The Pennsylvania State University
The Graduate School
The Department of Chemistry

NEW INSTRUMENTAL DEVELOPMENTS IN CLUSTER TOF-SIMS

A Dissertation in
Chemistry
by
Anthony J. Carado

 2010 Anthony J. Carado

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Doctor of Philosophy

May 2010

The dissertation of Anthony J. Carado was reviewed and approved* by the following:

Nicholas Winograd
Evan Pugh Professor of Chemistry
Dissertation Advisor
Chair of Committee

Robert Schlegel
Professor Emeritus of Biochemistry and Molecular Biology

David Allara
Professor of Polymer Science and Chemistry

Philip C. Bevilacqua
Professor of Chemistry

Barbara J. Garrison
Shapiro Professor of Chemistry
Head of the Department or Graduate Program

*Signatures are on file in the Graduate School

iii
ABSTRACT
Time-of-flight secondary ion mass spectrometry is a surface analysis technique that
utilizes a high energy primary ion beam which, upon collision with the sample, causes the
ejection of secondary ions from the sample. These ions are then separated based on their mass in
a time-of-flight mass analyzer. By rastering a highly focused beam at many locations on a
sample and recording a mass spectrum at each of these locations, chemical specific images can be
created of the sample. While extremely powerful in principle, this technique has several
significant challenges. The two most persistent and problematic are low sensitivity and sample
fragmentation upon impact of the primary ion.
Exciting progress in addressing these issues was brought about by development of cluster
projectiles such as Aun+, SF5+, Bin+, and C60+. These larger projectiles spread their energy over a
wider surface area and have been shown through simulation and fundamental studies to increase
the number of secondary ions ejected per impact as well as to better remove any damage that
occurs during the impact. This leads to the inference that a simple way to collect more secondary
ions is to impact the sample with more primary ions. Unfortunately, the ToF-SIMS
instrumentation has not necessarily advanced in step with primary ion sources and so the true
utility of cluster projectiles is not being fulfilled.
In this work, we report on the addition of a 20 keV C60+ primary ion source to a
commercial MALDI/ESI mass spectrometer by Applied Biosystems / MDS Analytical
Technologies, the QStar XL mass spectrometer. This instrument is equipped with an orthogonal
ToF which allows the primary ion source to operate in a continuous fashion as opposed to short,
widely spaced pulses typical of traditional instrumentation. This mode of operation allows the
delivery of several orders of magnitude more primary ion fluence. In addition, the QStar XL is a
multiple quadrupole mass spectrometer which enables tandem mass spectrometry experiments
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(MS/MS) to aid in ion identification through collision induced dissociation fragmentation
analysis.
Aside from the differing geometry of the ToF mass analyzer, the most unusual aspect of
the QStar XL is the fact that it operates at significantly higher pressures, at least surrounding the
sample, than typical high vacuum mass spectrometers. Two different gas inlets result in different
pressures at the sample. In collisional cooling mode, the pressure at the sample is ~1 Torr. This
high pressure is required to reduce the fragmentation of electrospray and MALDI generated
secondary ions. Unfortunately, utilizing this gas inlet resulted in a significant loss of SIMS
generated secondary ions, likely due to scattering, and so proved to be unfeasible. Using the
alternate gas inlet at Q0, N2 pressure at the sample is ~5 x 10-3 Torr. The vast majority of the
experiments described in this thesis are using the Q0 gas configuration which results in collisional
focusing, but not collisional cooling. Chapter two deals with the experimental considerations of
operating a high voltage, high velocity, primary ion source on an instrument that requires high
pressures for operation. Efforts to shield the primary ion beam from high gas include
incorporating a differential pumping sleeve and a small aperture nose cone that not only restricts
the amount of gas leaking in to the beam column, but also reduces the distance with which the
primary ion beam needs to travel in high pressure before reaching the sample. These efforts result
in a beam column pressure of less than 1x 10-6 Torr while the sample region is at normal
operating condition of 5 x 10-3 Torr. Consequences of the high pressure on the primary ion beam
characteristics do not seem serious. Beam spot size vs. pressure was measured with an atomic
force profilometer on a thin-film of the peptide gramicidin S, and no significant broadening of the
beam profile was seen for pressures ranging from < 5 x 10-4 to 8 x 10-3 Torr N2. Additionally,
spectra obtained from this prototype instrument do not differ substantially from the those
obtained from the high vacuum pulsed beam instrument with regards to degree of sample
fragmentation. It is likely that were the C60+ ions fragmenting significantly due to collisions with
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N2, the sample spectra would show more fragmentation. In fact, there is some evidence that
higher pressures may be preventing fragmentation through collisional cooling; a phenomenon that
occurs when low energy ions transfer some of their thermal energy to neutral N2 molecules. This
instrument is designed to take advantage of this when analyzing MALDI and electrospray
generated ions, but evidence of it occurring with SIMS generated ions has not previously been
seen. The QStar XL operates with negligible extraction voltages and so the use of high gas
pressures near the sample and a decreasing pressure gradient through the quadrupoles to the mass
analyzer facilitates ion transmission through collision focusing. Similar to collisional cooling,
collisional focusing occurs when low energy secondary ions collide with neutral N2 molecules
resulting in a restriction of their transverse motion which creates a beam of ions. The requirement
of this instrument to operate under collisional focusing conditions is demonstrated on several
molecules in chapter 2 and 3; however it should be noted that collisional focusing is required for
all analytes.
In chapter 3, comparisons to traditional SIMS instrumentation as well as to MALDI
generated data from the QStar XL are made. Orthogonal ToF designs introduce a secondary ion
loss that is not present in axial ToF designs, and so secondary ion efficiencies (secondary ions
detected/primary ion impact) were of great interest. It was found that the secondary ion
efficiencies from SIMS generated data from the QStar XL were similar to the high vacuum
pulsed SIMS instrument in this lab. Secondary ion efficiencies for both instruments for indium
and gramicidin S are listed in table 3-1.
Orthogonal time-of-flight mass analyzers decouple the secondary ion ejection event from
the mass analysis. This leads to more tightly bunched secondary ions reaching the detector
resulting in superior mass resolution. An example of the superior mass resolution of this
instrument is demonstrated on digitonin, a detergent utilized to solubilize membrane proteins,
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precipitate cholesterol, and permeabilize cell membranes. In addition, the spectra acquired for this
molecule with SIMS, matrix enhanced SIMS and MALDI are compared.
There are some limits to this prototype instrument, primarily in the area of beam size. In
chapter 4, it is shown how this instrument can be used in tandem with a high spatial resolution
pulsed beam mass spectrometer to improve sub-cellular imaging. MS/MS data of cholesterol
taken with the QStar XL led to the discovery of a more prominent cholesterol fragment than is
typically used to map cholesterol. The efficacy of using this fragment as an indicator of
cholesterol was tested by doping one set of cells with cholesterol and comparing the fragment
m/z+ 147, among others, to an undoped cell population. This fragment showed an increase that
followed the pseudomolecular ion, m/z+ 369 which is commonly chosen as a cholesterol
indicator, but at higher intensities. In addition, previous single cell imaging experiments were
revisited and it was shown that by mapping m/z+ 147, better image contrast was achieved.
Despite the imaging limitations, exciting results were achieved in imaging tissue and
large single cells. Chapter 5 reports rat brain imaging, single cell sea snail neuron imaging, as
well as a demonstration of the ability of MS/MS to differentiate the structural isomers leucine and
isoleucine. Large samples such as rat brain sections present some unique challenges for mass
spectral imaging. Traditional ToF-SIMS mass spectrometers have very small fields of view,
making imaging of large samples difficult or impossible. MALDI instruments, such as the QStar
XL, have the means to image large samples, but usually only at poor spatial resolution. In this
experiment, the unique abilities of a primary ion source coupled to a MALDI mass spectrometer
are demonstrated by imaging a rat brain at successively smaller fields of view; from 10 mm to 0.5
mm.
Large single cell analysis is possible despite the spatial resolution limitation. Imaging of
350 µm sea snail neurons is demonstrated revealing subcellular localization of cholesterol and
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vitamin E. In addition it is shown that MS/MS spectra of vitamin E can be obtained from a single
cell.
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Chapter 1

Introduction

1.1 Overview
Secondary ion mass spectrometry is the mass analysis of ions ejected from a sample
caused by the impacts of high velocity primary ions. The energy of the primary ions utilized to
generate sample ejection is typically in the range of 10-40 kiloelectron volts (keV) and travel at
velocities of tens of thousands of meters per second. Energy transferred during the collision event
causes the sputtering of surface molecules and atoms whose mass can be determined by a variety
of different methods including time-of-flight, quadrupole, and magnetic sector, allowing for the
chemical identification of the ejected species. SIMS surface analysis is widely employed to
characterize organic materials including biological cells, tissues, and polymers as well as
inorganics such as metals and semiconductors and has played an important role in the research
and development of a widely diverse range of industries including pharmaceuticals1,2, aerospace3,
medical devices,4,5 paints and coatings,6,7 and molecular electronics8-11.
Sub-micron beam sizes are typical for modern primary ion sources used in SIMS mass
spectrometers and some are capable of spot sizes less than 100 nm. This characteristic along with
the ability to obtain mass spectral information from samples without the need to apply a matrix
are the primary advantages that SIMS has over the complementary technique of matrix assisted
laser desorption ionization (MALDI) for biological samples. Obtaining meaningful spectral
information at the sub-cellular level is now commonplace for SIMS analysis, and while
improvements to spatial resolution with MALDI imaging continues, 12-14 routine analysis with
sub-micron resolution is nowhere in sight. It’s true that SIMS has little chance of matching the
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mass range or sensitivity afforded by MALDI, but for small molecule detection and inorganic
analysis, SIMS has been a vital tool for surface characterization and in many cases provides
information that cannot be obtained by any other surface technique, including MALDI.
One of the most exciting modes of SIMS research has been in imaging. In this modality,
a highly focused primary ion beam is rastered over the surface of the sample, acquiring a
complete mass spectrum at each pixel, the number and size of which can be determined by the
operator and is limited only by beam size and desired data file size. Conventional pulsed beam
instruments in this lab can acquire a 256 x 256 pixel image (65,536 mass spectra) in about 20s. If
desired, the process can be repeated indefinitely to accumulate more ions for analysis. The sum of
the individual spectra is displayed in one mass spectrum following analysis, at which point
individual ion peaks can be selected to show the relative intensity of that particular mass over the
analysis field of view. This technique is uniquely equipped to provide detailed spatially resolved
chemical information from surfaces with no pretreatment of the sample necessary in most cases.
Early instruments used as their primary ions Cs+, Au+, Ga+, Ar+ and In+, among others,
but more recently, polyatomic primary ions have gained favor after early research revealed that
heavier and less charge dense projectiles not only improved sensitivity, but also caused less
surface damage upon impact. SF5+ and Aun+ clusters as well as Bin+ and C60+ have been at the
forefront of modern SIMS analysis, particularly of organic samples, and have reinvigorated the
field. These cluster projectiles have gone a long way towards addressing the most problematic
aspect of SIMS analysis of organic molecules; poor sensitivity. Studies have repeatedly shown a
significant increase in secondary ion counts and reduced damage when traditional pulsed beam
instrumentation is equipped with these polyatomic ion sources. But given these newly available
capabilities; does traditional SIMS instrumentation remain the best choice of instrumental
configuration? In this thesis, we investigate the feasibility and overall system performance of a
novel SIMS/MALDI mass spectrometer. In collaboration with Applied Biosystems / MDS
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Analytical Technologies, we have paired a 20keV C60+ primary ion source by Ionoptika Ltd.,
Manchester, UK with a commercial MALDI/ESI multiple quadrupole orthogonal time-of-flight
mass spectrometer, the QStar XL.

1.2 Theory of SIMS

1.2.1 Sputtering process
The high velocity collision of a primary ion, regardless of its identity, with a surface
causes the removal of a range of particles including positively ionized atoms and molecules,
negatively ionized electrons, atoms, and molecules, and neutral atoms and molecules. Since the
focusing and deflection of the secondary (as well as primary) ion beam is governed by
electrostatics, the analysis of sputtered material with SIMS is limited to ions, which make up only
a small percentage of ejected material. Neutrals which come into close proximity to a voltage are
not influenced and so are lost in the vacuum. Electrons can be collected; however chemical
information cannot be obtained from electrons and so they are generally collected only to aid in
beam size adjustment and sample navigation. Figure 1-1 illustrates the sputtering process.
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Figure 1-1: Illustration of the sputtering process showing positive and negative ions as well as
neutrals ejected during sputtering. In ToF-SIMS, only ions are analyzed.
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1.2.2 Time-of-flight detection
Upon ejection of the secondary ions from the surface, they are typically extracted with
several thousand volts away from the sample surface towards the mass analyzer, which in this
laboratory is a time-of-flight mass analyzer. The concept of separating ions based on the time
required for these ions to travel a known distance is relatively simple. If a group of ions, all with a
single charge, which is inevitably the case with SIMS ions, but differing masses, are imparted
with the same amount of energy, the amount of time they require to reach the detector will vary
based on their mass. The lighter ions will arrive first, and the heaviest ions will arrive last as
indicated in the kinetic energy equation.
1
𝐾𝐸 = mv 2
2

(1-1)

In this equation, KE is kinetic energy in Joules (J), although its units will most often be in
electron volts (eV) in this thesis, m is the mass of the charged particle in kilograms, and v is
velocity in meters per second. The kinetic energy of a particle is determined by the electric
potential it passes through and it’s charge state. For example, a singly charged particle that
experiences a 20 kV potential acquires 20 keV kinetic energy. Substituting the change in position
divided by the change in time (dx/dt) for velocity allows for this equation to be used to determine
time of flight or flight path length. The time-of-flight analyzers used in this laboratory are the
dual-stage reflectron type, of which details can be found elsewhere.15 Briefly,in this type of flight
tube, ions ejected from the surface attain an accelerating energy and then are allowed to drift in a
field-free region where separation based on their mass begins. At the end of the flight tube is the
reflectron which is a series of electrostatic lenses that project an electric field of polarity opposite
to the ions of interest, into the ions flight path. The ions that enter this field, even if they have the
same mass, will likely have slightly different kinetic energies due to the ejection and/or extraction
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processes and will therefore have slightly different velocities. Those ions with more energy will
penetrate further into the electric field before being turned around, and so will leave the electric
field in a better state of time-focus than when they entered. This mode of mass analysis leads to
significantly improved mass resolution compared to linear ToFs because ions of the same mass
arrive at the detector more closely bunched. Ions are detected by a microchannel plate (MCP)
detector. An illustration of a reflectron is shown in Figure 1-2.

1.3 SIMS Imaging
While not initially thought of as an imaging technique, modern ToF-SIMS software has
the power to retain the position information and intensity of ejected ions allowing spatially
resolved chemical specific images to be formed. The first work in this field was performed by
Castaing and Slodzian16 and the technique was termed ion microscopy because the manner in
which the spatial relationship of the ejected ions was carried through the instrument to the
detector was analagous to the way in which light microscopy is performed. This technique
featured a defocused ion beam whose diameter was on the order of the size of the desired image
field of view. Much more common now is the complementary technique of focused ion beam
analysis. In this mode, the defocused beam used in ion microscopy is replaced by a highly
focused ion beam which is rastered across the sample allowing for a mass spectrum to be
acquired at each pixel. The advent of this mode of imaging was brought about in large part due to
the introduction of the liquid metal ion gun (lmig) which was capable of extremely high lateral
resolution. A schematic of mass spectral imaging is shown in Figure 1-3.
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Figure 1-2: Illustration of a reflectron time-of-flight mass analyzer. Packets of ions of the same
mass continue to spread after receiving acceleration voltage due to kinetic energy differences.
Those ions with higher kinetic energy penetrate further into the ion mirror and are effectively
bunched as they turned around and travel towards the detector resulting in increased mass
resolution compared to a linear ToF.
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Figure 1-3: Illustration of the ToF-SIMS imaging mode. In the lower left is the sample consisting
of a gold grid on an indium foil square. The fine black grid overlay represents the individual
pixels. A mass spectrum is acquired at each pixel, and then all individual pixel spectra are
summed to produce a total ion spectrum. From this spectrum, masses can be selected and
displayed as selected ion images.
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The intensity of all ions in the spectrum is retained for each pixel. By selecting individual
masses from the total ion spectrum, an image of only that selected mass can be displayed.
Multiple masses can be selected simultaneously to create an image of a range of ion intensities,
and multiple images can be overlayed. The potential power of this technique is obvious as it
provides not only an image of the sample surface, but also a chemical map capable of revealing
the identity and location of all masses collected during the experiment.
Despite its enourmous potential, early ToF-SIMS analysis of organic samples, in imaging
and non-imaging modes, struggled to provide significant results. Lack of secondary ion counts,
extensive fragmentation, and damage accumulation were unfortunate themes of the introductory
attempts at organic analyis. This was in large part due to the atomic LMIG primary ion sources
that were prevelant when interest in organic ToF-SIMS analysis emerged. At issue was the ionsolid interaction between a high energy atomic primary ion and the surface of the sample.
Fundamental research, both in the form of computer simulations and experimental work, opened
the door for a shift in primary ion sources from atomic sources to polyatomic sources.

1.4 Progression towards cluster sources

1.4.1 Low sensitivity
There are many challenges associated with ToF-SIMS analysis of organic samples, but
none is more persistent than overcoming the relatively low sensitivity issue. The production of
ions from a surface due to a primary ion impact is a very inefficient process with roughly only 1
percent or less of ejected species being ions. The overall instrument efficiency also limits the
number of secondary ions able to be collected per primary ion impact. This value is termed the
secondary ion yield, and several secondary ion yield values are shown in table 1-1.
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Table 1-1: Approximate secondary ion yields for several commonly studied molecules.
Indium
Gramicidin S
Cholesterol
Phosphatidylcholine Headgroup

1 x 10-2
5 x 10-5
1 x 10-4
1 x 10-4
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These values represent the number of ions of interest one can expect to reach the detector
for every primary ion impact. In other words, using gramicidin S as an example, an average of ~1
x 105 primary ions would be required to bombard a surface before detecting a gramicidin S
secondary ion. Furthermore, the values for organic molecules shown in table 1-1 are obtained
from pure thin films on hard, conducting surfaces. The availability of these secondary ions from
these same molecules in more realistic surroundings and concentrations, i.e. biological settings, is
even further reduced. From this table it is clear that the ability to increase the secondary ion
collection rate during ToF-SIMS experiments is of the utmost importance.
The secondary ion yield is governed by a variety of factors including the physical
characteristics of the sample, the substrate, if the sample is sufficiently thin, surrounding sample
molecules, the identity, energy, and angle of the projectile, the ionization probability of the ion of
interest, and the instrument transmission, among others. The overall expected intensity of the ion
of interest can be approximated by equation 1-2.
𝐼𝑚 = 𝐼𝑝 𝑌𝑡𝑜𝑡𝑎𝑙 ∝(±) 𝜃𝑚 

(1-2)

Im is the number of secondary ion of species m that reach the detector, Ip is the primary ion beam
current, Ytotal is the sputtering yield (the total amount of material removed), ∝(±) is the ionization
probability, 𝜃𝑚 is the fractional concentration of m in the surface layer, and  is the instrument
transmission. Of these parameters, the sputter yield is the parameter that provides the most
opportunity for fundamental research, and is also a parameter that is significantly affected by the
selection of the primary ion projectile.

1.4.2 Increased sputter yields
Given that SIMS is a destructive ionization technique, an understanding of the physical
interaction between a primary ion and the sample during collision is vital. Figure 1-4 is a series of
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snapshots of a molecular dynamics simulation comparing the impact of a 15 keV Ga+ ion and a
C60+ ion with an Ag sample at normal incidence.
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Figure 1-4: A molecular dynamics simulation of the impacts of a Ga atom and a C 60 molecule
with an Ag surface17. Original layers are colored to provide a reference of motion of the sample
atoms. The dimensions of each panel are 10 x 10 x 10 nm.
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The details of this simulation can be found elsewhere17, but briefly, the sample is a 10 x
10 x 10 nm Ag crystal with the layers colored to provide a motion reference for sample atoms
during the experiment. Simulated impacts of a 15 keV Ga+ atomic projectile and 15 keV C60+
cluster projectile at normal incidence are shown. This simulation reveals a variety of insights into
the differing sputtering processes depending on primary ion selection. The Ga atom penetrates
deeply into the sample, depositing its energy away from the surface. In so doing, very few of the
surface atoms are ejected. It has been found that depending on the exact location of the impact of
an atomic projectile such as Ga+, the amount of material removed can vary considerably. This is
due to the relative size of the Ga+ ion compared to the interstitial spaces between the sample
atoms. A direct impact on a sample atom will create more sputtered material than an impact that
strikes in the interstitial region. An illustration of the relative sizes of C60+ and Ga+ is shown in
Figure 1-5.
In contrast, the C60+ projectile being significantly larger has no chance of striking
between surface atoms or molecules and so the amount of material removed is much more
consistent. Because of its size and also due to its polyatomic composition, C60+ breaks apart into
individual atoms, each with 1/60th the initial energy, or 250 eV each. This allows most of the
energy to be deposited in the near surface region which translates into more of the sample ions
being ejected. Furthermore, simulations reveal that the amount of Ag removed during a C60+
impact follows a non-linear dependence on the number of particles in the primary ion beam. That
is to say, the Ag yield for a single C60+ impact is more than three times larger than the total yield
that would be seen with 60 individual carbon impacts of 250 eV each. The two panels at 29
picoseconds (ps) illustrate this point. There is no discernable crater for the Ga+ impact compared
to the substantial crater for the C60+ impact. This trend of increased sputter yields with C60+ has
also been shown with organic samples.
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Figure 1-5: Illustrations of Ga+ and C60+ SIMS projectiles.
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Water is an important representative molecule for simulations both because it more
closely represents organic molecules of interest in biological focused experiments, and also
because analyzing biological samples in a frozen-hydrated state has become popular to attempt to
retain physiological conditions18-20, making the sputtering characteristics of ice directly relevant
to ToF-SIMS experiments. It has been found that the trend of increased sputter yields for organic
molecules is also true for cluster projectiles other than C60+, and so a molecular dynamics
simulation comparing gold cluster and C60+ impacts on ice could potentially reveal directly
applicable information for experimental studies, particularly because both primary ion sources are
available in this laboratory allowing for a comparison of theoretical and experimental results.
Additionally, the Au ion source is capable of delivering Au+, Au2+, and Au3+ (higher cluster sizes
are also possible, but at limiting currents), so studies of the progression from single projectile to
polyatomic characteristics can be evaluated. Figure 1-6 compares the theoretical impacts of 5 keV
Au3 and C60+ at normal incidence on water ice.21 The top two panels show time dependent
depictions of the incident particles from impact to 1 ps at 40 fs intervals colored from blue to red,
while the sample crater represents its 1 ps state. The lower panels show the crater shape after 20
ps as well as the ejected particles in their original starting positions.
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Figure 1-6: A cross-sectional view of a molecular dynamics comparison of 5 keVAu3+ and C60+
impacts on ice at normal incidence21. Grey atoms are water ice. In the upper two panels, the
projectile particles are colored based on elapsed time after collision up to1 ps at 40 fs intervals. In
the lower two illustrations, the craters are shown at the 20 ps time frame and ejected particles are
shown colored red in their original starting positions. Dimensions of the ice solid are 29 x 16 x 16
nm3.
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Results of this simulation are similar to those shown in Figure 1-4; however the
difference in amount of ejected is not nearly so pronounced. This fact is attributable to cluster like
properties of Au3+ as opposed to the Ga+ properties. Nevertheless, there are significant differences
between the two impacts. The Au cluster breaks apart into individual atoms that continue their
trajectory relatively deeply into the sample. In addition to this leading to energy deposition away
from the surface, it has been shown that the Au implants in the sample leading to variable
secondary ion yields. This has a negative impact when attempting to correlate primary ion dose
with sputter yields to obtain accurate depth information. Similar to Figure 1-4, the C60+ deposits
all of its energy in the near surface region, and the depth and shape of the crater formed are a
direct result of this. The C60+ crater is shallower, but wider than the Au impact crater with a
greater total volume removed. It is thought that the reason for the large volume difference
between the sputter crater and the ejected material shown in red in the lower two panels is due to
a compression effect of the sample during impact. It is predicted that once the sample returns to
its starting density that the two volumes would more closely match; however this happens at a
time scale that is prohibitively long for molecular dynamics simulations.
Experimental results follow with the general results shown in Figure 1-6. 500 nm of
amorphous water ice was deposited on a silver coated quartz crystal microbalance (QCM) by
vapor deposition in vacuum, and then bombarded with Au+, Au2+, Au3+ at 25 keV energy and C60+
at 20 keV energy. By comparing the number of primary ions utilized for bombardment with the
change in the mass of the ice on the QCM, sputter yields could be determined. The results are
shown in Table 1-2.22
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Table 1-2: Sputter yields of water ice under Aun+ and C60+ bombardment as measured by a quartz
crystal microbalance.22

Removed # of
H2O Equivalents

Au+

Au2+

Au3+

C60+

94

570

1200

1800
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Clearly, C60+ has the advantage in total amount of material sputtered per impact, even
over the Au3+ clusters. The number C60+ generated water molecules exceeded the Au3+ generated
molecules by 50% with even more substantial increases over the lower Au clusters. These types
of results immediately proved the benefits of polyatomic ion sources; however increased sputter
yields is only one of the advantages that this projectile offers in the effort to collect more
secondary ions.

1.4.3 Reduced interlayer mixing
Aside from the relative sizes of the sputter craters, Figure 1-4 reveals that significantly
less interlayer mixing occurs subsequent to the C60+ primary ion impact compared to the Ga+.This
characteristic has important implications in depth-profiling experiments, i.e. when the incident
beam is altered between direct current (DC) for sample erosion, and pulsed beam mode used
during analysis. If the erosion cycle leads to significant interlayer mixing, subsequent analysis
cycles will lead to false information with regards to the depth of origin of collected ions. In fact,
keeping sample molecules that haven’t been ejected during an impact in their approximate
original locations is required in any experiment where a high primary ion dose is desired. A
relatively straight forward method of characterizing the degree of interlayer mixing induced by
primary ion bombardment can be accomplished by depth-profiling through multilayer samples
and measuring the depth of the interface regions as demonstrated in Figure 1-7.
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Figure 1-7: The behavior of 15 keV C60+ and 15 keV Ga+ depth-profiling experiment of a ninelayer nickel (Ni), chromium (Cr) multilayer sample.23,24 The top left panel shows the signal
intensities of Cr (black) and Ni (light grey) during C60+ analysis, and Ga+ results are shown on the
bottom panel. The data on the right shows AFM images of the sputtered area using C60+ (left) and
Ga+ (right).
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The details of this experiment can be found elsewhere,23,24 but briefly, the sample
consisted of alternating layers of chromium (Cr) and nickel (Ni). Both C60+ and Ga+ were used to
obtain depth-profile information from the sample by alternating between DC ion beam erosion
modes, and data collecting analysis modes with a pulsed ion beam. The results show a stark
contrast in performance between the two ion beams. C60+ erosion and analysis shows distinct
increases and decreases for both sample metals throughout the entire experiment with interface
depths of approximately 10 nm. The gallium ion beam analysis is unable to resolve any of the
distinct layers throughout the course of the experiment, and furthermore, the AFM analysis
shown on the right demonstrates that the Ga+ bombardment results in substantially increased
surface roughness compared to C60+ (100nm vs. 2.5nm rms respectively).
Depth-profiling experiments on organic films reveal analagous results to those shown for
Ni:Cr. Spin-coated sample preparation techniques were intitially used with positive results25-27,
but by using Langmuir-Blodgett techniques28-30, multi-layer organic films as thin as one
monolayer can be constructed as model systems for biological depth-profiling experiments. The
highly structured nature of these films with well-defined interfaces make them ideal for
characterizing primary ion beam performance for organic molecules when operating beyond the
static limit. Shown in Figure 1-8 is an illustration of an alternating Langmuir-Blodgett film and
the secondary ion intensity plot vs. primary ion fluence acquired by depth-profiling through it.31
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Figure 1-8: Depth-profile experiment with 40 keV C60+ ion source of a multi-layer LangmuirBlodgett film composed of alternating layers of arachadic acid (AA) and dimyristoyl phosphatidic
acid (DMPA) on the left. Ion signal intensity vs. primary beam fluence for AA, DMPA, and
silicon substrate is shown on the right.31
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Langmuir-Blodgett multi-layer samples are constructed by stacking identical monolayers
until the desired thickness is obtained for each different major layer. In this case, approximately
20 monolayers of dimyristoyl phosphatidic acid (DMPA) and arachadic acid (AA) were used.
This experiment demonstrates the ability of polyatomic primary ion sources to operate past the
static limit, i.e. erosion of more than 1% of the surface molecules, even on organic samples. The
fact the transitions between layers, as shown in the signal intensity graph, is relatively narrow,
shows that through reduced interlayer mixing, surface topography, and damage accumulation,
valid chemical information can be extracted from locations well below the original sample
surface. Additionally, unlike with monotomic projectiles, the number of secondary ions that can
be collected is no longer restricted by the static limit.
These positive attributes of cluster ion sources have been taken advantage of for several
years now for analysis of biological samples such as cells and tissues. The increased sputter
yields possible when using C60+ is advantageous in all manner of biological ToF-SIMS
experiments regardless of instrument type or static vs. dynamic parameters. As mentioned earlier
in the chapter, the availability of organic secondary ions, particularly in biological environments,
is limited, so a primary ion source that can generate more ions of interest shortens experiment
time or provides more convincing results.
A major concern in imaging type experiments is ion beam size. The smaller the beam
size, the better the spatial resolution. Unfortunately, there is a drawback to the ever increasing
lateral resolution of modern ion sources, and that is less secondary ions available within the probe
diameter. A detailed statistical analysis on this topic can be found elsewhere.32 So in cases where
high spatial resolution is required, increasing the secondary ion yield is vital. An example of the
enhancement that can be achieved for single cell imaging with a cluster ion source is shown in
Figure 1-9.
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Figure 1-9: ToF-SIMS imaging of a Spirostomum with indium primary ion source on the left,
and C60+ on the right. Blue background is Si, green is phoshpatidylcholine headgroup ion m/z+
184. The fields of view are 700 µm for the C60+ image and 384 µm for the indium image. Work
by Chris Szakal and Sara Ostrowski.
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Here, a bursaria cell was freezed-dried on a Si wafer and then analyzed with both an indium
liquid metal ion gun, and a C60+ ion gun. The field of view was expanded in the C60+ image to
show individual paramecia. The blue background is the Si wafer, and the green is m/z+ 184
indicating a phospholipid. The result from this experiment was a 300-fold increase in m/z+184 ion
for the C60+ generated image of the Spirostomum. Generally, lateral resolution for cluster sources
does not quite match that of the LMIGs, and this is certainly the case for the early generation 20
keV gun demonstrated in Figure 1-9, however the increased counts significantly increase the
apparent resolution. Advancements in ion gun technology have now allowed C60+ ion sources to
attain a spatial resolution of well less than 1 µm.
In addition to the increased sputter yields afforded by polyatomic sources, the ability to
apply the depth-profiling modality to single cells has also been explored. Cells are 3-dimensional
structures with a variety of sub-cellular structures, and so it is vital to be able to attain information
from below the surface. Organic thin-film experiments indicated that chemical information
obtained after material removal cycles should be valid given the C60+ ion sources ability to
remove any damage it may cause as well as to impart relatively little interlayer mixing. In an
effort to study the physical effects of a sputtering ion beam on a single cell, a single freeze-dried
epithelial cheek (buccal) cell was subjected to a 40 keV DC C60+ ion beam for five sputtering
cycles, with each cycle followed by analysis with a Nanopics 2100 Atomic Force Profiler. This
instrument works much like an atomic force microscope, but is capable of a larger field of view.
Based on the change in height after each sputter cycle, the volume removed can be calculated and
with the appropriate molecular density approximation, sputter yields (molecules removed per C60+
impact) can be calculated for each cycle. Profilometer images after each cycle as well as
calculated sputter yields are shown in Figure 1-10.
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Figure 1-10: Profilometer images (left), and calculated sputter yields (right) for human cheek cell
sputtering with a 40 keV C60+ ion gun.
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These results are the first to show the physical damage to a single cell caused during
sputtering. The images show the erosion of the upper layers of the cell with the highest structures
remaining throughout the sputter cycles. A faint outline of the cell can be seen in frames 4-6 as a
result of the shielding of the Si substrate from bombardment, leaving that area raised with respect
to the surrounding Si. In order to investigate whether differential sputtering takes place, i.e.
sputter rates that differ based on location due to compositional differences, the cell height was
measured at its highest point, the nucleus, as well as an average height measurement covering
much of the cell. Interestingly, no significant difference was found based on measurement
location indicating generally uniform sputter rates. The average sputter yield for the single
highest point measurement was 336 molecules and the average height measurement resulted in a
sputter yield of 357. These results are slightly higher than what others in this group have found
for thin films of pure lipids.29 This is likely due to differences in the molecular density
approximation in a cell vs. a Langmuir-Blodgett thin film. Unfortunately, attempts at acquiring
SIMS image data was problematic and resulted in only marginal success in collection of ions of
interest between sputter cycles; and those ions were limited to inorganics. Others have had
slightly better success in imaging ions in cells subsequent to high dose sputtering.33,34
Experiments mentioned in this chapter and many others throughout the field have
benefitted greatly from the use of cluster primary ion sources; however the true potential has yet
to be realized, in large part due to instrumental limitations. One of the simplest solutions to the
problem of limited secondary ions available for analysis is to increase the primary ion
bombardment rate. Unfortunately, the ability to do this with traditional instrumentation is
severely restricted. To understand why this is, a closer look at the mass analyzer and detector is
required.
The problem arises due to the geometry of the flight tube with respect to the direction of
secondary ion ejection from the sample. For microchannel plate (MCP) detectors, the mass
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resolution is determined by the length of time that a packet of ions collides with the detector
plates. The shorter the packet length, the better the mass resolution. In traditional instruments the
most common method of generating short packets of secondary ions is to bombard the sample
with short packets of primary ions. A significant delay between primary ion pulses is required in
part due to data acquisition limits as well as to prevent overlap of secondary ions in the flight
tube. The end result is a primary ion beam that is off for a much greater time than it is on. For
example, in this lab, typical instrument parameters are a 50 ns primary ion pulse width at 3kHz. A
simple calculation reveals that over the course of 1 second of experiment time, the beam is on for
only 150 µs. This number can be improved by increasing the primary ion pulse width; however
only at the expense of mass resolution.
In contrast, a time-of-flight mass analyzer that is oriented orthogonally decouples the
secondary ion ejection process from the ToF pulsing. This means that even with a continuous
primary ion beam, the mass resolution remains constant. In this type of instrument, the mass
resolution is determined primarily by the ToF pulse width, and the secondary ion beam diameter
as it enters the ToF just prior to pulsing. A comparison of the two modes of mass separation is
illustrated in Figure 1-11.
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Figure 1-11: A comparison of the secondary ion ejection and mass analysis of an orthogonal ToF
instrument (left), and an axial ToF instrument (right).
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In addition to being able to drastically increase the primary ion fluence, another important
advantage that this type of instrument offers is the ability to continuously sample the ions ejected
from the sample during depth-profiling. In axial instruments, the DC beam sputter cycle used for
erosion purposes is performed without analyzing the material being removed due to the pulsing
requirement. The information contained in these slices of the sample are lost.
Orthogonal time-of-flight instrumentation for use with matrix assisted laser desorption
ionization (MALDI) and electro spray ionization (ESI) has been in use for several years, and is an
attractive model for the progression of SIMS instrumentation. In addition to the benefits that arise
solely through the rearrangement of the ToF section, many of these instruments include multiple
quadrupoles and ion traps which have long been unavailable to the ToF-SIMS researcher. Given
the low count rate and characteristically fragmented and cluttered spectra that arise in typical
ToF-SIMS analysis of organic samples, both of these attributes would be of great benefit. Applied
Biosystems/MDS Analytical Technologies manufactures several such instruments, the QStar XL
series, and the opportunity to attempt to incorporate a C60+ ion source into a QStar XL
MALDI/ESI mass spectrometer arose. This thesis reports the challenges, initial results,
performance characteristics, and potential for future directions for this prototype SIMS/MALDI
orthogonal ToF multiple quadrupole mass spectrometer.

32
1.5 References
(1)

Brandt, O.; Feldner, J.; Hellweg, S.; Schroder, M.; Stephan, A.; Arlinghaus, H. F.;
Hoheisel, J. D.; Jacob, A. Appl. Surf. Sci. 2006, 252, 6935.

(2)

Feldner, J. C.; Ostrop, A.; Friedrichs, O.; Sohn, S.; Lipinsky, D.; Gunst, U.; Arlinghaus,
H. F. Appl. Surf. Sci. 2003, 203, 722.

(3)

Digby, R. P.; Shaw, S. J. Int. J. Adhes. Adhes. 1998, 18, 261.

(4)

Taton, K. S.; Guire, P. E. Colloids and Surfaces B: Biointerfaces 2002, 24, 123.

(5)

Chen, C. Y.; Ghule, A. V.; Chen, W. Y.; Wang, C. C.; Chiang, Y. S.; Ling, Y. C. Appl.
Surf. Sci. 2004, 231-232, 447.

(6)

Wolff, U.; Thomas, H.; Osterhold, M. Prog. Org. Coat. 2004, 51, 163.

(7)

Leadley, S. R.; Watts, J. F.; Rodriguez, A.; Lowe, C. Int. J. Adhes. Adhes. 1998, 18, 193.

(8)

Fisher, G. L.; Walker, A. V.; Hooper, A. E.; Tighe, T. B.; Bahnck, K. B.; Skriba, H. T.;
Reinard, M. D.; Haynie, B. C.; Opila, R. L.; Winograd, N.; Allara, D. L. J. Am. Chem.
Soc. 2002, 124, 5528.

(9)

Haynie, B. C.; Walker, A. V.; Tighe, T. B.; Allara, D. L.; Winograd, N. Appl. Surf. Sci.
2003, 203, 433.

(10)

Walker, A. V.; Tighe, T. B.; Cabarcos, O. M.; Reinard, M. D.; Haynie, B. C.; Uppili, S.;
Winograd, N.; Allara, D. L. J. Am. Chem. Soc. 2004, 126, 3954.

(11)

Zhu, Z.; Haynie, B. C.; Winograd, N. Appl. Surf. Sci. 2004, 231-2, 318.

(12)

Spengler, B.; Hubert, M. J. Am. Soc. Mass Spectrom. 2002, 13, 735.

(13)

Jurchen, J. C.; Rubakhin, S. S.; Sweedler, J. V. J. Am. Soc. Mass Spectrom. 2005, 16,
1654.

(14)

Hankin, J. A.; Barkley, R. M.; Murphy, R. C. J. Am. Soc. Mass Spectrom. 2007, 18, 1646.

(15)

Wang, T.-I.; Chu, C.-W.; Hung, H.-M.; Kuo, G.-S.; Han, C.-C. Rev. Sci. Instrum. 1994,
65, 1585.

(16)

Castaing, R.; Slodzian, G. J. Microsc. 1962, 1, 395.

(17)

Postawa, Z.; Czerwinski, B.; Szewczyk, M.; Smiley, E. J.; Winograd, N.; Garrison, B. J.
Anal. Chem. 2003, 75, 4402.

(18)

Chandra, S.; Smith, D. R.; Morrison, G. H. Anal. Chem. 2000, 72, 104a.

33
(19)

Roddy, T. P.; Cannon, D. M.; Ostrowski, S. G.; Winograd, N.; Ewing, A. G. Anal. Chem.
2002, 74, 4020.

(20)

Roddy, T. P.; Cannon, D. M.; Ostrowski, S. G.; Ewing, A. G.; Winograd, N. Anal. Chem.
2003, 75, 4087.

(21)

Russo, M. F.; Szakal, C.; Kozole, J.; Winograd, N.; Garrison, B. J. Anal. Chem. 2007, 79,
4493.

(22)

Szakal, C.; Kozole, J.; Russo, M. F.; Garrison, B. J.; Winograd, N. Phys. Rev. Lett. 2006,
96.

(23)

Sun, S.; Szakal, C.; Roll, T.; Mazarov, P.; Wucher, A.; Winograd, N. Surf. Interface
Anal. 2004, 36, 1367.

(24)

Sun, S.; Wucher, A.; Szakal, C.; Winograd, N. Appl. Phys. Lett. 2004, 84, 5177.

(25)

Cheng, J.; Wucher, A.; Winograd, N. J. Phys. Chem. B 2006, 110, 8329.

(26)

Cheng, J.; Winograd, N. Anal. Chem. 2005, 77, 3651.

(27)

Cheng, J.; Winograd, N. Appl. Surf. Sci. 2006, 252, 6498.

(28)

Sostarecz, A. G.; McQuaw, C. M.; Ewing, A. G.; Winograd, N. J. Am. Chem. Soc. 2004,
126, 13882.

(29)

Sostarecz, A. G.; McQuaw, C. M.; Wucher, A.; Winograd, N. Anal. Chem. 2004, 76,
6651.

(30)

Zheng, L. L.; Wucher, A.; Winograd, N. Anal. Chem. 2008, 80, 7363.

(31)

Zheng, L. L.; Wucher, A.; Winograd, N. J. Am. Soc. Mass Spectrom. 2008, 19, 96.

(32)

Piehowski, P. D.; Davey, A. M.; Kurczy, M. E.; Sheets, E. D.; Winograd, N.; Ewing, A.
G.; Heien, M. L. Anal. Chem. 2009, 81, 5593.

(33)

Parry, S.; Winograd, N. Anal. Chem. 2005, 77, 7950.

(34)

Fletcher, J. S.; Lockyer, N. P.; Vaidyanathan, S.; Vickerman, J. C. Anal. Chem. 2007, 79,
2199.

Chapter 2

Experimental Considerations for Low Vacuum Cluster TOF-SIMS

2.1 Introduction
The QStar XL instrument is designed to operate efficiently with high N2 gas pressures
and so one of the greatest concerns in undertaking this project has been, how will an ion source
operate under these conditions. For example, the sample region of the QStar XL operates at
approximately 5-8 millitorr (mTorr) with the area directly over the sample reaching pressure as
high as 1 Torr. The pressure is reduced through each successive quadrupole, with the exception of
the collision cell during MS/MS experiments, but it isn’t until reaching the flight tube that the
pressure reaches a value typical of most traditional instrumentation, less than 1 x 10-7 Torr.
ToF-SIMS has traditionally been performed under high vacuum conditions for several
reasons. Conventional systems utilize high voltages at many different areas of the instrument
including the ion source region, lenses, sample stage, secondary ion lenses, ToF region, and
detector.1 There is a well known direct relationship between pressure and high voltage
breakdown distance owing to the fact that an excess of molecules present in low vacuum
conditions between conducting surfaces can create a path for a component of higher voltage to
arc to a component of lower voltage or ground. This effect was first described by Paschen’s Law
in 18892 by the equation:

𝑉=

𝑎 𝑝𝑑
ln 𝑝𝑑 + 𝑏

(2-1)
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where V is the breakdown voltage in volts, p is the pressure in atmospheres, and d is the gap
distance in meters. Parameter a and b are gas composition dependent constants. For air, a = 43.66,
and b = 12.8. In air for gaps on the order of a millimeter or so, Paschen’s Law can be
approximated by:
𝑉 = 30𝑝𝑑 + 1.35𝑘𝑉

(2-2)

It should be noted however that the actual breakdown distance and voltage is dependent on many
other factors with two of the most important being electrode composition and shape. In practice,
minimum distances between widely varying potential differences are determined by experiment
and trial and error. Nevertheless, given the need for these components to have potentials often in
the tens of thousands of volts as well as the instrument size constraints, the need for a high
vacuum environment surrounding these components is obvious.
Another driving force for high vacuum operating conditions is derived from the need for
a clear path of travel for the high speed primary ions between the ion source and the sample. A
rearrangement of the kinetic energy equation,
1
𝐾𝐸 = 𝑚𝑣 2
2

(2-3)

where KE is kinetic energy in joules, m is the mass of the primary ion in kilograms, and v is the
velocity in meters/second, shows that the velocity of a C60+ projectile with 20 keV energy is
73,000 m/s or 163,000 miles/hr. At this velocity it travels from the source region to the sample in
approximately 13 s. Several studies have been done investigating the consequences of high
velocity C60+ collisions with gas molecules and have shown that fragmentation of the primary ion
can result,3,4 possibly causing undesirable sputtering characteristics.5 In addition to fragmentation,
primary ion scattering is also possible when travelling through high pressure gas. This would
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negatively impact biological sample analysis with regards to both beam size and primary ion
current density.
In addition to the negative effects that low vacuum conditions can have on the primary
ion beam, sample contamination due to gas adsorption can also be problematic. At standard
temperatures, using a makeup gas of relatively pure N2, adsorption is unlikely to be an issue;
however for experiments that utilize a reduced temperature stage, a practice that is becoming
increasingly common, water condensation or gas contaminant adsorption could interfere with
results.
With these considerations in mind, it is not surprising that attempts to conduct ToF-SIMS
experiments in any environment other than high vacuum conditions have been rare. Nevertheless,
high pressures in mass spectrometers can be beneficial, particularly when applied to low energy,
low velocity ion beams. Recent advances in MALDI and ESI instruments have shown that
relatively high concentrations of N2 gas around the sample region can actually increase not only
the instrument throughput, but can also prevent ejected/injected molecules from fragmenting,6 a
phenomenon that severely hampers ion identification. The QStar XL mass spectrometer by
Applied Biosystems / MDS Analytical Technologies was one of the first instruments to feature
high N2 pressure to facilitate ion transmission and reduced fragmentation and it is the platform
upon which this collaboration is based. The challenge was to determine if the benefits of high N2
pressure could be retained without degrading the primary ion beam performance to an extent that
eliminates its feasibility as an ionization tool for this type of instrument.
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2.2 Experimental

2.2.1 Materials and Sample Preparation
All materials except haldol and cocaine were purchased from Sigma-Aldrich. These
controlled substances were obtained from Andrew Ewing research group at Penn State
University. Thin films of cocaine, haldol, gramicidin S, and progesterone were prepared by drop
drying a solution of approximately 50 µl of a 10 mg/ml in methanol onto stainless steel MALDI
sample plates. The thin film of vitamin E was prepared by pipetting approximately 50 µl of
concentrated vitamin E onto the MALDI sample plate followed by wiping with a lint-free cloth
until only a thin film remained. For indium experiments, a small square of indium film was cut
and adhered to the MALDI sample plate with double-sided copper tape. It was then sputtered
clean for at least several minutes before data was recorded.

2.2.2 Instrumentation
The QStar XL is manufactured by Applied Biosystems / MDS Analytical Technologies.
The commercial configuration comes with an electro spray attachment as well as a MALDI
attachment. For this collaboration, engineers at MDS Analytical Technologies fabricated an
adapter block to fit between the MALDI stage and the quadrupole housing allowing the C60+
primary ion source to be mounted at a 45º angle to the sample stage. The N2 332 nm laser as well
as the camera was mounted on opposite sides of the adapter block, also at a 45º to the sample
stage. The extra length brought about by the adapter required that the Q0 quadrupole rods be
extended. The ion source was a 20 keV C60+ primary ion gun manufactured by Ionoptika Ltd. in
Manchester, UK. Details of this ion source can be found elsewhere.7 Figure 2-1 is an illustration
of the QStar XL with the 20 keV C60+ ion source mounted on the adapter block.

38

Figure 2-1: The modified QStar XL with attached 20keV C60+ ion source.
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Some of the details of this design and their impact on the operation of this combination
SIMS/MALDI instrument will be discussed in detail in later chapters; however it is worthwhile to
review the general operation here. The most obvious feature that differentiates this instrument
from typical axial instruments is the orthogonal orientation of the flight tube. This orientation
dictates that packets of the secondary ion beam be injected into the ToF orthogonally to their
original direction of travel through the quadrupoles, thereby decoupling the secondary ion
ejection event from the ToF injection. Since this type of sampling does not require the secondary
ion beam to be discreet pulses, a continuous primary ion beam can be used. In traditional pulsed
beam instruments, the vast majority of the time the beam is off. With the orthogonal ToF, a
continuous beam allows for a much higher primary ion flux; up to 3-4 orders of magnitude
greater. Other advantages as well as disadvantages of this design feature will be discussed in
following chapters.
Moving toward the front of the instrument, there are three sets of quadrupoles through
which the secondary ion beam travels before reaching the mass analyzer. The final set of
quadrupole rods is Q2. This set of quadrupoles has several functions. In pulsar mode, a small
range of secondary ions can be temporarily trapped by elevating the exit voltage. The secondary
ions of interest are accumulated before being released out of Q2 in time to be pulsed into the ToF.
Matching the Q2 release with the ToF pulse can increase the efficiency of a small range of ions,
while ions outside of the window will be reduced or lost. In MS/MS mode, Q2 functions as the
collision cell. Ions entering Q2 with up to 200 eV energy collide with elevated N2 pressure, as
high as 8 mTorr, to induce dissociation. In single MS mode, all ions are passed without pulsing or
dissociating. Likewise, Q1 can also operate in two different modes. In single MS, all ions are
passed by operating the quadrupole rods in radio frequency (RF) only mode. For tandem MS and
precursor ion scan experiments, the rods also have a DC voltage allowing Q1 to act as a mass
filter. Q0 is the first set of quadrupoles to interact with the ejected secondary ions and its function
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is vital for instrument transmission. It operates in RF only mode as an ion guide and passes all
ions in all experimental modes. Figure 2-2 is an illustration of the various functions of the
quadrupole rods in the two most common types of experiments; MS and MS/MS. Each cluster of
balls represents a parent ion, although not necessarily an intact molecular ion, and the different
colors indicate ions of differing mass. In the upper scheme, all ions, regardless of their mass are
passed through each successive set of quadrupole rods followed by mass analysis in the ToF. The
lower scheme represents how the quadrupole rods function during MS/MS analysis. All ions are
passed through Q0, but Q1 filters all ions except those of a predetermined mass. The selected ion
is then accelerated towards several mTorr N2 pressure in Q2 with energy up to 200 eV, generated
by increasing the voltages of all components forward of Q2, resulting in the fragmentation of the
parent ion. The daughter ions are then pulsed into the ToF for mass analysis.
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Figure 2-2: The two most common analysis schemes and the quadrupole functions for each. The
upper scenario represents single MS mode whereby all ions pass through all quadrupoles. The
lower scheme shows MS/MS mode. Q1 filters all ions except the ion of interest which is then
accelerated toward Q2 where it collides with elevated N2 gas pressure to produce fragmentation.
All fragments are then pulsed into the ToF for analysis.
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The inset of the sample area in Figure 2-1 highlights another significant difference
between this prototype orthogonal ToF instrument and the other axial pulsed beam instruments in
this lab. Unlike more common ToF-SIMS secondary ion extraction components that operate with
several thousand volts, this instrument operates with a very small extraction voltage. In its current
state, for MS mode, for example, the sample stage and orifice plate are at 18 V and Q0 is at 14 V.
This lack of an initial accelerating potential is made up for with gas flow and the focusing
function of the Q0 quadrupole rods. The end result of this lack of high voltage extraction, along
with elevated N2 pressures in Q2, is that the ions ejected from the sample move relatively slowly
through the quadrupole region, having only several eV energy. This limited secondary ion
velocity is vital for two reasons. It improves overall instrument efficiency as ions that enter the
ToF too quickly will bypass the ToF pulsing plate and collide with the wall of the flight tube.
This phenomenon introduces an instrument parameter called duty cycle that affects orthogonal
injection ToFs but not axial pulsed instruments. A more detailed explanation of duty cycle and
it’s affect on instrument efficiency can be found in chapter 3. Additionally, the slow secondary
ion velocity allows sufficient interaction between the ejected ions and the N2 for collisional
focusing and cooling. More details on these topics can be found later in the chapter.
In the sample region, there are two different N2 gas inlets; one directly in front of the
sample, between the sample plate and the orifice plate, called the curtain gas inlet (CG) and one
after the orifice plate in Q0, called the Q0 inlet. Since the turbo molecular pump is located in Q0,
the gas pressure in various locations around the sample region is greatly affected by where the N2
enters. If the CG inlet is used, there will be a buildup of gas between the sample and the orifice
plate due to the gas flow restriction created by the small opening in the orifice plate. This results
in a pressure of approximately 1 Torr directly over the sample, and about 8 mTorr throughout the
rest of Q0. If the Q0 inlet is used, all of the Q0 and sample region will be at approximately an
equal pressure of 5-8 mTorr.
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The sample stage holds a standard MALDI plate on a hinged door that can be vented
while keeping the rest of the instrument under vacuum. This allows only a small volume to be
evacuated with each plate change and can be accomplished in about 30s. Interrogation of
different spots on the sample plate is accomplished with stage movements as small as 10 m with
a maximum translation of 50 mm in either direction. This system allows for relatively small pixel
sizes while at the same time accommodating large samples. Having been designed for the larger
probe sizes associated with a MALDI laser, this system is not optimal for the small beam sizes
capable with SIMS; however it is sufficient for the introductory experiments of this prototype
system.
Data acquisition and imaging are handled by Analyst 2.0 and oMALDI Server 5.1
respectively, both by Applied Biosystems / MDS Analytical Technologies.

2.3 Results and Discussion

2.3.1 Minimizing C60/N2 Collisions
Given the need for relatively high N2 pressure in close proximity to the sample and
therefore the end of the ion gun, significant effort had to be dedicated to isolating as much of the
ion beam as possible. To this end, two primary areas of the ion gun were modified; the nose cone
and the lower beam region. As can be seen in Figure 2-3a, the lower portion of the ion gun
column has many holes and feed-throughs which would allow N2 to leak directly into the inner
beam path. This would have a particularly negative effect given the length of this portion of the
ion gun. To prevent this, a stainless steel sleeve was fabricated and mounted between the nose
cone and the ion gun mounting flange. The lower portion of this sleeve was designed to fit snugly
over the nose cone and was further sealed by Teflon tape, followed by electrical tape, and finally
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a small segment of heat-shrink tubing. The upper area sealed against the inside of the mounting
flange by means of a viton o-ring held in place by two retaining rings. The isolated area created
by this modification was then differentially pumped by a 50 L/s Leybold turbo molecular pump
through a flange previously used for a rastering voltage feed-through. The relatively large
opening at the end of the nose cone, 3 mm, would still allow too much N2 to enter the newly
created region, so a redesign of the nose cone was required.
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a

b

Figure 2-3: (a.) The lower portion of the C60+ ion gun with the mounting flange removed showing
multiple locations where N2 gas can enter the inner beam region. (b.) The fabricated stainless
steel sleeve fits over the lower portion of the gun, sealing out N2 gas.
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Initial nose cone alteration prototypes suggested that an extension of the nose cone as
well as keeping the final aperture to approximately 100 µm or smaller would provide reasonable
pressures surrounding the beam region, regardless of external Q0 pressure. A replacement nose
cone with interchangeable “mosquito” tips was designed by MDS/Sciex and fabricated by
Macfab Manufacturing Inc., Ontario, Canada. Multiple mosquito tips were fabricated with final
apertures of 100 µm, 50 µm, and ~ 15 µm, and were electrically isolated from the rest of the nose
cone. The nose cone was held at ground potential while the mosquito tip was kept to a voltage
matching the orifice plate, usually 18 V. The final distance from the end of the mosquito tip to the
sample was approximately 4-5 mm. This nose cone modification in combination with the beam
region sleeve allowed the 50 L/s turbo pump to attain pressures ranging between 1 x 10-6 to 7 x
10-8 Torr, depending on the mosquito tip aperture size, at normal Q0 operating pressures. We
believe that these alterations have resulted in sufficient differential pumping to allow consistent
operation of the instrument within the limits imposed by the relatively large stage step sizes. A
preliminary experiment to determine the effect that N2 pressure had on beam size was performed
by coating a silicon shard with a gramicidin S / sinapic acid solution and sputtering craters into
the film. This film was chosen simply because it dried in a relatively smooth, white film making
it easy to visually identify sputter craters. The minimum pressure was below 5 x 10-4 Torr, the
lowest value that the pirani gauge is capable of reading. The pressure was increased in four steps
up to 8 x 10-3 Torr. The results are shown in Figure 2-5. These results indicate that in the pressure
range of typical operating conditions, the N2 gas does not appear to be significantly increasing the
primary ion beam size. This experiment was performed with a 100 m nose cone aperture
resulting in a spot size of approximately 150 m.
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a.

b.

Figure 2-4: A close view of the fabricated nose cone from the side (a.) and from the front through
the orifice plate (b).
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Figure 2-5: An optical image of sputter craters created with the 20 KeV C60+ ion source at
pressures of < 5 x 10-4, 1 x 10-3, 3 x 10-3, 5 x 10-3, and 8 x 10-3 Torr from left to right. Results
showed no increase in beam size with increasing pressure.
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Unfortunately, the nose cone alteration has two major drawbacks. The requirement for a
small aperture renders the ion gun incapable of beam rastering. With this prototype instrument,
this drawback is insignificant given that the oMALDI 5.1 imaging software is not capable of
creating an image generated by a rastered beam. Subsequent generations of this instrument will
require significant effort to allow for a large enough final aperture for beam rastering while still
maintaining reasonable N2 pressure in the ion source. In addition, software capable of
constructing images generated by a rastered beam will also be required. The second drawback
associated with the restricted nose cone configuration is that the beam is being clipped as it
moves through the mosquito nose cone resulting in much lower current density than could be
attained if the beam were able to be focused through the aperture. This is partly due to the size of
the aperture and partly due to the overall geometry of the mosquito nose cone with respect to the
final focusing lens. Currently, typical primary ion current ranges from approximately 2-4 pA with
a 15 m spot size to 100-200 pA for the largest spot size of 150 m. Improved differential
pumping in the lower end of the ion source allowing for a larger final aperture as well as an
alteration of the final focusing lens geometry would likely improve this situation significantly.

2.3.2 Collisional Focusing
As mentioned in the experimental section of this chapter, there are two options for
allowing the N2 gas into the sample area. Regardless of which gas inlet is used, conditions in the
Q0 area of the instrument are sufficient for collisional focusing. It has been found that ejected ions
with low energy, several eV in this case, upon collision with N2 gas molecules, will have their
motions restricted toward the centerline of the quadrupoles. This results in the ions being focused
through the inter-quadrupole apertures, greatly improving transmission.8 The lower scenario in
Figure 2-6 illustrates collisional focusing under relatively high N2 pressure. Secondary ions in red
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undergo restriction of their transverse motion due to low energy collisions with N2 molecules,
shown in blue. The upper scenario represents conditions of low N2 pressure that is insufficient for
collisional focusing.
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Figure 2-6: A schematic showing the phenomenon of collisional focusing when sufficient N2 gas
molecules are present (bottom), and lack of focusing under higher vacuum conditions (top).
Restriction of the transverse motion of the ejected ions improves transmission through the interquadrupole apertures.
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The initial experiments by Douglas and French which led to this understanding were
performed using an atmospheric pressure ionization source (API) of either corona discharge or
ion-spray, and subsequent use with MALDI generated ions is now common. These researchers
have found that the extent of collisional focusing is mass dependent, i.e., the transmission of
higher mass ions increases more under conditions of collisional focusing. Until recently, the
collisional focusing effect has never previously been demonstrated with SIMS generated ions.
Experimental results in this lab have shown that the effect can be demonstrated even with Indium,
m/z 115 as shown in Figure 2-7.
With the Q0 inlet being used, pressure was increased from 1 mTorr to 10 mTorr while
monitoring the total ion current reaching the detector generated by bombarding a thin Indium foil
with C60+. Almost immediately, there is a rapid increase in counts as the pressure is ramped. This
behavior is due partially to collisional cooling and partially to an overall increase in gas flow
from Q0 to Q1. At approximately 5 mTorr, the rate of increase slows, followed by a decrease after
8 mTorr. This decrease is likely caused by a decrease in C60+ current reaching the sample due to
collisions between the primary ion and N2 molecules. This simple experiment demonstrates the
positive influence that N2 has on overall instrument operation and transmission, and this behavior
is consistent for all masses.

2.3.3 Collisional Cooling
One of the most significant challenges in biological SIMS analysis is determining the
identity of molecules in samples. The difficulty arises not only from the chemical complexity of
the samples themselves, but also because of the relatively low secondary ion yields and
fragmentation that occurs as a consequence of the primary ion impact. The ability to collect more
intact molecular ions or large fragments is vital for SIMS analysis and much effort has been put
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forth to try to improve this situation. Cluster ion sources as well as matrix and metal enhanced
SIMS9-11 have been successful in increasing secondary ion yields; however this approach
generally produces increased intensities of all ions and leaves the data remaining congested with
fragments. A different approach that has not yet been explored with SIMS generated secondary
ions is to increase the secondary ion yields of molecular ions and large fragments by reducing
fragmentation. As mentioned earlier in the chapter, there are two different gas inlets available on
this instrument for bringing the instrument up to the required operating pressure of approximately
5 mTorr in the Q0 region. Collisional focusing is possible using either inlet; however conditions
for collisional cooling can only be met by using the curtain gas (CG) inlet directly in front of the
sample. Since the gas can only escape slowly through the relatively small orifice plate aperture, a
locally high pressure is present between the sample and the orifice plate while the rest of the Q0
region is approximately 5-8 mTorr. This high pressure N2 blanket directly over the sample is what
allows ejected ions to be cooled, transferring some of their internal energy to neutral gas
molecules resulting in less secondary ion fragmentation. This mode of operation was designed for
MALDI and electro spray ionization6 and is the typical operating condition for the commercial
version of the QStar XL.
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Figure 2-7: Indium counts vs. pressure introduced at the Q0 inlet. Transmission improves rapidly
with increased sample gas due to collisional focusing, and then drops after approximately eight
mTorr, likely due to C60+/N2 gas collisions prior to impact with the target. This behavior is seen
for all ejected ions.
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Unfortunately, collisional cooling presents more of a challenge when the analysis is performed
with a high energy primary ion beam due to the possibility of primary ion / gas collisions.
Experiments were performed to determine if collisional cooling is possible in conjunction with a
high energy primary ion beam. To this end, the molecular ion or quasi-molecular ion to major
fragment ratio was calculated for five different molecules, drop-dried on silicon wafers under
conditions suitable for cooling versus conditions suitable for only collisional focusing. Figure 2-8
shows the MS/MS spectra of the five molecules with the molecular ion and the fragment chosen
for ratio calculations labeled. The molecules are from upper left, clockwise, cocaine, haldol,
progesterone, gramicidin S and vitamin E.
The only consideration in choosing these particular fragments was to ensure the
intensities were sufficient for comparison purposes, even in the case that the fragment ion
intensities or total ion intensities were degraded significantly in the CG gas inlet experiments. It
was determined that these fragments are also prominent in the ToF-MS mode. For the
experiment, three different Q0 atmosphere conditions were examined. For the “No Gas”
experiments, all sample gas was blocked resulting in the sample chamber measuring less than 5 x
10-4 Torr, the lower limit for the Pirani gauge. For the Q0 and CG experiments, the Q0 pressure
measured 5 x 10-3 Torr and the Q1 residual gas measurement was maintained at 3.8 x 10-5 Torr.
The sample stage was continuously moved throughout the experiment to reduce the possibility of
beam induced damage. Primary ion current was approximately 80 pA. The results are shown in
Figure 2-9.
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a

b

c

d

e
Figure 2-8: MS/MS spectra of a) cocaine, b) haldol, c) progesterone, d) gramicidin S, and e)
vitamin E. Molecular ion or protonated molecular ion and the major fragment used for the cooling
experiment are labeled.
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Figure 2-9: M+H : fragment ratios of cocaine, haldol, progesterone, gramicidin S, and vitamin E.
under varying sample atmosphere conditions.
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The “No Gas” condition was used as a control, and resulted in extremely low counts as
can be expected with no collisional focusing. The primary interest was in determining what, if
any, increase in M+H: Fragment ratio resulted by moving the gas inlet from Q0, where no cooling
is possible, to the CG inlet, where conditions for cooling are met. As suspected from previous
experimental findings, progesterone showed the most pronounced increase in M+H: fragment
ratio with an 883 % increase, followed by Vitamin E with a 265% increase. The rest of the
molecules showed significantly less molecular or quasi-molecular ion enhancement, although all
showed positive results. It is unclear why there exists such widely varying results, particularly
with progesterone. Other steroids with similar structures and functional groups did not show the
same extensive cooling (data not shown) nor have a variety of other molecules.
Demonstrating the collisional cooling effect on SIMS generated ions may be inherently
difficult. It has been shown previously that higher mass ions show more cooling than lighter
ions,6 and given the propensity of SIMS to eject lower mass ions, there may not be enough large
ions present initially to allow for the observation of cooling over a wide range of different
molecules.
Despite these promising results, the major drawback with operating this instrument under
collisional cooling conditions in conjunction with a primary ion source is a drastic overall loss in
secondary ion counts due to collisions of the primary ion with N2 gas. Typically total ion losses
reaching the detector are at least 90%. The differential pumping is sufficient to prevent an
overabundance of gas into the beam region when the instrument is operating with the inlet at the
Q0 position. However when the CG inlet is being used, not only does the beam have to travel the
few millimeters through the 1 Torr space above the sample, but that 1 Torr is in very close
proximity to the entrance to the nosecone creating an increase in the beam region pressure of at
least one order of magnitude. Further work would be needed investigating alternate gas positions
that would enable collisional cooling without such drastic negative effects on the primary ion
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beam in conjunction with improved differential pumping capability before this mode of operation
would be feasible.

2.4 Conclusions
Preliminary results concerning the operation of a cluster ion source under the low
vacuum conditions imposed by the QStar XL are promising. The alterations required for the ion
source are fairly straight forward and consist primarily of a differential pumping sleeve to isolate
the inner beam region from the high pressure sample gas, a vacuum pump to evacuate this area,
and a modified nose cone that not only restricts the final aperture to prevent excessive nitrogen
from entering the beam column, but also minimizes the distance between the end of the ion gun
and the sample. The end result is an ion beam that needs only to travel approximately 4-5 mm
through the sample gas before arriving at the sample plate. While the extremely low transmission
of secondary ions through the instrument even in moderate vacuum conditions, i.e. less than 5 x
10-4 Torr, makes it difficult to evaluate the ion source and mass spectrometer performance, crater
size and spectral comparisons between 5 x 10-4 and 1 x 10-2 indicate that the ion source alterations
have been successful in minimizing sample gas/primary ion collisions, at least when using the Q0
gas inlet.
Once the secondary ions are formed, the vacuum conditions of the instrument when
utilizing the Q0 gas inlet influence them similarly to ions generated by MALDI or ESI. Secondary
ion transmission is greatly improved with increasing pressure due to collisional focusing and a
decreasing pressure gradient toward the ToF, up to approximately 3-5 mTorr at which point
N2/primary ion collisions may reduce overall efficiency.
The results of the collisional cooling experiments of SIMS generated secondary ions is
extremely interesting. Given the violent nature of the high velocity primary ion impacts, the
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ability to efficiently reduce fragmentation of secondary ions would have a significant impact on
the field. Unfortunately, despite the promising results, the overall loss of ions that occurs when
operating the instrument under cooling sample gas conditions (CG inlet) precludes this from
being a feasible mode of operations for SIMS at the present state of the work. Further work is
required to attempt to allow for cooling without bringing about such an extreme loss of primary
ions. It may be possible that innovative alternate gas configurations utilizing lower gas pressure
applied over a longer secondary ion path length will provide the cooling desired without the
detrimental effects to the primary ion.
Given the great benefits that a QStar XL type of mass spectrometer brings to SIMS
analysis, the minor difficulties brought about by its low vacuum operating conditions are
relatively easily dealt with. Reduction of primary beam / sample gas interactions are straight
forward and the benefits of the high gas pressure are applicable to SIMS generated ions.
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Chapter 3

C60 SIMS with a Hybrid Quadrupole Orthogonal Time-of-Flight Mass
Spectrometer
This chapter has been adopted from: Carado, A.; Passarelli, M. K.; Kozole, J.; Wingate,
J. E.; Winograd, N.; Loboda, A. V. Anal. Chem. 2008, 80, 7921.

3.1 Introduction
The unique properties of cluster ion bombardment in secondary ion mass spectrometry
(SIMS) experiments suggest that alternative instrumental approaches to existing time-of-flight
technology could provide more efficient molecular analysis capability. These properties include
increased sensitivity to inorganic and organic materials, extended mass range, reduced sample
damage, and the ability to perform chemical imaging experiments at submicron lateral
resolution.1-7 Moreover, an important new application of cluster SIMS, molecular depth
profiling, is not well suited to a pulsed incident beam since the experiment is carried out using a
continuous beam for erosion purposes.4,5,7,8 Current instrumentation does not allow for detection
of material removed during sputtering. And finally, since cluster SIMS experiments are now
widely applied to the characterization of more complex organic samples, the availability of ms/ms
is essential, yet it is unavailable in commercial TOF-SIMS instrumentation, and has only been
reported in specialized applications.9 Hence, a number of groups are in the process of examining
new instrumental configurations.10-12
With the expanded capabilities of cluster projectiles, there is interest in combining cluster
SIMS with MALDI mass spectrometry to acquire complementary information. From a
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fundamental point of view, the physics behind both methods is still quite different, but closer than
when employing atomic bombardment. For larger clusters such as C60, for example, computer
simulations suggest that the interaction between the cluster and the surface creates correlated
energy flow on a mesoscopic scale of several nm, a scale larger than seen for collision cascades
associated with atomic projectiles, but smaller than the micron scale associated with laser ablation
or MALDI experiments.13,14 An experimental comparison has been tested in a preliminary
fashion only recently. A high performance TOF-SIMS was modified to allow matrix enhanced
imaging on similar samples using both approaches.15,16 Others workers have also developed a
strategy for using a chemical initiator to desorb molecules either with a cluster beam or with a
laser beam, providing great flexibility.17
One of the most important modes of operation of both of these methods involves
chemical mapping. In this mode, a probe is focused to a well-defined spot on the sample causing
the stimulated desorption of target molecules in an ionized state. Initial imaging experiments
were employed with SIMS which utilizes an energetic tightly focused ion beam as the desorption
probe. For example, lateral resolution of less than 100 nm has been achieved18,19 for many years
with liquid metal ion gun technology. Images are constructed by acquiring thousands of mass
spectra at different locations which are then sorted according to specific m/z values to produce
molecule-specific pictures. In these experiments, the imaging procedure consists of acquiring
secondary ions under low dose conditions since extensive chemical damage occurs during and
after the desorption event. More recently, with cluster ion beams damage accumulation is greatly
reduced, allowing imaging to be combined with molecular depth profiling to achieve 3dimensional information.5,6
Laser desorption based imaging methods have also become popular. With this type of
probe, the sample is usually treated with a thin coating of a MALDI matrix.20,21 This procedure
has been found to enhance ionization, greatly reduce fragmentation, and allow molecules of
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virtually any molecular weight to be desorbed. Although the laser can, in principle, be focused
to a submicron spot, lateral resolution has been limited to 20-50 microns,16,22 due either to
fundamental physical limitations23 and/or to disturbances induced by the application of the
matrix.24 Moreover, chemical noise at low mass and long acquisition times have limited some
applications. Similar strategies are being developed at atmospheric pressure using desorption
electrospray ionization (DESI)25 where samples can be analyzed directly on the laboratory bench,
but the best lateral resolution achieved to date is about 150 micron.26 Hence, cluster SIMS offers
cleaner spectra than MALDI at low mass (<m/z 1000) without the use of matrix and submicron
lateral resolution, while other methods provide improved spectra at higher mass but at lower
lateral resolution. A significant driver for both methods is the notion that biomolecule mapping
directly in biological tissue yields fundamental and clinical opportunities.
In this paper, we explore the combination of cluster SIMS and MALDI by modifying
commercially available MALDI instrumentation to allow use of both modalities on the same
platform. Specifically, we have chosen to implement this technology using a high performance
hybrid quadrupole orthogonal (QqTOF) design.27 This instrumentation provides mass resolution
of greater than 1 part in 10,000 and tandem mass spectrometry capability.27,28 Moreover, the
orthogonal orientation of the QqTOF permits the use of a continuous primary ion beam during
analysis, resulting in up to 4 orders of magnitude higher secondary ion flux than a pulsed
instrument. There is also a large existing imaging MALDI user base available to embrace this
strategy. The work presented here has been motivated in part by collaboration with the
Vickerman group at the University of Manchester where a radical new TOF platform with
comparable performance characteristics is under a parallel development path.10 Our results show
that modification of the QqTOF can be completed in a straightforward fashion and that the
quality of the SIMS and MALDI spectra are directly comparable in the lower mass range. After
the desorption process, the secondary ion beam is shown to be thermalized before entering the

65
quadrupole mass analyzer via collisions with several millitorr of N2 gas. Hence, this beam loses
all memory of whether it was created via laser desorption or ion beam-induced desorption.
Because of this property, the collision-induced dissociation (CID) mass spectra are found to be
essentially identical for both methods. Moreover and perhaps most importantly, this platform
allows the complementary properties of cluster SIMS and MALDI to be readily exploited.

3.2 Experimental

3.2.1 Materials and Sample Preparation.
Acetone, methanol, indium foil, digitonin, and gramicidin S were purchased from
Sigma Aldrich (St. Louis, MO). The digitonin solution was prepared by dissolving 200 mg
digitonin in 10 ml 50:50 water/methanol. For matrix-enhanced SIMS and MALDI
measurements, an equal amount of a 50:50 mixture of a saturated methanol solution of sinnapic
acid and α-cyano-4-hydroxycinnamic acid was added to the analyte. This mixture was found to
produce more consistent results for a variety of compounds than those produced using the pure
matrices. The gramicidin S solution was prepared by dissolving 250 mg of gramicidin S in 10 ml
methanol. Both samples were prepared by drying a 50 µl aliquot onto a stainless steel MALDI
sample plate. The In sample was prepared by attaching a 1 cm2 of 0.1 mm thick In foil to the
MALDI sample plate with double sided copper tape. The sample was conditioned to a
reproducible state by bombarding with C60 projectiles until the In+ secondary ion signal remained
constant with time, corresponding to a fluence of about 1014 ions/cm2.
For high mass range analysis, CsI in powder form was purchased from mpbio.com and
gallium arsenide was purchased from Alpha. The CsI was first pelletized and then adhered to a
stainless steel MALDI plate with copper tape. The GaAs was analyzed by placing a small shard
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onto a MALDI plate with copper tape. Both were sputtered with C60+ before being analyzed with
approximately 100 pA C60+ beam current.

3.2.2 Mass Spectrometer Design Considerations
Experiments employing the QqTOF mass spectrometer were performed on a modified
QSTAR® XL manufactured by Applied Biosystems/MDS Analytical Technologies. Details of
the standard configuration of this system have been described extensively in a previous
publications.27 For the experiments reported here, this instrument was modified by the addition
of a specially designed extension chamber that allowed mounting of a 20 keV C60 cluster ion
source from Ionoptika Ltd, UK. A schematic design is shown in Figure 3-1, where the C60 beam
is shown to strike the sample at an incident angle of 45°. The length of the Q0 quadrupole rods
was increased by 10 cm to transfer the analyte ions through the extension chamber. The entrance
of the extension chamber was made to be compatible with the QSTAR® XL sample inlet system,
allowing MALDI, electrospray or SIMS analysis to be performed.
As previously reported and as shown in the inset of Figure 3-1, secondary ion extraction
occurs via a small electric field.29 These ions enter the Q0 ion guide where the ion beam is
compressed using collisional focusing. The pressure in the Q0 region is typically set to about 8
millitorr of N2.27 Simulations and experimental data show that C60+ ions with 20 keV of kinetic
energy will fragment into smaller carbon clusters down to C11 upon a single collision with buffer
gas molecules.30,31 To avoid these collisions, the C60 gun column was modified to include a
differential pumping shield to allow the ions to be formed and transported close to the surface at a
pressure of 1x10-6 torr or lower.29 A conical shaped needle (nose cone) was fitted to the end of
the column as shown in Figure 3-1. The tip of the nose cone was positioned in close proximity (~
3 mm) to the sample surface. Such close spacing is essential to minimize the probability of
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fragmentation of C60+ ions when they exit the nose cone and fly through the region with 8
millitorr of N2 above the sample. In this configuration it is possible to deliver intact C60+ ions to
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Figure 3-1: Schematic diagram of the modified QSTAR® XL hybrid QqTOF mass spectrometer.
Note the differential pumping column surrounding the C60 source and the conical needle needed
to inject ions within 3 mm of the sample surface (see text for details). Primary beam currents
reaching the sample plate varied between several pA and 100 pA depending upon the nose cone
aperture size. The secondary ions are transported via quadrupole rods Q0, mass selection is
possible using Q1, and collision induced dissociation at impact energies up to 200 eV occurs in
the differentially pumped collision cell, Q2. For a small pre-selected mass range, ion storage is
possible in Q2 before pulsing a section of the continuous beam into the orthogonal TOF ion
mirror. See text for details.
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the sample without significant degradation or fragmentation using the native operating
pressures of the QSTAR® XL spectrometer.
Due to limitations of this prototype source, focusing of the C60+ beam to a submicron
spot size on the target is problematic, although such focusing has been demonstrated using more
advanced methods on other instruments.32 In our experiments, the beam width is defined by the
size of the opening of the conical needle. The size of the opening could be chosen to be between
150 µm providing a beam current of up to 100 pA and approximately 15 µm providing a beam
current of 5 pA. The lateral resolution achievable during imaging was found to be close to the
size of the opening associated with the conical needle.
The sample stage attachment in the SIMS/oMALDI™ source is equipped with a hinged
door that opens to atmosphere allowing for quick sample transfer. The stage is movable in either
an automated fashion or manually, controlled by oMALDI™ Server software, and is capable of
movements as small as 10 µm with a maximum movement of 50 mm in the X and Y directions.
The presence of the C60+ ion gun does not interfere with normal operation of the MALDI source,
allowing concurrent SIMS and MALDI experiments to be performed with no alterations of the
system. Use of the electrospray source requires removal of the cluster source, which can be
accomplished in about one hour.
Traditional axial TOF-SIMS experiments were performed using a previously described
system constructed in-house.33 These measurements were performed using a focused beam
generated by the IOG40 C60 ion source from Ionoptika. All spectra were recorded at pressures of
10-9 torr or less.
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3.3 Results and Discussion
To establish the efficacy of this type of instrument for cluster SIMS experiments, a
number of performance features need to be examined in detail. Here, we first evaluate the
relative efficiency of the QqTOF design, primarily with respect to the higher pressure operation.
Next, we examine the prospects of utilizing the MS/MS capability of this instrument and compare
these results directly with MALDI experiments. The utility of high mass resolution, Q2 trapping
and imaging will also be addressed.

3.3.1 Transmission Efficiency
To determine the ability of the QqTOF configuration to extract secondary ions
generated during C60+ bombardment, it is useful to compare the performance of this instrument to
traditional TOF-SIMS instrumentation with axial geometry where secondary ion extraction
occurs at 5-10 keV. To avoid issues of fragmentation and ionization, an initial set of
measurements were performed on sputtered In foil, a simple system where the major ion signal
occurs at 113In ( 4%) and

115

In (96 %). In the QqTOF instrument, the intensity of the 115 In ions

strongly depends upon the N2 pressure in the Q0 region due to collisional focusing34 as shown in
Figure 3-2 a. Note that the signal reaches a maximum value when the pressure reaches about 8
millitorr. The slight decline in signal at high pressure presumably arises due to fragmentation of
some portion of the C60+ projectile ions as a consequence of collisions with the N2 gas. We
observe this behavior for both organic and inorganic samples, regardless of molecular weight. A
typical spectrum acquired from In foil is shown in Figure 3-2 b. The dominant peak is found to
be 115In with various oxide peaks following at relatively low intensities.
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a

b

Figure 3-2: (a) A graph of the transmission dependence on sample N2 pressure introduced at the
Q0 inlet. As pressure increases, collisional focusing facilitates transmission of the secondary ions
through the Q0 quadrupole rods. A maximum efficiency is reached at ~8 millitorr, and further
increases in pressure reduces the secondary ion counts, presumably due to primary ion collisions
with the gas. (b) An In spectrum acquired with a typical operating sample pressure of 8 millitorr
N2. The spectrum consists almost entirely of In and various In-oxide peaks.
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Secondary ion yield, defined as the number of secondary ions per incident C60 molecule,
is critically important for SIMS experiments. Hence, it is useful to compare the performance of
the QqTOF design to that of traditional TOF-SIMS instrument. In the QqTOF instrument, a
continuous beam of primary ions generates a continuous beam of secondary ions that is in turn
periodically sampled in the orthogonal TOF mass analyzer. In a traditional TOF-SIMS design, a
pulsed primary ion beam and a coaxial mass analyzer are used. Transmission efficiency of the
QqTOF mass analyzer operating in continuous flow mode is limited by the duty cycle as
described by the following formula:28,35

Duty cycle 

l
m/z
b m / z max

(3-1)

Here, m/zmax corresponds to the upper m/z limit for a given spectrum, l is the length of the TOF
entrance window and b is the midpoint distance between the entrance window and the detector,35
30 mm/ 120 mm in our case. This approximation results in a duty cycle of about 8% at m/z 100,
and 25% at m/z 1000, for m/zmax = 1000. From the data shown in Figure 3-2 b, it is possible to
calculate the efficiency for 115In detection with results shown in Table 1. The number is obtained
by integrating the number of counts under the mass peak of interest, and dividing by the number
of C60+ ions required to produce the peak. Similar measurements for gramicidin S at m/z+ 1141
are also reported in the Table.
Although the numbers reported in Table 1 for the QqTOF are smaller than those reported
for the coaxial TOF, it is clear that this difference arises almost entirely from duty cycle
considerations discussed above. If these effects are taken into consideration, both designs have
about the same capabilities of extracting secondary ions from the sample. This secondary ion
yield difference must be balanced against the fact that the number of primary ions available for
desorbing sample molecules is ~10,000 higher for a continuous primary ion beam than for pulsed
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beam systems. Moreover, as shown below, ion trapping combined with pulsed injection into the
orthogonal TOF35 can recover a significant fraction of this loss, if the mass spectrum is limited to
a small mass range.
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Table 3-1: A comparison of efficiencies for the prototype QSTAR® XL instrument and a
traditional high performance coaxial ToF-SIMS instrument for In (m/z+115) and gramicidin S
(m/z+ 1141).
115

Instrument
Geometry

In secondary ion

yield

Gramicidin S secondary ion
yield

QSTAR®

1.5 x 10-3

5 x 10-5

Coaxial

1.6 x 10-2

1.8 x 10-4

XL

TOF
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3.3.2 Mass spectral performance and MS/MS measurements
Although cluster ion sources such as C60 have certainly extended the measurement
capabilities of SIMS experiments through reduced fragmentation and higher ion yields at high
mass, spectra are still characterized by the presence of intense fragment ion peaks at lower mass.
This spectral congestion leads to data interpretation issues, particularly when dealing with
complex biological samples. The MS/MS capability of the QqTOF configuration provides an
enormous opportunity to deal with these problems in a straightforward fashion. Digitonin, the
structure of which is shown in Figure 3-3, is a detergent utilized to solubilize membrane proteins,
precipitate cholesterol, and permeabilize cell membranes and is used here to illustrate the strategy
under development.36-38
The SIMS spectrum of a film of digitonin deposited onto the sample holder from a
methanol/water solution is shown in Figure 3-4 a. The mass resolution achieved with the
QqTOF, m/Δm of 15,600, is considerably improved over that generally achievable with a coaxial
TOF. For coaxial detection using a pulsed beam, the presence of 13C isotopes in some C60+ ions
causes an intrinsic time broadening of the incident ion beam pulse, degrading resolution to some
degree. Since the QqTOF used in these experiments employs a DC beam, the 13C contribution
has no influence on the ultimate mass resolution. Note the presence of the cationized (Na)
molecular ion peak at m/z 1251.561, as well as the presence of several prominent fragment ions.
These ions arise from sequential loss of the glycosyl units as indicated from the structure of
digitonin. The spectra were acquired using a dose of 1.2x1011 primary ions and required about 4
minutes using an 80 pA incident ion beam. Matrix enhanced SIMS is performed by adding a
MALDI matrix consisting of a mixture of a saturated solution of sinnapic acid/methanol and a
saturated α-cyano-4-hydroxycinnamic acid/methanol to the digitonin solution and preparing the
film as before. In these experiments, the fragmentation in the spectrum is greatly reduced, and the
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Figure 3-3: The molecular structure of digitonin. Loss of successive glycosyl ring units results
in intense fragment ion peaks that can be easily identified during MS/MS analysis.
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intensity of the cationized molecular ion increases by nearly a factor of 3 as shown in
Figure 3-4 c. When this film is interrogated by MALDI, virtually all of the fragmentation is
gone, and the cationized molecular ion peak exhibits considerably higher intensity. This intensity
difference is expected since each laser pulse is thought to induce the desorption of about 1012
molecules, while each C60 molecule desorbs about 200 molecules.13
Although the information content of the three spectra shown in Figure 3-4 is comparable,
the spectral congestion of the neat digitonin film associated with the SIMS spectrum in Figure 34a can complicate characterization goals when dealing with more complex samples. In these
cases, the MS/MS capability of the QqTOF design can be extremely helpful. CID spectra (or
MS/MS spectra) resulting from the three sampling techniques discussed above are shown in
Figures 3-4 b,d, and f. There are two points of considerable interest. First, the C60-SIMS and
corresponding CID spectrum are very similar, showing the same general fragmentation pattern.
This resemblance may be indicative of some similarity of the fragmentation processes occurring
in CID and during SIMS sputtering. The second point is that the same fragments appear in all
three CID spectra with relative intensities that are very similar. This result has proven to be a
general one, and
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Figure 3-4: Comparison of a thin film of digitonin acquired with SIMS (a,b), Matrix-enhanced
SIMS (c,d), and MALDI (e,f). TOF-MS results are shown in the left column and MS/MS results
are shown in the right column. SIMS spectra were acquired with a dose of approximately 2 x 10 15
ions/cm2. MALDI spectra were obtained with a 337 nm N2 laser at 14 µJ power at a repetition
rate of 30Hz. The MALDI MS spectrum was generated from 130s accumulation time and the
corresponding MS/MS spectrum from 15s accumulation time. For the MS/MS data, collision
energy was 120 eV and residual collision cell N2 pressure was 3.5 x 10-5 Torr. Loss of successive
glycosyl units resulted in the characteristic fragmentation pattern shown in the MS/MS spectra as
well as, to a lesser extent, the SIMS spectra. Regardless of the method of secondary ion
generation, ions passing through the mass filter are identical resulting in nearly identical MS/MS
information.
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provides an important link between information acquired by SIMS and MALDI, allowing the use
of common spectral databases.
One advantage of using MS/MS is that these fragment ions can be used to provide higher
intensity and contrast in chemical mapping than can be obtained when using the parent ion.39
Additionally, use of the fragment ions provides more confidence into assignment of the identity
of the analyte and more specificity and contrast when performing chemical mapping.

3.3.3 Q2 Enhancement
The issue of instrument transmission is particularly important for SIMS experiments,
since in some cases, sample damage reduces the allowable incident beam fluence, and in other
cases, particularly with monolayers and thin films, the amount of sample is limited. As noted
above, the overall transmission is slightly lower for the QqTOF design than for the coaxial TOFSIMS instrumentation, primarily due to reduced efficiency of sampling of the dc beam into the
orthogonal TOF. It is feasible; however, when dealing with a limited mass range, to adjust the
voltages in the Q2 section so as to temporarily store a portion of the traveling beam. At the
appropriate time, these ions are then gated into the pusher plate of the reflectron and analyzed
with no signal loss. Details associated with this procedure have been discussed in detail
elsewhere,35 but this technique is a valuable tool for the SIMS experiments where it is often
important to maximize detection efficiency.
Two examples of the use of Q2 trapping are illustrated in Figure 3-5. In the first instance,
the SIMS spectra of a thin film of gramicidin S is shown in Figure 3-5 a, acquired up to m/z 1150.
By adjusting the trapping mass range in Q2 to enhance m/z 1141 as shown in Fig. 5b, the signal
increases by about a factor of 10, a value that yields a detection efficiency greater than obtained

81
for the coaxial TOF. This increase is not precisely the same as predicted by Eqn. 1 and is likely
due to slightly different steering and focusing voltages in the non-enhancing mode vs. the pulsing
mode. Note also that, as expected, the fragment ions at low mass are lost due to inefficient
trapping. In a second experiment, illustrated in Figures 3-5 c and 3-5 d, lower mass fragments
associated with the MS/MS spectrum of gramicidin S can also be enhanced by trapping. In this
instance, the ions near m/z 311 are stored, again yielding a significant increase in signal. Hence it
is feasible to use this aspect of the instrument to regain lost instrument sensitivity, albeit with a
restriction on the mass range available for analysis.

3.3.4 Mass range
The mass range of secondary ions produced during SIMS experiments generally extends
to a few thousand Dalton while the mass range associated with MALDI experiments is virtually
unlimited. Many studies with cluster ion beams suggest that the SIMS mass range may be
extended for some systems. It is of interest to determine whether an effect such as metastable
decay or the kinetic energy distribution of secondary ions influences the performance of the
QqTOF. Two samples have been tested. In the first instance, a GaAs crystal was bombarded
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Figure 3-5: The QqTOF SIMS instrument allows enhancement of ions by Q2 trapping during
either TOF-MS mode (panels a,b) or MS/MS mode (panels c,d) shown here with a thin film of
gramicidin. In TOF-MS mode, the protonated molecular ion at m/z+ 1141.706 is increased by 9X
shown in panel B over the non-enhanced experiment (a), while in MS/MS mode, a characteristic
fragment at m/z+ 311 is increased by a factor of 9 (panel d) over the non-enhanced CID
experiment (c). The peaks outside of the enhancement window are attenuated or absent during Q2
trapping. All spectra were acquired with a dose of ~4 x 1014 ion/cm2 and the collision energy for
ms/ms data was 65 eV.
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with C60+ as shown in Figure 3-6. A series of GaxAsy cluster ions is observed to occur to m/z
5000 and beyond. Each cluster of peaks consists of overlapping peaks associated with Gax-yAsy,
with y ranging from zero to approximately 5. These results are in good agreement with the
distribution of high mass cluster ions reported recently using an coaxial TOF.40 In that work;
however, metastable ions associated with clusters near m/z 1500 and above were seen to
complicate the spectrum, a result not seen in the data shown in Figure 3-6. Apparently, the
presence of the N2 background gas of the QqTOF quenches metastable decay for this system.
In our instrument, the properties of the quadrupole ion guides are optimized for efficient
transfer of ions up to m/z of ~6000 and the use of a TOF accelerating voltage of only 4 keV
significantly dampens detection efficiency at high m/z. Despite these limitations, using (CsI)nCs+
cluster ions desorbed from a CsI pellet, significant intensity could be observed to m/z 40,000 with
n = 151 as shown in Figure 3-7. These results, at least to m/z 18,000, are very similar to those
reported earlier,41 except that the signal to noise ratio and mass range are greatly improved.
Hence, it is clear that there are no obvious performance issues when attempting to utilize the
SIMS-QqTOF instrumentation over a broad mass range.

3.3.5 Chemical Imaging
The primary motivation for creating hybrid SIMS/MALDI instrumentation is to provide
additional flexibility for molecule-specific imaging experiments. At this stage of development,
only preliminary studies are presented here. The usual mode of imaging for TOF-SIMS is to
raster a focused primary ion beam across the sample and to collect spectra at each point. Here,
rastering of the primary ion beam is not possible due to geometric constraints associated with the
nose cone detailed in Figure 3-1. As a test of feasibility; however, imaging experiments were
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Figure 3-6: C60-SIMS spectrum of GaAs. Repeating GaAs clusters separated by the mass of Ga
were detected up to ~m/z 6000. Each cluster consisted of overlapping peaks of the form Gax-yAsy
where x is the number of Ga atoms and y is the number of As atoms which varied from 0-5. The
upper inset shows the clusters centered on m/z+ 1967 and m/z+ 2036. Higher mass clusters appear
to have a larger contribution of As as shown in the lower inset (Ga72 would be centered on m/z+
5020). Mass resolution was approximately 11,000-13,000 for the mass range shown here.
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Figure 3-7: C60-SIMS spectrum of CsI. Analysis of a CsI pellet revealed clusters of the form
[Cs(CsI)n]+ up to ~ m/z+ 40,000, the limit of this instrument. Panel B shows a log plot of the
intensity of these clusters vs. cluster size, with the inset showing the mass spectrum from m/z +
30,000-40,000. These peaks are labeled with cluster number. Mass resolution is ~ 9000 within
the mass range shown in the inset.
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attempted using an ion probe size of about 10 µm and by moving the sample stage at 10 µm
increments.
A spin-cast film of gramicidin S overlaid with a Cu grid is used as an example, with
spectra and images shown in Figure 3-8. Note that the color-coded molecular ion signal of the
peptide and Cu are easily distinguished with good contrast. The lateral resolution is about 25-30
µm as expected. The sensitivity of the instrument is sufficient to perform MS/MS experiments in
parallel with imaging. The gramicidin S MS/MS spectrum is shown in Figure 3-8c. By choosing
a single ion in this spectrum, it is possible to monitor its intensity as a function of beam position
and to record an image, shown in Figure 3-8 d. This mode of operation will be important for
more complex samples where isobaric interferences may degrade the image contrast. This
procedure allows imaging to be performed using either SIMS or MALDI on the same sample. A
next step in these experiments is to improve the focusing properties of the C60 source, add a set of
raster plates on the high pressure side of the nose cone, and improve the accuracy of the stage
positioning. Implementation of these steps should ultimately allow imaging with submicron
lateral resolution to be achieved.

3.4 Conclusions
Cluster SIMS experiments are characterized by increased sensitivity, extended mass
range and reduced chemical damage to the sample when compared to SIMS experiments
employing atomic ion beams. This change has prompted new thinking in the design of TOFSIMS instrumentation. Here we have performed prototype studies aimed toward testing the
efficacy of using a hybrid quadrupole orthogonal TOF (QqTOF) platform retrofitted with a C60+
primary ion beam as a means to significantly improve the capabilities of the SIMS technique. A
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Figure 3-8: TOF-MS and MS/MS imaging analysis of a copper grid positioned over a gramicidin
S thin film. TOF-MS spectrum (a) and image (b) of a 100 mesh (250 µm pitch, 45µm bar width)
Cu grid over a thin film of gramicidin acquired with 30 µm step size, 3s/pixel, ~10 pA C60+ beam
current and 2 mm field of view. The ions at m/z+ 1141.706 are shown in blue, and those at m/z+
62.929 are shown in green. (c) MS/MS spectrum of the underlying gramicidin S film, and the
corresponding selected ion image (d) showing all gramicidin S CID fragments combined in blue.
Field of view for the MS/MS image is 1 mm.
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major advantage of this configuration is that it allows the use of a DC primary ion beam, rather
than a pulsed beam, producing as much as 4 orders of magnitude increase in incident ion beam
current. The results show that the instrument transmission is nearly equivalent to high
performance axial TOF-SIMS instruments, and that the signal to noise ratio is improved by
several orders of magnitude. The use of orthogonal extraction provides improved mass resolution
since the peak widths of the secondary ions are not influenced by the time-width of the incident
ion pulse. This configuration also allows routine use of tandem mass spectrometry for unraveling
spectra acquired from complex samples, either in spectral acquisition mode or in imaging mode.
Of special interest here is the opportunity to use this configuration for complementary
MALDI and SIMS studies of the same sample. This idea is intriguing since SIMS probes yield
higher lateral resolution than MALDI during mass spectrometry imaging studies, and can be
performed on biological samples with or without the use of a MALDI matrix. Although cluster
SIMS has not yet shown the sensitivity to peptides normally seen with MALDI, sensitivity to
smaller molecules is generally quite high and the resultant spectra are less complicated because of
the lack of matrix ions. Our results show that desorbed ions that have been mass selected by the
quadrupole mass filter are the same composition for both MALDI and SIMS, providing an
additional link between the two methodologies.
Finally, straightforward steps can be taken to improve spatial resolution of this platform.
These steps include installation of a more advanced C60 source with submicron focusing of the
primary ion beam, addition of rastering plates compatible with the nose cone arrangement and/or
replacement of the positioning stage to enable sub-micron sample movement. Implementation of
these steps should ultimately allow imaging with submicron lateral resolution.
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Chapter 4

MS/MS Methodology to Improve Sub-Cellular Mapping of Cholesterol Using
ToF-SIMS
This chapter has been adopted from: Piehowski, P. D.; Carado, A. J.; Kurczy, M. E.;
Ostrowski, S. G.; Heien, M. L.; Winograd, N.; Ewing, A. G. Anal. Chem. 2008, 80, 8662.
Cholesterol fragment abundance comparisons were performed by Paul Piehowski.

4.1 Introduction.
There has been considerable interest in imaging mass spectrometry because of its
potential to offer insight into countless biological processes.1 Time-of-flight secondary ion mass
spectrometry imaging is a powerful analytical tool for mapping the distribution of biologically
relevant small molecules (<1000 Da) on a surface.2-7 Briefly, a pulsed beam of primary ions is
directed at the analysis surface. The impact of the ions causes the sputtering of ions and
molecules, which are then extracted into a TOF mass analyzer and a mass spectrum is generated.
To obtain an image, the primary beam is raster scanned across the surface recording a mass
spectrum for each pixel. Molecules of interest can be selected from the spectrum and their unique
distributions mapped simultaneously across the imaging area.
Due to the surface sensitivity of the technique, much of its biological application has
been in the study of the cell membrane lipids, such as phospholipids and cholesterol.2,6,8,9
Cholesterol is a major constituent of nearly all mammalian cell membranes where its’
concentration is tightly controlled. In the membrane, cholesterol modifies the physical properties
of the membrane as well as interacting differentially with various lipids and proteins in the
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formation of specialized microdomains.10-12 ToF-SIMS combines submicron spatial resolution,
high chemical specificity and surface sensitivity, making it an excellent tool for the study of lipid
domains within cellular membranes. The capability of ToF-SIMS to image sub-cellular features
has been demonstrated in the literature2,6.
In the brain, cholesterol is involved in many important processes namely synaptogenesis
and myelin formation. Improper regulation of cholesterol in the brain has been implicated in
multiple human brain diseases including Alzheimer’s disease13. Improper cholesterol
homeostasis is also implicated in atherosclerosis which can lead to myocardial infarction and
stroke, as well as other disorders14. Therefore, being able to detect and identify the distribution of
cholesterol in biological samples has vast implications in medical science.
Due to the high-energy nature of the SIMS ionization process, several larger molecules
are identified by the detection of characteristic fragments. Commonly, fragments of the molecule
of interest are identified using standard samples, and those fragments are used to map the location
of the molecule. However, even single constituent samples can produce fairly complex spectra.
Many factors can affect the fragmentation pattern in a SIMS experiment including primary ion,
matrix effects, molecular orientation, and surface contamination.4,15-17 These factors complicate
analysis and can make identification of characteristic fragments challenging.
In this work, we present the novel application of MS/MS methodology to identify
characteristic fragment ions for use in imaging SIMS. A commercially available MALDI
instrument, the QSTAR® XL manufactured by Applied Biosystems MDS Sciex, has been
modified to incorporate a C60+ primary ion source. This combination produced several
advantages that can be utilized for improving biological SIMS.18,19 Most notable for these
experiments, was greatly increased mass resolution, mass accuracy, and MS/MS capability.
Currently, the spatial resolution of this prototype instrument is limited to approximately 10 µm,
limiting its use for many single-cell imaging experiments. However, it can provide valuable
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information to be used in conjunction with sub-micron resolution SIMS instrumentation. In
SIMS experiments, cholesterol is seen as [M-OH]+ at m/z 369.35 and [M-H]+ at m/z 385.4.20
Collision-induced dissociation of this ion revealed several candidate fragments whose intensities
may make them more suitable for mapping experiments than the pseudomolecular ion. While the
relationship between CID fragments and primary ion impact fragments is only just now being
explored, initial experiments in this lab show that they are often similar. The main advantage of
using fragments generated by CID is that they have unambiguous origins. In addition, the
MS/MS spectrum generated is often less complex. .
The presence of the fragments in a single component spectrum using In+ as the primary
ion, was verified using pure cholesterol films. To validate the usefulness of the CID fragments for
single cell imaging experiments, J774 macrophage cells were imaged before and after doping
with cholesterol. The relative increases obtained were then compared with results using the
pseudomolecular ion.

4.2 Experimental Section.

4.2.1 Hybrid Quadrupole Time-of-Flight Mass Spectrometer.
The front end of a QSTAR® XL system, a hybrid LC/MS/MS instrument originally
designed for MALDI and electrospray ionization mass spectrometry (Applied Biosystems / MDS
Sciex) was modified to fit a 20 keV C60+ source by Ionoptika Ltd. Details of the QSTAR® XL
system and the 20 keV C60+ source can be found elsewhere.21,22 Briefly, the QSTAR® XL system
is a tandem quadrupole orthogonal time-of-flight mass spectrometer. In this instrument, nitrogen
gas is used for collisional cooling and collisional focusing. The pressure of N2, on the order of 5
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mTorr near the sample and collisional focusing quadrupole region (Q0), is critical for efficient
operation.23-25 With this configuration, m/∆m resolution exceeding 12,000 has been obtained.

The C60+ ion source for these experiments was operated with 10-15 pA current on
the sample in DC mode. MS/MS experiments were carried out using N2 collision gas
with a residual gas pressure of 4 x 10-5.
Imaging is accomplished through movement of the sample stage up to 50 mm in
either direction either in a stepped motion down to 10 μm or in a continuous motion.
During stepped stage motion, the ion source beam is pulsed off with each stage
movement. Data analysis is handled by Analyst® QS 2.0 software and sample stage
motion is controlled by oMALDI™ Server 5.0 software, both by Applied Biosystems /
MDS Sciex. Further image processing was completed with BIOMAP version 3.7.5.4
software.

4.2.2 In+ SIMS.
Spectra using In+ primary ions was acquired using a Kratos Prism ToF-SIMS
spectrometer (Manchester, U.K.) equipped with an In+ liquid metal ion source (FEI, Beaverton,
OR). The pulsed primary ion source was operated at an anode voltage of 15kV angled at 45° to
the sample. The beam was focused to approximately 200 nm in diameter, and delivered 1 nA of
DC current in 50 ns pulses. An extraction lens, biased at -4.7 kV, collected the secondary ions
which then traveled along a 4.5-m flight path and were detected at a microchannel plate (MCP)
detector (Galileo Co., Sturbridge, MA). Mass resolution for these experiments was m/∆m 500.
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4.2.3 C60+ SIMS.
Data using C60+ primary ions was acquired using a BioToF ToF-SIMS spectrometer,
described in detail elsewhere.26 The spectrometer was equipped with a 40 KeV C60+ primary ion
source21,27,28 (Ionoptika Ltd., Southampton, U.K.). The source was operated with a 300 µm
diameter beam defining aperture, yielding approximately 20 pA of DC current.

4.2.4 Preparation of cholesterol films.
Physical vapor deposition (PVD) films were prepared by subliming cholesterol (SigmaAldrich, St. Louis, MO) contained in a crucible by resistive heating of a tungsten filament
followed by deposition onto a LN2-cooled sample stage. The film thickness was monitored using
a quartz crystal microbalance (QCM), and subsequently characterized using AFM. Films used
for this study had a thickness of 100 nm ± 10 nm.
Polydimethylsiloxane (PDMS) films were prepared by soaking a 1 cm x 1 cm Sil-Tec
silicone sheet (Technical Products, Inc.) in 5 mL Hexane. The solution was then drop dried onto
a stainless steel substrate.

4.2.5 Relative Quantification.
J774 macrophage cells were cultured to confluence and subsequently separated into two
populations. To label the two different cell populations as well as identify the outer leaflet of J774
cells after fracture, two fluorescent dyes 1,1’-dioctadecyl-3,3,3’,3’tetramethylindodicarbocyanine (DiD) and 1,1’-dioctadecyl- 3,3,3’,3’tetramethylindocarbocyanine (DiI), (Molecular Probes, Eugene, OR) were used. Cholesterol
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loading was achieved by adding cholesterol-β-cyclodextrin (chol-BCD) (CDT, Inc., High
Springs, FL) to the DiD labeled flask. The populations were incubated for 1 hr, then rinsed in
serum-free media to remove excess dye, and plunge frozen for freeze fracture.29 Fluorescence
was monitored using a vertical illuminator microscope (Olympus, Melville, NY) that was
previously incorporated into the SIMS instrumental design.30 A detailed description of methods
used for relative quantification experiments can be found elsewhere.31

4.3 Results and Discussion.

4.3.1 Cholesterol Fragmentation in SIMS Analysis.
For biological mapping experiments, SIMS spectra are first obtained from single
component standards, generally in the form of thin films. These analyses identify characteristic
ions that can be used to map the location of these molecules in complex systems, such as
biological cells. When using highly energetic primary ions to generate secondary ions from
biological samples for analysis, complex spectra are obtained. A spectrum obtained from a pure
film of cholesterol induced by 15 keV In+ bombardment is shown in Figure 4-1 A. The lack of
PDMS contamination is evidenced by the absence of other common contamination fragments at
m/z 133, 207 and 221.
The QSTAR® XL instrumentation allows the utilization of MS/MS methodology to
probe the fragmentation of cholesterol ions created by primary ion bombardment. The resultant
MS/MS spectrum from the [M-OH]+, generated by C60+ bombardment, is shown in Figure 4-1B.
Collision-induced fragmentation produces two species in high quantity at m/z 147.12 and m/z
161.13. These species are nearly absent in the cholesterol spectrum obtained using C60+, but are
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found in the In+ spectrum with higher intensity than the m/z 369 pseudomolecular ion
traditionally used for cholesterol imaging using SIMS. The molecular ion is seen at m/z 385.4 in
standard samples, but the pseudomolecular ion (m/z 369) is most commonly used due to its
higher intensity. This suggests that these species may be useful for mapping cholesterol,
particularly when limited ions are available for collection, as is the case in high resolution cell
imaging experiments.
To quantify the signal intensity obtained for the various fragments, PVD cholesterol films
were analyzed using In+ and C60+. The intensity was calculated by dividing the peak area for the
fragment by the peak area for m/z 369, Results are shown in Table 4-1. This analysis suggests
that the mapping of fragments should be most beneficial in the case of atomic projectiles.
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Figure 4-1: Mass spectra of cholesterol films. (A) In+ induced spectrum of a PVD cholesterol
film. (B) MS/MS spectrum of [M-OH]+ ion derived from pure cholesterol film using N2 as a
collision gas. All spectra are standardized to largest peak in the viewing area
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These analyses also demonstrate the decrease in fragmentation that occurs when utilizing cluster
ion sources. This indicates the value of identifying characteristic fragments, even when
employing cluster primary ions. It should also be noted that the absolute intensities (ions/primary
ion) of fragments obtained using C60+ as the primary ion were 50 - 110 fold higher than those
obtained employing In+. However, when imaging with a high-spatial resolution C60+ beam,
primary ion currents are typically 100 fold lower than In+ resulting in prohibitive data collections
times to reach the static limit.
The [M-OH]+ ion has been used extensively in biological imaging experiments5,9,20,31,32,
as it can be unambiguously attributed to cholesterol. For this reason and its high intensity, it was
analyzed by MS/MS. It has been suggested in the literature33 that the first step in the
fragmentation is the disconnection of the aliphatic side chain. Direct evidence for this was not
observed, as our experiments did not detect the side chain fragment or the intact sterol ring
system. However, the fragments detected are derived from the sterol ring system, as was
reported. The mass resolution of the QSTAR® XL allowed us to very accurately identify the
elemental formulas of the fragment ions.
The major fragments can be explained by identifying two key fragmentation sites, shown
in Figure 4-2. The complexity of the spectrum obtained suggests that fragmentation occurs at
many sites, but to a much lesser extent. The stability of these fragments indicates that they would
be good ions to measure in SIMS.
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Figure 4-2: Proposed fragmentation scheme for cholesterol from MS/MS analysis.
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Table 4-2: Signal intensity of fragments reported as percentage of pseudomolecular ion intensity.
(m/z)+
Material

Projectile

161

147

109

95

PVD Film

C60+

21 ± 7%

30 ± 9%

51 ± 9%

149 ± 5%

In+

155 ± 11%

310 ± 10%

538 ± 9%

1645 ± 9%

In+

177 ± 16%

260 ± 16%

443 ± 16%

1352 ± 9%

J774 Cells
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4.3.2 Isobaric Interferences and Contamination.
The nominal mass 147 has long been known to be indicative of PDMS, a prevalent
contaminant in SIMS analysis34. We believe that the existence of this contaminant has prevented
the identification of this major fragment.
To demonstrate that the 147 fragment in the MS/MS spectrum is not the result of
contamination, a thin film of pure cholesterol was placed next to a thin film of PDMS. Figure 43A shows a mass spectrum obtained from the PDMS film. The m/z 147.065 peak is easily
identified along with other characteristic fragments seen with PDMS: m/z 73.05, m/z 149.04, and
m/z 209.02. When a mass spectrum is obtained from the cholesterol film, these fragments are
nearly absent, indicating little or no contamination. A spectrum of a cholesterol film induced by
20 keV C60+ cluster ion bombardment can be seen in Figure 4-3B. This analysis yields a simpler
spectrum than In+ with a larger contribution coming from the [M-OH]+. However, significant
fragmentation is observed resulting in a different pattern when compared to that obtained with
In+. This suggests that when employing other primary ion sources, fragments other than those
observed with In+ may be more valuable.
To further demonstrate the difference between the two species obtained around m/z 147,
an image of the junction of these two plates was obtained. Figure 4-3C shows a blow-up of the
147 mass region; the peaks at m/z 147.065 and m/z 147.117 are fully resolved. In Figure 4-3D, a
mass specific SIMS image of the two masses shows that 147.065 localizes to the PDMS covered
sample and the 147.117 localizes to the cholesterol-coated sample. In combination with MS/MS
data, this decisively shows that m/z 147.117 is derived from cholesterol. These experiments also
demonstrate the value of improved mass resolution for ToF-SIMS imaging experiments.
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Figure 4-3: Discriminating contaminant peaks. (A) Mass spectrum generated from the PDMS
coated sample. (B) Mass spectrum generated from the cholesterol coated sample. (C)
Orthogonal ToF-SIMS imaging of the junction of two sample plates; one coated with cholesterol
(m/z 147.117 = blue), and one coated with PDMS (m/z 147.065 = green). (D) Resulting mass
spectrum with m/∆m resolution of 8000.
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4.3.3 Isobaric Interferences in Cell Imaging.
In a standard ToF- SIMS experiment, the ToF region is coupled to the secondary ion
ejection process. The energy spread inherent to the sputtering process limits the attainable mass
resolution for our imaging experiments. Hence, the mass resolution shown above is not currently
available to single cell imaging experiments. To determine if the m/z 147 observed in these
experiments was derived from cholesterol, relative quantification experiments measuring
cholesterol were examined.
A J774 cell population was split, half were incubated with DiD and chol-BCD, and the
other with DiI, as previously reported31. The chol-BCD complex is water soluble and facilitates
cholesterol loading. Therefore, the treated cell population is expected to have a higher
concentration of cholesterol in the outer membrane. The DiI and DiD are fluorophores that
preferentially intercalate into the outer leaflet of the cell membrane, creating a marker to
differentiate the two cell populations. After incubation, the cells were rinsed, mixed together and
allowed to settle on Si substrates.
The samples were prepared for imaging using freeze-fracture methodology3. Treated and
non-treated populations were differentiated using in situ fluorescence microscopy. By imaging
the two different cell populations in the same field of view, the cholesterol content could be
compared. Quantification was performed by analyzing line scans across the images; a plot of the
signal intensity for a given ion as a function of its lateral position on the line shown on the image
(inset). By drawing the line across 2 cells from different populations, as demonstrated in Figure
4-4A inset, the signal intensities are displayed on a single plot. For the image shown, the line
scan begins in the lower left.
Figure 4-4A shows the line scans for each individual fragment from the image. It is clear
from these scans that signal intensity is greater in the first cell, and the fluorescence measurement
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Figure 4-4: Cholesterol fragment ion intensity versus distance. Line scans of cholesterol
fragment ion intensity across two cells demonstrate the uniformity of the internal standard use for
quantification. The inset shows the path of the line scan which begins in the bottom left. The cell
to the bottom left was treated with cholesterol vs. the cell above which was control.
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indicates this cell was from the chol-BCD treated population. A rise in fragment signal was
observed for all of the fragments after incubation with chol-BCD. It can be seen in the Figure 44A inset that the size of the two cells appears to be different. This disparity is accounted for in
relative quantification experiments through the use of m/z 69 as an internal standard.2,6,31
Additionally, the ratio of the peak areas from treated cell to control cell are appreciably different
for some of the fragments analyzed, m/z 109 and m/z 95. This suggests that these fragments are
less discriminatory indicators of cholesterol concentration.
To better understand why some fragment ions are better indicators of cholesterol, the
relative quantification data was analyzed using the fragments characterized in this work. The
results are summarized in Table 4-2. Cholesterol molecular ion is shown in the last column as a
comparison. Since m/z 369 appears in a region of the spectrum with few other peaks, it is
hypothesized that isobaric interference is least for this ion. For this reason, results obtained for
the fragment ions were statistically compared to the measurement from the pseudomolecular ion
(Student’s t-test). The p-values obtained for each fragment are shown in the bottom row of the
table. It can be seen from this analysis that m/z 109 is significantly different than the molecular
ion, and that difference for m/z 95 tends toward significance. We hypothesize that this
discrepancy is due to other species present in these complex samples that we are unable to
differentiate due to a lack of mass resolution. This implies that these masses are not very
selective diagnostic peaks for cholesterol. Despite the interference, cholesterol undoubtedly
contributes to the signal intensity observed at these two masses, indicating that these fragments
can still be useful for imaging cholesterol distribution.
The best correlation for these measurements is obtained from the m/z 147 fragment. This
fragment also shows a much smaller standard deviation than m/z 369, likely due to the gain in
signal to noise ratio. This analysis suggests this fragment would give the most accurate measure
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Table 4-2: Relative cholesterol increase in treated cells utilizing the identified fragments
(m/z)+
161

147

109

95

369

% Increase

146 ± 44

178 ± 34

134 ± 17

149 ± 8

187 ± 45

p-value

0.14

0.69

0.02

0.07
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of cholesterol concentration. Moreover, this fragment appears with the largest intensity in the
MS/MS spectrum which is indicative of its stability.

4.3.4 Imaging with Fragments.
These fragments are useful to single cell imaging experiments. An example of this is
shown in Figure 4-5. The Indium ion source was employed as it provides higher spatial resolution
required for imaging single cells. These images illustrate the increase in signal that is obtained
when fragment peaks are used to map cholesterol on the surface. Although employing m/z 369
provides enough signal to compare concentrations, little or no information is obtained about the
sub-cellular distribution of cholesterol on the cells surface. However, when higher intensity
fragments are mapped a much more detailed description of the surface is obtained, allowing us to
probe cholesterol concentration at discrete locations on the cell surface.
Table 4-1 shows the intensity increase when compared to the m/z 369 ion, as shown
above for the different projectiles. These images were obtained using In+ primary ion. When
compared to Figure 4-3B, these numbers resemble those obtained from the cholesterol standard.
The decrease in relative intensity is likely due to the lower concentration of cholesterol at the
surface of the membrane when compared to the surface of a PVD film. This indicates that under
these well controlled sample conditions, matrix effects play a limited role in the ionization
process and further supports the proposition that these fragments are derived from cholesterol.
The strong localization of the m/z 147 ion to the surface of the cell shows that there is little
PDMS contamination with this sample. With a contaminated sample, a more dispersed signal
would be expected. The low values for standard deviation demonstrate the utility of m/z 69 as an
internal standard for single cell imaging experiments; and further validates the rigorous protocols
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Figure 4-5: SIMS imaging of macrophage cells. SIMS overlay images of the Cholesterol
fragment ions (Yellow) vs. Na m/z 23(Red), green pixels denote the presence of both ions on
macrophages. All scale bars are 10 µm. A.) m/z 369 B.) m/z 161 C.) m/z147 D.) m/z 109 E.) m/z
95.
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developed in this lab for making relative quantification measurements31. Moreover, this
demonstrates that relative intensity measurements are sensitive to surface concentrations.

4.4 Conclusions
New diagnostic fragments have been uncovered for the analysis of cholesterol
using ToF-SIMS imaging using MS/MS methodology. The m/z 147 fragment of cholesterol has
been resolved from that for PDMS using the higher resolution QSTAR® XL instrument. The use
of these fragments improves the capability of SIMS to quantify and image cholesterol,
particularly in single cells.
Relative quantification experiments reveal that increasing the content of cholesterol in
cells results in a corresponding increase in cholesterol fragments. When analyzing a complex
biological sample with low mass resolution, isobaric interferences are unavoidable. For the lower
mass fragments, these interferences were shown to be problematic for relative quantification
experiments and could be misleading in imaging experiments with low signal to noise ratios.
Comparison of fragments with [M-OH]+ reveal that m/z 147 most closely resembles the
molecular ion, indicating the least isobaric interference. Moreover, this fragment appears with
the largest intensity in the MS/MS spectrum which is indicative of its stability.
These findings demonstrate the potential for the application of MS/MS methodology to
ToF-SIMS bioimaging. The identification of novel and useful diagnostic fragments of
biomolecules is central to the advancement of the technique. In this particular case, characteristic
fragments of an extensively analyzed molecule have been overlooked. This new knowledge,
along with TOF data sets, allows for past analyses to be re-evaluated. This illustrates the value of
retrospective imaging capabilities permitted by using ToF-MS. Furthermore, these findings
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reveal the need for improved mass resolution in SIMS imaging experiments. When analyzing an
incredibly complex system such as the cellular membrane, improved mass resolution is crucial to
the identification of unknown peaks and elimination of isobaric interference. It is probable that
substantial biological complexity is being lost in the noise, due to a lack of mass resolution.
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Chapter 5

Single Cell and Large Tissue Imaging with a Hybrid C60+ SIMS Quadrupole
Orthogonal Time-of-Flight Mass Spectrometer
This chapter was adopted from: Single Cell and Large Tissue Imaging with a Hybrid C60+
SIMS Quadrupole Orthogonal Time-of-Flight Mass Spectrometer, Caradoa,, M. Passarellia, P.
Piehowskia, Michael Heiena, N. Winograda, A. Lobodab, J. Wingateb, in preparation. Rat brain
cerebellum images were acquired by Melissa Passarelli.

5.1 Introduction
Secondary ion mass spectrometry (SIMS) is a valuable tool for the surface analysis of a
wide range of samples including biological samples, inorganics, and polymers. With this method,
an ion beam of several thousand electron volts is directed at the target. The impact with the target
results in some of the sample being ejected, of which a small percentage is ions, coined secondary
ions. These ions can then be collected and analyzed by various methods including quadrupole,
magnetic sector, and time-of-flight. While the ability to reveal the identities of various species
present on the sample is powerful, it wasn’t until the ground-breaking experiments by Castaing
and Slodzian1 in 1962 that the true utility of SIMS was realized. These researchers were able to
retain the spatial information of the ions ejected from the sample and were therefore able to
construct a chemical specific image from the ejected ions. This instrumentation came to be
known as an ion microscope due to its similarity to the light microscope with regards to how the
ions are collected after ejection. Relatively soon after those initial experiments, a new mode of
analysis emerged in the form of the scanning ion beam2 and this is presently the most common
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modality in use. Early instruments used magnetic sector mass analyzers but were soon replaced
by time-of-flight for increased transmission, mass range, and parallel mass detection.
Throughout the past decade or so, the advent and advancement of cluster primary ion
projectiles has given a boost to biological sample analysis. Theoretical evidence shows that the
sputtering process of cluster ions is more amenable to soft surfaces than atomic projectiles.3
These primary ions are capable of producing significantly higher secondary ion yields, extended
mass range, reduced sample damage, and reduced sample charging.4-8 These attributes make them
the preferred primary ion for organic sample analysis.
While all areas of ToF-SIMS analysis have made significant progress, perhaps none has
outrun the capabilities of traditional instrumentation to the degree that biological analysis has.
These samples often result in relatively few secondary ion counts requiring both a high primary
ion dose, which is problematic with traditional pulsed beam instruments, as well as
instrumentation with low background noise. Moreover, analysis of the complex spectra usually
obtained from these samples would be greatly simplified with high mass resolution and MS/MS
capability. Commercial MALDI platforms that employ an orthogonal ToF analysis component as
well as quadrupoles are well suited for use with primary ion cluster sources and would bring the
desired capabilities aforementioned as well as being able to deliver substantially increased mass
resolution with no attenuation of primary ion dose. Furthermore, these systems are capable of
handling large samples eliminating the need for combining smaller images into larger ones due to
the often limited field of views of standard ToF-SIMS instruments. These orthogonal ToF
instruments permit the use of a continuous primary ion beam as opposed to a traditional pulsed
ion beam system delivering up to four orders of magnitude greater primary ion flux. The ability to
use a continuous primary ion beam also has major implications for an emerging field of research,
three dimensional ToF-SIMS imaging. In this mode, multiple 2-D images are accumulated with
sputtering of sample material between images. Stacks of these images then form the 3-D image.
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Several groups have reported success in this exciting technique,9,10 however these experiments
reveal a significant shortcoming of axial ToF instrumentation. Due to the requirement that
secondary ions injected into the ToF must be introduced as short packets, material removed with
a DC sputtering beam between images cannot be analyzed. The orthogonal ToF design allows for
continuous sampling of the removed material.
Given the improvements in organic analysis afforded by cluster projectiles there is
growing interest in exploring the possibility of instrumentation that is capable of both laser
desorption as well as ToF-SIMS analysis. While fundamentally different in their ionization
processes, cluster SIMS is poised to bridge the gap between SIMS and MALDI. Previous work
done in this group has demonstrated the similarities between SIMS and MALDI results for both
MS and MS/MS data in the low mass range.11 MALDI imaging has always been capable of a
large mass range and high sensitivity, while reduction in spot size and novel imaging acquisition
schemes has improved its spatial resolution. Despite these improvements, spot size remains the
largest hurdle for MALDI analysis12,13 as well the negative effects that matrix application can
bring about.14 The addition of a cluster ion source to a MALDI instrument would allow for
analysis at improved spatial resolution of less than 500nm without the need for matrix
application, while at the same time taking advantage of the well-established analysis modes
offered by MALDI instrumentation. In addition, given the great interest in small molecule
(<1000 dalton) mapping, the relatively low mass limitation of SIMS has far less impact compared
to detecting large peptides or proteins.
In this work, we present introductory biological SIMS imaging applications of a
prototype combination C60/MALDI ToF mass spectrometer. The prototypical nature of this
instrument limits its minimum spot size to approximately 10 µm and can be adjusted to 100 µm at
primary ion currents of several pA to approximately 100 pA, making imaging of large single cells
as well as large tissue samples of tens of mm possible. The ability to perform MS/MS analysis on
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a single cell is also demonstrated. A detailed performance comparison of traditional
instrumentation and this prototype orthogonal instrument can be found in previous publications
by this group.11

5.2 Experimental

5.2.1. Instrumentation
The details of this prototype instrument have been reported elsewhere, but briefly, a 20
keV C60 cluster ion source by Ionoptika15 has been fitted to a commercial MALDI/Electro spray
orthogonal-ToF mass spectrometer manufactured by Applied Biosystems/ MDS Sciex, the QStar
XL™, by means of an adapter. This adapter allows the ion source to be mounted at a 45 angle
above the MALDI sample stage while the MALDI laser is positioned at a 45 angle on one side
of the adapter. This configuration enables both MALDI and SIMS analysis without the need for
any further alteration. Electro spray analysis is possible by removing the ion gun and fitting the
electro spray attachment which can be performed in about 1 hour. The orthogonal orientation of
the flight tube allows for a DC primary ion beam to be used during analysis. The sample region is
maintained at relatively high pressures, 8 x 103 torr, and decreasing pressure towards the ToF
along with several eV extraction voltage move the ions through the quadrupoles to the analyzer.
As this instrument was designed for large MALDI spot sizes, imaging is accomplished by
stage movements as opposed to beam rastering. The stage is capable of moving in increments as
small as 10 m with a maximum translation of 50 mm in X and Y directions. In addition to
discreet steps, the stage can be rastered in a continuous fashion allowing for more rapid image
acquisition if extended ion accumulation time at each pixel is not necessary. Samples plates are
50 mm square and are changed by means of a hinged door at the front of the instrument. Sample
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plate changes can be accomplished in about 1 minute. Stage movement as well as data acquisition
is controlled by oMALDI Server 5.1 software, while data analysis is handled by Analyst 2.0
software.

5.2.2. Materials and Sample Preparation.

2.2.1 MS/MS Imaging of Amino Acid Thin Film
D-leucine and Isoleucine were purchased from Sigma-Aldrich. Copper tape was
submerged in acetone and sonicated to dissolve the adhesive. One drop of the acetone / adhesive
solution was then placed on a silicon shard which had been rinsed with methanol and blown dry
with N2 gas. A thin film of adhesive was left on the shard upon which a small amount of the dry
amino acid powder was placed. Excess powder was scraped off with a spatula leaving behind a
thin layer of solid amino acid embedded in the adhesive. This process was repeated for the other
amino acid. The two shards were placed next to each other on a stainless steel MALDI sample
plate, and the junction was imaged.

5.2.2.2 Aplysia Cell Imaging
Aplysia californica (100-300 g) were obtained from the Aplysia Resource Facility (NIH,
Miami, FL), and kept in a tank with aerated and circulated seawater at 14 oC. Immediately prior
to dissection, animals were anesthetized by injecting isotonic magnesium chloride solution into
the body cavity. Individual ganglia were isolated from the animal and kept in an artificial
seawater solution (ASW, pH 7.8, 460 mM NaCl, 10 mM KCl, 10 mM CaCl2, 22 mM MgCl2, 6
mM MgSO4, 10 mM HEPES). To facilitate isolation of individual neurons, ganglia were
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incubated for 30 min at 37.4 oC in ASW including 1% protease (type XIV, Sigma Aldrich).16
Isolated neurons were placed in a 30% glycerol/ 70% ASW (by volume) solution for 30 minutes
before being placed on pre-cleaned 5 mm x 5 mm silicon shards (Ted Pella, Redding, CA). The
neurons were then rinsed with ASW several times. Excess ASW was removed from the shard
with a micropipette prior to drying in a dessicator. The aplysia image was acquired with 10 m
step size, 5s/ spot accumulation time with approximately a 2 pA primary ion beam current. The
dose was 5 x 1013 ions/cm2.
The vitamin E reference spectrum sample was prepared by putting a small drop of
concentrated vitamin E obtained from Sigma-Aldrich directly onto a MALDI sample plate. A
lint-free tissue was used to wipe away excess vitamin E leaving a thin film.

5.2.2.3 Rat Cerebellum Imaging
The samples were obtained from Joe Hankin at the University of Colorado in Denver.
Rat cerebellum was sectioned into 10 m thick slices and mounted on ITO slides. The samples
were shipped and stored at -20 degrees Celsius. Before analysis the samples were brought to
room temperature in a vacuum chamber. An 18 KeV C60+ beam with approximately 1 pA of
current was used in the analysis. In DC-mode, the beam interrogated the sample for 1 second per
pixel. Three images were acquired with varying step sized 100 m, 50 m, and 10 m with
image dimensions 10 mm x 6 mm, 1.5mm x 1.5 mm and 0.5 mm x 0.5mm, respectively.

5.2.2.4 Mouse Brain Analysis
The partial sagittal mouse brain sample was stored at -83C and sectioned in ice with a
cryostat at -23C to a thickness of 10 µm onto a glass cover slip. It was then dried in a dessicator
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for 24 hours and remained at room temperature for several days during shipping. Without further
preparation, it was placed on a MALDI sample plate for analysis.

5.3. Results and Discussion

5.3.1 Single Cell Analysis
One of the most challenging types of ToF-SIMS analysis is single cell experiments.
Advances in ion beam technology have made sub-micron beam sizes routine, even for cluster
sources; however this improvement in probe size only exacerbates the issue of limited secondary
ion yields. Simple calculations as well as more advanced statistical analysis has revealed that
using the small probe sizes common with current instrumentation requires the collection of more
secondary ions than may be typical in order to produce statistically relevant chemical specific
images.17 Compounding the problem further is the requirement for traditional instrumentation to
pulse the primary ion beam, limiting the number of primary ions impacting the surface.
Nevertheless, SIMS interrogation of single cells is a rapidly growing field of research. Sub
cellular localization of lipids, for example, have been implicated in playing a major role in cell
mating of tetrahymena as well as phagocytosis of macrophages.18,19 Cholesterol content in single
cells has also been investigated extensively using ToF-SIMS.19
The design of this prototype instrument offers several advantages over axial ToF
instrumentation for this type of experiment. The ability to use a continuous primary ion beam
means that the secondary ion collection rate is greater. Likewise, there is no trade off between
high secondary ion count rate and mass resolution since the sputtering process is decoupled from
the ToF injection. While the mechanism of image acquisition on this instrument was not
designed to accommodate the typically small probe sizes associated with SIMS, the lower limit of
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its step size is sufficient to demonstrate the ability of this instrument to interrogate large single
cells.
The California sea slug (Aplysia californica) is a favorite species for the study of the
neurobiology of memory and learning. This animal has a relatively simple nervous system
characterized by large neurons that are easily identified and isolated. Vitamin E present in these
nerve cells has been investigated by other researchers toward understanding the role this molecule
may play in neurobiological functions. Research suggests that along with its known antioxidant
properties, it may also have non-antioxidant centered roles. Neuron sizes range from tens of
microns to several hundred microns depending on the size of the animal and the specific ganglia
chosen for isolation. Here, we isolated the largest neurons from the abdominal ganglia for
analysis. Using 10 m step sizes, a sea snail neuron was imaged in MS imaging mode by affixing
a 15 m nose cone to the ion source restricting both the probe size and primary ion current. The
image shown in Figure 5-1 a. was acquired with approximately 2 pA beam current and a dose of
~5x1013 ions/cm2. Sub-cellular localization of vitamin E and cholesterol can be seen. While the
Aplysia californica were chosen to demonstrate the lower limit on sample size currently possible
with this prototype instrument design, it is interesting to note that localizations of cholesterol and
vitamin E do not agree with what others have reported for this neuron.20 The reason for this
difference is unclear however the migration of molecules during sample prep and/or analysis is
possible. In any case, a detailed analysis of sub-cellular localizations of molecules is beyond the
scope of this paper.
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Figure 5-6: a). Dynamic secondary ion image of a single aplysia cell with phosphate background in
red, vitamin E in blue (m/z+ 430), and cholesterol in green. Cell diameter is approximately 350 µm.
b). CID spectrum of vitamin E from a single aplysia cell.c).SIMS neat thin film reference MS/MS
spectrum of vitamin E. d).Fragmentation points of vitamin E.
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The identity of vitamin E was confirmed using MS/MS non-imaging mode in which case
the sample stage was manually moved to high concentrations of vitamin E. Aplysia cells are
abundant in vitamin E, and so the same low current, small probe instrument configuration was
used to acquire MS/MS data. Figure 5-1 b is an MS/MS spectrum of vitamin E, m/z+ 430.38
acquired with an accumulation time of 100s. The resulting fragmentation follows with what has
been reported by others 20 and is characterized by two strong peaks at m/z+ 165.09 and 205.12. 1c
shows a neat thin film spectrum of vitamin E obtained with SIMS for reference purposes and 1d
illustrates the likely fragmentation points. Remarkably, this instrument exhibits such a low
background noise level that even with very few secondary ion counts, an MS/MS analysis can be
performed on a single cell.
It should be noted that if MS/MS data was desired for ions of less abundance than
vitamin E, the instrument can be configured to deliver significantly more primary ions with a
larger probe size simply by changing the final nose cone to one with a larger aperture. In addition,
with appropriate sample preparation, a MALDI experiment can be performed.

5.3.2 Large Tissue Imaging
MALDI and SIMS have provided some fascinating results in the field of large tissue
imaging, but chemical imaging of samples this size presents unique challenges. MALDI
instrumentation is often designed to accommodate very large samples, but the fine details can be
lost due to limitations of the probe size or artifacts brought about by the addition of matrix. SIMS
ion sources are capable of much smaller spot size, but traditional axial SIMS instrumentation
requires operation with a pulsed beam meaning unrealistic acquisition times. In addition, many
traditional SIMS instruments have restricted fields of view, necessitating stitching many small
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Figure 5-7: Secondary ion image of a rat brain slice using successively smaller step sizes to
demonstrate the versatility of SIMS imaging with this platform. Phosphatidylcholine headgroup
ion m/z+ 184.07 is shown in green while cholesterol pseudo-molecular ion m/z+ 369.35 is shown
in blue. The white dashed line indicates the region of greater magnification in the following
image.
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images together to form the complete image; a process that needs to be repeated with each ion to
be mapped.
Cholesterol in brain tissue has been studied extensively in light of the numerous roles it
plays in biochemical processes such as synaptogensis21, and serotonin uptake22, as well as its
function as a precursor to many hormones related to human diseases such as Alzheimer's
disease23 and atherosclerosis24. Extraction based analysis methods for this molecule are common;
however direct tissue analysis is desirable as it retains molecular location information. MALDI
and DESI have been employed in investigating cholesterol localization in brain tissue, but both
are hampered by relatively low ionization25,26 as well as the disadvantages inherent to these
techniques, namely large probe sizes and the requirement for tissue pre-treatment.
Figure 5-2 shows a SIMS image of a rat brain cerebellum section imaged at successively
smaller step sizes. The phosphatidylcholine headgroup, m/z+ 184.07, is shown in green, and
cholesterol localizations, m/z+ 369.35, in blue. Starting with the upper image and moving counter
clockwise, the fields of view and step sizes are 10 x 6 mm and 100 m,1.5 x 1.5 and 50 m, and
0.5 x 0.5mm and 10 m respectively. Intensities for the two ions shown were sufficient with the
small nose cone, low primary ion current configuration and so the larger spot size, high current
imaging was not necessary. The probe size for each image was approximately 10 m with a beam
current of several pA. The advantages brought about by this adjustability of beam current, beam
size and image size are obvious. Large step size images that take a relatively short time period
can be used to identify areas of interest within the sample, after which more targeted analysis
utilizing higher spatial resolution instrument configurations can be performed without the
application of a matrix molecule.
Because the alteration to the QStar XL does not interfere with normal MALDI operation,
MALDI experiments are still possible following SIMS analysis, including imaging, MS/MS
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experiments for ions that were of too low intensity for SIMS MS/MS, or ToF-MS to identify
higher mass ions.

5.3.3 High Mass Resolution and MS/MS Ion Mapping
Aside from relatively few counts, one of the most challenging aspects of biological
sample analysis with SIMS is the complexity of the data. SIMS experiments are often
characterized by fragment ion dominated spectra making meaningful interpretation and
identification difficult. One of the only approaches to dealing with this issue has been with a post
acquisition treatment in the form of principal component analysis, and it has met with some
success.27-29 The inclusion of quadrupoles and an orthogonal ToF in this instrument allows for a
more direct approach to organic sample analysis simplification by way of high mass resolution
and MS/MS mode. An example of the type of data possible for biological samples is shown in
Figure 5-3.

128

Figure 5-8: Mass range m/z+ 119.5-124.5 for a mouse brain slice.
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Analysis of a mouse brain slice results in a highly complex spectrum. Areas of the
spectrum with relatively few counts, where wide peak bases do not obscure surrounding peaks,
reveal the number of distinct ions present for each nominal mass. In this particular sample, it is
likely that the identity of these individual ions is a mix of substrate ions, hydrocarbons, amino
acids and trace mineral complexes. Specific identification of these peaks was not attempted;
however the most noteworthy finding from this sample was simply that a much larger number of
ions may exist at each nominal mass than was previously known. Without the ability to resolve
these peaks, inaccurate chemical mapping is inevitable.
Given the abundance of fragment ions in SIMS experiments, isobaric interferences at the
lower masses are likely, even with high mass resolution. Amino acids are relatively low
molecular weight molecules consisting of a carboxylic acid and amine group as well as a
substituent group. They are the building blocks of proteins and so are of great interest in biology.
Leucine and isoleucine specifically play important roles in reducing muscle damage due to aging
or trauma by increasing protein synthesis.30-32 The structural difference between the two
molecules dictate that they are likely to fragment differently, and this can be exploited to
determine their identity with MS/MS. Shown in Figure 5-4 is an image of the junction of two Si
shards; one coated with leucine and one with isoleucine. The spectra of both the ToF-MS (data
not shown) and the MS/MS are nearly identical. Creating a chemical map of the M+H ion at m/z
132.10, shown in Figure 5-4 b. is not very informative because both amino acids have sufficient
molecular ion intensities to result in identical images. But MS/MS reveals that the fragment at
m/z+ 69 is only present in significant intensity from the isoleucine. These results follow what
other researchers have found.33 This fragment can then be mapped to show that the isoleucine is
on the left shard and the leucine is on the right.
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Figure 5-9: MS/MS SIMS analysis of the amino acids D-Leucine (Leu) and Isoleucine (Ile) (a).
The two structural isomers (Leu) and (Ile) (b). MS/MS SIMS image of the junction of two
different thin films on silicon shards. The chemical image of M+H does not reveal the identities
of the thin films as m/z+ 132.10 maps to both shards. (c). MS/MS of m/z + 132.10 reveals the
fragment ion m/z+ 69.07 only comes from Ile, and so can be used to show that Ile is on the left,
while Leu is on the right. The MS/MS spectra of Leu and Ile are shown in d. and e. respectively.
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5.4 Conclusions
Here we have shown introductory imaging experiments demonstrating the capabilities of
a hybrid MALDI/SIMS mass spectrometer. Many of the challenges associated with ToF-SIMS
biological imaging can be overcome with a shift in instrumental design. The difficulties in
generating secondary ions from soft targets demands higher primary ion doses while the ability of
cluster sources to reduce and remove sample damage allows it. The simple rearrangement of the
ToF removes the necessity of choosing between high dose or high mass resolution, and the
significantly higher mass resolution makes more accurate chemical mapping possible.
Quadrupoles aid greatly in ion identification and spectrum simplification due to the availability of
tandem analysis. Furthermore, the orthogonal ToF makes the use of a continuous primary ion
beam possible which is not only vital for overcoming low secondary ion count rates, but will also
play a major role in the growing area of 3D ToF-SIMS imaging where the ability to continuously
analyze sputtered sample material is vital. Further work is under way exploring this mode of
imaging as well as altering the primary ion source to improve spatial resolution for smaller single
cell experiments.
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Chapter 6

Conclusion
A hybrid quadrupole orthogonal time-of-flight mass spectrometer optimized for MALDI
and electrospray ionization has been equipped with a C60 cluster ion source. This configuration is
shown to exhibit a number of characteristics that improve the performance of traditional time-offlight secondary ion mass spectrometry (SIMS) experiments for the analysis of complex organic
materials, and potentially, for chemical imaging. Specifically, the primary ion beam is operated
as a continuous rather than a pulsed beam, resulting in up to 4 orders of magnitude greater ion
fluence on the target. The secondary ions are extracted at very low voltage into 8 millitorr of N2
gas introduced for collisional focusing and cooling purposes. This extraction configuration is
shown to yield secondary ions that rapidly lose memory of the mechanism of their birth, yielding
tandem mass spectra that are identical for SIMS and MALDI. With implementation of ion
trapping, the extraction efficiency is shown to be equivalent to that found in traditional TOFSIMS machines. Examples are given, for a variety of substrates that illustrate mass resolution of
12,000-15,600 with mass range for inorganic compounds to m/z 40,000. Preliminary chemical
mapping experiments show that with added sensitivity, imaging in the MS/MS mode of operation
is straightforward. In general, the combination of MALDI and SIMS is shown to add capabilities
to each technique, providing a robust platform for TOF-SIMS experiments that already exists in a
large number of laboratories.
Time-of-flight secondary ion mass spectrometry (ToF-SIMS) can be utilized to map the
distribution of various molecules on a surface with sub micrometer resolution. Much of its
biological application has been in the study of membrane lipids, such as phospholipids and
cholesterol. Cholesterol is a particularly interesting molecule due to its involvement in numerous
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biological processes. For many studies, the effectiveness of chemical mapping is limited by low
signal intensity from various biomolecules. Because of the high energy nature of the SIMS
ionization process, many molecules are identified by detection of characteristic fragments.
Commonly, fragments of a molecule are identified using standard samples, and those fragments
are used to map the location of the molecule. In this work, MS/MS data obtained from a
prototype C60+/quadrupole time-of-flight mass spectrometer was used in conjunction with indium
LMIG imaging to map previously unrecognized cholesterol fragments in single cells. A model
system of J774 macrophages doped with cholesterol was used to show that these fragments are
derived from cholesterol in cell imaging experiments. Examination of relative quantification
experiments reveals that m/z 147 is the most specific diagnostic fragment and offers a 3-fold
signal enhancement. These findings greatly increase the prospects for cholesterol mapping
experiments in biological samples, particularly with single cell experiments. In addition, these
findings demonstrate the wealth of information that is hidden in the traditional ToF-SIMS
spectrum.
The efforts outlined in this thesis produced moderately successful results in the
application of biological imaging with the C60 / QStar XL. Imaging with this instrument is
accomplished by moving the stage in discreet steps, or by continuously scanning across the field
of view. The motorized sample stage is capable of moving in increments as small as 10 µm with a
maximum movement of 50 mm2 allowing for the acquisition of large sample images. Rat
cerebellum as well as sea snail (Aplysia californica) neurons were analyzed with this prototype
C60 Cluster SIMS/MALDI orthogonal ToF mass spectrometer. In addition, MS/MS imaging
functionality is demonstrated to differentiate thin films of structural isomers leucine and
isoleucine. Low background noise as well sufficient secondary ion efficiency permits the
unambiguous MS/MS analysis of vitamin E from a single aplysia cell.
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There are several drawbacks to this instrument; some that are a function of its
prototypical nature, and some that will likely be more persistent. The nose cone for the Ionoptika
C60+ ion source used for this work was originally equipped with a 3 mm opening which was
required for rastering the beam. As mentioned earlier in this thesis, this nose cone was replaced
with a significantly extended removable nose cone that had openings of 10-100 µm. The purpose
of this was to restrict the volume of N2 entering ion gun beam column. Unfortunately, this
restricted opening, in conjunction with less than optimal focusing geometry, appears to have
prevented proper focusing of the beam. The best observed beam size was approximately 10 µm,
while the specifications for the source as well as previous results of this source on a high vacuum
instrument indicate that better focusing should be possible. Increasing the difficulty in optimizing
the beam was the lack of a secondary electron detector in conjunction with a beam rastering
mechanism which is the method used in most ToF-SIMS instruments for beam focusing. The
adapter block that was fabricated to allow the mounting of the ion gun to the QStar XL did not
enable the use of electron detection electronics. The seriousness of this issue was somewhat
muted due to the fact that the minimum step size movement of the stage was 10 µm; however it
did have an impact on exploring the depth-profiling potential of this type of orthogonal ToFSIMS instrument. AFM measurements of craters formed by sputtering into an organic film with a
stationary ion beam (data not shown) indicate that the ion beam density is highly non-uniform
with a significantly higher concentration of ions near the center of the beam profile. This results
in faster material removal rate from the center of the beam making accurate depth resolution
measurements impossible.
Another consideration with an instrument such as the QStar XL which uses negligible
extraction voltages and relatively high pressures is the low velocity with which the secondary
ions are moving through the quadrupole region to the detector. Using equation 1-1 from chapter
1, it can be calculated that an ion of m/z+ 500 with 10 eV of energy travels one meter, (the
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approximate length of the quadrupole region) in about 500 µs in high vacuum conditions. High
gas pressures, particularly in the sample region and the collision cell, would likely extend this
flight time. The slow movement of these ions would impose a limit on the maximum beam
rastering speed and would have to be taken into consideration when designing software for data
acquisition.
A more serious drawback of the restricted nose cone was the attenuation of the beam
current. Maximum beam currents possible with this instrument were approximately 1-3 pA with
the smallest nose cone aperture. This value is several orders of magnitude smaller than typical
operating values for a traditional high vacuum instrument at large beam sizes negating to some
extent its ability to analyze samples with a continuous primary ion beam. As noted earlier in this
thesis, the QStar XL is capable of imaging in a continuous scanning mode whereby a desired
resolution is input by the user, and the software will group ions collected over the desired
resolution distance into a pixel. The advantage to this is an increased speed of image acquisition
because the dead time required to move from pixel to pixel in stepped movement mode is
eliminated. The drawback is limited ion accumulation time because the stage is constantly
moving and, in addition, the stage is limited in its minimum movement speed. This mode of
imaging has proven useful for inorganics or organic samples with unusually high ionization
efficiencies; however with many samples, too few ions per pixel are collected with a continuously
moving stage. An increase in ion beam current density would likely make this more rapid mode
of imaging far more feasible for a wider range of samples.
Recently, an updated primary ion source from Ionoptika was installed on the QStar XL
instrument. Early evaluations of this source indicate that many of the issues revolving around ion
beam focusing and current density have been remedied. This source has ion optics that are more
amenable to the geometry and working distance of this instrument, and in addition, an electron
detection system has been installed to aid in primary ion beam profile optimization. These
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improvements result in a primary ion beam current density that appears to increase by 10-fold and
decrease the beam diameter to several microns, at least under low gas pressure conditions.
Currently, a beam size measurement under normal operating conditions hasn't been acquired.
The realization that ToF-SIMS instruments need to evolve with the primary ion sources
with which they are equipped is slowly occurring. Other groups are currently working on
instruments that are nearly identical or based on similar principles. Jonathon Sweedler's research
group at The Department of Chemistry and the Beckman Institute at the University of Illinois are
currently assembling a nearly identical instrument to the one featured in this thesis. A somewhat
different approach is being taken by workers at Manchester Interdisciplinary Biocentre, School of
Chemical Engineering and Analytical Science, University of Manchester, Manchester, U.K.,
Ionoptika Ltd., Southampton. U.K., and Scientific Analysis Instruments, Manchester, U.K. This
instrument is shown in Figure 6-1.1
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Figure 6-1: Illustration of a prototype DC beam ToF-SIMS mass spectrometer by Ionoptika, Ltd.
Advanced sample handling capabilities, as well as the primary components are noted in (a), and a
blowup of the ion buncher is shown in (b).
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This instrument also uses an orthogonal ToF component which allows the use of a
continuous primary ion beam; however unlike the QStar XL, the secondary ion beam is not
pulsed into the mass analyzer; it is deflected into the ToF. This feature eliminates the secondary
ion loss due to the duty cycle issue explained in chapter 3. Secondary ion pulses are formed by
slowing the beam first, and then pulsing the linear buncher. As can be expected, mass resolution
is somewhat reduced compared with true orthogonal pulsing; however high primary ion doses
and better than average mass resolution are simultaneously possible. Unlike the QStar XL, this
mass spectrometer is designed to operate under high vacuum conditions with several thousand
volt extraction voltages. It also incorporates biological sample analysis components such as a N2
purged glove box and cryogenic stage capabilities. Results of single cell depth-profiling
experiments with this new instrument have been published.2
The move towards new instrumentation that is capable of taking full advantage of the
capabilities of cluster ion sources is inevitable. Here, we've shown very positive results from one
of the first prototype orthogonal ToF cluster SIMS mass spectrometers. Superior mass resolution,
increased primary ion fluence, MS/MS, ion trapping, large sample handling and the ability to
perform SIMS and MALDI on the same platform have been demonstrated in this thesis. Much
more work is forthcoming by this group and others focusing on new instrumentation for ToFSIMS, and a significant amount of effort is required to overcome the remaining challenges
allowing ToF-SIMS to transform from a field centered in academic research laboratories to one
that solves real biological challenges. Progress in instrumental design that can fully take
advantage of cluster primary ion sources can play a large role in achieving this goal.
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