that there should be only minor
aberrations in the images obtained. This leads to the conclusion that the conversion of a
velocity-map imaging instrument is more than capable of providing the necessary resolving

powers to test the multi-mass imaging capability of the PImMS1 camera.

4.2 Comparison of Experiment with Simulation

Experimental data were obtained, complementary to the SIMION simulations outlined in
the previous section, using the methods outlined in chapter 2. The velocity-map imaging

instrument was modified to accept the ITO-coated glass slides and the high resolution
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Figure 4.3: An ion image of Crystal Violet (nominal mass 372 Da), distributed in a
grid pattern, alongside a plot of a line profile taken across the image. The line profile
includes an example of the spatial resolution analysis method: measuring the rising edge
of a feature. The image was obtained at an acceleration voltage of 4 kV.

CCD camera was mounted onto the detector, along with a PMT, focussing at the P47
scintillating screen.

A saturated solution of Crystal Violet in 50% ethanol was sprayed onto the ITO-
coated glass slides using the electrospray deposition equipment detailed in section 2.3. The
solution was sprayed through a Nickel mesh with a 75% transmission, a wire thickness of
67 um, and a wire pitch of 500 um (Goodfellows NI008720), producing a grid pattern as
was shown in figure4.1). After spraying, the grid was carefully removed in order to avoid

damaging the structure of the sample.

4.2.1 Spatial Resolutions

Images were obtained using the CCD camera, and time-of-flight spectra were obtained
using the PMT. The laser power was adjusted so that there was a steady signal observed
with the camera. Due to the relative indifference of the mass resolution on the voltage
ratios, the focussing of the instrument was adjusted to give the best image resolution. With
the acceleration voltage set, the voltage applied to the extractor electrode was changed,

and the CCD camera signal was monitored. Once the optimum voltages had been found
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the gate for the camera image intensifier was shifted to overlap with the most intense
peak in the time-of-flight spectrum, and ion images were summed over a number of laser
shots (from 1000 to 10,000). These were then saved on a PC along with the relevant
time-of-flight spectra from an oscilloscope. Figure4.3 a) shows an ion image of the Crystal
Violet grid pattern obtained with an acceleration voltage of 4kV, summed over 2000 laser
shots. The grid pattern is clearly visible indicating a spatial resolution better than the
Nickel mesh wire diameter of 67 um. The intensity across the image appears to be uniform
indicating that both the application of the sample onto the glass slide, and the intensity
of the laser profile were uniform.

In order to obtain a more quantitative measure of the spatial resolution of the sample
several line profiles were taken perpendicular to the repeating pattern (e.g. the yellow
stripe across the image in figure4.3a)). A plot of one of the profiles is shown in figure 4.3 b).
The line profile plot is shown as a function of the CCD camera pixels but this can be
converted to reflect the distance on the sample as the pitch of the repeating pattern is
known: the sample has a pitch of 500 um which can be compared to the pitch of the
minima in the profile, in this case 59.4 Px, resulting in a ratio of 8.42 um/Px.

The common method, within the field of microscope-mode ion imaging, for calculating
the spatial resolution of an image, is to use the distance of the rising or falling edge of a
feature from 20% to 80% of its intensity [58,61,67,83,164]. Figure4.3b) illustrates this
measurement for the rising edge of one of the peaks in the line profile taken from the
accompanying image. The measured value of 3.55 Px corresponds to a spatial resolution
of 29.9 um. This evaluation can then be repeated for each edge and an average value
can then be obtained. Using this methodology the spatial resolution of the image shown
in figure4.3a) was found to be 35.4 um with a standard deviation of 10.6 um. This is a
worse resolution than that expected from the simulations presented in the previous section
which predicted a resolution of 20.2 um. The simulated spatial resolution was obtained
with an extractor voltage of 3850 V whereas the experimental image was obtained with an
extractor voltage of 3914 V.

There is no trend across the image indicative of the spherical aberrations observed
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Figure 4.4: A plot comparing the spatial resolutions obtained in both experiment and
simulation as a function of the acceleration voltage. The blue line is a fit to the simulation
data marked as black crosses. The experimental data are shown as red triangles with error
bars representing one standard deviation from the mean value, and a datum for the spatial
resolution after centroiding is marked by the green triangle.

in the SIMION simulations. The variation across the sample, expressed as the standard
deviation of the resolution measurements above, would likely obscure such a small feature
if it were to be present. This variation across the sample likely arises from inconsistencies
in either, or both of, the sample surface layer, or the laser profile.

In order to further assess the quality of the simulation as a model for the instrument
further ion images were obtained of similar Crystal Violet grids. Each of these images was
then analysed as before to produce the plot shown in figure 4.4 which shows the variation
of spatial resolution as a function of the acceleration voltage applied to the ion optics. The
red triangles represent the experimental data with error bars of one standard deviation
from the mean value. The black crosses are the spatial resolutions predicted by the
SIMION simulations and these points are fit by the blue line which goes with the inverse

of the acceleration voltage. The form of this fitting function was chosen as it describes
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Figure 4.5: A centroided ion image of Crystal Violet, distributed in a grid pattern,
alongside a plot of a line profile taken across the image. The image was obtained over
10,000 laser shots with the image for each shot being centroided and then added to a
summed tmage. The image was obtained at an acceleration voltage of 10kV. This image
along with a similar analysis method is also presented in the DPhil thesis of Benjamin

Winter [46].

the reduction in the contribution to the spatial resolution of chromatic aberrations [163].

It can be seen that the agreement between experiment and simulation is closer at lower
acceleration voltages, and that the two trends diverge further as the voltage is increased.
Whilst the simulated spatial resolution continues to follow the inverse trend up to an
acceleration voltage of 10kV, the experimental resolution plateaus at a value of roughly
30 pm. Again, it is the contribution from the detector which is limiting the achievable
resolution of the experiment, whereas this is not taken into account for the resolutions
obtained by simulation.

A further image was acquired, this time with on-the-fly image centroiding (as described
in chapter 2). The image was obtained over 10,000 laser shots as the process of centroiding
the image results in a reduction in the signal level. The image was acquired from the same
sample of Crystal Violet used in the previous experiments, and with the same 10kV
acceleration voltage.

The resultant centroided ion image is presented in figure4.5a). A threshold level of 17

was applied so that all pixels with a value of 16 or lower were reduced to zero. This was
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found to almost entirely eliminate the background signal in each individual image!.

The spatial resolution of the centroided image shown in figure4.5a) was calculated
using the same method as with the previous images. A sample line profile taken from the
image is shown in figure4.5b), and the features presented are clearly sharper than that
shown earlier in figure4.3b). The image pitch is, this time, found to be 57.4 Px which
corresponds to a ratio of 8.71 um/Px. This, in turn, leads to a spatial resolution of 20.1um
with a standard deviation from this mean of 4.01pm. This is much closer to the simulated
spatial resolution, obtained with an acceleration voltage of 10kV, of 11.1um; however,
it does not compensate completely for the discrepancy implying that the blurring of the
image from the detector is not completely eradicated by the centroiding process.

The spatial resolutions, obtained by experiment, have here been shown to follow the
trends predicted in the SIMION simulations. The absolute magnitude of the resolution
predicted by resolution is of the same order as was predicted by the simulation but as
that resolution is improved discrepancies do appear as the experimental detector becomes
the limiting factor. This disparity can be overcome, at least to some extent, by certain

analysis techniques such as centroiding.

4.2.2 Mass Resolutions

The mass resolutions predicted by simulation do not vary considerably with the voltage
applied to the extractor electrode. Over a wider range of ratios it is possible for the mass
resolution to be much improved but this completely sacrifices any spatial resolving power.
For such a simple, linear, time-of-flight instrument, without the aid of more advanced
pulsing techniques, there is little that can be done to avoid this.

To more completely characterise the instrument, the mass resolving power was also
tested. Figure4.6 shows a simulated frequency plot of the arrival times of ions in SIMION.
The simulation was slightly altered from the original parameters to better predict the true

shape of a time-of-flight peak in the mass spectrometer. Rather than producing ions at

!This image along with a similar analysis method is also presented in the DPhil thesis of Benjamin
Winter. There, this final resolution is compared with further, impressive, improvements in the focussing
of the ion optics using a novel pulsing technique [46].
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Figure 4.6: A simulated time-of-flight peak with a Gaussian distribution fit. The ions
were generated with the same velocity distributions as in previous simulations but with
positions distributed evenly across the repeller plate within a circle with a radius of 3mm.

four discrete points on the repeller plate, ions are created according to a uniform random
distribution within a circle on the face of the repeller plate, centred on the time-of-flight
axis and having a radius of 3mm. This simulation gives no information on the spatial
resolving power of the instrument but creates a more continuous distribution. It can
be seen that the Gaussian distribution in figure4.6 fits closely to the distribution of the
simulated arrival times. From this it can be expected that a time-of-flight peak obtained
by experiment should also have considerable Gaussian character.

Figure4.7 shows a plot of the time-of-flight spectrum, obtained with the PMT, of
the Crystal Violet sample?. The spectrum was acquired under the same conditions as
the image shown in figure4.5 at an acceleration voltage of 10kV. A number of peaks are

evident in the spectrum with the most intense peak being that of the Crystal Violet parent

2These time-of-flight data are also presented in the DPhil thesis of Benjamin Winter although the
subsequent analysis methodology differs [46].
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Figure 4.7: A plot of the TOF spectrum of a sample of Crystal Violet, at an acceleration
voltage of 10kV, obtained with a PMT directed at the P47 scintillating screen. These TOF
data are also presented in the DPhil thesis of Benjamin Winter [46].

ion. The preceding smaller peaks observed with shorter times-of-flight likely arise from
the substitution, in various combinations, of the six methyl groups by protons from the
solvent (demethylation) [165].

The peaks in the spectrum do not appear to strictly follow a Gaussian distribution,
but as with the spatial resolution measurements presented earlier, this is not entirely
surprising. Again, the detector has an inherent response function which is convoluted with
the true ion signal to give the observed signal. For time-of-flight measurements, it is the
decay time of the scintillating screen, here a P47 phosphor coating applied to a fibre optic
bundle, that is most likely to be the limiting factor (see the discussion of detector time-of-
flight convolutions in section 3.2.4). Literature values for the decay time of the phosphor
vary with values such as 80ns, 114 ns, or 168 ns being just a sample [71,166,167]. What
is more, these three example decay times were chosen from those articles which explicitly

define the measure of the decay time (in all three of these cases it is defined as the time
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for the intensity to fall from 100% to 10%); many other articles are less explicit with their
definitions. These decay times can be compared to the width of the simulated ion peak
shown in figure 4.6 which is approximately 60 ns.

To compensate for this long exponential tail, a program was designed to fit the discrete
convolution of a Gaussian distribution and an exponential decay to the experimental data.
The program uses a Nelder-Mead simplex fitting algorithm to optimise the parameters of
the Gaussian distribution for a given exponential decay constant [168].

The equations used to define this distribution are,

() = g(t)=r(t), (4.1)

g(t) = A exp [—% (t_wt‘“) ] | (4.2)
0 ift <0

ht) = , (4.3)
Noexp [0 4] if ¢ >0

where the convolution, f(t), is used as the trial fit to be applied to the observed signal, g(t)
is the true signal (here our trial Gaussian distribution), and r(¢) is the response function
(here the exponential decay). The form of r(¢) assumes that, as the rise time of the P47
scintillator has been measure as being over an order of magnitude shorter than the decay
time, it can be assumed to be negligible. The Gaussian amplitude, A, average value, ta,,
and the Gaussian width, w, are the variable used in the fitting procedure; whilst N is the
amplitude of the exponential decay, which has a set decay time from 100% to 10%, 71 /10.
The discrete convolution is obtained by applying the response function to the true signal

at every point across a discrete time-line so that,

tmax

fitl =Y glirlt =1, (4.4)

1=tmin

where ¢, and t,. represent the extremities of the data set. As the response function is

an exponential decay, r[t — i] will only be non-zero whilst ¢ > 4, so the equation can be
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Figure 4.8: A plot of the most intense peak from the time-of-flight spectrum shown in
figure 4.7 fit with the discrete convolution of a Gaussian distribution and an exponential
decay, and a plot of the fitting error obtained for different exponential decay constants. In
a) the experimental data are represented by the red squares, the fit is represented by the
black line, and the Gaussian component of the fit is represented by the blue line; whereas,
in b) the open black triangles represent the fitting error (sum of square deviations) as a
function of the decay time from 100% to 10% in nanoseconds.

simplified to,
t

fil =Y glirlt =1l (4.5)

i=tmin
The result of the discrete convolution is then compared to the experimental data and
a least squares fitting error is calculated. This is the metric used in the Nelder-Mead algo-
rithm to search for the optimum parameters of the Gaussian distribution. This methodol-
ogy for fitting is not fool-proof, as it is possible for the fitting algorithm to become trapped
in a local minimum rather than the true global minimum. By leaving the exponential de-
cay time, 7,10, out of the fitting process (as here the process is repeated for different
fixed values of the decay time) a plot of the optimum fitness as a function of decay time
is obtained. If this graph is free from discontinuities it can be assumed that there is no
contest between adjacent local minima increasing the confidence of the fit.
With this fitting process, the fit with the least error can, tentatively, be considered to
give both the time-of-flight resolution due to the ion optic assembly, and an estimate of
the decay time of the scintillating screen. The values produced from such a fitting method

should be read with caution: there is no guarantee that the time-of-flight peak arises from
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a single species so the application of a single Gaussian distribution is assumptive.

Figure4.8 a) shows the result of the discrete convolution fitting algorithm when ap-
plied to the most intense peak isolated from the time-of-flight spectrum in figure4.7.
Figure4.8b) shows the fitting error obtained with different values for the exponential de-
cay constant. The decay constant represents the time taken for the intensity to fall from
100% the maximum value to 10%. The smallest fitting error indicates the closest fit, and
is found with an exponential decay constant of 148 ns. The fit in figure 4.8 a) was obtained
using this optimum value. The blue peak represents the Gaussian component of the fit
with an average value of 8.03 us and a full-width-at-half-maximum of 40.4ns. Using the
approximation, m/Am =~ t/2At, a m/z resolving power of approximately 100 is found
for the ion optic assembly (compared with 120 found by simulation). In contrast the full
width at half maximum of the raw peak is found to be roughly 83 ns leading to a resolving
power of 48.

The mass resolutions, obtained by experiment, have here been shown to be limited by
the detector technology; and specifically, the decay time of the P47 phosphor screen. It has
been shown that it is possible to account for this and so to calculate a resolving power for
the ion optic assembly. This analysis cannot lead to the resolution of overlapping peaks; it
only offers to “de-convolute” the decay of the phosphor screen from a Gaussian-like time-
of-flight signal. Despite this, these “de-convoluted” m/z resolutions show a reasonable
agreement with simulation, and they are more than sufficient to allow for an analysis of a

multi-mass imaging sample.

4.3 Experiments with the PImMS1 Camera

In the previous section an experiment was presented that demonstrates the use of conven-
tional technologies, a CCD camera and a PMT, being used with the modified velocity-
mapping instrument. In this section a direct comparison will be presented between a mass
spectrum obtained with the PImMS1 camera and one obtained simultaneously with a

PMT. The data presented in this section were acquired using the same velocity-mapping
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Figure 4.9: The structure of the E398 molecule. The molecule has a nominal mass of
867 Da.

instrument but with an improved mass resolution obtained using the PEDA pulsing tech-
nique®.

For this experiment, a new sample was prepared using the Exalite dye, E398. The
structure of this molecule is shown in figure4.9. This chemical has a mass of 867 Da and
also benefits from all of the advantages enjoyed when using Crystal Violet as a sample:
that a solution of the species can be easily applied to a sample plate, and that the signal
obtained under laser irradiation is strong and persistent. A saturated solution of the dye
in 50% Methanol was sprayed onto an ITO coated glass slide through a Nickel mesh, in
the same manner as before, leaving a grid pattern of squares.

The PMT was placed alongside the PImMS1 camera so that it could provide a direct
comparison with any spectra obtained. The camera was mounted at a distance of 23 cm
from the scintillating screen of the detector. In order to focus the camera at this distance
a 10 mm spacer was inserted between the c-mount lens and the camera body. This also
reduced the field-of-view of the camera to have a diameter of approximately 25 mm. The
camera cycle was set at a rate of 80 MHz which corresponds to a timing precision of 12.5 ns.

Data were obtained with an acceleration voltage of approximately 8.5kV over a total
of 20,000 laser shots. Complementary PMT data were taken at the same time in shorter

exposures of 100 laser shots. Figure4.10 shows the comparison of the mass spectrum

3The simulation and optimisation of the instrument undertaken to obtain these improved mass reso-
lutions are beyond the scope of this work but are presented in the DPhil thesis of Benjamin Winter [46].
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Figure 4.10: A mass spectrum of E398 obtained both with a PMT (black line), and with
the PImMS1 camera (red line). The three most intense peaks represent the parent ion and
two fragment ions.

acquired with the PImMS1 camera with that obtained with the PMT. The intensities of
the two spectra have been artificially adjusted in order to make them more comparable.
The disparity between the relative peak heights in the two spectra is likely due to changes
in the sample composition affected after the continuous irradiation.

The spectra were analysed separately and can be seen to closely agree in terms of
the existence of peaks and their positions. The peak observed with the highest mass was
identified as the parent ion peak (m/z = 867). The two most intense peaks, observed at
lower masses than that of the parent ion, were identified as products of fragmentations
where either or both of the ether links had been cleaved (leaving m/z = 682 or 497
respectively). This identification is corroborated, in both cases, by the presence of small
shoulder peaks that appear close to each of these intense peaks with m/z values 16 units
higher than that observed for the intense peaks themselves. These likely arise from cleavage
across the other side of the ether link.

From a qualitative inspection of the two spectra, there is some indication that the



Multi-Mass Imaging with the PImMS1 Camera 84

6 _7/// T T T T T 8 _7/// T T T T T T T
4 PImMS Data
5 . . i 4  PMT Data
Gaussian Fit c lution Fit
Convolution Fit | 6 - onvoZution 1 ]
.4 4 .
= =
o o
~ ~
23+ ST -
17 R7)
=] =]
2 2
(SR . =]
— —
24 u
14 u
A
0 /// 4t T T T T T 0 _7/// T - T T T T T T
0 21.6 21.8 22.0 0 216 21.7 21.8 219 22.0
Time of Flight / us Time of Flight / us

Figure 4.11: Two graphs comparing the fitting of time-of-flight peaks from a) a PImMS1
data set, and b) a PMT data set. The experimental PImMS1 data in a), marked by the
black triangles, is fit by both a Gaussian distribution, in blue, and the discrete convolution
of a Gaussian distribution and an exponential decay, marked in red. The experimental
PMT data in b), also marked by black triangles, is only fit by the discrete convolution, in
red.

falling edges of peaks in the PMT data have a longer tail than those observed in the
PImMSI1 data set. As an event is triggered in the PImMS1 camera after a certain threshold
level of charge has been gained it follows that the PImMS1 camera would be less sensitive
to the exponential decay of the P47 scintillation.

Figure4.11a) shows a comparison of two fitting methods applied to the most intense
peak observed in the mass spectrum of the data obtained with the PImMS1 camera.
The solid black triangles represent the experimentally obtained PImMS1 data points; the
blue line represents the optimal fit of a Gaussian distribution to these data; and the
red line represents a fit obtained using the same discrete convolution as described in the
previous section. As before the convolution fitting was performed with various values
for the exponential decay constant. The fit with the least error was obtained with an
exponential decay time (measured from 100% to 10%) of 48 ns. With this decay time,
the Gaussian component of the convolution fit is found to have a peak width of 46.1 ns.
This gives an approximate mass resolving power of 206. When fitting with the Gaussian
distribution alone, a width of 60.7ns is obtained which corresponds to a mass resolving

power of 156.
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Figure4.11b) shows the equivalent peak obtained with the PMT fit with the convolu-
tion fitting program. The experimental data are represented by the black triangles, and a
fit, using the convolution fitting program, is presented as the red line. Here, the optimum
decay constant (from 100% to 10%) is found to be 143 ns corresponding to a mass resolving
power of 375.

It can be seen that, as with the PMT data, the PImMS1 peak can be better fit using the
convolution of a Gaussian distribution and an exponential decay rather than the Gaussian
distribution alone. This, obviously, also leads to an improved mass resolution when using
the discrete convolution fit, as some of the width of the peak is absorbed into the decay.
Although this phenomenon can be rationalised by the PImMS1 camera’s sensitivity to the
tail end of the phosphor screen decay, caution should be exercised when assuming that this
is the case. The higher resolving power obtained with the PMT compared to the PImMS1
camera, is expected and is due to the difference in the response times of the two different
technologies. The PMT has a response time of 2-5ns whereas the PImMS1 camera has a
timing precision of 12.5ns.

The detector used in this was the same as that used in the previous section so the
observed decay constants should be the same; however, the PImMS camera triggers an
event from the rising edge of a peak so the peak shape obtained with the PImMS1 camera
would be expected to exhibit much less character derived from the exponential decay of the
phosphor screen with only a 48 ns decay observed compared with the 143 ns decay observed
with the PMT in the same experiment. This value can be compared with the previous
decay constant found with the PMT in the previous section, 148ns. It is encouraging
that the decay constants found with the PMT are in such close agreement across the two
experiments, as these values should only depend on the detector decay time.

Figure4.12a) shows the ion image of the grid pattern of E398, obtained with the
PImMS1 camera. It can immediately be seen that the field-of-view is much reduced
compared to that observed with the CCD camera in the previous section. The image also
has a lower spatial resolution, as some of the squares are hard to resolve by eye. The

accompanying profile plot shown in figure4.12b) shows the analysis of this profile from
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Figure 4.12: An ion image of E398 in a grid pattern, obtained using the PImMS1 camera,
alongside a plot of a line profile taken from the image. The data were obtained with an
acceleration voltage of 8.5kV.

which a spatial resolution of 46.7 ym is obtained. This confirms that the resolution is
worse than that obtained with the CCD camera which was found to be approximately
30 um. The PImMSI1 sensor is only made up of 72 x 72 pixels which, when compared to
the CCD camera’s 768 x 576 pixels, is relatively few. Despite the difference in field-of-view
observed in the two separate experiments, for the image acquired with the CCD camera
each pixel corresponds to approximately 8.5 um at the sample surface, whereas for the
image acquired with the PImMS1 camera each pixel corresponds to over 28 um at the
sample surface. This drastic difference in pixel resolution explains the differences between
the observed images.

In this section, the PImMS1 camera has been tested in conjunction with a converted
velocity-map imaging instrument. It has been found that the pixel resolution limits the
achievable spatial resolution, although this can be reduced by adjusting the field-of-view.
The timing precision of the camera is also not as good as a standalone PMT, but the
limiting factor for the m/z resolution of the instrument is the phosphor screen. How-
ever, the strength of the PImMS1 camera lies in the flexibility and quality of the data
it produces. However, this strength will only present itself when analysing samples with

spatially separated chemical species.
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Figure 4.13: An optical microscope image of the sample prepared for the multi-mass
imaging experiments. Alternating stripes of Auramine O (yellow/orange) and Rhodamine
590 (pink) were applied to an ITO coated glass slide using an inkjet printer. The surface
was printed ten times to increase the density of sample within each stripe.

4.4 Multi-Mass Imaging

The experiments presented so far in this chapter have showcased the development of
a microscope-mode imaging mass spectrometer, converted from a conventional velocity-
mapping ion imaging instrument. These developments have culminated in the addition of
the PImMSI1 camera, creating an instrument that should be capable of multi-mass imaging
where the location and mass of analytes on a surface are simultaneously acquired. In order
to fully test this capability a different type of sample must be prepared.

Figure 4.13 shows an optical microscope image of an I'TO coated glass slide onto which
alternating stripes of Auramine O (nominal mass 268 Da), and Rhodamine 590 (nominal
mass 443 Da) have been applied. The sample was produced using an inkjet printer as
described in section 2.3.2. Each stripe has a width of roughly 400 ym so that the whole
sample covers just less than the 5 mm x5 mm field-of-view that can be imaged by the CCD
camera. The sample was printed in a total of ten coatings in order to give a thick, and
relatively consistent, coating. It can be seen from the optical image that there is very
little cross contamination of the two different dyes between adjacent stripes.

This sample was inserted into the repeller plate of the converted velocity-mapping ion

image instrument and the same conditions were applied as were used in section4.2.1, i.e
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static electric fields were used, and the total acceleration voltage applied to the ion optics
was set to 2kV. The instrument was set up so that the CCD camera and the PImMS1
camera could be exchanged with relative ease. The focussing distances of the cameras
were adjusted, as much as was possible, so that the entirety of the phosphor screen could
be seen by both. The PMT was also aligned so that a time-of-flight spectrum could be
obtained to accompany the CCD camera images and to assist in the positioning of the
CCD camera intensifier gate. The PImMS1 camera cycle rate was adjusted to 40 MHz

corresponding to a timing precision of 25 ns.

4.4.1 Results with the CCD Camera

The experiment was conducted with the CCD camera mounted behind the detector. A
number of images were obtained with the intensifier gate positioned at different points
along the time-of-flight. This gate position was monitored against the time-of-flight spec-
trum, obtained with the PMT, using an oscilloscope. Each image was summed over
roughly 500 laser shots whilst the accompanying time-of-flight spectra were averaged over
a shorter period of 100 laser shots.

Initially the gate for the CCD camera intensifier was set to such a large width that it
encompassed all of the major peaks that were assumed to relate to both the Auramine O
and the Rhodamine 590. The mass spectrum, obtained with the PMT, and presented in
figure4.14 a), shows the major peaks that were selected by the intensifier gate alongside
the acquired ion image in figure4.14b).

A large number of peaks are observed in the mass spectrum. It is a simple assumption
to make that those peaks with a mass greater than the parent mass of Auramine O (268 Da)
must arise from fragments of the Rhodamine 590%. The peak progression observed in the
Auramine O peaks is likely due to sequential removal of methyl groups. The Rhodamine
590 parent ion is not observed in the mass spectrum but instead a peak is observed at
m/z = 398 due to the cleavage of an ester link in the parent ion.

The ion image shown in figure4.14b) already shows some distinction between the

4This assumes that the Auramine O does not form clusters in solution.
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Figure 4.14: The mass spectrum (obtained with a PMT) and accompanying ion image
of the Auramine O and Rhodamine 590 striped sample, obtained with an acceleration
voltage of 2kV. The mass spectrum shows two fragmentation patterns, that on the left
corresponding to the less massive Auramine O, and that on the right corresponding to
Rhodamine 590. The ion tmage was acquired with a large enough gate width applied to
the CCD camera intensifier that the ion image corresponds to the position of both the
Auramine O and the Rhodamine 590.

alternating stripes of the different dyes. The concentration of each dye appears to be
stronger at the centre of the stripe than at the edge leading to an observable separation
of the dyes. There is also a signal level difference between the two species; although, it is
not possible to tell whether this is due to differences in the concentrations of the species
on the sample surface or differences in their ablation rates or, of course, a combination of
both factors.

As before the mass spectrum acquired with the PMT has the characteristic tail ob-
served due to the phosphor screen decay constant. Figure4.15 shows fits to the two most
intense peaks in the mass spectrum, obtained using the convolution fitting program. The
experimental data are represented by the filled red triangles; the fit obtained from the
convolution procedure is marked as a black line; and the Gaussian component of this fit
is marked by the blue line.

Figure4.15a) shows the fit obtained from the convolution program to the data corre-
sponding to the most intense peak in the mass spectrum of the Auramine O. The decay

constant, according to the fitting program, was found to be 166 ns which is roughly 20 ns
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Figure 4.15: Results of the convolution fitting program applied to the two most intense
peaks observed in the mass spectrum shown in figure 4.14 a). The first fit corresponds to
the most intense Auramine O peak (a), and the second fit corresponds to the most intense
Rhodamine 590 peak (b).

longer than was found when using the CCD camera in the previous sections. The Gaussian
component of this fit was found to have a full width at half the maximum of 46.9 ns which
results in a mass resolution of m/Am = 191.

Figure4.15b) shows the same fitting methodology applied to the most intense peak in
the mass spectrum of the Rhodamine 590. Here the decay constant is found to be 159 ns
which is a close match to the other peak from this same spectrum. This implies that
there must have been a small difference in either or both of the voltages applied to the
detector assembly, or to the PMT itself which result in changing the decay time of the
P47 phosphor. The Gaussian component of the fit was found to have a full width at half
the maximum of 27.3 ns which corresponds to a higher mass resolution of m/Am = 350.

Once the overall image and mass spectrum had been obtained the CCD intensifier gate
position was reduced and moved so that it only overlapped with either the peak arising
from the Auramine O or the peaks arising from the Rhodamine 590. This allowed separate
images to be obtained corresponding to the Auramine O and Rhodamine 590 locations.

Figure4.16 a) shows the ion image relevant to the Auramine O mass peaks. The image
was acquired with a camera intensifier gate that overlapped only with those peaks with a

m/z less than 270. The contrast in the image confirms that all of these peaks belong to
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Figure 4.16: lon images of the Auramine O and Rhodamine 590 surface sample, obtained
with the CCD camera. Figuresa) and b) were acquired with the camera intensifier gate
set to correspond to the mass peaks of Auramine O (approximately 200 Da to 280 Da —
shown in yellow), and Rhodamine 590 (approximately 300 Da to 425 Da — show in red)
respectively. Figure c) shows an overlay of the two previous images with their respective
colour coding maintained.

the Auramine O molecule as they are strictly localised within one set of the stripes. As
with the ion images of square presented earlier in this chapter, a spatial resolution can be
obtained for the image. By using the pitch of the stripes (800 um) a pixel ratio can be
found of approximately 7.00 um/Px. By taking the rising edge of the stripes, from 20%
to 80% of their maximum intensity, a spatial resolution of 110 um is found.

Figure4.16 b) shows the ion image relevant to the Rhodamine 590 mass peaks. The
camera intensifier gate was adjusted to encompass all of those peaks observed with a
m/z greater than 290. As before with the Auramine O image, there is little signal from
between the stripes observed. For this image the pixel ratio was found to be approximately
7.21 pm/Px. This value is very slightly different when compared with that found for the

Auramine O ion image due to the difference in the magnification of the ion image by the
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ion optics. The spatial resolution of the image is found to be slightly worse too, with a
value of 134 um being obtained.

The two images can be superimposed on one another to produce the composite ion
image shown in figure4.16¢). This image is analogous to the one presented earlier in
figure 4.14b) except that here the two image has been colour-coded to identify the separate
contributions from the two dye species. This image also confirms that the yellow stripes
are, indeed, the Auramine O sample as they can be compared to the optical microscope
image shown in figure4.13 where the Auramine O stripes can be seen to surround the
Rhodamine 590 ones.

The resolution obtained from the image in figure 4.16 have much worse resolution that
that found previously when analysing the Crystal Violet samples. This is predominantly
down to the method of sample preparation. A comparison between the two samples was
shown in chapter 2 in figure2.9 in which it can be seen that the electrospray deposition
method results in a far more precise layer of sample than that produced by the inkjet
printer. The resultant spatial resolutions obtained from figure4.16 therefore include a
contribution from the sample preparation as well as the instrument focussing itself.

In total, three ion images and a PMT spectrum were acquired in order to resolve to
show the alternating positions of the two different dye molecules, and the origin of the

mass peaks and ion images was confirmed.

4.4.2 Results with the PImMS1 Camera

Using the same sample as in the previous section, the multi-mass imaging experiment was
repeated, this time replacing the CCD camera and PMT with a PImMS1 camera. No
gating of the camera is required so a simple trigger was used to synchronise the PImMS1
camera acquisition with the experimental duty cycle. The internal sensor threshold levels
were adjusted to reduce the number of events observed due to thermal noise. Data was
then acquired over a total of 8,000 laser shots. Unlike with the CCD camera, the data are
stored as separate events and so various analysis techniques can be applied at any point

in the future without the need for further experiments.
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Figure 4.17: The mass spectrum, and accompanying ion image of the Auramine O and
Rhodamine 590 sample, obtained at an acceleration voltage of 2kV, using the PImMS1
camera. As with those data obtained with the PMT, the mass spectrum in figure a) shows
two fragmentation patterns with the one at lower mass corresponding to the Auramine O,
and the other corresponding to Rhodamine 590. The ion image was generated from data
covering the full range of the mass spectrum.

Figure4.17 shows the mass spectrum and total ion image extracted from the PImMS1
data set after centroiding®. The mass spectrum, in figure4.17a), shows the major peaks
corresponding to the Auramine O and Rhodamine 590 dyes, summed over all shots and
all of the pixels in the sensor. Likewise, the ion image, shown in figure4.17b), is extracted
from all of those data that were obtained and so corresponds to 200 < m/z < 450. These
images are therefore directly comparable to the overview plots obtained with the CCD
camera and the PMT presented in figure 4.14.

When comparing the PImMS1 data with those obtained with the CCD and PMT, there
are a few differences of note. As the images were obtained sequentially the sample has
been unequally ablated so that the ratio between Auramine O and Rhodamine 590 peaks
in the mass spectrum are different: there is now a lower concentration of the Auramine
O. There is also a difference in the illumination of the sample leading to a decrease in
the intensity of the ion image observed in the top left hand corner of figure4.17b). This

could either be due to the consumption of the surface sample or due to the laser profile

5The centroiding mentioned here is described in chapter 2.
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Figure 4.18: Two plots showing the result of applying the convolution fitting method to
two of the most intense peaks observed in the mass spectrum, obtained with the PImMS
camera, shown in figure 4/.17a). The experimental data are marked by the filled red trian-
gles; the fit to this peak is represented by the black line; and the Gaussian component of
the fit 1s shown as the blue line.

and position having changed.

Despite these differences, the overall form of both the mass spectrum and the ion
image presented in figure 4.18 closely agrees with that obtained with the CCD and PMT.
The same fragmentation patterns are observed in the mass spectrum, although the least
intense peaks corresponding to Auramine O are no longer observed much above the baseline
noise. That being said, it is also worthy of note that there is a reduced level of noise in the
PImMS1 mass spectrum. This is because any noise observed on the phosphor screen does
not have sufficient intensity to trigger an event in a pixel. This acts a form of pre-threshold
for the data set comparable to that employed with the CCD camera. The ion image also
still has the same alternating striped pattern that was observed previously with the CCD
camera.

As was found in section 4.3, the time-of-flight data obtained with the PImMS1 camera
still exhibits character due to the exponential decay of the phosphor screen; although, this
character is much reduced compared to that observed with the time-of-flight data obtained
with the PMT.

As a comparison with the analysis, presented in figure4.15, of the data obtained with
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the PMT, the equivalent two intense peaks, obtained with the PImMS1 camera, were
subjected to the same fitting program. The result of this analysis is presented in figure 4.18.
The experimentally obtained data points are marked by the filled red triangles; the result
of the convolution fit is represented by the black line; and the Gaussian component of
the fit procedure is represented by the blue line. The first plot, figure4.18 a), shows the
result of the convolution fitting program applied to the most intense peak arising from
Auramine O. The decay constant obtained from this fit is found to be 47ns which is in
good agreement with the value found previously. The Gaussian component of the fit has
a full width at half the maximum of 51.9 ns which is slightly wider than that value found
for the corresponding peak with the PMT (46.9ns). This, in turn, means that the mass
resolution obtained for this peak is lower than before at a value of m/Am = 173.

The analysis of the most intense Rhodamine 590 peak, presented in figure 4.18 b), shows
a less good fit to the experimental data than that for the Auramine O peak. The decay
constant obtained from this fit is found to be 111 ns which is a much longer decay constant
than has been previously observed with this data analysis method on PImMS1 data sets.
The Gaussian contribution to the fit was found to have a full width at half maximum of
23.6 pus which very close to the observed peak width obtained with the PMT. In turn, this
leads to a similar mass resolution of m/Am = 356. Due to the difference in the response
characteristics of the PMT and the PImMS1 camera, it would not be expected that these
two technologies should give similar resolutions so the coincidence is suspicious. Taking a
closer look at the experimental data in figure4.18b), it can be seen that the rising edge
of the peak is lost and instead the peak has a plateau which cannot be fit easily by the
Gaussian-exponential convolution. This would appear to be an artefact of the binned data
that the PImMS1 camera produces: if a feature, such as the rising edge of a peak, happens
to fall completely within a single time bin in the PImMS1 camera, there will be very little
information available to reconstruct this feature. That is to say that the coarseness of the

binning obfuscates some of the subtleties of the feature.
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Figure 4.19: The mass spectrum and accompanying ion images obtained from the further
analysis of the PImMS1 data set. The ion images have been generated from a subset of
the full data with figureb) corresponding only to those mass peaks marked in yellow; and
figure ¢) corresponding only to those mass peaks marked in red. Figured) is a composite
of the two previous images with their original colour coding maintained.

Exploring the PImMS Data

At this point, with the data obtained with the CCD camera and the PMT, it would now
be necessary to return to the experiment and obtain more data in order to generate further
ion images: e.g., one corresponding to the location of the Auramine O, and another for the
location of the Rhodamine 590. With the PImMS1 data set, this information is already
contained within the data file. The overview plots presented in figure4.17 were obtained
by analysing the data set in its entirety, but it is also possible to filter out that data which
might be of interest.

Figure4.19 shows the mass spectrum obtained with the PImMS1 camera along with
three ion images which were generated using different subsets of the full PImMS1 data set.
The mass spectrum in figure4.19a) has been colour coded so that the peaks arising from

the Auramine O molecule are highlighted in yellow, and those arising from the Rhodamine
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590 molecule are highlighted in red. The first ion image, shown in figure4.19b)was gen-
erated using only events within the data set that occupy time bins corresponding to m/z
values between 210 and 260. The image shows the Auramine O stripes and can plainly be
seen to be of a lower resolution than that obtained with the CCD camera. Quantitatively
this is sensible as the pixel ratio for this first PImMS1 image is found to be 65.3um/Px.
Due to the coarseness of the camera pixels, it is not possible to take a measure of the edge
of a feature. Instead, a best estimate at the resolution might be found by taking the full
width at half maximum of the feature. By this method an approximation to the resolution
is found to be 132 pum.

Figure4.19¢) was generated using those events taken from the data set that occupied
time bins corresponding to m/z values between 265 and 410, and shows the stripes of
the Rhodamine 590. The pixel ratio of this image is found to be 68.4 ym/Px, similar to
that of the Auramine O image save for the difference in the magnification afforded by the
ion optics. Again, the coarseness of the resolution means that it is not possible to take a
measure of the edge of a feature but the same method for approximating the resolution
can be used, and results in a resolution of 158 ym. As with the CCD camera the image
corresponding to the Rhodamine 590 mass peaks is found to have a better resolution than
that corresponding to the Auramine O mass peaks.

The final image, shown in figure4.19d), is a composite of the previous two images.
It emphasises the alternating pattern of the Auramine O, and Rhodamine 590 stripes.
Although the resolutions are not comparable to those obtained with the CCD camera, it
is this filtering of the data set that addresses the goal of the experiment: it shows how
the PImMS1 camera can be used to obtain, in one experimental run, the same data that
a framing camera has to acquire over a number of runs. The data shown in figure4.19 has
been filtered in such a way that it is analogous to using a framing camera, but this is not
the only option for analysing the data.

Just as the PImMS1 data set may produce images that pertain to a given mass range,
it is equally capable of producing mass spectra that correspond to a given spatial re-

gion. Figure4.20 shows the mass spectra of two different regions selected from the ion
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Figure 4.20: An ion image with accompanying mass spectra obtained from the further
analysis of the PImMS1 data set. The mass spectra have been generated by selecting out
data, from the full range, which only correspond to a small region of the full ion image.
The regions have been marked, and colour coded, on the ton image with the yellow range
leading to the mass spectrum in figureb), and the red region leading to the mass spectrum

in figure c).

image. The two corresponding regions have been highlighted with corresponding colours
in figure4.20 a).

The spectrum presented in figure4.20b) corresponds to the nine-pixel area of the ion
image (marked in yellow) which only overlaps with one of the stripes that has been at-
tributed to the Auramine O sample. This identification is again corroborated by this mass
spectrum which only shows the mass peaks of the Auramine O molecule.

The spectrum presented in figure 4.20 ¢) corresponds to the nine-pixel area of the ion
image (marked in red) that only overlaps with one of the stripes that has been attributed
to the Rhodamine 590 sample. Again, this mass spectrum only shows the mass peaks of

the Rhodamine 590 molecule.
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Both of the mass spectra presented in figure4.20 appear to have a more well resolved
peak structure than that obtained when including data from all of the pixels. This would
tally with the simulation results presented in section4.1: the mass resolutions obtained
from these simulations were higher for each individual point than for the full simulation.
Here, by taking a section of the image, mass spectra from more specific locations have
been generated which appear to have a better resolution than the spectrum obtained from
across the image as a whole.

By subjecting these new spectra to an identical analysis as that performed for fig-
ure4.18 a revised measure of the decay time and mass resolution is possible. By this, the
decay time found from the Auramine O peak is 40 ns which is still in close agreement with
all of the decay times observed with the PImMS1 camera so far. The full width at half
maximum of this peak is now found to be 39.3ns which is indeed less than the 51.9ns
found previously. This peak width produces a mass resolution of m/Am = 229 which is
better even than the resolution obtained with the PMT (173).

The corresponding analysis of the Rhodamine 590 peak is again anomalous. The peak
is only formed of three time bins giving insufficient statistics to obtain a reliable fit.
Instead, the convolution fit is almost entirely defined by the Gaussian distribution with
the fitting error reducing continuously towards zero decay time. The resulting Gaussian
fit has a full width at half maximum of 25.2 ns which corresponds to a mass resolution of
m/Am = 373, which is only slightly greater than that observed with the PMT; although,
as the fitting was erroneous, the comparison is not fair.

In this section it has been shown that, in a single experiment with the PImMS1 camera,
data are obtained that can be separated in such a way that would require multiple ex-
perimental runs with a conventional CCD camera. Whereas, with the CCD camera, data
are lost or ignored by the selective gating of the camera, the PImMS1 camera acquires
the data in full which can then be analysed at the leisure of the operator. As has been
discussed, each pixel in the PImMS1 camera can store up to four time stamps, relating to
separate events, in each duty cycle of an experiment. Depending on the number of mass

peaks which overlap in space, and the ion intensity of these peaks, the burden on the later
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Figure 4.21: A plot of the, register separated, mass spectrum of the Auramine O and
Rhodamine 590 sample, obtained with the PImMS1 camera. The mass spectrum arising
from only taking those data found in the first memory register of each pixel is plotted in
black, whilst the further spectra corresponding to the data found in the second, third, and
fourth registers are plotted in red, blue, and pink respectively. Figureb) shows, in more
detail, the final, most intense, peak. The colour coding is the same for figureb) as that
used in figure a).

memory registers will vary.

Figure4.21 a) shows the mass spectrum obtained by integrating across all of the pix-
els. The mass spectrum has been separated into the contributions stored in the different
memory registers with the first register spectrum marked by the black line and the con-
tributions from the second, third, and fourth registers marked by the red, blue, and pink
lines respectively.

It can be seen that the contributions to the mass spectrum from the later registers
increases for higher masses, as these peaks arrive later in the time-of-flight. As the Au-
ramine O and Rhodamine 590 samples are spatially separated the use of later registers for
the later, Rhodamine 590, peaks should not be influenced by the presence of the earlier
Auramine O peaks.

Figure4.21b) shows an enlarged portion of the full, register separated, mass spectrum.
It is focussed around the last, and most intense, mass peak of the Rhodamine 590, and
so contains the greatest contribution of events found in later memory registers. The
colour coding of the contributions from the different registers is consistent with the that

in figure4.21 a).
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It can plainly be seen that the greatest contribution to this peak is from the first
register, and that the contribution reduces further for each successive register. It is also
apparent that the different contributions have different shapes, with the peaks for the later
registers being less than that for the first register. There is also an offset in the centre of
the four different peaks. These features will be studied in further detail later, in chapter 6.

As the relative register occupation will be dependent on the spatial image, it is sensible
to conduct any further analysis across a smaller subsection of the sensor. Figure4.22
uses the same pixel region selections as are marked out in figure 4.20 a) giving one region
purely consisting of Auramine O, and another, more intense region, purely consisting of
Rhodamine 590. In all four of the plots in figure 4.22 contributions from the first, second,
third, and fourth registers are plotted in black, red, blue, and pink respectively.

Figure4.22a) shows the register separated mass spectrum obtained from the nine-
pixel region covering one of the Auramine O stripes. The three Auramine O peaks can
be clearly seen and it is immediately evident that the first two peaks (least massive) are
mainly composed of data taken from the first memory register. Figure4.22c) shows the
ratios of how much each register contributes to the three peaks in figure4.22 a). This plot
confirms that the first peak is, indeed, completely composed of events found in the first
registers of the nine-pixels. For the second peak there is a small contribution from events
held in the second memory register. The third peak has almost as much contribution from
the second register as the first and there is a further small contribution from the third
register. This is the ideal scenario for the PImMS1 camera: it is operating in a regime
where, without the ability to fill multiple registers in every pixel, data would be lost.

Figure 4.22b) shows the register separated mass spectrum obtained from the nine-pixel
region covering one of the Rhodamine 590 stripes. There are a number of mass peaks in this
region, and it is immediately clear that later registers are used heavily. The corresponding
register occupancy ratio plot is shown in figure4.22d). The contribution from the first
register can clearly be seen to reduce, as the peak mass increases, up until the last peak
where the first register contributes the least. The contribution from the second register

grows as the first register is filled, until it reaches a maximum at the fifth peak, after this
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Figure 4.22: Four plots detailing the relative contributions to the mass spectrum of data
contained in the various memory registers in each pizel. The data were taken from the
nine-pizel regions outlined in figure 4.20. Figures a)andb) show the register separated mass
spectra, whilst figuresc)andd) show the register ratio plots for their respective spectra.
Across all four plots the data for the first, second, third, and fourth registers are marked
in black, red, blue, and pink respectively.

it drops as well. The contribution from the third register continually grows across all of
the peaks, although even this contribution starts to plateau at the highest masses. Finally,
there is a significant use of the fourth register which contributes the most to the final mass
peak.

The use of the fourth register, observed in figure4.22d) indicates that there may be
events that are missed by the PImMS1 camera that occur after the fourth register has
already been filled.

In applications where detection efficiency is key, this is not ideal;

however, thanks to the multiple registers, this saturation point occurs at a much higher
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Figure 4.23: A register ratio plot for a further nine-pizel region than those shown in
figure 4.22. This region also correlates to one of the Rhodamine 590 stripes on that sam-
ple but the total ion count across these pixels was found to be half of that observed in

figure 4.224d).

point with the PImMS1 camera than with other technologies.

It is worth noting the difference between the register separated, mass spectra shown in
figures4.21a) and 4.22b). There is an obvious disparity between the occupancy of later
registers across these two plots with a much enhanced use of the later registers observed in
figure4.22b) than in figures4.21 a). This implies that although there was a high demand
on those later registers in the specific nine-pixel region, this is not a trend that was true
across the whole of the detector. As the occupancy of these later registers is related to the
ion count, it follows that the ion incidence rate at those nine-pixel must have been much
higher than that observed across the rest of the sensor.

Figure4.23 shows a further register ratio plot for comparison with that shown in fig-
ure4.22d). In this plot the mass spectra were generated from a different nine-pixel region
with an overall ion count of half that observed in the previous plot. Subsequently, the
later registers are not filled to the same extent as was observed in figure4.22d). From this

it can be seen that although the PImMS1 camera is much less likely to saturate across the
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whole sensor, uneven illumination of the sensor may lead to localised saturation.

These data show that the extra registers do not completely overcome the issue of sensor
saturation; however, they do allow for sensor saturation levels to be measured: a feature
that is not otherwise possible. Furthermore, the extra registers in a pixel can only be used
after that pixel has “recovered”, a process which can take several hundred nanoseconds:
the dead-time of the pixel. Although this would limit the use of the camera for absolutely
quantitative applications, this is not a major concern as there are other limitations in MSI

that hinder quantitative analysis [169].

4.5 Summary

In this chapter, the evolution of a velocity-map ion imaging instrument into a microscope-
mode imaging mass spectrometer has been detailed. SIMION simulations of the instru-
ment were presented and these were compared to experimental results obtained with a
conventional arrangement of a CCD camera and PMT. The PImMS1 camera was next
tested with a simple, single-species, sample to ascertain any limitations with its resolving
power. The mass resolution was compared to that obtained with a PMT, and a measure
of the spatial resolution was obtained. With both of these found to be satisfactory, the
ability of the PImMS1 camera to image multiple masses simultaneously was tested with
a direct comparison being made with a CCD camera and PMT.

Through these experiments the strengths and limitations of the PImMS1 camera have
been presented. With conventional framing technologies a choice must be made between
not selecting an exposure gate (and so giving up any correlation between position and
time), and selecting out a specific exposure time (resulting in a loss of data). The PImMS1
camera is capable of acquiring all of the data from a sample whilst still retaining the
position and time correlation of each event. Furthermore, with four memory registers an
experiment may be run at a much higher count rate before the sensor reaches saturation
which reduces the time needed to acquire the data considerably.

This first prototype version, the PImMS1 camera does suffer from a low pixel count
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(72 x 72 = 5184) leading to lower quality ion images than might be obtained with higher
resolution CCD cameras but by reducing the region of interest this limitation can be
circumvented. The next generation sensor, PImMS2, which at the time of writing is in
its testing phase, has a much higher pixel count of 324 x 324 = 104976. Likewise, the
timing precision, which at the current maximum clock cycle setting is 12.5ns, limits the
maximum mass resolving power that can be achieved. This clock cycle can be improved
by making adjustments to the hardware of the camera, and there are also certain data
analysis methods that have shown promise in improving the quality of acquired data, some
of which will be discussed in detail in chapter 6.

In the next chapter, the design and testing of a new microscope-mode instrument
will be presented, building on the success of the experiments presented in this chapter.
This new instrument will focus on improving the mass resolution over that described in
this chapter so that it might be of more use to practical applications. To achieve this,

modifications were be made to a commercially available linear TOFMS instrument.



Chapter 5

Increased Resolutions: PImMS and

the LT2 Plus

In the previous chapter, a combination of a PImMS1 camera, and a modified velocity-
map imaging instrument was presented. The marriage of these two technologies was
capable of multi-mass chemical microscopy with, by virtue of the PImMS1 camera, a high
saturation limit; however, the mass resolution of the instrument, obtained whilst spatially
focussing the image, was found to be very low (no better than a resolving power of a few
hundreds). The simple three-electrode ion optic assembly was capable of achieving a much
higher mass resolution than this, but any spatial resolution is then lost. With only three
electrodes, there are not enough degrees-of-freedom to align the ranges for the optimal
mass resolutions and spatial resolutions (without adjusting the geometry of the ion optic
assembly). Instead a more advanced design will be necessary in order to retain the spatial
resolution whilst increasing the resolving power of the instrument.

To this end, an experiment was conducted in collaboration with a mass spectrometry
instrument manufacturer, Scientific Analysis Instrument Ltd (SAI [149]). The aim was
dually: to show that a commercial, mass spectrometer can be modified to acquire spatially
resolved images in the microscope mode; and, that by using a more advanced ion optic
design, better resolutions can be obtained. The instrument used was an L'T2 Plus, a linear,

time-of-flight instrument designed for bench-top, MALDI analysis. The LT2 Plus uses
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Figure 5.1: A cartoon representation of the five-electrode ion optic assembly used in the
LT?2 Plus. The three voltage parameters are labelled: the acceleration voltage, Va, applied
to the repeller electrode; the pulse voltage, Vb, which is the potential difference applied to
the extractor electrode from the repeller voltage after the switch time, ts; and the einzel
lens voltage, Vg, applied to the middle of the three electrodes that constitute the einzel lens.

a five-electrode ion optic assembly with a delayed-extraction pulsing technique. These
together offer more flexibility to adjust the compromise between the mass and spatial
resolutions.

In this chapter, the results of combining the PImMS1 camera with a commercial mass
spectrometer will be presented. First, the instrument will be simulated to see how it
might be used as a microscope-mode imaging instrument. These results will then be
compared to experimental time-of-flight results to evaluate the validity of the model.
Next, modifications will be described that were made to the instrument enabling a spatial
resolution to be measured with a CCD camera. After this, results obtained with the
PImMS camera will be presented, and some further modifications to the ion optic regime
will be described. Finally, a sample will be analysed that has two chemical species with
different spatial distributions, the results of which can then be compared directly with the

multi-mass imaging experiment in the previous chapter.

5.1 Simulations

The LT2 Plus has an ion optic assembly formed from five electrode plates, a schematic of

which is shown in figure5.1. The first two electrodes (the repeller and the extractor) form
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the extraction region. The repeller electrode determines the acceleration voltage, Vi, of
the ion optics. As the instrument is designed for the delayed extraction pulsing method,
the extractor electrode is originally held at the same voltage as the repeller leaving the
extraction region field-free. After a set amount of time, tg, the voltage on the extractor is
reduced by some extraction voltage, Vp, drawing the ions into the acceleration region. Once
ions have passed the extractor electrode they are accelerated towards a grounded electrode
plate which is the first of three plates that form a unipotential (or einzel) lens [170,171].
This einzel lens is used to adjust the spatial focus without changing the kinetic energy of
an incident analyte ion. Both the first and third electrode of the einzel lens are held at
ground whilst the central electrode is held at a positive voltage — so called decel-accel
mode, as the ions are first decelerated and the accelerated within the lens. In general
the electric field generated by a lens of this type would therefore be symmetric along the
time-of-flight axis, but in this assembly the field before the lens breaks this symmetry with
the field-free region that comes after it.
Simulations were undertaken to predict the performance of the instrument at microscope-

mode imaging. As before, the simulations were conducted using SIMION 8.1 as described

in chapter 3.

5.1.1 Adapting the LT2 Plus for Imaging

For the simulations of the LT2 Plus, for a given acceleration voltage, three parameters
were adjusted: the voltage applied to the einzel lens; the pulse voltage by which the
extractor electrode is reduced from the acceleration voltage; and, the switch time at which
the delayed extraction is applied.

The first simulations were employed to test how the mass and spatial resolutions of
an ion are affected by adjusting the three parameters explained above. The results of
these simulations are presented in figure 5.2. The simulations were conducted using an ion
definition with a m/z = 500 and a velocity distribution assuming the a MALDI ablation
process. Four ion sources were used in the simulation with the first placed directly at the

centre of the ion optics, and the further three sources positioned at 100, 200, and 300 pm
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Figure 5.2: Plots of simulations results showing the predicted dependence of the mass
and spatial resolutions on the wvoltage applied to the einzel lens, the pulse voltage that
generates the extraction field, and the delay time before the extraction field is switched.
Fach plot shows the relevant resolution for each individual ion source position (marked by
open symbols) as well as the aggregate or average resolution (marked with a filled symbol).
The legend located in sub-figure b) is applicable across the whole figure. Unless otherwise
stated, the simulations were run with an einzel lens voltage of 2100V, a pulse voltage of
470V, and a switch time of 370ns.
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from the time-of-flight axis. The plots in figure 5.2 are arranged so that those on the left
depict the variation of the mass resolution and those on the right show the variation in the
spatial resolution. For all of the plots, the open symbols represent the resolution of each
individual spot, whilst the filled symbol represents the aggregate or average value (for the
mass and spatial resolutions respectively).

The top two plots, figures5.2a) and b), show respectively the variation in the mass
and spatial resolutions as a function of the voltage applied to the central electrode of the
einzel lens. The mass resolutions, figure5.2a), show very little variation as the voltage
is adjusted with an average average between m/Am =5000-6000. The mass resolutions
found for each ion source position are quite close in value with the resolution of the central
spot being the highest and the resolutions for the further spots decreasing slightly as the
sources deviate from the time-of-flight axis. The value of the aggregated mass resolution
is found to be somewhere between the third and fourth source position which implies
that the resolution of each source is the limiting factor, rather than their deviation in
arrival times. This is in contrast to the resolution of the modified velocity-map imaging
instrument from the previous chapter.

Figure5.2b) shows the spatial focussing of the image as a function of the voltage ap-
plied to the einzel lens. As with the mass resolutions, these do not differ greatly between
the different source positions implying that there is little contribution from spherical aber-
rations. However, the spatial resolution is strongly dependent on the einzel lens voltage.
The optimal resolution is found to be approximately 11 um, and although the resolution
does deteriorate with any adjustment to the einzel lens voltage, it remains below 50 ym
across the range 1700-2400 V.

The plots presented in figures 5.2 ¢) and d) show the variation of the mass and spatial
resolutions as a function of the voltage by which the extractor electrode is reduced from
the repeller electrode voltage (referred to as the pulse voltage). A larger pulse voltage
means that the potential difference between the two plates is larger resulting in a stronger
electric field in the extraction region. As with the extractor electrode in the three-electrode

instrument, described in the previous chapter, this voltage also controls the ratio of the



Increased Resolutions: PImMS and the LT2 Plus 111

electric fields in the extraction and acceleration regions.

The plot of mass resolution, shown in figure 5.2 ¢), shows a strong dependence on the
pulse voltage. Over the range of voltage, 350-550V, the resolving power increase by an
order of magnitude. The mass resolution is found to be at a maximum when a pulse
voltage is set to 460 V; here, the aggregate resolving power is found to be 6800, although
the difference between the resolutions for each source position are greater than observed
previously.

Figure5.2d) shows the dependence of the spatial resolution on the pulse voltage. The
form of this plot is very similar to that shown in figure5.2b) except that the resolution
here is more sensitive to a change in voltage. The optimal resolution of 11 um is found at
470V, which is close to the optimal voltage needed for the mass resolution.

Finally, the plots presented in figures 5.2 ¢) and f) show the mass and spatial resolutions
as a function of the delay length before the extraction field is switched on. Both of these
plots have a similar form to the previous figures where both the mass and spatial resolutions
are affected by a change in the switch time.

Together, the plots presented in figure 5.2 give an overview of the effect that changing
the three experimental parameters will have on the mass and spatial resolutions obtained.
The most striking observation to be made is that voltage applied to the einzel lens can
be used to adjust the spatial focus of the instrument without greatly affecting the mass
resolving power. This partially removes the dependence of the two resolutions on one
another.

There is a third consideration (after the mass and spatial resolutions) to take into
account when simulating the experiment: the range of masses over which the mass and
spatial resolutions are acceptable should overlap to as great an extent as possible. In order
to investigate this, further simulations were run following the same methodology as was
used to generate the data in figure 5.2 but with ions of various masses.

The plots in figure 5.3 show the behaviour of the mass and spatial resolutions across the
mass range 100-1200 Da whilst the voltage applied to the einzel lens, the pulsed extraction

voltage, and the time that the extraction voltage is switched are varied respectively. Across
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Figure 5.3: Contour colour maps of the effect of changes to the three experimental pa-
rameters on the mass ranges for the mass and spatial resolutions predicted by simulation.
The resolutions are represented by a colour referencing the accompanying colour charts
with red denoting higher values and blue denoting lower values. The mass range, assum-
ing unit charge, is shown on the horizontal axis of each graph, whilst the parameter being
varied (einzel lens voltage, extraction pulse voltage, or extraction switch time) is shown
on the vertical axis. All of the resolution values are given for the aggregate or average for
the mass or spatial resolutions respectively. Unless otherwise stated, the simulations were
run with an einzel lens voltage of 2100V, a pulse voltage of 470V, and a switch time of
370ns.
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all of the plots, the mass of the ion (assuming a unit charge, z) is on the horizontal
axis, whilst the parameter being varied is shown on the vertical axis, and the resolution
obtained is depicted according to the accompanying colour bar. For the mass resolution
plots, the colour map depicts the highest values, corresponding to the best resolutions, in
red and the lowest values, corresponding to the worst resolutions, in blue. With the spatial
resolution plots, the highest values are also depicted in red, but for the spatial resolution
these correspond to the worst resolutions, and the lowest values, which are depicted in
blue, correspond to the best resolutions. The grey area in the spatial resolution plots
represents any spatial resolution worse than 50 um which, although an arbitrary value,
helps to visualise the region of “acceptable” resolution.

The first plot, figure 5.3 a), shows the mass range as a function of the voltage applied
to the einzel lens. As was implied with the equivalent single mass plot in figure 5.2 a) there
is very little variation in the position of the mass range with changing einzel lens voltage.
However, the peak mass resolution does get lower as the voltage is increased.

The accompanying plot of the spatial resolution in figure5.3b) shows a far greater
dependence on the einzel lens voltage. As the voltage is increased, the optimal spatial
focus is shifted to higher masses. At the same time as this, the range of “well focussed”
masses broadens; although, this also comes with a sacrifice in the peak spatial resolution.
This can be interpreted as the spatial resolution being homogenised across a broader mass
range eventually leading to the entire mass range being imaged with a resolution worse
than 50 ym at voltages above 2600 V.

Figures 5.3 ¢) and d) show the variation of the mass and spatial resolution ranges as a
function of the extraction voltage. Unlike in the previous plot, here the mass resolution
range, shown in figure5.3¢), is shifted with a change in the voltage: a higher voltage
shifts the range to higher masses. The increasing voltage also reduces the peak mass
resolution whilst also slightly increasing its range. The spatial resolution range, shown in
figure5.3d), acts in almost the complete opposite manner: an increase in the pulse voltage
results in the mass range shifting to lower masses; the optimal resolution is improved; and

the range is reduced. The opposing trends in these two plots mean that it is possible to
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Figure 5.4: Plots of the simulated mass resolutions, a), and spatial resolutions, b),
obtained as a function of ion mass. The simulations were run with an acceleration voltage
of 5000V, a pulse voltage of 470V, a switch time of 370ns, and an einzel lens voltage
of 2100V. The red line in figurea) represents the isotopic resolution limit: any mass
resolution above this line is sufficient to resolve two adjacent peaks separated by a single
mass unit.

further optimise their overlap.

The effect of the switch time on the mass and spatial resolution ranges is shown in
figures5.3¢e) and f). Both graphs show very similar trends with increasing switch time
shifting both of the ranges to higher m/z. This shift to higher m/z is also accompanied
by a reduction in both resolutions. This means that with a set value for the einzel lens
voltage and the pulse voltage, the switch time alone can be used to adjust the m/z range
of the instrument.

The simulations presented in figure 5.3 demonstrate the flexibility of a more complex
five-electrode system over the simpler three-electrode instrument used in the previous
chapter. By adjusting the various parameters a compromise can be found that offers the
optimum range for the mass and spatial resolutions: the Goldilocks zone [172].

Figure 5.4 shows the aggregate and average mass and spatial resolutions across the
mass region of interest. The simulations were conducted with an acceleration voltage of
5000V, a pulse voltage of 470V, a switch time of 370ns, and an einzel lens voltage of
2100 V. Figure5.4a) shows the mass resolution as a function of the ion mass. The plot

has a peak mass resolution of m/Am = 6000. The red line in the plot represents the mass
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resolution limit Am = 1: any mass resolution above this line is sufficient to resolve isotope
peaks for a given species (i.e. to resolve two adjacent peaks separated by 1Da). Here the
instrument is expected to have isotopic resolution for species up to 1000 Da.

The spatial resolution of the instrument is shown in figure5.4b). The best resolution
is found for ion with a mass of 500 Da and is around 11 gm. The spatial resolution can be
seen to be better than 50 ym across the mass range of 200-800 Da.

The image magnification of the instrument was also found to have some dependence
on mass: images of the positions of the smallest simulated molecules (100 Da) were mag-
nified 27.5 times; whereas, the images of the positions of the largest molecules simulated
(1200 Da) were only magnified by 24.5 times. However, across the majority of the range
of interest (250-1000 Da) the magnification of the images only changed from 25.5-25.0.
Whilst this magnification does affect the field-of-view of the instrument, it does not affect
the quality of the images (although there can be instrumental difficulties); and any differ-
ences in the size of images between molecules of different mass can be simply accounted

for by post-acquisition image processing.

5.2 A Comparison with Experiment

Having simulated the performance of the instrument an experiment was devised to compare
some of these simulations against the instrument itself. These initial tests were conducted
before the detector of the LT2 Plus was swapped with a spatially sensitive assembly;
instead, the original electron multiplier was used. This detector, as was described in
chapter 2, has a very short response time (better than 2ns [173]), but only records time-of-
flight information. This arrangement was therefore only capable of validating the accuracy
of the simulated mass resolution.

Before the mass resolutions could be calculated, the instrument was calibrated. In
order to do this several dye solutions were prepared all at a concentration of 1 mg/ml in
99% MeOH. These solutions were then applied, by the dried droplet method, to a standard

sample plate (as shown in chapter?2). The dyes used were: Crystal Violet (372.24 Da);
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Figure 5.5: Time-of-flight spectra for the four dye compounds a) Crystal Violet, b) Ex-
alite 384, ¢) BBQ, and d) Ezalite 428. All four of the spectra were obtained with the same
experimental settings as those used to obtain the simulation results shown in figure 5.4: the
acceleration voltage was set to 5000V, the pulse voltage was 470V, the switch time was
set to 370ns, and the einzel lens voltage was set to 2100V

Exalite 384 (498.33 Da); BBQ (674.50 Da); Exalite428 (1010.7 Da). The masses stated
with each of these dyes are now their mono-isotopic masses (i.e. only the mass of the
most abundant isotope rather than an average over all masses). This added precision
is necessary when compared to the nominal masses used in the previous chapter, as the
expected resolution of this new instrument was much improved over the former.

The instrument was run with the voltages and switch time used in the simulation: an
acceleration voltage of 5000V, a pulse voltage of 470V, a switch time of 370 ns, and an
einzel lens voltage of 2100 V. The power of the N, laser was increased to the minimum
power necessary to acquire a reliable signal. The fluence required for this ranged from
5-25mJ/cm?.

The resulting time-of-flight spectra are presented in figure5.5. In all four of the plots
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Figure 5.6: Two plots showing time-of-flight spectra obtained with the LT2 Plus and the
electron multiplier detector. Both plots were obtained from the same sample of Exalite 428
but they were recorded at different locations on the sample and with different laser fluences.

there is a definitive resolution of the separate isotopes of each species. Figure5.5a) shows
the time-of-flight spectrum of Crystal Violet. The most intense peak is observed at 21.62 s
and has a width (full width at half maximum) of 4.5ns. These peaks have considerably
more Gaussian form than those observed in the previous chapter when using the MCP-
P47 detector. Whereas that previous detector had a long tail (more than 100 ns — much
longer than the rise time of 1-2ns) resulting from the exponential decay of the scintillating
screen, the electron multiplier is specified to have a response time of less than 2ns with a
Gaussian shape (i.e. the rise time of the detector is comparable to its decay time).

The Exalite 384 peak, shown in figure5.5b), is observed at 24.98 us and has a width of
3.3 ns; and the BBQ peak, shown in figure 5.5 ¢), is observed at 29.01 us and has a width
of 3.2ns. The peaks presented in these two figures are very similar to those shown in the
previous figure also having a predominantly Gaussian form.

The final plot in figure 5.5 d) shows the peaks of the Exalite 428 isotopes. This molecule
has a mass greater than 1000 Da which, according to the simulated mass resolutions shown
in figure 5.4 a), is at the extremity of the instruments range to resolve isotope peaks. This is
reflected in the spectrum which shows four peaks that are far less well resolved. The most
intense of these peaks occurs at 35.46 us and has an estimated width of 14 ns, although
fitting such poorly resolved peaks is far less reliable than fitting those that are completely

separated from one another.
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Figure5.5d) also highlights an additional complication that arises from the increased
mass resolution obtainable with the new instrument: the velocity spread from the sample
ablation is at this point comparable as a limiting factor in the mass resolution of the
experiment. An excessive laser fluence can impart additional, unwanted, kinetic energy
to the analyte ions ablated from the sample surface resulting in a broader distribution of
velocities. This increases the chromatic blurring in the mass spectrum leading to less well
resolved peaks. This will also be seen as blurring in the ion images.

Figure 5.6 shows two mass spectra of the Exalite 428 species. Both were obtained under
the same experimental conditions as the spectra shown in figure 5.5 except that they were
obtained from different areas of the sample, and were obtained with different laser powers.
The resolution shown in figure 5.6 a) is below the limit for observing separate isotopes and
so only a single peak is observed. The peaks appear to have a slow decay time which is
observed due to the progression of isotopes each at a unit higher mass and with a lower
abundance than the previous peaks!. Figure5.6b) shows a well resolved spectrum where

each peak is easily identifiable.

5.2.1 Calibration

With time-of-flight spectra having been recorded for the four dyes, a calibration function
was applied. This function relates the time-of-flight of an ion to its mass to charge ratio,
m/z. For both the laser desorption ionisation method used for the dye molecules, as
well as matrix assisted ablation, it can be assumed that only singly charged species are
produced in any great abundance. This means that the m/z of an analyte ion can be
cautiously assumed be equal to the mass number of the precursor molecule. This means
that the calibration function now directly relates the time-of-flight of an ion to its mass,
greatly simplifying chemical identification.

In its simplest, first order, form the arrival time of ions in a time-of-flight mass spec-

trometer can be assumed to be proportional to the square root of m/z, as was described

Tt is worth noting that this isotope progression may have had some influence on the exponential
decays calculated in the previous chapter; although, without the resolving power to corroborate this the
two contributions cannot be separated.
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Figure 5.7: A graph of the arrival times, obtained by experiment with the LT2 Plus and
the original electron multiplier, for the four dye species plotted against the square root of
their mass to charge ratios. A linear fit of the data is shown in red, and the result of this
fit gives the calibration of the instrument.

in chapter 1. With a delayed extraction pulsing technique such as the one used in the L'T2

Plus, it can also be assumed that there will be some offset so that the time of flight is

tror :A,/%+(J, (5.1)

where A and C' are parameters dependent on the design and use of the instrument. This

approximated to,

equation assumes that ablated ions are accelerated fully to their final velocity in a negligi-
bly short amount of time, so that the entire flight time can be approximated to the ions’
transition through the field-free flight tube.

Figure 5.7 shows the first order calibration obtained from the time-of-flight data ac-
quired with the dye species. The arrival time for each dye was measured several times
and the averages are shown here. The values for the m/z were taken as the mono-isotopic
masses of each species, assuming that they were each ablated into a singly charged state.
The red line is a linear fit of their respective arrival times plotted against the square root

of their mass to charge ratios and is found to have a slope of 1.11 us and an intercept
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Figure 5.8: A mass spectrum of the PEG polymer obtained experimentally using the
LT?2 Plus with its original electron multiplier detector. The acceleration voltage was set
to 5000V, the pulse voltage was 470V, the switch time was 370ns, and the einzel lens
voltage was 2100V.

located at 0.269 us.

This calibration is therefore valid for the experimental conditions that were used to
acquire the time-of-flight data. Although the equation used assumes that only the final
acceleration voltage and the total flight length are relevant in calculating the arrival time
of an ion, the other parameters (pulse voltage, and einzel lens voltage) will have some
effect on the calibration, so that it must be recalculated after any changes to these volt-
ages. Similarly, the delayed switch time will have a direct effect on the intercept of the

calibration.
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m/z for mono-isotopic PEG species: CH4;(OC,H,),OH
n +H* +Na* +K*
8 385.46 407.44 423.55
11 017.62 539.60 5955.71
14 649.77 671.75 687.86

Table 5.1: A selection of calculated m/z values for various lengths of the mono-isotopic
PEG molecule in their three expected adduct ion forms.

5.2.2 MALDI Data

As the SIMION simulations in section 5.1 were conducted with an ion definition based on
the MALDI ionisation mechanism, an experiment was performed to obtain a MALDI data
set for fair comparison with those simulation. A polymer, poly(ethylene glycol) methyl
ether (PEG — CH4(OC,H,),OH), was chosen as the analyte. The polymer was chosen
for its progression of masses, separated by 44.03 Da, centred around an average mass of
550 Da.

The MALDI matrix a-cyano-hydroxycinnaminic acid (CHCA) was used to facilitate
the ionisation of the PEG. A solution of CHCA (8 mg/ml in 50% MeOH and 0.12% TFA)
was produced, and 2 ul of PEG were added to 10ml of this CHCA solution. This was
then applied directly to a sample plate via the dried droplet method. Figure5.8 shows a
calibrated mass spectrum of the PEG sample analysed under the same conditions as were
used above. The progression of the polymer peaks is immediately apparent with the most
abundant peaks appearing close to the expected 550 Da. There are also a number of less
intense peaks that accompany the progression of the polymer peaks. As expected, all of
the peaks observed occur below m/z = 1000.

The MALDI process can produce adduct ions with either H", Na™, or K™ as the
partner cation. Taking this into account, and with knowledge of the structure of the PEG
polymer it is possible to calculate the different possible m/z ratios that should be observed
in the mass spectrum. The polymer masses presented in table5.1 all fall directly within
the range of the observed polymer peak progression in figure5.8.

Figure 5.9 shows four plots detailing expanded regions of the full mass spectrum pre-

sented in figure5.8. The first three plots, figures5.9a),b), and ¢), focus on the isotope
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Figure 5.9: Four plots showing expanded regions of the mass spectrum shown in figure 5.8,
obtained experimentally with the LT2 Plus and the electron multiplier. The first three plots
show the isotope peaks of the sodium adduct of the PEG polymer with chain lengths of a)
8, b) 11, and c) 14 units. Figured) shows both the sodium and potassium adducts of the

11 unit long polymer.

progressions of sequential polymer peaks. The final plot also shows one of the less intense
regular peaks.

The major peak in figure5.9a) is observed at m/z = 407.32 with a peak width of
0.17. The m/z is very close to that expected for the sodium adduct of the eight unit long
polymer [CH4(OC,H,)sOH+Na|* which, from table5.1, has m.z = 407.44 (an accuracy of
approximately 300 ppm). This implies that sodium adducts are the most abundant. The
peak width can be used to arrive at a mass resolution for the species of m/Am =~ 2400.

The next two plots, figures5.9b) and c), also appear to fit closely with the expected
m/z values for sodium adduct ions formed with PEG molecules of eleven and fourteen

units respectively. The most intense peak in figure 5.9 b) is found to have a m/z = 539.55



Increased Resolutions: PImMS and the LT2 Plus 123

7000 a) _ 4 7000 - b) ,
1 e Experimental Data I I e Experimental Data
L 4 Simulation I 7 4 Simulation
6000 o +1.5ns 1 6000 4 o +1.5ns T
J s } ] ] J
5000 - 5000 -
X Py
g £ o
4000 — 4000 B
< £ <
~ i 1= 4
= o g z
3000 o & — 3000 3 o 1
1 ° sz T T g [
2000 a s 3 4 2000 - < Sra |
o3 & ©
I LN B T,
& &
1000 és%f Sos, 4 10004 48T S aa,,
0 T T T T T T T T T T T T 0 T T T T T T T T T T T T
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
m/z m/z

Figure 5.10: Two comparisons between the mass resolutions obtained by experiment with
the LT2 Plus and the electron multiplier, of the PEG polymer (blue points with error bars
of one standard deviation), compared with mass resolutions found through SIMION sim-
ulation (black triangles). Figurea) shows the original simulations as presented previously
in this chapter, whilst figure b) shows the result of new simulations obtained with a shorter
switch time of 340ns. Both plots also show (in red) the result of the convolution of the
simulated mass resolutions with a Gaussian response function (1.5ns — FWHM).

(accurate to within 90 ppm) and a width of 0.23 leading to a mass resolution of m/Am =
2350. The subsequent peak, shown in figure5.9¢) is found to have a m/z = 671.78
(accurate to within 45ppm) and a width of 0.48 leading to a rather lower resolution of
m/Am = 1400.

The final plot, shown in figure 5.9 d), again shows the peak corresponding to the sodium
adduct ion with an eleven unit long PEG polymer. It also shows the subsequent progression
of isotope peaks which appear at m/z = 555.31 (accurate to within 720 ppm). These peaks
can therefore be attributed to the potassium adduct ion. This explains the observation
of the regularly spaced, although less intense, peaks following each polymer peak in the
mass spectrum.

The accuracy of the experimentally observed positions for each of the mass peaks
in the mass spectrum, compared with literature values, validates the calibration of the
instrument.

A plot of the experimentally obtained mass resolutions, as a function of mass, is shown

in figure 5.10 a). The experimental data were recorded across a number of different samples,
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and averaged. They are represented by the blue points with error bars that encompassing
one standard deviation of the data from the mean. The simulation data, first presented
in figure5.4 a), is also plotted as the black triangles.

There is a marked disparity between the experimental and the raw simulated mass
resolutions. As was the case in the previous chapter, there will be some response time
affecting the experimentally obtained data which was not included in the simulation.
Here, a fast electron multiplier was used, so the convolution of an exponential decay to
the “true” ion signal is not valid. Instead, the response function can be assumed to have
a more Gaussian form. This response function can be simply added to the results of the
simulation by using the fact that the convolution of two Gaussian functions with standard

deviations, o, and oy, is given by a third Gaussian function with a standard devation,

oc =02+ ol (5.2)

By taking the width of the peak found by simulation, and applying a convolution of 1.5ns
(FWHM), the simulated data shown in red is obtained. This convolved simulation data
fit the magnitudes of the experimental data far more closely, and the value of 1.5ns is in
keeping with the specification of the detector which states that the response time is < 2ns

There is still an m/z offset between the peak in the mass resolutions obtained exper-
imentally and those obtained through simulation. From the simulation results shown in
figure 5.3 it is known that a change in either the pulse voltage, or the switch time, could
produce a shift in the position of the peak mass resolution. Figure5.10b) shows a plot of
the same experimental results plotted with new simulation data obtained after changing
the switch time to 340 ns.

The match between the experiment and these new simulations can be seen to be much
closer. The internal delay in the switch time pulsing of the LT2 Plus was specified as being
200ns, although after testing it was found to be closer to 170ns. This would support the

hypothesis that the offset between the experiment and simulation was due to the switch
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time of the ion optics, but it should be kept in mind that, as was discussed in chapter 3,

absolute values obtained with SIMION should be regarded with caution.

5.3 Spatial Imaging

Having tested the mass resolution obtainable with the instrument, further modifications
were made to enable spatial images to be acquired. The electron multiplier was removed,
and replaced with an MCP detector and a scintillating screen with a diameter of 25 mm.
The screen was composed of BC-408, a plastic scintillating material with a response time
of around 4ns [174]. With the image magnification factor of the instrument expected to
be approximately 25, this would restrict the field-of-view of the detector to cover an area
with a diameter of 1 mm on the sample plate.

The emission output intensity of BC-408 is estimated at being less than half of that of
P47 so the intensified CCD camera was used for these initial spatial resolution experiments
[46]. The CCD camera (Photonic Science [175]) was mounted above the detector and the
BC-408 layer was brought into focus. A PMT (1P28, RCA [176]) was mounted alongside
the camera so that the intensifier could be adjusted to overlap with the analyte mass
peaks. The response time of the PMT is specified to be between 2—4 ns.

An Exalite 384 solution prepared to the same concentration as previously (1 mg/ml in
99% MeOH), was applied directly to a nickel mesh (33.5 um wire diameter; 317.5 pm pitch)
by the dried droplet method. This mesh was then attached, flush, to an ITO coated glass
slide, and was secured using Kapton tape. The slide was then inserted into the modified
sample holder (shown in chapter 2), and electrical connectivity between the ITO coating
and the sample holder was ensured by bridging a short length of copper between the two.

The instrument was set to the same parameters as were used in the previous section,
taking into account the shorter internal trigger delay of 170 ns. Although the field-of-view
covered by the ion image was roughly 1 mm, the diameter of the laser spot was only 400 um
so in order to build up a full image of the sample surface the laser position was manually

adjusted. This was achieved using two screws to alter the alignment of the fibre optic
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Figure 5.11: An ion image of the Exalite 38/ coated nickel mesh (33.5um wire diameter;
317.5 um pitch), obtained with the LT2 Plus and a CCD camera, alongside a line profile
taken from across the image. The data were obtained with an acceleration voltage of
5000V, a pulse voltage of 570V, a switch time of 370ns, and an einzel lens voltage of
2100V.

where it was coupled to the instrument.

The voltages on the detector were increased up to a point where ion events could be
observed. With 1.6kV across the dual MCP stack (800V across each plate), and 4.6 kV
on the face of the scintillating screen (giving a potential difference of 3kV from the back
of the MCP stack) a strong signal was observed albeit without any resolvable image.

By adjusting the pulse voltage of the instrument a spatial focus was obtained. Fig-
ure5.11a) shows an example ion image obtained of the Exalite 384 coated nickel mesh
obtained with a pulse voltage of 570 V. The rest of the instrument parameters were kept
consistent with the previous experiments (acceleration voltage 5000V, switch time 370 ns,
and einzel lens voltage 2100 V). The magnification factor of the image is found to be 28
leading to a field-of-view of 900 pm across the sample. This factor is larger than the value
of 25 found by simulation.

Figure 5.11 b) shows a line profile taken across the image. It shows a strong signal level
compared with the background of the image. The pitch of the peaks is approximately
75 Px which, taking the 317.5 um pitch of the nickel mesh, gives a ratio of 4.2 um/Px. By
measuring the rising edge of each peak between 20-80% a spatial resolution of 23 pym is

found for the image.
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Figure 5.12: Comparisons between the spatial resolutions obtained by experiment and
simulation. Figure a) shows the results obtained by experiment (blue circles) and the sim-
ulated resolutions using the simulation definitions defined previously (shown by the open
triangles). Fach experimental data point was obtained over multiple acquisitions and the
rising and falling edges, from 20-80%, were measured and averaged. The error bars repre-
sent two standard deviations from the mean value. Figureb) shows the same experimental
data (again represented by the blue circles) this time compared to simulated spatial reso-
lutions where the angular distribution of the ions’ initial velocities has a FWHM of 10°,
30°, and 50° (marked by the open squares, red triangles, and green triangles respectively).

The experiment was repeated several times with varying pulse voltages. For each
experiment the ion image was analysed and the rising and falling edges of each image
were measured to obtain the plot of spatial resolutions shown in blue in figure5.12a).
The figure also includes the simulated spatial resolutions, marked by the black triangles,
as a comparison. The most striking contrast between the experimental and simulated
resolutions is the offset in the pulse voltage needed to obtain the optimum resolution:
experimentally the optimum resolution is found with a pulse voltage of 570 V compared to
the simulated value of 470 V. The best spatial resolution found by experiment was 23 pm
where as the predicted optimum value was 11 um. The form of these two curves is also
different in as much as the spatial resolution increases far more rapidly, with a variation
in the pulse voltage, in the simulation than is observed in the experiment.

Although the offset in the voltage needed for optimum spatial focussing differs by
almost 100V, this is not surprising. There are a couple of areas of uncertainty that may

cause this to be the case. First and foremost amongst these is the fact that the voltage is
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set through the internal software of the LT2 Plus, which then sends a 0-10V level to the
power supply. There is therefore a level of calibration needed which could be incorrect.
Further to this, the spatial focussing in the simulation will be far more sensitive to small
errors in the SIMION model of the ion optics than the mass resolution: to a first order
approximation, the lensing of the ion optics does not affect the mass focussing of the
experiment.

Even with these caveats, the trend observed in the spatial resolution obtained by
experiment is different to that obtained by simulation. The simulation should, at the
very least, be able to predict these trends, but it can be seen from figure5.12a) that
the experimentally observed spatial resolution is far less affected by a variation in the
pulse voltage than the simulated resolution. Figure5.12b) offers an explanation for this
inconsistency by plotting the experimentally obtained spatial resolutions (marked by the
blue circles) alongside resolutions obtained by simulation where the angular distribution
of the ions’ initial velocity distribution has been changed. The FWHM of the distributions
is changed to 10°, 30°, and 50° in the data shown in black, red, and green respectively. It
can be seen that with less angular spread the spatial resolution becomes less dependent
on the pulse voltage. This does imply that the actual angular spread in the initial velocity
distribution of the ions is much less than has been used in the simulation. As the values
used in the simulation were chosen to represent an upper limit, taken from values found
in the literature, it is unsurprising that this discrepancy has been found.

Although the definitions used in the simulation could be adjusted in an attempt to
reflect this, it is known that the angular distribution of ion velocities does depend on the
analyte being studied [129]. The precision of the simulation could also be brought into
question with respect to, for example, modelling ion optic electrode apertures on a grid of
square pixels. In the end it has to be accepted that although SIMION is a powerful tool
for predicting the performance of ion optic assemblies, there are limitations to its direct
comparison to experiment.

Despite the differences between the spatial resolutions obtained by experiment and

simulation, there is a qualitative agreement between the two. A spatial focus is found by



Increased Resolutions: PImMS and the LT2 Plus 129

altering the pulse voltage and the optimum spatial resolution is found at approximately
20 pm. Although this discrepancy highlights a need for a better understanding of the
ablation dynamics it does not undermine the validity of the instrument. It has therefore
been shown that a commercially built, linear, time-of-flight mass spectrometer, like the

LT2 Plus, can be used for microscope-mode imaging.

5.4 Results with the PImMS1 Camera

With the instrument providing a spatially resolved image, the CCD camera was replaced
by a PImMS1 camera. The lens used with the PImMS1 camera (Navitar, DO-5095 [177])
was designed for larger fields-of-view to be used in conjunction with 40 mm or 75 mm
diameter detectors, and has a minimum focal distance of 60 mm. By inserting a 10 mm
spacer between the lens and the PImMS sensor, the camera’s field-of-view was reduced
to 25 mm. This also resulted in a reduction in the minimum focal distance of the camera
allowing it to be mounted 20-25cm from the detector. This reduced distance allowed the
lens to collect an increased fraction of the light produced by the scintillating screen.

As the PImMS1 camera does not have an image intensifier, it was necessary to increase
the voltages applied to the detector in order to increase the detector gain. The voltage
applied across the MCPs was kept at 1.6kV but in order to observe signal the voltage
applied to the scintillating layer had to be increased from 4.6kV to 5.2kV — a potential
difference of 3.6kV between the back face of the MCPs and the screen. A number of
experiments were conducted with various voltages applied to the scintillating screen of the
detector. A solution of Exalite 384 was applied to an ITO coated glass slide which was
then inserted into a modified sample holder.

Figure5.13a) shows a plot of the cluster size frequency observed with the PImMS1
camera and the MCP detector. For each data set the voltage applied across the MCP was
held at 1.6 kV but the voltage applied to the scintillating screen was altered from 5.2kV to
5.4kV, 5.5kV, and 5.6 kV sequentially. As the PImMS1 camera converts analogue image

data to a digital list of events, the cluster size frequency plot can be used as a surrogate
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Figure 5.13: Two plots showing the effect of increasing the voltage applied to the scintil-
lating screen. Figure a) shows the cluster size frequency plots observed for data, obtained
using the modified LT2 Plus and the PImMS1 camera, imaging a surface sample of Fx-
alite 384. The data were acquired with scintillating voltages of 5.2kV, 5.4 kV, 5.5kV, and
5.0kV (shown in black, red, blue, and pink respectively). Figureb) shows the variation in
the width of the Exalite 384 mass peak (in time bins of 25ns) as a function of the voltage.
The error bars represent the standard error of the measurements.

to understand the level of signal observed. The overall progression is the same for all four
voltages with the majority of events occurring as clusters of only a single pixel, and the
frequency of larger cluster sizes rapidly dropping off; however, as the detector voltage is
increased, the proportion of larger cluster sizes also increases. As well as increasing the
number of observed ion events, an increase in the frequency of larger cluster size events
also improves the performance of the centroiding algorithm (as is explained in chapter 2).
This allows for a better quality of PImMS data to be obtained.

Although, the quality of the data is improved, it is expected that an increase in the
voltages applied to the detector should increase its response time leading to a worse resolv-
ing power. This is due to the increase in the charge repulsions in the expanding cloud of
electrons that are accelerated from the back of the MCP stack to the scintillating screen.
Figure 5.13b) shows a plot of the Exalite 384 mass peak width as a function of the voltage
applied to the scintillating screen of the detector, where the widths are measured in time
bins (of 25ns). This upward trend supports the idea that the increased detector gain has

the unwanted effect of reducing the overall time resolution of the instrument.
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Figure 5.14: A comparison of the time-of-flight spectra for the Exalite 384 parent ion peak,
obtained using both the PImMS camera with a timing precision of 12.5ns (represented by
the columns), and the PMT (represented by the blue line). The data were obtained with
an acceleration voltage of 5000V, a pulse voltage of 500V, a switch time of 370ns, and
an einzel lens voltage of 2100 V. The voltage applied across the dual MCP stack was set
to 1.6kV.

Figure 5.14 shows the time-of-flight spectrum of the Exalite 384 parent ion obtained
with both the PImMS camera (represented by the columns with widths of 12.5ns) and
the PMT (represented by the blue line). The data were acquired with an acceleration
voltage of 5000V, a pulse voltage of 500V, a switch time of 370ns, and an einzel lens
voltage of 2100 V.

As would be expected, the data acquired with the PMT show a marked reduction in
resolution when compared with that acquired with the electron multiplier. The combined
response time of the BC-408 screen (= 4ns) and the PMT (& 3ns) can be estimated at
5ns, which is considerably longer than the 1.5ns observed for the electron multiplier. It
is also comparable to the separation of the isotope peaks which, as can be observed in

figure 5.14, is less than 25ns.
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Although the BC-408 scintillating material will have a decay lifetime similar in form
to that observed with the P47 screen from the previous chapter, the decay time is now
comparable to the rise time of the response function. This means that the convolution
fitting method used in the previous chapter is no longer valid; however, the rise time and
decay time of the scintillating material are also not equal so a simple Gaussian fit would
not be valid either. Instead, a bi-Gaussian function? was used to fit the peaks. Using
this, the peak width is found to be 16.9ns leading to an approximate mass resolution of
m/Am ~ 820.

The peak observed in the PImMS spectrum does not show the presence of multiple
isotope peaks. The time bin width (12.5ns) is comparable to the peak separation so that
resolving the separate peaks is not possible. This leaves the full peak width (containing
all of the isotope peaks) at 45.6 ns, corresponding to a mass resolution of m/Am = 300.

This does not meet the target of isotope resolution (Am < 1).

5.4.1 A Reduced Acceleration Regime

The experimental results that were presented in the previous section show that despite
having optimised the ion optics of the LT2 Plus to achieve mass resolutions in excess of
m/Am = 6000, the resolving power of the modified instrument are found to be a far more
modest 820 with the PMT, and only 300 with the PImMS camera. This is due to the
response time of the detector and the method of acquiring the signal. In order to reduce
the impact of this response time on the observed signal, the response time of the detection
assembly must be reduced relative to the separation of the ion peaks. By increasing the
time-of-flight for all ions, the time between subsequent peaks will also be increased, and
so the response time of the detector will be reduced (in a relative sense).

To a first order, the arrival time of an ion in a time-of-flight mass spectrometer is

proportional to the length of the field-free drift tube, L, and is inversely proportional to

2A bi-Gaussian function is similar to a Gaussian function except that the width of the peak differs
either side of its centre. The fitting of these peaks was achieved using OriginPro 2015 [178]
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Figure 5.15: Two plots of simulation data pertaining to the separation, in arrival time,
of the different isotopes of species with m/z < 800. Figurea) shows the peak-to-peak
separation (black diamonds), the peak width (red circles), and the edge-to-edge separation
(blue triangles) of species with 1 Da mass difference. These simulations were run with
an acceleration voltage of 2000V. Figureb) shows the edge-to-edge separation at different
acceleration voltages. Both figures also show the width of one, two, and three PImMS1
time bins for reference.

the square root of the total accelerating voltage applied to the ion optics, Vi, such that:

L
lrop X ——==. (5.3)

VVa

In an effort to minimise the modifications that must be made to the commercial instru-
ment, and to avoid increasing the footprint of the instrument, simulations were performed
to ascertain the improvement in the peak separation obtained from reducing the acceler-
ation voltage of the instrument.

It is important to note that the detection efficiency of MCP detectors is known to
reduce with a reduced acceleration voltage, but that this is most pronounced for larger
molecules (hundreds of kDa) [179]. As the instrument was designed with small molecules
(<1kDa) as the target analyte, this was not considered a detrimental effect.

Figure5.15 a) shows data obtained from simulations conducted of the LT2 Plus with an
acceleration voltage of 2000 V. The pulse voltage was reduced to 230 V, the switch time was
kept at 370 ns, and the einzel lens voltage was reduced to 1120 V. These parameters were

chosen, as before, to optimise the spatial resolution, whilst also endeavouring to maintain
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the best overlap between the mass ranges for the spatial and mass resolving powers. Three
trends are presented as a function of the analyte ion mass: the peak-to-peak separation of
species isotopes; the peak width; and the edge-to-edge displacement — that is, the time
between 50% of the falling edge of the peak for one ion species, and 50% of the rising edge
of a subsequent peak for an ion 1 Da larger. The edge-to-edge measurement is important
as, for two peaks to be observed in a binned data set, there must, at the very least, be a
whole time bin between them that is populated to a lesser extent than both of the peaks
themselves.

The aforementioned trends are plotted alongside three horizontal lines which represent
the width of one, two, and three PImMS1 time bins (assuming a 12.5ns timing precision
— 12.5, 25.0, and 37.5ns respectively).

The peak-to-peak separation is marked by the black diamonds. It can be seen that
the arrival time of ions within the mass spectrometer are bunched together as the m/z of
those ions is increased. This would be expected as, using the simple calibration function

in equation (5.1), the peak-to-peak separation, Atp, is given by,

so=a(Zo1- ) -

The peak widths are shown in red, and can be seen to be comparable to the width of
a single 12.5ns time bin. The smallest peak width is observed for ions with a m/z = 450.

The edge-to-edge separation of the peaks, shown in blue, is calculated using the ap-
proximation that the widths of two adjacent peaks, with a difference of A(m/z) =1, are
almost equivalent. It follows from this that the edge-to-edge separation can be found from
the difference between the peak-to-peak separation and the peak width. The trend shows
that, for an acceleration voltage of 2000V, all species with m/z < 700 should arrive with
at least a single time bin separating there constituent isotopes.

Figure5.15b) shows the simulated edge-to-edge separation of species for a range of
acceleration voltages. Again, each parameter was chosen to optimise the spatial resolution,

whilst also endeavouring to maintain the best overlap between the mass ranges for the
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Figure 5.16: Plots showing a) the mass resolutions, and b) the spatial resolutions obtained
by simulation with the reduced acceleration regime: acceleration voltage of 2000V, a pulse
voltage of 2530V, a switch time of 370ns, and an einzel lens voltage of 1120 V. In both
figures the black triangles represent the simulated mass resolutions. In figure a) the red
diamonds represent the mass resolution convolved with a 5ns response time, and the dashed
line represents the resolution needed to separate peaks with A(m/z) = 1.

spatial and mass resolving powers. None of these acceleration voltages are capable of
separating sequential isotope peaks for species with m/z > 800 by more than a single
time bin. This is because of the interplay between the peak-to-peak separation and the
peak width: lowering the acceleration voltage increases the peak-to-peak separation; but
it simultaneously increases the peak width as the chromatic blurring of the ions becomes
more relevant.

The contributions of the peak-to-peak separation and the peak width can clearly be
seen. With an acceleration voltage of 5000V the range across which the edge-to-edge
separation is greater than one time bin extends almost all the way to m/z = 800, but
the majority of this range is separated by less than two time bins; whereas, with an
acceleration voltage of 1000V the range encompassed by an edge-to-edge separation of
more than one time bin is reduced to almost m/z < 650, but the majority of this range
has a separation greater than two time bins.

Between these two extremes there is a compromise. At an acceleration voltage of
2000V a range of m/z < 700 is accessible over which species are separated from their

isotopes by more than one time bin’s width, and the majority are separated by more
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than two time bins’ width. Figure5.16 shows the simulated mass and spatial resolutions
predicted with an acceleration voltage of 2000V, a pulse voltage of 230V, a switch time
of 370 ns, and an einzel voltage of 1120 V.

In figure5.16a) it can be seen that the mass resolutions are lower than was previ-
ously observed at the higher acceleration voltage. The mass range has been reduced from
m/z < 1000 to m/z < 800; however, with the PImMS1 bin widths these higher masses
could not be resolved anyway. Similarly, the spatial resolutions shown in figure5.16 b) are
not as good as before, with an optimum spatial resolution of approximately 15pum. A
spatial resolution of 50 yum or better is observed across the range 200 < m/z < 800. The
magnification factor for these parameters was found to have reduced, from that found at a
higher acceleration voltage, to approximately 21. With the 25 mm detector diameter this

corresponds to a field-of-view on the sample of approximately 1.2 mm.

5.4.2 Achieving a Higher Mass Resolution

In order to test this new reduced acceleration regime, an experiment was conducted to
compare the spatial resolution of the instrument with that predicted by simulation. A
sample of Crystal Violet (1mg/ml in 99% MeOH) was sprayed onto an ITO coated glass
slide through a nickel mesh (with a pitch of 317.5 ym, and a wire width of 33.5 ym). This
was then inserted into the modified sample plate whilst a length of copper wire was used
to ensure electrical connectivity with the glass slide.

The parameters of the LT2 Plus were set, according to the simulations, with an accel-
eration voltage of 2000V, a pulse voltage of 230 V, and a switch time of 370 ns. The einzel
lens voltage was then adjusted until a spatial image was observed. As before, the voltage
predicted by the SIMION simulations did not sufficiently resolve the image. However, by
reducing the einzel lens voltage, an image was obtained.

Figure 5.17 a) shows an image obtained with the einzel lens voltage set to 990 V. In order
for the image to be observed the spatial resolution of the instrument must be better than
33.5 pm: the width of the nickel mesh. The PImMS1 data set was centroided although only

clusters of one pixel were discarded so that there were enough events retained to produce
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Figure 5.17: Two figures relating to spatial resolution obtained with the LT2 Plus and the
PImMS1 camera. Figurea) shows an experimental ion image, obtained with the PImMS1
camera, of a grid pattern of Crystal Violet. The image was obtained using the reduced
acceleration voltages of 2000V with a pulse voltage of 230V, a switch time of 370ns, and
an einzel lens voltage of 990 V. Figure b) shows a plot of a line profile taken across the ion
image.

a smooth image. A resolution was obtained from the image by measuring the rising edge
(from 20-80%) of features taken from line profiles taken across the image. One of these
line profiles is shown in figure5.17b). It encompasses the width of three squares of the
grid pattern produced by the nickel mesh. The pitch of the image, averaged across three
different line profiles, was found to be 23 Px, corresponding to a pixel ratio of 13.8 um/Px.
This leads to a spatial resolution of approximately 27.2 ym.

Figure 5.18 shows the variation of the spatial resolution as a function of the voltage
applied to the einzel lens. Images were only resolvable between the voltages of 960-
1010 V. Outside of these voltages the resolution must be comparable, or worse, than the
wire width of the nickel mesh so that it is not possible to obtain a spatial resolution.
For the images that can be resolved there is a large variation in the calculated spatial
resolutions so that there is no observable trend in the resolution; however, the absolute
value of the spatial resolutions is found to be between 20-25pum. This matches closely

with the optimum simulated value of 19 yum. The magnification of the image is found to be
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Figure 5.18: A plot of spatial resolutions, obtained with the LT2 Plus and the PImMS1
camera, as a function of the voltage applied to the einzel lens (shown in blue with error
bars of one standard deviation). Simulated data is presented alongside for comparison
(represented by the open triangles).

28.7 which is much larger than that predicted by simulation and results in a field-of-view
of approximately 870 um (in diameter).

A further experiment was conducted to investigate whether the mass resolutions, ob-
tained with the reduced acceleration voltage, were improved over that observed previously.
Four different dye samples (Auramine O, Crystal Violet, Exalite 384, and Exalite 404) were
sprayed onto separate ITO coated glass slides and inserted into the spectrometer. The
acceleration voltage was set to 2000 V, the pulse voltage was set to 230V, the switch time
was set to 370ns, and the einzel lens voltage was set to 995 V.

Using the results obtained from analysing these dyes peaks, a calibration was found for
these new instrument parameters. Two of the mass spectra, obtained with the PImMS1
camera, of these dyes are shown in figure5.19. Figure5.19a) shows the ion peaks for the
Crystal Violet sample, and figure5.19b) shows the ion peaks of the Exalite 384 sample.

For both of these figures the PImMS1 data has been centroided discarding any data from
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Figure 5.19: Two plots of the mass spectra of a) Crystal Violet, and b) Ezalite 384,
obtained with the PImMS1 camera. The data were obtained using the reduced acceleration
voltage of 2000V, a pulse voltage of 230V, a switch time of 370ns and an einzel lens
voltage of 995V. A woltage of 1.8kV was set across the MCP stack, and a voltage of
6.2kV was applied to the scintillating screen. Both mass spectra have been fit with a
Gaussian function across each peak for the various isotopes: the blue line represents the
fit for each individual peak; and the red peak represents the sum of these individual fits.

clusters of less than seven pixels. It can be seen from both of these plots that the separate
peaks for the different isotopes of the species can be resolved. A Gaussian function was
used to fit the mass peaks and this is shown in the plots as the blue lines. These individual
fits are summed and shown in the plots as the red lines.

Figure5.19a), the peaks of the Crystal Violet sample, shows the major peak at m/z =
372.25 (compared to the literature value of m/z = 372.24). The width of the peak is 0.62
leading to a mass resolution of m/Am =~ 600. It can be seen that there are at least two
time bins between the peaks of the two isotopes which agrees with the predictions from
the edge-to-edge separation simulations presented earlier in this section.

Figure5.19b) shows the ion peaks for the Exalite 384 sample. The major peak is
observed at m/z = 498.36 (compared to the literature value of m/z = 498.73). The width
of the peak is found to be 0.53 leading to a mass resolution of m/Am = 940. The peaks
in the data are more pronounced that those observed in figure5.19a). This is due to
the alignment of the peaks in the time-of-flight spectrum with the PImMS1 time bins,
as a better alignment will result in a more pronounced separation between the sequential

peaks.
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Figure 5.20: A plot of the mass resolutions of the dye samples, obtained experimentally
with both the PImMS1 camera (in blue) and the PMT (in green), as a function of the m/z
of the species. The data are plotted alongside the mass resolutions predicted by simulation
(represented by the black squares, and with a 5ns convolution by the red diamonds). The
limit for an isotopic mass resolution is shown by the dashed line.

Figure 5.20 shows the mass resolutions observed for the dye peaks, obtained with both
the PImMS1 camera (in blue) as well as the PMT (in green). The experimental data
is plotted alongside those values predicted by simulation: the black triangles show the
simulated values, and the red diamonds show the simulated values convolved with a 5ns
response function.

As would be expected the resolutions obtained with the PMT are better than those
obtained with the PImMS1 camera. The 5ns convolution to the simulated mass resolutions
appears to be a good estimate as the PMT data fits closely to the simulated values. The
PImMS1 mass resolutions are consistently above the limit for isotopic resolution although

at higher m/z they come very close to this limit.
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Figure 5.21: A mass spectrum of the PEG polymer obtained using the PImMS1 camera.
The polymer was ablated using a MALDI process and the reduced acceleration wvoltages
optimised earlier in this section. Two regions of the mass spectrum have been enlarged and
are shown in the two insets within the figure. The first inset shows the mass peaks of both
the 10 unit long PEG polymer sodium adduct as well as peaks corresponding to Exalite 38/
which had contaminated the sample. The second inset shows the peaks of corresponding to
the 13 unit long PEG polymer sodium adduct. The blue fits to the peaks are Gaussian fits,
and the red profile is the sum of these Gaussian fits.

Although these data seem close to that which would be expected from the simulations,
the ion definitions in the simulation assume that the analyte is ablated through a MALDI

process.

A Comparison with MALDI Data

In order to compare the simulated mass resolutions with those obtained experimentally
using the MALDI process a solution of PEG was prepared (100l in 5ml of 2.65 mg/ml
CHCA in 50% MeOH with 0.01% TFA). A few drops of this solution were applied to an
ITO coated glass slide by the dried droplet method.

The parameters of the LT2 Plus were set to those used in the previous experiment
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and a mass spectrum, shown in figure 5.21, was obtained with the PImMS1 camera, over
5000 shots. The data were centroided to the same level as was used previously (discarding
clusters of fewer than seven pixels).

The characteristic progression of polymer peaks is immediately apparent in the mass
spectrum. Two regions of the mass spectrum have been enlarged and are shown in the
insets in the figure. Inseta) shows two sets of peaks: those at lower m/z correspond to
the sodium adduct with the PEG polymer (10 units in length); whilst those at higher m/z
correspond to a contamination of Exalite 384. The major peak of the polymer adduct is
observed at m/z = 495.84 which can be compared with the literature value of m/z =
495.55 (a mass accuracy of 585 ppm). The peak width is found to be 0.77 leading to a
mass resolution of m/Am =~ 645.

Inset b) shows peaks belonging to the sodium adduct to the PEG polymer of 13 unit
length. The peak is observed at m/z = 628.09 compared with the literature value of
m/z = 627.71 (a mass accuracy of 605ppm). The width of the peak is 0.92 which leads
to a mass resolution of m/Am ~ 680.

Figure 5.22 shows the mass resolutions from the analysis of the PEG sample, obtained
with both the PImMS1 camera and with the PMT, alongside the resolutions predicted
by simulation. The experimentally obtained data represent the sodium adduct ion of
the polymer molecules between 8 and 10 units in length. As with the mass resolutions
of the dye samples, those obtained with the PMT are better than those observed with
the PImMS1 camera. The simulated resolutions are presented by the black triangles
and resolutions obtained after convolution with a 5ns response function are shown in red.
These simulated results closely match those obtained with the PMT, with mass resolutions
of m/Am =1000-1200. The PImMS1 data show mass resolutions of m/Am =500-800,
which stays consistently above the limit for isotopic resolution (marked by the dashed

line).
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Figure 5.22: A plot of the mass resolutions, obtained using the PImMS1 camera (in
blue) and a PMT (in green), of the PEG polymer sodium adduct as a function of m/z of
the species. The data are plotted alongside the mass resolutions predicted by simulation
(represented by the black squares, and with a 5ns convolution by the red diamonds). The
limit for an isotopic mass resolution is shown by the dashed line.

5.5 Multi-Mass Imaging

With the reduced acceleration voltage regime successfully allowing the PImMS1 camera
to achieve isotopic resolution with a simultaneous spatial resolution of better than 50 ym
across the range 200-700 Da, the final experiment conducted was to acquire data to com-
pare with the multi-mass imaging proof-of-concept experiment that was presented in the
previous chapter.

A final sample was prepared with both Auramine O, and Crystal Violet. The Crystal
Violet solution (0.5 mg/ml in 99% MeOH) was sprayed first onto an ITO coated glass slide

through a nickel mesh (with a pitch of 317.5 um, and a wire width of 33.5 um). This mesh
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Figure 5.23: A mass spectrum, obtained with the PImMS camera, of the dual dye sample.
The data were obtained with the reduced acceleration voltage of 2000V, a pulse voltage of
230V, a switch time of 370ns, and an einzel lens voltage of 995 V. The voltage applied
across the MCP stack was 1.8kV, whilst the voltage applied to the scintillating screen was
6.2kV. The data were obtained over 5000 laser shots taking a total of 250s. The inset

images correspond to a) the homogeneous layer of Auramine O, and b) the grid patterned
layer of Crystal Violet.

was then carefully removed and an Auramine O solution (3.3 mg/ml in 99% MeOH) was
sprayed uniformly across the surface of the same slide.

The instrument was set to the reduced acceleration voltage of 2000V, with a pulse
voltage of 230V, a switch time of 370 ns, and an einzel lens voltage of 995 V. The voltage
applied across the MCP was 1.8kV, whilst the voltage applied to the scintillating screen
was 6.2kV. In order to get a full image filling the field-of-view (870 um) the laser spot
(diameter ~ 400 pm) was swept across the image, as before.

Figure 5.23 shows the mass spectrum, obtained with the PImMS camera, of the dual
dye sample. The data has been centroided but only clusters of one pixel were discarded

so that there were enough events retained to produce smooth images. The data were
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obtained over 5000 shots (over a duration of 250s with the 20 Hz N, laser). The peaks at
lower m/z correspond to the Auramine O dye with several species that are the products
of demethylation of the precursor molecule present. Similarly, the peaks at higher m/z
correspond to Crystal Violet with some peaks at lower m/z, again due to demethylation.
Image a) shows an ion image of the homogeneous Auramine O layer obtained from the most
intense ion peak. Imageb) shows the grid structure of Crystal Violet obtained from the
molecular ion peak at m/z & 372. The resolution of this image (taking the rising edge from
20-80%) is found to be approximately 25 um with a magnification factor of approximately
29. This is in line with the spatial resolutions found earlier. After discarding any clusters
of less than seven pixels, the mass resolutions of the Auramine O and Crystal Violet peaks
are found to be m/Am = 540 and 597 respectively.

Whilst this experiment shows the same ability for an instrument with the PImMS cam-
era to acquire images of multiple species with different arrival times, the mass resolutions
obtained from these data taken with the modified T2 Plus are much improved over that
obtained from the adapted velocity-map imaging instrument. This has also been achieved

whilst maintaining a spatial resolution better than 50 ym and peaking at 20 pm.

5.6 Summary

In this chapter, a commercial, time-of-flight instrument has been modified so that it can
acquire spatially resolved mass spectra using the microscope-mode. Early experiments
showed that although the resolutions predicted by simulation were very impressive, the
detection system of the instrument was the limiting factor. The voltage scheme for the
instrument was then modified so that, although the ion optics resolution was decreased,
the effect of the response time of the detector was reduced leading to an overall increase
in the mass resolution.

This allowed for multi-mass imaging with an isotopic mass resolution, and a spatial
resolution better than 50 um, to be obtained with the PImMS1 camera, over the range

200 < m/z < 700. These results are much improved over those obtained in the previous
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chapter with the adapted velocity-map imaging experiment. The modifications necessary
to the commercial instrument were also relatively minor, with the most extensive changes
made to the detection system by replacing the electron multiplier with an MCP based
detector.

Although the experiments meet the aims set out at the beginning of this chapter, it
was the PImMS1 camera and the MCP-scintillator detector that limited the achievable
resolutions. The timing precision of the PImMS1 camera at the time of writing was
limited to a minimum of 12.5ns, which for any linear time-of-flight mass spectrometer
is comparable to the peak separation of species with A(m/z) < 1. In order to obtain
the best mass resolutions with the PImMS camera it was also necessary to discard a large
number of the smaller clusters from the data which drastically reduces signal levels. In the
next chapter, PImMS-data analysis methods will be presented which have shown promise

in alleviating some of these limitations.



Chapter 6

Pixel Camera Data Analysis

Techniques

In the preceding chapters, data obtained with the PImMS1 camera has been centroided
using the recursive searching method outlined in chapter2. It was noted that clusters
appear to be made up of events that occur in spatially adjacent pixels, but can have a
gap of up to seven time bins separating them temporally. It was also observed that the
earliest time codes in a cluster are almost always found at the spatial centre of the cluster.

In this chapter, a model will be presented which attempts to explain these simple
observations, whilst also making some predictions about the shape of clusters in (x,y, 7),

and how this might be used to improve the methods used to process PImMS data.

6.1 The Shape of a Cluster

When an ion strikes the front face of an MCP stack it causes a cascade of electrons to be
emitted. Over a dual MCP stack, operating with a gain voltage of 1.8-2.0kV, a single
incident ion can result in the emission of more than a million electrons from the back
face of the back MCP [180] These electrons are then accelerated towards a scintillating
screen. During their transit, the initial spread in the emission velocity of the electrons,
and space-charge repulsions result in the electron cloud expanding to cover some area of

the scintillating screen. Molecules within this area will then scintillate causing a flash of

147
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photons which can be imaged by a camera. The dimensions of this flash will then be
mapped onto the camera sensor covering a number of pixels. For a time-stamping camera,
such as the PImMS1 camera, each of these pixels will record an event with a spatial
coordinate, (z,y), and a time code, 7. This list of events all originate from a single ion

event with a single set of coordinates, (o, Yo, 70)-

6.1.1 The Spread in (x, y)

In acquiring the image from the scintillating screen, the camera will have a lens that
focusses incident light onto the sensor. A first approximation for the distribution of this

light across the sensor is that it can be described by a Gaussian function [160],

- e[ (£2)]. o)

where the width of the distribution, o, is identical in both the x-axis and the y-axis,
and would be dependent (at the very least) on the gain applied to the detector and the

focussing of the camera [180]. The variable, R, represents the distance (in pixels) from

the original position of the incident ion such that R = \/(z — 20)? + (y — v0)2-

In order for an event to be triggered, the light incident on a pixel must exceed a
predetermined threshold, I1,. This assumes a number of things: that the intensity of
incident light is directly proportional to the charge stored in the pixel; that the rise time
of the charge increase has no impact on whether it crosses the threshold; that each pixel
reacts identically given the same increase in charge and threshold value; and that the
absolute intensity of the flash is the only parameter that differs between different events
(for a given detector arrangement).

Accepting these assumptions and approximations, the distribution of light across a sen-
sor surface will then follow the distributions shown in figure6.1. The two curves represent
distributions at different intensities, with that in red having a higher intensity than that in
blue. These curves are plotted against the dashed line which represents the threshold level

set on the camera. The implication is that any pixel for which the intensity distribution
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Figure 6.1: Two Gaussian functions which represent the one dimensional distribution of
charge across a sensor, resulting from the response of an MCP-scintillator detector to a
single ion event. The two distributions differ in as much as the overall intensity of the
red curve, I}, is greater than that of the blue curve, Iy. The curves are plotted alongside a
threshold level, Iy, and the full widths of both curves above this threshold, Wi, and Wy
respectively, are also marked as the black bars.

is over the threshold level, will record an event. It can be seen that the number of pixels
that will go over threshold for the less intense peak, Wiy, (in blue), is less than the number
that will go over threshold for the more intense peak, Wi, (in red).

The position on the sensor, Rry, where the intensity is equal to the threshold level,

can be found by rearranging equation (6.1):

R2
Iy, = Iy.exp {— (ﬁ)] ,
In I _ % 7
[0 20'2

I
R%, = 202.1n( 0). (6.2)

In
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WTh

Figure 6.2: A plot showing the relationship between number of pixels that will go over
threshold and the amplitude of the illuminating source.

The full width of the distribution above the threshold level is then given by:

WTh = 2RTh7
1
= 204/2.In (—0> (6.3)

Ity

Figure 6.2 shows this dependence of the width above threshold on the intensity. In
practice, this offers a relationship between the number of pixels that are triggered and
the amplitude of the illuminating light source. Below the threshold value no events are
recorded, but once the threshold value is reached the number of pixels begins to increase

although the gradient of this slope reduces with increasing brightness.

6.1.2 Response Times

Although it has been assumed that the rise time of the charge increase in a pixel has no

impact on whether or not that pixel is triggered, it has not been considered how long
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Figure 6.3: A simple linear function which represents the increase in charge collected
within a single pizel for a source that emits light with a rise time, 7., with an intensity,
I(R). The threshold level of the pizel, Iy, is then reached at a time, 7q4.

this process will take. Cartiglia et al. [181] explain that the time taken (here written as
a fraction of the width of a PImMS time bin) for a pixel to go over threshold, 74, will be
related to the rise time of the light source, 7, the amplitude of the light incident on the
pixel, I(R), and the threshold level, Iy:

TrITh

(R)

T4 =

(6.4)

~

The form of equation (6.4) is shown in figure6.3. The slope of the line is defined by
the rise time of the source and the intensity of the light emitted. For a given detector
assembly, the rise time might be considered constant, but the intensity of the light emitted
will differ!. This means that by increasing the intensity the slope of the graph will also
increase, and as the threshold level is constant, this increase will result in a shorter delay

time.

For most MCP-scintillator detectors the response time of the MCPs will be much shorter (hundreds
of picoseconds) than the response time of the scintillating screen (tens to hundreds of nanoseconds).
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Figure 6.4: A plot of the time delay observed for different pizels, as a function of their
displacement from the centre of the original event. The two curves represent different
intensities of the light source, where the red line is a more intense source, and the blue
curve s less intense.

As the delay time is dependent on the absolute intensity of light falling at a given point

on the sensor, equation (6.1) can be substituted into equation (6.4) giving:

TrITh
T

17 Tp.exp [—R? /202 (6.5)

Figure 6.4 shows two different plots of the delay time observed at different displacements
from the centre of the original event. The two plots represent flashes of different brightness
from the scintillator with the plot in red being more intense than the one in blue (I} > Ip).
The plot shows the difference expected in the delay times for scintillator flashes of different
intensities. The brighter flash has a much shorter minimum delay time and a broader
overall shape leading to a larger number of pixels going over threshold.

The delay time is the difference between the original ion arrival time, 7y, and the
observed event time, 7. Using this, and resolving the distance, R, back to its relationship

between the observed pixel coordinate, (x,y), and the original position of the incident ion,
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(x0,yo) a full equation for the time delay within a pixel is found to be:

7—r-[Th
Iy exp [_ <(x*$0)22;(y*y0)2>}

T="7+ (6.6)
This equation describes the shape in, (z,y, T), of a cluster given the original coordinate,
(%0, Y0, T0), some parameters dependent on the detector assembly, (7, Iy, o), and the
intensity of the light emitted from the scintillating screen for the event in question. The
parameter 7, will depend on the scintillating material, and I, depends on the relative
threshold level set on the camera. The final variable is the intensity of the light emitted

from the scintillating screen which will vary for each event.

6.1.3 A Surrogate for the Intensity

Although the PImMS1 camera does not store the analogue information necessary to work
out the intensity of light corresponding to each cluster, equation (6.3) gives an indirect
measure of that intensity according to a measurement that is known: the number of pixels
within the cluster, V.

The number of pixels in the cluster will be proportional to the square of the width:

2 Iy
= Sko’ln (= ). (6.7)

Th

which can be rearranged to give the intensity of the flash relative to the threshold level of

Iy N
T exp {8]{:02} . (6.8)

the camera,

This equation for the intensity can then finally be substituted into equation (6.6) which is
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then rearranged:

TI'
T = ToTt 2 _
exp [8/?;2} . exXp |:— <%>:|
+ Tr

= TO ' : ’

€xp [— <(“”_$0) +(32/U—2yo) —N/4k>]

— )2 a2 N4k

R G e

Equation (6.9) should, within the breadth of the assumptions detailed earlier, describe
the three dimensional shape of a PImMS1 cluster in (x,y, 7). It requires three parameters
that depend on the detector: 7., the rise time of the signal level in time bins; o, a measure
of the spread of light over the sensor surface in pixels; and k, the geometric factor between
the diameter of the spot of light spread across the sensor and the number of pixels that
go over threshold. Finally, the equation needs the size of the cluster of events, /N, which

can easily be extracted from the data.

6.2 Attempts to Fit Clusters

The ideal case for the analysis of these event clusters, is where each cluster can be individ-
ually fit to the form of equation (6.9). This fitting, using the parameters 7. and o, would
then yield the original coordinate of the ion event.

Figure 6.5 shows a surface fit to the coordinates of an eight pixel cluster obtained with
the PImMS1 camera. The surface fit has a shape that is expected for the pixel response
for an ion event; however, the parameters that are fit are highly dubious due to the fact
that the three coordinates of the original ion event, and the three detector dependent
parameters are all unknowns. With six unknown parameters (zy, yo, 70, 7y, k, o) and only
eight data points there is no scope for a sensible or reliable fit. With such small cluster
sizes, there is no opportunity to validate the pixel response model.

It is possible instead to attempt to take an average value for the relationship between

the spatial and temporal displacement of events within clusters. Figure6.5b) shows a plot
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Figure 6.5: Two plots showing attempts to fit clusters using the full cluster model (shown
in equation (6.9) ). Figurea) shows data taken from a single cluster of eight pizels which
haven been identified as having all originated from the same ion event. The blue surface,
is an example of a fit to this cluster. Figureb) is a plot of the displacement of an event in
time bins from the first event in a cluster as a function of that event’s spatial displacement
from the centre of a cluster. The different sets of data represent different cluster sizes.

of these values for different size clusters. Here the temporal displacement is A7 = 7[i|—7[0]

and the spatial displacement has been reduced to R[i] = \/(z[i] — z0)% + (y[i] — y0)?, and

the centre of the cluster is approximated by its weighted centre of mass [79,159]:

N x[i]
D im1 AT

- (6.10)
>ict W

Ty =
The subscript 0 represents the calculated, binned centre of the cluster; whereas the square
brackets represent the index of one of the N events within that cluster. These events are
sorted so that 7[0] is the first time code of that cluster.

As can be seen in figure6.5b) the variation standard deviation of that data in A7 is
much greater than the difference observed in their averages. This either implies that the
intrinsic resolution of the sensor is not sufficient to show the trend, or that the precision
and binning of the spatial displacements is too coarse to yield meaningful results.

At the time of writing, there is a second generation of PImMS camera, the PImMS2



Pizel Camera Data Analysis Techniques 156

camera, that will have a higher pixel count. There are also plans to increase the sensitivity
of the camera with the addition of microlenses. Both of these developments should result
in an increase in the size of observed clusters. These larger clusters should then, in turn,
lend themselves to a more accurate and reliable fitting procedure where the validity of this
model can be more thoroughly tested.

If this, or any similar, model can be found to fit the shapes of PImMS event clusters,
the binning of data (both spatially and temporally) might be removed from the camera’s
influence on a data set. This will just leave the intrinsic resolution of the camera as the

limiting factor. This intrinsic resolution is yet to be determined.

6.3 A Correction in 7

Although the clusters observed in PImMS1 data sets are not large enough to be reliably
fit by the function, it is possible to make some simplifications that render the fitting more
manageable with data sets obtained with the PImMS1 camera.

Rather than working with the full version of equation (6.9), it may be simplified to

only relate to the central most pixel (i.e. x = 2y and y = yp) so that,

T =19+ mexp [—k'N], (6.11)

where the geometric factor and the spread of the intensity of light across the sensor have

1
8ko? "

been combined into k' = As the central most pixel will have the earliest time code this
simplification implies that the observed arrival time of a cluster will reduce exponentially
with the size of the cluster. This trend was, to some extent, observed in chapter 2 where it
was decided that larger clusters were found to arrive earlier than smaller ones and so the
smallest clusters should be discarded. This model predicts a shape for this trend allowing
a fit to be made.

Figure 6.6 shows a plot of the dependency of the position of the two most intense ion

peaks (in time bins of 12.5ns), observed in a mass spectrum of Crystal Violet, on the size

of the clusters observed for each ion. The data were obtained using the PImMS camera
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Figure 6.6: Plots of the positions of the two most intense peaks in a mass spectrum
of Crystal Violet as a function of the size of the clusters. The two trends a fit by the
exponential function sharing the value of 7. and k'.

and the LT2 Plus, under the reduced acceleration voltage conditions outlined at the end
of chapter 5. These two sets have been fit simultaneously with exponential decay functions
according to equation (6.11), where the values of 7, and k' were shared across both of the
fits (i.e. only the offset, 7y, differs between the fits).

Using this fitting method, it is possible to extrapolate back to an original arrival time
for each of the peaks. Doing this, the first peak is found at 1493.1 time bins, and the
second peak is found at 1496.4 time bins.

By using the values found for 7, and &', a correction, 7., can be applied to the observed

arrival time of any cluster, dependent on its size:

7. = —1yexp [—K'N]J. (6.12)

Figure 6.7 shows the result of applying this correction shift to a centroided data set.
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Figure 6.7: A spectrum of Crystal Violet obtained with the PImMS1 camera. Plot a)
shows the data after centroiding using the original method described in chapter 2; plot b)
shows the data after the cluster size dependent correction, 7., has been applied; and c)
shows the result of the correction once it has been extended to interpolate the spectrum.

Figure6.7a) shows the Crystal Violet peak after the original centroiding method with
all clusters of size three or larger included. The width of the most intense peak in the
spectrum is found to be 34.5ns.

Figure 6.7 b) shows the Crystal Violet peaks after the correction shift has been applied
according to the size of the observed clusters. Again, all clusters of size three or larger
have been included. The width of this peak is now 30.1ns (a reduction of almost 13%).
Qualitatively, it is also now possible to distinguish the second peak in the spectrum.

The correction applied to obtain the spectrum in figure 6.7b) is limited as the data is
re-binned after the correction has been applied; however, the precision of the correction is
higher than the precision of the time bins so it is possible to interpolate the spectrum and
shift an event by only a fraction of a time bin rather than by an integer value. If events
are shifted in steps of half a time bin, the result is that the correction is extrapolating
whether the even was more likely to have happened in the first half or the second half of
a bin, using the intensity (cluster size) of the event as a discriminator.

Figure 6.7 c) shows the result of this interpolating event correction. As before, all
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clusters of size three or larger have been included. The width of the most intense peak
is again found to have been reduced to a value of 29.9 ns which is almost identical to the
value found previously. This implies that the inherent resolution of the camera may not
be sufficient to allow a timing precision better than 12.5ns; although, with such a small
sample size, this conclusion is far from definitive.

It is important to note that the peak width obtained using the original centroiding
method, and removing all clusters of less than five pixels, is 30.3ns. This means that by
using the correction shift on a centroided data set, a resolution is obtained including all
clusters of size three or more, that is comparable to (if not better than) the resolution
obtained previously whilst only including clusters of size five or more. This allows far less

data to be discarded whilst still achieving the same resolution.

6.4 Summary

In this chapter, a new method for analysing spectra obtained with the PImMS1 camera
has been presented. The method stems from an attempt to model the shape of the clusters
of events obtained with a PImMS camera in (z,y,7). Although the data obtained with
a PImMS1 camera does not have the sufficient statistics to validate the procedure, a
simplified version of the model can be shown to correlate the size of PImMS1 data clusters
to their centroided arrival time, using the size as a surrogate for the analogue intensity of
an event. This leads to the use of a correction function which can be used to improve the
resolution of a PImMS1 data set.

It has further been proposed that this method could be extended to interpolate a
spectrum obtained with a PImMS camera by using the correction function to pinpoint an
event with sub-time bin precision, although the data shown here is not conclusive in this
respect. This interpolation will be limited by the inherent timing resolution of the PImMS
camera which, at the time of writing, is not fully known.

At the very least, this analysis method allows less data to be discarded when analysing

a PImMS data set. This is especially useful with the PImMS1 data set obtained with the
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faster BC-408 scintillating screen, as this screen is less bright than a P47 screen, leading
to much smaller clusters being observed. By retaining more of these small clusters, the

statistics of an experiment can be greatly improved.



Chapter 7

Designs for a Primary Ion Source

In the previous sections of this thesis, the PImMS1 camera has been shown to ideally suit
the needs of stigmatic imaging mass spectrometry. In chapter 4, the PImMS1 camera was
used to test its ability to record spatially resolved mass spectra. This was followed, in
chapter 5, where the limits of the PImMS1 camera were explored, particularly with regard
to the limitation of the mass resolution by the 12.5ns timing precision of the camera.
Finally, methods were outlined to improve the resolutions achievable with the PImMS1
camera.

The work in these preceding chapters has given insight into the capabilities of a poten-
tial PImMS1-MSI instrument, which allow for a reassessment of the applications such an
instrument should be targeting. So far, the ionisation mechanism used in the experiments
presented in this thesis has been some combination of MALDI and simple LDI; however,
there are benefits to branching out to other common ionisation sources, such as a primary
ion source used for secondary ion mass spectrometry (SIMS).

One application that could be accessed with the implementation of a primary ion
source is the use of mass tags. A mass tag is a species which can be added to a sample
and binds to a specific target molecule. The tag is designed to be labile to the ion source
used in the experiment so that the presence of the mass tag indicates the presence of the
target molecule. An example of this would be the mass tags developed by the company

BioSIMS [182]. These tags are especially labile when bombarded with Caesium ions.

161
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In this chapter a design for a primary source of Caesium ions will be presented. First,
a comparison of ion sources with laser sources will be discussed. This will be followed by
an overview of the mechanical and electronic design considerations. SIMION simulations
will then be presented leading up to a final design for use with an MSI experiment with

the PImMS1 camera.

7.1 The Benefits of SIMS

As described in chapter 1, the SIMS ionisation mechanism uses a beam of primary ions
to bombard a surface sample transferring kinetic energy to that surface resulting in the
emission of secondary ions which are collected by the mass analyser. There is a plethora of
primary ion species which are used in SIMS applications each of which produce secondary
ions with different characteristics. This can be compared to MALDI which is considered
a “universal” ionisation mechanism in as much as any analyte species should be ablated.

As a general rule, SIMS sources produce a large number of analyte ions with m/z <
2000. This range overlaps well with the accessible mass ranges studied earlier in this
thesis. Different secondary ions will be produced dependent on the primary source, which
can be tailored to a specific application, and likewise different fragmentation patterns will
be produced. Whereas the MALDI mechanism promises a “universal” mechanism, the
SIMS mechanism can be chosen to suit a given application.

Further to the selectivity, a primary ion source can also be more flexible than a laser
source in terms of repetition rate, and fluence. Many laser systems have a restriction on
the repetition rates that can be selected, either they can only be used at a number of

discrete repetition rates, or are restricted by a maximum rate.

7.2 Simulating an Ion Source

A primary ion source was designed to fit the specifications of an instrument that might be
used with the BioSIMS samples. Before accounting for the mechanical considerations it is

easiest to conduct the electrode design in silico. The aims for the design were to create a
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high fluence Caesium source with a short pulse width (i.e. comparable to the laser pulse
width of 3-7ns). It was also requested that the average beam energy should be in the
range of 7TkeV in order to most effectively cleave the mass tag from its target molecule in
the analysis.

The in silico design was conducted using SIMION 8.1 and consisted of three parts.
First, most simply but also most crucially, the parameters for the simulation had to be
selected. This mainly concerned the definition for the ions’ initial conditions. With the
ions having been defined the design of the extraction optics surrounding the Caesium
source was next. Here a low energy beam of ions travelling parallel to the time-of-flight
axis was desired. This gives the best conditions for the next section: the ion buncher. The
ion buncher was designed to compress down a packet of ions to a time focus (which can be
overlapped with a sample). This has the rather obvious advantage of reducing the time
spread in the creation of secondary ions but also results in an increase in the primary ion

fluence.

7.2.1 Ion Distributions

The system was designed to be used with a 103060 Cs* source, produced by HeatWave
Labs, Inc. [183]. These sources are similar to that described by Souzis et al. [184]. Ion
generation is achieved through thermionic emission from a pellet of Cs-aluminosilicate in
a Tungsten matrix which is heated, by Molybdenum heater wires, to a temperature of
1200 K [184-187]. This method results in a highly efficient production of Cs* [188-190].
Ions created in this manner can, to a first approximation, be deemed to exist in some
thermal equilibrium in close proximity to the tip of the source pellet. In this case the
magnitude of the velocities of these ions will be described by a Maxwell-Boltzmann dis-

tribution:

flv) = <2:;T>347w2 exp (—mv®/2kT) . (7.1)

The SIMION software package does not include a method for initialising ions within

a Maxwell-Boltzmann distribution but a Gaussian distribution can be used in its place.
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Figure 7.1: A comparison between the Mazwell-Boltzmann distribution of speeds for Cs™
wons at 1200 K, and the a Gaussian distribution of speeds which can be directly generated

by SIMION. The Gaussian distribution has a mean value of 412ms™t, and a full width at

half the mazimum value of 433ms™*.

Figure 7.1 shows a comparison between these two distributions. By fitting the Gaussian

distribution to the distribution expected for Cs™ ions at 1200 K a mean value of 412ms™!

is obtained along with a full width at half the maximum value of 433 ms™!.

Continuing with the above assumption, that the Cs™ ions are in thermal equilibrium,
the associated directional components of their velocities should be randomised within an
arc facing away from the source pellet. This, in SIMION;, is accomplished by setting the
direction to a filled “cone direction distribution” with a half angle of 90°. The ions are
generated within a cylinder positioned at the tip of the modelled source pellet (which is
described later in section 7.2.2) matching the pellet with a radius of 2.6 mm. The extraction
optics (also described later in section 7.2.2) will be continually drawing the ions away from
the source so the cylindrical source position can be assumed to be shallow. A depth of 1 um
was chosen although this was chosen to give an upper limit to the achievable resolution of
the system: Cs™ ion generation occurs within the pellet where the source interacts with

the Tungsten matrix, this means that ions will begin to feel the effects of the electrostatic

extraction field very close to the surface of the pellet.
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Figure 7.2: The model of the Caesium source as created in SIMION. The source is
defined as having cylindrical symmetry and only the externally facing parts are included.
The red cylinder in the centre represents the tip of the aluminosilicate pellet, and the yellow
surrounding represents the heat shield. The tip of the source has a diameter of 5.2mm.

The “time of birth” of the ions, and the number of ions created can be altered in order
to calculate the fluence of the system. The source is capable of generating current densities
of 1-10 mAcm~2 which translates to ~ 1 x 10? ions in a microsecond [191]. These ions are
set to the mass of Caesium (132.91 Da) and are assumed to solely be generated in a singly

charged state.

7.2.2 Source Design

The source itself consists of two important parts: the tip, which is were the Cs-aluminosilicate
resides in a porous Tungsten matrix; and the Molybdenum heater leads which connect to
the tip and are used to heat the pellet to 1200 K. This assembly is then connected to a
mounting base and surrounded by a Tantalum heat shield.

Figure 7.2 shows a model of the source as constructed in the SIMION software package.
Only the pellet (in red) and the heat shield (in yellow) have been included as these are the
only parts of the structure which will effect the electrostatic field of the extraction optics.
The different colours have been added here for clarity and do not represent electrically
separated sections (as is usual in SIMION): all parts of the source are electrically connected

except for the heater element which is floated at the voltage of the source with an additional
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bias current applied to generate the heating.

The ions generated from the source need to be collimated or focussed onto the part
of the sample that is to be analysed. There is a great number of different designs for
extraction and focussing optics used in conjunction with the various possible ion sources
with the designs varying widely, depending on the application. The SIMS technique is
often used for microprobe analysis where the smaller the primary beam focus can be
obtained the better the spatial resolution of the image. These ion beams are generally
space-charge limited: where the minimum beam waist is related to the current of the
beam. As the beam current, I, is increased the coulomb repulsions of the ions within a
beam exert an expansive force on the beam itself increasing the minimum focal spot size.

This is somewhat quantified in the perveance, P, of a beam,

I
~ V32

P (7.2)

where V' is the accelerating voltage applied to the beam as it is extracted from its source.

With a beam intended for microscope-mode acquisition, there is no need to reduce the
beam diameter as the size of the primary beam spot is completely decoupled from the
obtained spatial resolution. Ideally, there should be some control over the diameter of the
beam so that primary beam may be adapted for use with a variety of sample sizes but
this can also be achieved through the use of an aperture (albeit the aperture approach
will result in a reduction in the ion current).

Although the restrictions on the beam diameter are lifted, a microscope-mode, primary
ion beam may need to have a uniform profile across the surface. This is especially true
for static SIMS applications, where only the surface of the sample is being probed, and
the relative ratios of the species on the surface need to be known. For applications where
either the entirety of the sample is to be ablated and analysed, or where the relative
abundances are not of interest, the beam profile is less important.

For the application of an array of mass-tagged samples, the demands of both the

minimum beam size and the beam profile homogeneity are not great; rather, it is the
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beam pulse duration which must be minimised. This will be dealt with separately from

the ion extraction.

7.3 Forming a Beam Pulse

As the source continuously emits ions, the beam must be gated, chopped, or bunched in
order to obtain a desirable short pulse width. Each of these mechanisms come with their
own pros and cons, but as a general rule any attempt to produce a shorter ion pulse will
either impose a restriction on the incoming ion beam, or will reduce the quality (fluence,
or spatial focus) of the outgoing beam. Hence, the method of forming the pulse must be
decided upon before continuing on with the design of the extraction optic as the former

can (and will) effect the latter.

7.3.1 Gating

Gating the ion beam can be achieved by applying a retarding force to the ions, for instance
by raising the voltage applied to the extraction electrode. The voltage can be lowered and
then returned to its original voltage, using a fast “push-pull” switch (e.g. those produced
by Behlke, originally for MS applications [72]), to form an ion packet. The switch time
of the applied voltage depends on the resistance of the circuit and the capacitance of the
electrode. The greater the range of voltages switched between the larger the resistance of
the circuit needs to be, and so the slower the switching time becomes. In the majority of
applications, switch times are on the order of tens of nanoseconds. This makes gating an

ion pulse width down to 10ns very troublesome.

7.3.2 Chopping

Another means for producing a pulsed ion beam from a continuous one is to chop the
beam. This method is similar to the gating procedure in many ways in that it involves
applying a retarding or deflecting force to the ion beam so that the ions do not reach

their intended target apart from for a specified period of time. The difference here is that
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Figure 7.3: A cartoon representation of a sweeping ion beam chopper. A beam of ions
(represented in blue) is extracted from a source and sent between two parallel deflecting
plates before reaching an aperture. When the deflecting plates are kept at ground, as in
figure a), the beam continues through unperturbed. If a voltage is applied to one of the
plates, shown in figureb), then the beam is deflected away from the aperture so that no
tons make it through.
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rather than gating the source, the beam is chopped after it has been extracted [192].

Figure 7.3 shows a simple representation of an ion optic assembly that would achieve
this. Ions are extracted from their source and are accelerated between two parallel de-
flecting plates. In figure 7.3 a) there are no voltages applied to the deflecting plates so the
ion beam is not deflected and so continues on to an aperture with the majority of the
beam passing through and reaching the target. In figure 7.3b) a voltage, Vs, is applied to
one of the deflecting plates so that the beam does not hit the aperture and so does not
reach the target. The advantage gained from this procedure is that the pulsing time of
the deflecting plate is not the defining factor in the pulse length; instead, the beam can
be swept across the aperture, and it is then the duration of time that the beam overlaps
with the aperture slit that defines the length of the pulse [193].

The drawback of this approach is that there is a direct trade off between the shortness of
the pulse and the beam current. For a given ion source and extraction optic combination,
a shorter pulse can only be obtained by sweeping the ion beam across the aperture faster
which results in fewer ions passing through. For applications where only a small beam
spot is required, this is not a concern, but for an ion microscope that probes a larger area

of the surface a much higher beam intensity is needed to maintain the same fluence.
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7.3.3 Bunching

One last method for creating an ion beam pulse is to bunch the ions [194,195]. This is
most simply achieved by producing an ion optic assembly that can apply an electric field
along the TOF axis. The buncher is kept field free whilst it is filled with ions from the
extraction optic. Once the buncher has been filled, the electric field is applied. Ions at
the back of the buncher are accelerated to a higher final velocity than those at the front
end so that all of the ions come to a time focus at the target.

This approach has the dual benefit of increasing the ion beam current as well as
reducing the pulse length as a large “length” of ions are compressed down into a short
pulse. The length of the pulse will depend on the quality of the design of the ion optics but
also, crucially, on the spread in velocities of the ions that fill the buncher. The buncher
compresses down ions of the same velocity but different positions along the TOF axis to
a time focus; if the spread of velocities is too high, the resolution of the time focus will be

reduced leading to a longer pulse.

7.4 Extraction Optics Design

In order to optimise the design of the ion optics assembly used to extract ions from the
Cs™ source, two different measurements are important: the transverse spatial spread of
the extracted ions; and the angle between the ion velocity and the time-of-flight axis.
Reducing these parameters for the extracted ion beam will improve the ability of any
further optic to convert the continuous source into a pulsed beam.

Simulations were conducted in the SIMION particle trajectory software, using the ion
definition outlined above. A grounded chamber, 600 mm in length, was modelled, with
the ion source design included at one end so that the full flight distance from the tip of
the source to the end of the chamber was 576 mm. The entire simulation was conducted

with a scale factor of 0.1 mm/GU.
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Figure 7.4: A cartoon representation (not to scale) of the emission lens design for the
extraction ion optics. The design consists of three electrode plates separated by distances
Ly = Ly. The Cs* source is inserted into the first electrode whilst the second and third
electrodes both have apertures at their centres (both with a radius, r,. The voltages applied
to the plates are based on the scheme recommended by Liebl [163], except that they are
shifted so that the drift tube following the extraction optic assembly is at ground.

7.4.1 Emission Lens

The simplest method of extraction from a source is to construct an emission lens similar to
the ion optic assembly described in section 2.1.2. The lens assembly transfers an image of
the source surface to the target sample. The magnification of the system will determine the
size of the beam spot, and the homogeneity of the beam profile should only depend on the
emission from the source coupled with any aberrations arising from the lens arrangement.

In the work by Liebl [163], from which the derivations in chapter3 are adapted, an
emission lens assembly is described which achieves “telescopic” focussing (i.e. where the
focal length of the assembly, f = 0o). The three electrodes are spaced equally, L; = Lo,
and in the ideal case the ratio of the acceleration voltages relative to the repeller surface
is found to be either, V1 /Va = 0.34, or V;/V, = 2.8. The latter regime corresponds to an
accel-decel arrangement where the ion extraction step is conducted by a strong field before
the ions are then decelerated back down to their final velocity whilst they are focussed
through the aperture of the final lens. This stronger extraction field is beneficial when
working with a high current source as the perveance of the system will be lower. In the
case presented by Liebl, the final electrode plate is held at some voltage, V5, ; here, the

voltages have been changed so that whilst the extraction optics work in the same way,
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Figure 7.5: Plots showing the results of simulations of the SIMS primary ion source with
an emission lens extraction optic. Figuresa)andb) show the dependence of the average
angle, measured between the direction of motion of an ion reaching the end of the flight
tube and the time-of-flight axis, on a) the electrode aperture radius, r,, and the voltage
ratio, V1/Va, and b) the distance between electrode plates, L = L1 = Ly. Only values of
V1 <5000V are included. Figure c) shows an example simulation where the ions extracted
from the source are collimated.

the drift tube is grounded. In order to do this the first electrode is held at the positive
voltage, V5, and the second electrode is held at a voltage, Vo — V;. This therefore means
that in the accel-decel regime, the second electrode is held at a negative voltage.

Figure 7.5 shows plots of results, obtained by simulation, of a primary ion source using
an emission lens extraction optic. The first two plots, in figures7.5a) and b), show the
variation of the average of the angle, Oror, measured between the velocity vector of each
ion as they reach the end of the flight tube and the time-of-flight axis. The lower the
average value of frop, the closer to a collimated beam has been achieved. Figure7.5a)
shows the variation of 1o as a function of the ratio of voltages, V; /V5, for various different
values of the radius of the aperture inside each of the electrode plates, r,. It can be seen

that the variation in frop is the same for different radii; except that for larger radii, the
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optimum value is found at a higher voltage ratio. The actual optimum values do not vary
widely for different radii.

Figure 7.5 b) shows the variation as a function of r, for different distances between each
of the electrode plates, L = L1 = Lo. Each of the points has been tuned to the optimum
voltage ratio for that geometry. These optimal voltages are found to be higher for both
larger radii, and a smaller distance between the electrode plates. Although the angular
spread can be reduced at higher radii this comes at the expense of needing a larger voltage
ratio.

Figure 7.5 ¢) shows the production of a collimated beam using the emission lens ex-
traction optic. The geometry of the optic is: L =20mm, r, =9mm, and V;/V, =5.6. The
average value of Orop, found for this geometry, is less than 0.28°, and the size of the spot
produced is 13.2mm. This spot size is approximately five times magnified from the face

of the source.

7.4.2 Angled Electrodes

There are many more advanced forms of ion extraction optics that could be employed for
a primary ion source [133,196]. However, the majority of these are concerned with the
reduction of the primary ion beam spot size for use with a microprobe-type experiment.
As the aim here is to produce a larger beam spot with a high fluence and a short pulse
length using a buncher, it is more important to consider the velocity distribution of the
extracted ions.

Figure 7.6 shows two further designs for ion extraction optics. The first design, shown in
figure 7.6 a) is based on the Pierce electrode design [197]. It consists of two electrode plates
based on concentric spheres with radii 7 and r5. The ion source is mounted within the
larger of the two electrodes and is held at the repeller voltage, Vg. The smaller electrode is
held at ground. This design can produce a beam with a small angular divergence (= 0.8°)
but this can only be achieved with a much larger beam spot than before (/= 22 mm).

The Pierce electrode design was originally conceived to form a collimated beam of elec-

trons, overcoming internal space-charge repulsions. For this application it is the focussing
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a)

Figure 7.6: Two designs for extraction optics. The first, shown in figurea), is based on
theory by Pierce [197]. It consists of two electrodes based on concentric spheres, with radii
r1 and To, the smaller of which is held at ground. The design shown in figure b) uses an
angled repeller electrode at the source to bring the beam down to a waist from which the
other two electrodes then form an immersion lens.

of ions from a large source area and with a spread of kinetic energies that must be focussed,
so it is not surprising that a true Pierce design is not fit for purpose. However, the use
of curved or angled electrodes to aid the focussing of particles is typically qualitative in
many other electron and ion optic designs [198,199].

Figure 7.6 b) shows a further design which incorporates an angled repeller electrode to
form a beam waist at some point before a two electrode immersion lens. The beam waist
acts as the object for the immersion lens which focusses the image onto the target.

This design does result in a modest reduction in the beam spot size, but only to
12.0 mm compared to the previous size of 13.2mm. This reduction in the beam spot size
comes at the cost of the angular distribution which is increased to an average of 0.62°.

The fact that the beam spot size is only improved with a increase in the angular spread
is not surprising when considering the phase space inhabited by the ions. First it must be
assumed that the ions can be completely described by their position in a two dimensional
(y,v,) phase space, where y is the perpendicular distance of an ion from the TOF axis
and v, is the component of an ions velocity perpendicular to the TOF axis. According to
Liouville’s theorem, the area occupied by a beam of ions must then be conserved through

any lensing action. So in minimising the range of v,, the spread in y is increased.
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Figure 7.7: An image showing the extraction optic with an angled repeller electrode
followed by an immersion lens as simulated with the SIMION software package. A sample
of ion trajectories are shown originating at the tip of the source, and each red line represents
an equipotential for the voltage ratio Vi /Vy =T.

7.5 Producing a Pulsed Beam

Despite an investigation into more “advanced” ion extraction optics the simple three elec-
trode emission lens has been shown to produce the ion beam with the least angular diver-
gence. The size of the spot produced by this beam is rather large but an aperture can be
used to control this. The loss of ion current should not be an issue as the bunching of the
ion beam will allow for a high fluence spot to be produced.

In designing the ion buncher, the longer it can be built, the more ions it can be filled
with, and so the higher the beam spot fluence. A length of no more than 300 mm was
decided on. For the simulation, 31 electrode plates were spaced apart by 8 mm cover a
full distance of 250 mm. With an extraction voltage of 500V this length takes 9 us to fill.
Each electrode within the buncher was modelled as being 1 mm thick, and was designed
with an aperture at the centre of radius 8 mm.

Figure 7.8 shows the simulated buncher, b), combined with the emission lens, a), de-
signed to the dimensions found earlier in section 7.4.1. Between the two is an aperture to
control the beam spot size on its entry into the buncher, and an einzel lens is placed at

the exit of the buncher, c), to focus the exiting beam pulse onto the target. The einzel
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Figure 7.8: An image showing the full ion gun simulation. The ion source is mested
within the extraction optic, a). After the extraction optic there is an aperture which leads
to the 31 plate ion buncher, b). Lastly, there is a three electrode ion lens, c), which allows
the final pulse to be spatially focussed onto the target. Figured) shows an example set of
voltages that can be applied to each electrode in order to obtain a short beam pulse. The
first three points refer to the extraction optics, the points within the red box correspond to
the ion buncher, and the final three points are the voltages applied to the einzel lens.

lens was composed of three identical electrodes. Each was 12mm thick with an aperture
of radius 8 mm. These electrodes were spaced with a 4 mm gap between them.

Figure 7.8 d) gives an example of the voltages that are applied to the various electrodes
in the simulation in order to obtain a short beam pulse. These voltages are given relative
to the acceleration voltage of the extraction optics, Vi/V;. The first three points are the
extraction optics followed by the aperture which is held at ground.

The 31 electrodes that are shown within the red box represent the voltages applied
to the buncher. During the simulation, the buncher voltages are reduced to zero for 9 us
during which the buncher fills with ions. After this duration the voltages are returned to

the values shown in figure 7.8 d) creating the short pulse.
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The final three electrodes are those of the einzel lens which is used for a final level of

control over the beam spot size.

Tuning the Buncher

In order to ascertain the voltages that should be applied to each electrode within the
buncher an iterative tuning script was written to be used with the SIMION trajectory
software. The script created 30 ions, each with a kinetic energy of 500eV and a mass
of 132.91 Da, and placed them between each pair of electrode plates in the ion buncher,
directly on the TOF axis. The same voltage was applied to each plate so that the buncher
was initially field free, and the simulation was run.

The arrival time of each ion was recorded and compared to a target value. The voltage
of the electrode adjacent to each ion was then adjusted according to this comparison
between recorded arrival time and target arrival time, the only caveat being that the
voltage applied to a plate had to be lower than the voltage applied to the previous plate.

After each iteration, the new voltages were written to an output file, and the simulation
was run again. The simulation was terminated either once all of the ions were found to
arrive within 1ns of the target time or until the voltages had converged. These voltage
were then used for a full simulation using ions that were extracted from the ion source.

Figure 7.9 shows plots detailing some of the simulated characteristics of the ion beam,
obtained from the full simulation of the extraction optic combined with the ion buncher.
The simulations used the emission lens design found in section 7.4.1 followed by an aperture
of radius 6 mm. The buncher was tuned to a target arrival time of 6 us from its switch
time. For these simulations the einzel lens was left at ground.

Figure 7.9 a) shows the arrival time spread of the ions. The peak is asymmetric with
a tail towards longer arrival times. The peaks has a FWHM of 1.5ns and a full width at
one tenth the maximum (FWTM) of 4.4 ns. Although there is a tail to the peak, over 80%
of the ions are contained within the 4.4ns FWTM; and further, it can be seen that the
majority of this peak is contained within the precision of the PImMS1 camera (12.5ns) .

Figure 7.9b) shows the arrival time of the ions separated out according to the kinetic
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Figure 7.9: Plots showing the simulated characteristics of the ion beam as it reaches the
target. Figure a) shows the arrival time of the ions. Figureb) shows a frequency plot of the
arrival time of ions against their kinetic energy on reaching the target. Figure c) shows an
image of the beam spot on the surface of the target, and a line profile is taken from this
image and shown in figure d) along with a Lorentz fit. The data were obtained using the
emission lens and buncher combination whilst the einzel lens was left at ground.

energy of each ion as it reaches the target. The kinetic energy of each ion gives information
on its location in the buncher when the pulse was generated. The graph shows that it is
the ions at the extremities of the kinetic energy distribution that contribute most to the
spread in the arrival times. The periodic focussing of ions can also be seen where ions
that were situated directly between two electrode plates are better focussed than those
that were eccentric.

The image in figure7.9¢) shows the spatial distribution of the ions at the target.

Taking a profile across the image the plot in figure 7.9d) is obtained. The peak can be fit
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by a Lorentz function (which is shown in red), and a FWHM of 2.5mm is found for the
distribution. Although the spatial spread of the beam does continue further this can be
simply curbed by the use of an aperture which could cut the beam spot size down to a
diameter of 5mm.

At an estimate, taking a source current density of 1 mAcm™2, an aperture acceptance
of 88%, a fill time of 9 us, a pulse length of 5 ns, and a target diameter of 5mm, the current
density on the target could be as great as 400 mAcm~2. This is a very high current density,
well within the specifications of “dynamic” SIMS [133], which would allow, for example,
the wells of a micro-array to be completely analysed. This current density could also be
controlled by controlling either or both of the aperture size, limiting the number of ions

entering the buncher, or by reducing the length of time that the buncher is filled for.

The Einzel Lens

Figure 7.10 shows a number of plots which show the effect of changing the voltage applied
to the einzel lens, Vg, on the spatial and temporal distribution of the ion beam. Each
row of plots represent a different voltage applied to the central electrode of the einzel
lens: figures7.10a), b), and c¢) were obtained with Vg = 0; figures 7.10d), e), and f) were
obtained with Vg = 1kV; figures7.10g), h), and i) were obtained with Vg = 2kV; and
figures 7.10j), k), and 1) were obtained with Vg = 3kV.

The four plots in the left most column, figures7.10a), d), g), and j), show the distri-
bution of ions in (y, z) — the plane of the target. As Vj is increased the distribution of
ions concentrates towards the centre of the target. However, in figure 7.10j) the voltage is
high enough to stop some of the ions reaching the target. The plots in the central column,
figures 7.10b), e), h), and k), show the one-dimensional profiles taken across the images in
the left column. It can be seen all of the spatial distributions follow the same peak shape
with the best resolved spot obtained with Vg = 2kV.

Finally, the four plots in the right column, figures7.10¢c), f), i), and 1), show the arrival
time distributions for the different einzel lens voltages. They show that as soon as a

voltage is applied to the einzel lens, the length of the beam pulse increases greatly. The
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Figure 7.10: A series of plots of simulations showing the effect of applying a voltage, Vg,
to the central electrode of the einzel lens assembly. Each row of plots were obtained with a
different value for Vg: figures 7.10a), b), and c) were obtained with Vi = 0; figures 7.10d),
e), and f) were obtained with Vg = 1kV; figures 7.10g), h), and i) were obtained with
Ve = 2kV; and figures 7.107), k), and 1) were obtained with Vg = 3 kV. The plots on the
left show the spatial distributions at the target, the central plots show a profile taken across
these image, and the plots on the right show the arrival time distribution of the ions.

time focussing of the buncher is ruined as ions with different kinetic energies take different

amounts of time to pass through the lens.
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7.6 Summary

In this chapter, a design for a primary ion source for SIMS was presented. The aim
of this venture was to lay down the ground work for possible future developments into
instrumentation that might be of use in in conjunction with the PImMS1 camera for MSI.
In the simulations for the design, a Cs™ source was chosen as a possible primary ion
specifically for use with certain mass tags produced by the company BioSIMS. The source
was designed to cover a large area (5mm in diameter) with a high fluence on the target
surface, and with a short pulse length.

A design was presented using a simple emission lens to extract ions from the source
and to accelerate them into an ion buncher. The buncher then takes 9 us of ions and
compresses them down to a pulse of less than 5ns. The beam spot at the target has a
diameter of 2.5 mm (FWHM). It was also shown that an einzel lens can be used to control
the shape of the beam spot but that this interferes (drastically) with the beam pulse
length.

The design presented here does fulfil the criteria proposed at the beginning of the
chapter. Although there will inevitably be further improvements that could be made to
the design, it is now at a stage where more could be learnt from the production of a
working model rather than further simulations. This would allow the assumptions that

have been made in the simulations so far to be tested.



Chapter 8

Future Outlook

The work in this thesis has centred around the development of a time-of-flight stigmatic ion
microscope for use with the PImMS camera. The product of this union is an instrument
that can acquire spatially resolved ion images of various species, simultaneously.

Chapter1 gave an overview of the theory and technology behind time-of-flight mass
spectrometry and imaging techniques. This was followed by chapters2 and 3 which out-
lined the methods used for the work in the main body of this thesis in terms of experiment
and simulation respectively.

The first experimental data was presented in chapter4, and covered the conversion of
a conventional velocity-map ion imaging instrument for use with microscope-mode imag-
ing mass spectrometry. This work was first simulated using the SIMION ion trajectory
program and the results of these simulations were then compared to those obtained experi-
mentally. With the PImMS camera a spatial resolution of 50 ym was observed with a mass
resolution of m/Am =~ 200 (for m/z ~ 700) — although this mass resolution was only ob-
tainable by deconvolving the detector function from the mass spectrum. The experiment
also allowed for the multi-mass imaging capability of the camera to be explored. A sample
of Rhodamine 590 and Auramine O was imaged, and the resulting data set, obtained with
the PImMS1 camera, was explored to investigate the strengths and limitations of such a
multi-mass ion microscope. Issues were exposed limiting the use of such an instrument in

complete quantitative analysis, the multiple registers of the PImMS camera allow for the
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analysis of experiments with a much higher count rate compared to those accessible with
other technologies.

Although there was success with the multi-mass imaging with the conventional velocity-
map imaging instrument, this instrument was only capable of producing rather modest
resolutions. Chapter5 described modifications that were made to a commercial time-of-
flight mass spectrometer so that it could perform microscope-mode imaging. Simulations
were again performed, and compared with experimental results, culminating in another
example of multi-mass imaging. The resolutions obtained with this instrument, and the
PImMS1 camera, were far more impressive. A peak spatial resolution of 20 ym was ob-
tained with this instrument along with a mass resolution of m/Am = 800 across the range
200 < m/z < 800. Crucially, this mass resolution was obtained without deconvolving the
detector function from acquired spectrum, which means that no prior assumptions about
the result are needed. This instrument is therefore capable of isotopic resolution, with a
spatial resolution better than 50 pum, across the range 200 < m/z < 800.

Chapter 6 presented a model for the shape of event clusters obtained with the PImMS
in (x, y, 7). A full fit to the model was not obtained but through a simplification it was
shown to successfully predict the variation in mass peak position as a function of cluster
size. Using this, it was shown that a correction can be applied to PImMS1 data sets which
allow fewer data to be discarded whilst still maintaining the same temporal resolution.

Finally, chapter 7 was concerned with the design for a possible new primary ion source
to be used in microscope-mode SIMS analysis. A number of designs were presented with
the final design consisting of a simple emission lens feeding ions into a buncher which
compressed 9 us of ions downs to a pulse 5ns long.

Together, all of these developments trace the progression of a PImMS1 stigmatic imag-
ing instrument from its proof-of-concept through to the creation of an instrument with
specifications that are sufficient to accomplish “real-world” applications. However, rather
than the culmination of a proof-of-concept, this work is setting the scene for further de-

velopments which should take such a system from being sufficient to being competitive.



Future Outlook 183

8.1 Strengths and Weaknesses

In order to make multi-mass stigmatic mass microscopy a competitive technique, when
compared to the myriad of mass spectrometry instrumentation available, it is very im-
portant to consider its limitations as much as its strengths. The greatest limitation is
that the ion optic system of the instrument has to both focus spatially and temporally.
In the majority of cases, techniques which are employed to increase one will limit the
other. A prime example of this is delayed extraction: a technique that greatly increases
the mass resolution of an instrument but at the same time reduces the spatial information.
The PEDA technique overcomes this to some extent, but instead here the mass range of
the instrument is limited and the system must be tuned for different mass ranges (made
possible by VCPEDA).

There are also limitations with the technology. The PImMS1 camera does increase the
throughput of an experiment by enabling all masses to be imaged simultaneously but it
also imposes a limit on the temporal and spatial resolution. The PImMS1 sensor has a
pixel count of 72 x 72 but this will be surpassed by the next generation of the sensor,
aptly named PImMS2: this sensor has a pixel count of 324 x 324. The greater issue is the
temporal precision, currently limited to 12.5ns. This greatly limits the achievable mass
resolution, as was shown in chapter 5 where an instrument capable of producing data with
a resolution of several thousand was limited to resolutions of several hundred.

However, rather than viewing these technical limitations as a burden, they can be
viewed as a liberation of certain requirements for the ion optic assembly. If the detector
technology being used is limiting the resolution of the instrument to a resolving power of
several hundred then there is no necessity to design ion optics that can produce resolving
powers into the thousands. Instead the ion optics can be designed to focus on, for example,
maximising the m/z range across which the lower resolving power is achievable. This focus
on throughput, over absolute resolution, also aligns with the advantage that the PImMS1

camera can run at higher count rates.
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Figure 8.1: A cartoon representation of the imaging of a micro-array of samples. The
tonising beam simultaneously produces ions from a large number of sample wells. These
tons are then imaged, and the spatial resolution of the image is used to differentiate between
the different samples on the plate. In this way, the mass spectrum of each sample can then
be extracted from the full data set.

8.1.1 Goals for Future Development

The aim for the future development of a stigmatic ion microscope with the PImMS1 camera
should focus on playing to the strengths of the union. When considering what the desired
specifications of a future instrument might be there are a number that should be kept
in mind: the spatial, and mass resolutions, the m/z range over which these resolutions
should be obtained, the size of the sample which is to be analysed, and the efficiency of
the system (that is the percentage of ions that are produced that are then detected).
One application area which might prove to be a fit with this technology is that of micro-
array analysis (see figure8.1). With a micro-array dozens (if not hundreds) of samples are
applied to a sample plate with a micrometer level pitch (& 50 um). These samples are
then screened either for the presence of some species of for the presence of a tag or marker
which signals another species. This relieves the demands on the spatial, and to some
extent the mass, resolving power of an instrument, and instead the efficiency and sample

size are tested.
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8.2 In Conclusion

The works in this thesis have shown the development of a viable multi-mass stigmatic
imaging mass spectrometer from a proof-of-concept. The strengths and weaknesses of this
system have been explored setting the stage for both turning the instrument to applications
as well as developing further instrumental improvements. The PImMS1 camera has been
shown to open up new avenues in instrumentation which, by playing to the strengths of

the device, can produce powerful new tools for chemical analysis.
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Chapter 9

Derivation of Transfer Matrices

The following derivations are adapted from those found in Liebl’s “Applied Charged Parti-
cle Optics”. Here the equations are derived whilst considering a positively charged particle
with charge, ¢. This means that the kinetic energy gains of the particles have to be cal-
culated relative to potential of the first (repeller) electrode, rather than from the local

(circuit) ground,

[\

mu
2

t=qVi+ (Vo —Vo)), (9:1)

where m is the mass of the particle, v, is the particles velocity at the n'® electrode, V; is
the initial of the particle after ablation (in electronvolts), V4 the potential applied to the

repeller electrode, and V,, the potential applied to the n'" electrode.

9.1 A Uniform Field

A particle passing from one electrode to another (electrodes n — 1 to n) will experience a
uniform electric field (assuming that any lens aperture in either of the electrodes produces

a perturbation which can be dealt with later),

200
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such that a positively charged particle is accelerated towards the lower potential along the

major axis leading from the first to the second plate,

. qb,
T, = . 9.3
- (93)
The particles velocity at the first plate, v,,, can be split into two components,
Tno1 = Up_1sin(a,_1), (9.4)
Tp_1 = Up_1 cO8(Qp_1), (9.5)

where 7 is the radial component of the velocity, @ is the axial (time-of-flight axis) com-
ponent of the velocity, and « is the angle between the direction of motion and the major
axis.

The axial position of the particle can be determined as a function of time,

r =2, 1+ .I.'nflt —+ %tz, (96)

and if rearranged and after substitution using equations (9.3) & (9.5),

E,
q2—mt2 + vy cos(ay 1)t — (. — x5_1). (9.7)

The solution for this equation can be found but it is prudent to bear in mind a few
caveats: firstly, by solving this quadratic equation the solution assumes that weighting of

the quadratic term is non-zero (i.e. the solution is not valid for a field-free drift tube);

2qEn (x—xn)

secondly, if the discriminant, (v,_; Cos(an,l))2 + o

< 0, then there is no real
solution to the equation (i.e. the particle does not reach x); and finally, it is the positive

solution that we want so we will use the positive route of the discriminant.
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So
2qF,(xr — x,_

t = qgn —Up—1 COS(Qy—1) + \/U?Ll cos?(an-1) + q ($m x 1)] ’ (9.8)

n— 2 En - dn—

— W;UEnl — cos(ap-1) + \/COSQ(C(nl) + T(ng;%lx 1)]
which gives

N 2qE, (L,

tn = Tr;UEnl — COS(C(nfl) + \/COSQ(Oénl) + anTl)] 5 (99)

where t,, is the time that the particle reaches the n'™ electrode, and L, is the distance
between electrode n — 1 and n.

The radial position of the particle when it reaches the electrode is described by,

T = Tp_i+Tn_itn, (9.10)

= Tp1+ Up_1sin(a,—1)t,

and by substituting equation (9.9) the result is,

2qF, L,

2
n

(9.11)

T = Tp_1+ sin(ay, 1)

—cos(ay—1) + \/COSz(Oznl) +

mu;_q

Finally, the particle energy can be expressed as a function of the electrode potentials

(equation (9.1)):

Tn = Tpn—1+sin(ay,—1) B [— cos(a,_1) + \/0052(an_1) + Vit (Vo= Vo a))
(9.12)

9.2 The Initial Extraction Region

At this point there are two different scenarios to consider: an initial extraction region,

and a generic field. First the initial extraction: here n = 1 so the initial kinetic energy is
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equal only to the original energy from ablation,

2V,L —
Vovi ‘1/1 —cos(ay) + \/(3052(041-) + (VOTZ-%) . (9.13)

r1 = r; + sin(a;)

Where the field, Fj, has also been expressed as in equation (9.2). The next assumption

that can be made is that (Vo — Vi) >> V;, and this leads to both ®=% >> cos?(a;) and

%%ivl >> cos(a;). Implementing these assumptions and tidying up the remaining terms

yields
Vi

ry =1 + sin(o;)2L, v
0— V1

(9.14)

This gives the radial position of the particle as a function of the initial angle of the direction

of motion. It can be more suitable (as will be shown later) to use the “slope” of the particle

motion, ﬁ—;. This is the tangent of the particle motion and so the angle of the direction

of motion can be found by taking: arctan (%).

This slope can be calculated by taking the derivative of the position,

Vi

rh = sin(q) - (9.15)
9.3 A Generic Uniform Field
For the generic field it can be assumed that V; << (V5 — V,,,
. 2 (‘/O - anl) 2 EnLn
n — I'n— n-1)" = | n— n— — 1. (9.16
Tn = Tp_1+sin(a, 1) o8 cos(ay—1) + 4| cos?(an_1) + Vo Vo) (9.16)
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The ratio of the electric field, FE,,, to the acceleration voltage, Vo — V,,_1, is equal to:

En o Vn—l - Vn
‘/0 - Vn—l B Ln ‘/0 - Vn—l)’
o i -anl - Vn
B Ln _% - anl 7
o 1 -anl_vn_'_‘/o_‘/o
B Ln L ‘/O - anl ’
1 [ ‘/0 - Vn
= —|-14+——— 9.17
Lol V- VM} | (5-17)
which can be substituted into equation (9.16) yielding:
2L, Vo — Vi,
= Ty in(o,—1)————— | — e 2(py_1) — 14+ ——+—1. (9.18
Tn = rp_1+sin(a, 1) VXO_}Z: - [ cos(ay, 1) + \/COS (1) + T (9.18)
Substituting cos?(a) — 1 = —sin?(a),
2L, . Vo — Vi
Tn = Th_1+ Siﬂ(&nl)m [— COS(Oénfl) + \/— Sln2<04n,1) + h (919)

As the particle has already been accelerated such that V; << (Vo — V,,, it can also be
assumed that the direction of motion is close to the major axis (paraxial approximation)

so sin(«) = tan(a) = 1’ cos(a) = 1,

2L, Vo —Va
Tn =Tno1+ T 4 ——r—— |~ 1+ —— — 12 9.20
1 B L \/VO ~ Vi 1 2
. . . . . Vo—Vi )
The paraxial approximation also implies that ol > e .
Vo—Vn _ 1
- , I Vo—Vn-1
I =
VO*Vn—l
2L,
= Tpat+r (9.21)

Vofvn
Vv T

As before the slope of the direction of motion can be found by taking the derivative
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from equation (9.16):

d 2(Vo—V,_ E.L,
r = . (sin(anl)(OE—nl) —cos(,—1) + \/COSZ(&nl) + m ) )
| (Vo = Vo) { ) E.L, }5 E,
= sm(ay_1)————= |cos™ (1) +
(1), S (A | I
1
E,L T2
= sin(a,_ 2, . 9.22
sin(a,_1) [cos (n—1) + Vo= Vn—l):| ( )
This, again, can be simplified using equation (9.17),
Vo —V, E
! = sin(o,_1) {# - sin2(an1)} : (9.23)

and again employing the paraxial approximation, sin(a)) & r/,, and assuming that % >>

r = H%T;_l. (9.24)

9.4 Forming the Matrices

12

rn—la

Now the matrices can be written down in the form:

=M (9.25)

n n—1

So, for the initial extraction region, equations(9.20)&(9.24) can be distilled into a

transfer matrix,

1 2L,
M= e (9.26)
Vo—Vn—
0 Ve

The initial extraction region is described by equations (9.14) & (9.15), which when com-
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bined form the initial vector of an particles trajectory after extraction:

Tpi —+ SiH(OéZ')QLl ‘f
MExtr - 8 Yo h (927)

sin(ay) Vo‘fvl

These equations are not expressed as a function of the slope of the particle motion but
rather as a function of the angle of the particle motion from the major axis. This is due
to the fact that the paraxial approximation does not apply to particles ejected straight

from the surface. If it were valid then a transfer matrix could be defined,

L
Mty & v . (9.28)
0 Vi



