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ABSTRACT
Strong field ionization by ultrashort IR pulses was applied to secondary neutral mass
spectrometry. The intact post-ionization of a range of molecular structures was observed and
protocols for maximizing molecular detection sensitivities were set forth. The technique was
successfully applied to some of the largest organic molecules ever detected by any laser postionization method, with masses above 500 Da. It was able to produce molecular ion signal
intensities that sometimes exceeded those of secondary ions by an order of magnitude. In
addition, for the first time ever, strong field ionization secondary neutral mass spectrometry was
applied to biological analyses in mouse brain tissues and algal cell colonies where, in some cases,
it revealed analytes concealed by matrix ionization effects in the secondary ion mass spectra.
Strong field ionization is shown to be a powerful supplement to the TOF-SIMS experiment, and
proposed future developments may increase its utility even further.
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Chapter 1 Introduction

1.1 Secondary Ion Mass Spectrometry
Secondary ion mass spectrometry (SIMS) is one of the most sensitive surface analysis
techniques available today,1 involving the bombardment of a surface with ions and subsequent
analysis of the resulting sputtered secondary ions. SIMS has been well established in inorganic
analysis and is used extensively for quantitative depth profiling in the semiconductor industry.2
In this application, under the moniker of dynamic SIMS, it is capable of parts-per-billion
elemental detection sensitivity and employs probe sizes down to sub-nm depth and tens of nm
lateral resolutions. Due to their precisely fabricated natures, electronic devices form ideal samples
for SIMS.
Beyond inorganic analysis, there is a great impetus for developing SIMS for biological
mass spectrometry applications.3 There its smaller probe size (< 1µm lateral resolution) can
complement the capabilities of established techniques such as matrix-assisted laser
desorption/ionization (MALDI 20 - 100 µm) and desorption electrospray ionization (DESI ~ 200
µm) in two dimensional biological imaging.4 Moreover, of the three, SIMS has the distinct
advantage of being the only technique capable of three dimensional analysis (depth profiling)
and, as it is matrix free, it does not contaminate the sample.
In practice, extending the capabilities of SIMS to molecular analysis in complex
inhomogeneous biological samples raises a number of challenges relating to limited detection
sensitivity. Even on a pure molecular monolayer in a 1 µm2 area there are only ~ 106 molecules,
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which is often not enough for effective SIMS analysis. The challenge primarily lies in the low
secondary ion formation probability of 10-4 – 10-8, which can limit the ultimate experimental
spatial resolution. This problem is further exacerbated in inhomogeneous samples where the
concentration of analyte is lower. In addition, as ionization occurs either close to or on the
surface, and often involves the transfer of protons to form M ± H+ ions, the chemical nature of the
surface plays a large role in ionization (known as a matrix effect). As a result, biological SIMS is
often qualitative, able to identify surface constituents that are detected, but normally incapable of
quantifying them based on their signal level, or definitively ruling out the presence of undetected
analytes.
In SIMS the analyte secondary ion current (Im) is described by1
(1)
where Ip is the primary ion beam flux, Ym is the sputter yield, α+ is the positive ionization
probability, η is the mass analyzer transmission, and θm is the fractional concentration of the
analyte at the surface. Developments in the field have focused on improving the middle three
parameters with advances in instrumentation. For instance, it has been shown that large cluster
primary ion beams greatly enhance sputter yields over those of atomic beams, by depositing their
energy closer to the surface.5 In addition, the adoption of time-of-flight mass analyzers over
magnetic sector and quadrupole systems has improved instrumental transmission to > 50%.6-8
Unfortunately, success with increasing the ionization probability of sputtered ions without
altering the chemical nature of the sample has been somewhat more limited. Efforts have focused
on the use of various lasers to ionize the vast flux of sputtered neutrals and have had notable
successes in elemental analysis,9,10 yet have struggled with excessive photo-fragmentation and a
lack of general utility in molecular analysis. However, recent developments in laser technology
have made available table-top systems capable of producing electric field amplitudes exceeding
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the Coulomb potentials of most molecules. Their potential in laser post-ionization (LPI)
secondary neutral mass spectrometry (SNMS) is still under investigation, but seems to show
promise in reducing the problems of photo-fragmentation,11 while being much more generally
applicable than previous methods.

1.2 Laser post-ionization

Overview
The goals of LPI are to increase the available signal levels in SIMS and to enable
analyses that are free of matrix ionization effects. Both are essential to realizing the full potential
of SIMS in bio-analysis. To this end numerous laser ionization schemes have been implemented.
These techniques have followed developments in laser technology and, until recently, have
involved purely photon absorptive methods largely because the intensities of applied
commercially available lasers were limited to < 1012 W/cm2 (Figure 1-1).
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Figure 1-1. Ionization mechanisms occurring at laser intensities < 1012 W/cm2.

Photon absorptive ionization mechanisms
Single photon ionization is the simplest of all the mechanisms to understand, as it
involves the absorption of a photon with energy equal to or exceeding the molecular ionization
potential. However, as organic molecular potentials are typically in excess of 8 eV, most
commercial excimer lasers are insufficient for ionization. There has been some success using
synchrotron radiation for molecular post-ionization, although fragmentation and low photon flux
density have so far limited the resulting signal levels to below that of SIMS.12
Resonance enhanced multiphoton LPI is able to achieve impressive improvements in
sensitivity over SIMS,13 although it requires a priori knowledge of the identity and energy level
structure of an analyte. Nonresonant multiphoton ionization is a more general approach, as it
relies on high photon flux densities (> 1012 W/cm2) to enable ionization through short-lived
virtual states.14 However, it often produces extensive fragmentation due to the absorption of
excess energy by the molecule.
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Laser pulse-width
Over the last 30 years commercially available laser technology has advanced from
nanosecond to femtosecond pulse-width lasers. In LPI these developments have produced a
general reduction in fragmentation, as during a nanosecond pulse the molecule often has
sufficient time to couple absorbed energy into vibrational modes which leads to fragmentation
prior to ionization. During femtosecond ionization there is insufficient time for this
rearrangement to occur and the molecule therefore ionizes, although further energy absorption in
the cation is possible, which can also lead to fragmentation after the laser pulse is over.

Strong field ionization: Overview
Femtosecond pulses have enabled a dramatic increase in the attainable laser peak power.
This has led to focused intensities exceeding 1013 W/cm2 where the laser electric field amplitude
(> 5 V/Ǻ) approaches or exceeds the Coulomb fields binding electrons to atoms and molecules (~
10 V/Ǻ). The ionization processes in this intensity regime become fundamentally different from
the photon absorptive mechanisms discussed previously. The strong laser field produces a
number of effects on the potential well which are currently the subject of active research in the
field of attosecond dynamics.15 These phenomena are generally separated into two ionization
regimes - adiabatic and nonadiabatic ionization dynamics. In practice, however, actual ionization
processes in an ensemble of sputtered molecules can be a combination of the two, as sputtering
produces a range of internal energies which can influence the strong field ionization (SFI)
mechanism.
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Adiabatic dynamics
When the energy levels of an atom/molecule adjust to the electric field of a nonresonant
laser without interstate transitions these interactions are classified as adiabatic. In this regime
ionization is described as the tunneling of a single active electron, or its removal from a
suppressed potential barrier, and is pure field phenomenon independent of laser wavelength
(Figure 1-2).

Figure 1-2. Adiabatic strong field ionization mechanisms occurring at intensities > 1013 W/cm2,
where the laser field is able to suppress the potential barrier.

The laser parameters conducive toward adiabatic strong field ionization in atoms are
described by the Keldysh theory.16 It derives what is known as the Keldysh adiabaticity parameter
for the likelihood of tunneling versus multiphoton ionization (IP is the ionization potential in eV,
I is the intensity in W/cm2, and λ is the wavelength in µm).
√

(2)

It is generally accepted that when γ < 1 tunneling is likely, when 1< γ < 5 multiphoton ionization
and tunneling may occur concurrently, and when γ > 5 multiphoton ionization is dominant. The
predictions of this equation also generally hold for molecules, namely that intensities exceeding
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1013 W/cm2 and increasingly long wavelengths are conducive to strong field as opposed to
multiphoton ionization.
During adiabatic ionization both single and multiple ionization can occur, with the
removal of multiple electrons producing an unstable ion that can fragment due to Coulomb
repulsion/explosion. In addition, it has recently been shown that single adiabatic ionization can
produce both ground and excited ionic states, depending on the molecular structure.17 This
observation is surprising, as it was previously thought that adiabatic ionization produces purely
ground state cations. Ionic excited states are generally dissociative, and so even under adiabatic
ionization conditions fragmentation mechanisms can exist. However, fragmentation in many
molecules is more likely to result from, and be more severe in the presence of nonadiabatic
ionization dynamics.

Nonadiabatic multielectron dynamics (NME)
Due to the complexity of molecular structure, in particular the greater number of
electrons and closely spaced energy levels, nonadiabatic dynamics are often much more likely to
occur than adiabatic ionization. This occurs as a strong laser field can Stark shift molecular
excited states to produce a quasicontinuum (Figure1-3).18,19
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Figure 1-3. Nonadiabatic strong field ionization dynamics occurring at intensities > 1013 W/cm2.

In addition, multiple electrons can respond to the field and each other, collectively influencing the
active electron which, instead of escaping over or through the potential barrier, makes a transition
into the quasicontinuum (QC) through a strongly coupled doorway state (DS) within it.20 Once in
the QC, the close spacing of the energy levels produces plasma-like energy absorption and rapid
ionization. The resulting cation is formed in its ground state, as the departing electron takes away
all of the excess energy imparted to the molecule. The ground to DS transition is the rate limiting
step in the initial ionization event, whose half laser cycle probability is described as20
[

√

]

(3)

where Δ0 is the field free energy difference between the ground and doorway state, μ is the dipole
moment of the transition, αg is the ground state’s effective dynamic polarizability, and ω and εo
are the angular frequency and field amplitude of the laser.
Once ionized, due to the multi-cycle nature of a laser pulse, the NME process can be
repeated in the cation. Moreover, it occurs there at higher probability, as ∆g→DS is smaller while
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αg is generally larger than in the neutral molecule. However, once a second electron enters the
ionic QC, where most excited states are dissociative, the molecule will likely fragment depending
on its final state. As illustrated by equation 3, the two parameters closely tied to NME are the
laser intensity and wavelength. Therefore, in some molecules it may be possible to mitigate
strong field fragmentation by using longer wavelengths and lower intensities (while still above
1013 W/cm2).

Optimizing post-ionization efficiency
Beyond tailoring laser conditions for intact molecular ionization, maximizing the
ionization efficiency of sputtered molecules is equally essential. As discussed previously, one of
the two major goals of laser post-ionization is to increase signal levels over those in SIMS. The
key to accomplishing this is ensuring perfect laser-plume overlap. However, this is a challenge
for strong field ionization given its requirement for intensities in excess of 1013 W/cm2, which can
only be met by a highly focused laser beam. The sputtered plume disperses with distance from
the sample,21 with dimensions that approach ~1000 µm in diameter before encountering the laser
beam (Figure 1-4). As will be shown in later sections, a high laser peak power (>1010 W) is
essential in order to produce a laser focus approaching these dimension in the strong field regime.
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Figure 1-4. Dispersion of the sputtered plume of neutral material prior to laser post-ionization. a)
Poor ionization efficiency caused by insufficient laser sputtered plume overlap of a high intensity
laser beam. b) Improved ionization efficiency using a defocused laser beam whose intensity is
approximately similar to the saturation intensity of the analyte. Optimization of both the laser
focal diameter and Rayleigh range are essential for achieving optimal plume overlap.

Conclusion
The use of sub-µm focusable cluster ion beams as probes for mass spectrometry makes
SIMS a unique tool capable of both two and three dimensional analysis. The technique is poised
to make important contributions to biological research, once the challenges of low secondary ion
formation probability and matrix ionization effects are resolved. Strong field ionization of
sputtered neutrals may provide a way toward sub-µm quantitative analysis in biological samples,
by increasing available signal levels and decoupling ionization from the effects of the local
chemical environment. This dissertation develops both fundamental strategies for implementing
strong field ionization in secondary neutral mass spectrometry, and presents practical bio-imaging
studies employing it.
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Chapter 2 Experimental

2.1 SIMS instrumentation

Overview
In its most general form, secondary ion mass spectrometry involves the use of a
(“primary”) ion beam to probe a sample, and a mass spectrometer to separate the sputtered
secondary ions based on their mass-to-charge ratio (Figure 2-1).1 The experiment must be
performed in high vacuum (instrumental pressures < 10-6 torr) in order to minimize the adsorption
of ambient gases to the sample and to ensure that sputtered ions have a long mean free path (do
not interact with ambient particles) during their flight to the detector. The ion current at the
detector is amplified, and then digitized and recorded by a signal acquisition card in a computer.

Figure 2-1. General diagram of the secondary ion mass spectrometry experiment.
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These basic criteria for SIMS can be fulfilled by a plethora of instrumental means. The
specific requirements of an analysis ultimately define the necessary combination of primary ion
beam sputtering characteristics, mass spectrometer resolution, instrument sample handling
capabilities and the ion detection scheme. As the main goal of this dissertation is to maximize the
detection sensitivity for organic molecules, the instrument employed throughout, identified
henceforth as the BioTOF, has a number of specialized characteristics. Namely it combines
cryogenic sample handling, a cluster primary ion beam, and the resolving power of a reflectron
time-of-flight mass analyzer, with the ability to perform laser post-sputtered ionization (LPI) of
otherwise undetectable neutrals.2 Consequently the BioTOF is capable of both SIMS and
secondary neutral mass spectrometry (SNMS) experiments. As a result of the increased
sensitivity it enables, this instrument is maintained at ultra-high vacuum (UHV < 10-8 torr), in
order to minimize background signals in the SNMS experiments.
The layout of the BioTOF is presented in Figure 2-2, with later sections of this chapter
presenting key aspects of it in detail. In general, it possesses two discrete vacuum chambers in
order to facilitate fast sample introduction and maintain excellent UHV conditions in the analysis
chamber. The sample is initially introduced through an evacuated fast-entry port (~ 10-3 torr) into
a preparation chamber, which is pumped by a turbo-molecular pump (< 10-8 torr). Once UHV
conditions are reached, it is then transferred into the main analysis chamber using a transfer arm.
The main chamber is pumped by an ion pump (< 10-9 torr) and features a cryogenically cooled
sample holder stage.
Loaded into the stage, the sample is sputtered by a 20 keV C60 primary ion beam. The
generated secondary ions and laser post-ionized neutrals are accelerated into a reflectron mass
analyzer where they are separated according to time-of-fight, and detected by a 40 mm chevron
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micro-channel plate detector. In addition, sputtered electrons can also be detected using a
secondary electron detector.

Figure 2-2. Layout of the BioTOF instrument, with the key components labeled.

Sample holder stage and ion extraction
A key feature of the BioTOF is the ability of the sample holder stage to be cooled to
cryogenic temperatures (100 K), enabled by passing liquid nitrogen cooled N2 gas through it. This
cooling is essential for performing both SIMS and SNMS analyses of many organic molecules,
which can have sufficient room temperature volatilities in UHV to completely sublime from the
sample before analysis.3 Beyond the specific requirements of LPI, cryogenic temperatures are
another reason for employing UHV conditions, as otherwise the condensation of water-ice on
samples will dramatically reduce the surface sensitivity of SIMS.
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Another distinguishing feature of this instrument is the large separation between the mass
spectrometer ion extraction optics and the sample surface. At 10 mm it is in stark contrast to the
< 3 mm separation employed on most instruments. This large spacing allows adequate room for
the introduction of a laser beam without it impinging on the extraction optics. In addition, the
large gap establishes an extraction voltage gradient of only ~ 250 V/mm, unlike the ~ 800 V/mm
typical for most SIMS instruments. The smaller gradient is advantageous for allowing the use of
larger laser focal dimensions ( ~ 500 - 1000 µm diameter, which ensure optimal laser-sputtered
plume overlap) by producing a smaller variation between the starting potentials of identical ions
on opposites end of the laser focus, and thereby ensuring the mass analyzer can refocus them.2

C60 cluster primary ion gun
A general schematic of the 20 keV C60 primary ion gun4 used on the BioTOF is presented
in Figure 2-3. Most elements of the gun float on top of a 20 keV potential, which is the typical
anode voltage. Its fundamental principle of operation is based on the heating of a reservoir
containing 0.5 g of C60 powder to 670 - 720 K in a thermal effusive source. The sublimed neutral
clusters proceed through the center of an ionization cell, formed by a cylindrical metal grid
surrounded by a thoriated tungsten filament with a current of 1.8 – 2.5 A passing through it. The
grid is held at a constant potential, and accelerates freed electrons from the filament through the
ionization cell. The user-adjustable grid voltage (typically 45 - 75 V) determines the electron
impact energy and thus the nature of the C60 ions produced. At high grid potentials C60+2 and even
C2 fragments are produced, as a result typical experimental potentials for the production of
(primarily) C60+ are restricted to 50 – 60 V.
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Figure 2-3. General ion optical layout of the 20 keV C60 primary ion gun.
Once ionized, the clusters are extracted from the source region using a conical electrode.
They then pass through a Wien filter, an ion optical element consisting of perpendicular magnetic
and electric fields which is used to selectively filter out any C60+2 from the beam. The diffuse
cluster beam is then passed through a metal aperture. The dimensions of this aperture are user
selectable among several sizes (10 µm, 30 µm, 100 µm, 300 µm, 1000 µm), with smaller values
corresponding to progressively higher spatial resolutions on the sample. As the beam is physically
apertured, the tradeoff for better resolution is a lower final C60+ current on the sample.
After the selectable aperture the ion beam is steered by a set of plates through a 2° bend
in the physical axis of the gun column, a process which serves to remove any remaining neutral
C60 from the beam. On its way further down the column, any actual deviation of the ion beam
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from the column axis is corrected with two sets of alignment optics. However, careful mechanical
alignment of the source portion often significantly ameliorates this need.
Approaching the exit of the gun, the C60+ ions pass through a set of scanning plates,
which allow the beam to be rastered within a 1200 µm2 field-of-view on the sample. Finally, the
beam is focused by an ion optical lens before being directed to the sample. As discussed above,
the C60+ current varies based on the choice of selectable aperture, with the 1000 µm aperture
producing ~ 2 nA, while the 100 µm produces ~ 100 pA direct current on the sample.
Under typical modes of operation, such as in spectral acquisition and imaging
experiments, the primary ion beam is pulsed. This is accomplished by a pair of pulsing plates
prior to the 2° bend. For blanking the beam, they are held at -200 V to deflect the C60+ ions to the
wall of the gun column. A pulse is produced when the plates are grounded for a user selectable
amount of time, followed by being returned to -200 V. The duration of the primary ion beam
pulse is a key determining factor of the mass resolution in the SIMS experiment. As will be
developed in detail in a subsequent section, short pulses produce the best mass resolution in
SIMS, while long pulses maximize the detection sensitivity of ions of vastly different
mass/charge.5

Reflectron time-of-flight (TOF) mass analyzer
In the course of normal operation of the BioTOF ion extraction into the mass analyzer is
pulsed. It is performed by putting a ~ 2500 V potential between the sample stage and the
extraction optics. The process is synchronized to the arrival of the primary ion beam on the
sample. Subsequent sections will develop typical experimental timing considerations; here the
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focus is placed on how the mass differences, and kinetic energy and angular spreads of sputtered
ions translate to the mass spectrum.
The essence of a basic linear time-of-flight mass analyzer is that after being accelerated
by the same potential into the TOF, ions of all masses possess approximately the same kinetic
energy. However, their velocities differ depending on their mass (

) and as a result

heavier ions take a longer time to transit to the detector than lighter ions (Figure 2-4). One of the
great strengths of a TOF system is that ions of different mass are only dispersed (in time) in one
spatial dimension, and as a result parallel detection of all masses is possible by the same detector,
unlike with older magnetic sector analyzers. Limits on the performance of linear TOF systems
arise due the fact that particles of the same mass actually possess a distribution of kinetic energies
and emission angles due to the sputtering process. As a result, they cannot possibly reach the
detector at the exact same time, generating broadened ion peaks and reduced mass resolution
(Figure 2-5).
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Figure 2-4. Principle of operation of a basic linear TOF. When all sputtered ions are accelerated
by the same potential larger ions take a longer time to reach the detector.
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Figure 2-5. Flight time differences between ions of the same mass, but different starting kinetic
energies due to the sputtering process. Dashed lines represent different snapshots in time.
Relative distances between ions are dramatized to illustrate the relevant effect of kinetic energy
differences on the flight time to the detector.

In the BioTOF some of the problems caused by the angular distribution of sputtered ions
are resolved by ion focusing optics just at the entrance to the TOF. Whereas challenges posed by
the kinetic energy distributions (typically several eV for organic molecules) are resolved by the
use of an energy compensating reflectron TOF. This mass analyzer features a drift tube with an
ion mirror installed at its end, with its basic principle of operation being to send higher kinetic
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energy ions on a longer flight path than lower energy ions. This occurs when the higher kinetic
energy ions penetrate deeper into the retarding mirror’s field than their lower kinetic energy
counterparts before being reversed and accelerated backwards. As a result, slower ions catch up
to their faster counterparts and are time refocused on the detector (Figure 2-6). The overall
benefits of reflectron TOF analyzers are reflected by the factor of 103 – 104 improvement to the
SIMS analysis sensitivity they enabled when they replaced older quadrupole analyzers.6-8

Figure 2-6. Time refocusing of ions of the same mass, but different starting kinetic energies due
to sputtering, by a reflectron TOF. Dashed lines represent time snapshots.
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Multi-channel plate (MCP) detector and its gain saturation
The detector employed by the BioTOF is based on two 40 mm diameter micro-channel
plates arranged in a “chevron” configuration (Figure 2-7). A single plate consists of a resistive
material of ~ 2 mm thickness which possesses an array of angled channels extending through it.
When an ion impacts inside one of these channels it generates an electron cascade which is
amplified according to the voltage bias between the front and back of the plate. In a “chevron”
configuration the two micro-channel plates are stacked such that their channels are opposite to
each other. As a result, a cascade started in the top plate extends into the bottom one, allowing for
much greater gain of the electron current. Concurrently, the “v” channel configuration reduces
ion feedback in the plates.

Figure 2-7. Chevron multichannel plate detector, used to amplify the electron cascade in a single
multichannel plate.
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A critical consideration with an MCP is that a high ion current hitting the detector can
temporarily deplete it of electrons. If there is insufficient recovery time before the next set of
impacts these ions are insufficiently amplified and, in some cases, made completely undetectable.
This process is known as gain saturation,9 and is seldom encountered in typical SIMS
experiments on organic molecules. The reason is that their secondary ion yields are relatively
low, with usually only a single secondary ion of a given mass being produced per sputtering
event. This is often not the case in strong field ionization SNMS.
When the molecular photoionization process is saturated and the laser focal volume
encompasses a substantial portion of the sputtered plume numerous photo-ions of the same mass
are generated. The laser indiscriminately ionizes both molecules and fragments sputtered from the
sample, in addition to also generating photo-fragments of its own. The end result is large low
mass (m/z 1-100) fragment ion currents which can produce gain saturation in the MCP.
The condition of gain saturation is controlled by a number of independent factors. It is
strongly analyte dependent, with more weakly bound and larger molecules being more
susceptible to both sputter and photo-fragmentation. In addition, it heavily depends on the
mechanism and the efficiency of photoionization, with some ionization regimes yielding
extensive fragmentation. The only remedy for MCP gain saturation is the prevention of high ion
currents from reaching the detector. In the BioTOF this is accomplished by pulsing a deflection
grid mounted just over the detector during each acquisition cycle, timed to deflect the offending
mass range. Figure 2-8 illustrates the difference this can make in one of the experiments to be
presented in a subsequent chapter – fundamental studies of the intensity and wavelength
dependence of strong field ionization of sputtered β-estradiol. In depth analyses of these
experiments are presented later, however it is clearly apparent there are drastic differences
between the curve measured by a gain saturated detector (open symbols) and one that is not
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(filled). As the shape of such curves relates to the fundamental interpretation of the usefulness of
strong field ionization in SNMS, discovering and fixing this problem was critical to the success of
much of the work presented herein.

Figure 2-8. Gain saturation in the intensity-dependent strong field ionization of sputtered βestradiol molecular ions (m/z 272.2) post-ionized by a 1350 nm beam. Filled squares are the
response recorded when preventing low mass (m/z 1 – 40) ions from reaching the detector. Open
squares are the response without deflecting these ions.

2.2 Laser system

Overview
The laser system used for post-ionization throughout this work is based on the
commercially available Coherent Legend Elite Duo, a laser that is capable of producing 10 W, 40
fs, 800 nm pulses at 1 kHz. It is beneficial to have such a high repetition rate system as the SIMS
experiment is typically operated at high (1 kHz and above) frequency in order to facilitate
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expedient sample analysis. The laser system is therefore the limiting element and defines the
repetition rate of all SNMS experiments.
Although the Legend Elite Duo can be used for post-ionization, it is generally not
implemented in this way, as the 800 nm wavelength is more conducive toward nonadiabatic
multielectron effects which lead to molecular fragmentation, compared to longer IR beams.10,11
As a result, it is instead used to pump an optical parametric amplifier (OPA), the Light
Conversion TOPAS C - HE. The OPA functionally splits the energy of an 800 nm photon into
two photons of tunable wavelength. Obeying the law of the conservation of energy the two
photons, known as the signal and idler, have different (but complimentary) wavelengths (
. For the 800 nm pump, the signal is associated with wavelengths between 1160 1550 nm, while the idler can vary between 1650 - 2580 nm. The OPA has a total energy
conversion efficiency of between 30 – 40 %, with its typical power curve presented in Figure 210. In addition, while changing the wavelength it mostly preserves the 40 fs pulse-width, this is
key to later reaching high focused laser intensities in the IR (Figure 2-10). The following sections
will present a more in-depth discussion of the operation of the laser system.
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Figure 2-9. TOPAS C-HE power curve, when pumped by a 10 mJ, 800 nm, 40 fs laser.
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Figure 2-10. TOPAS C-HE autocorrelation pulse-width measurements. This figure was taken
from a service report provided by Light Conversion Ltd. The 800 nm wavelength is the pump
beam, WL is an abbreviation for wavelength, while τ stands for the pulse-width determined by
autocorrelation.

Chirped pulse amplification
The Legend Elite Duo is able to generate peak powers in excess of 1011 W, which truly
puts it into an elite class of table-top amplifiers commercially available today. It is able to reach
these powers by employing chirped pulse amplification (CPA), a technique which was initially
developed for radar waves in 1960,12 with the first optical application published in 198513 - one of
the key enabling developments in high power laser research.
The heart of any CPA system lies in the oscillator, an independent laser which provides
the seed pulses amplified by the rest of the system. These pulses are generated in a specially
aligned laser cavity based on a Ti+3 embedded sapphire (Ti:sapph) gain medium. This crystal has
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the unique property of lasing in an extremely broad wavelength range (~ 650 – 1100 nm). The
large emission bandwidth is used to generate femtosecond pulses in a process known as modelocking. By slightly perturbing the cavity, certain frequencies (modes) are shifted in phase with
each other and constructively interfere, while others become out of phase and destructively
interfere. As the number of discrete stable modes in a Ti:sapph based laser cavity can be very
large ( > 105) their time coherence is very short and as a result pulses are created. Furthermore,
these constructively interfering modes produce stimulated emission in the gain medium (it emits
photons of an identical phase and frequency) which acts to stabilize and amplify the resulting
pulses. The larger the number of stable modes the cavity can support the shorter the final pulsewidths that it is able to produce.
“Chirping,” or broadening of the ultrashort seed pulses prior to amplification, is
necessary as otherwise their peak intensities become so high that deleterious nonlinear effects in
the gain medium can distort them. In addition, the Ti:sapph crystal itself can be destroyed.
Chirping is commonly accomplished by highly dispersive optics, such as gratings. By dispersing
the frequencies comprising a laser pulse in space, the grating sends the higher frequencies on a
longer flight path than the lower frequencies. This spatial dispersion is ultimately converted to a
temporal dispersion, and the pulse is broadened in time. Typically, femtosecond pulses are
expanded to hundreds of picoseconds in the “stretcher” portion of a CPA system prior to be being
amplified.
The Legend features two discrete amplification stages. The first is an independently
lasing Ti:sapph based cavity known as a regenerative amplifier. There the stretched seed beam
makes multiple passes through the crystal, being amplified by stimulated emission. Afterwards, it
is reflected into the final amplifier stage, where it makes a single pass through another pumped
Ti:sapph crystal.
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The final portion of any CPA system is the compressor, where the pulse is recompressed
to femtosecond duration. This is accomplished in an identical fashion to the way it was broadened
in the stretcher, except the spatial/temporal dispersion is reversed. As the femtosecond pulses in
the compressor have very high peak power, the beam is collimated to a large diameter in order to
prevent burning of the optics and grating.
The CPA process in the Legend Elite Duo is presented in Figure 2-11. The oscillator
produces 40 fs, 800 nm seed pulses at an 80 MHz repetition rate, with an average power of 500
mW. After being stretched, they are amplified to 6.3 W in the regenerative amplifier, with the
frequency of the pumping 532 nm Nd:YLF laser limiting the repetition rate of the output beam.
The pulses are further amplified to 13 W in a single pass amplifier, before being recompressed to
the final output properties of 10 W at 40 fs. The beam is then used to pump an OPA, which
produces wavelength tunable ~ 40 fs pulses between 1160 – 2580 nm.
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Figure 2-11. Chirped pulse amplification in the Coherent Legend Elite Duo. The final output
pulse is used to pump the TOPAS C-HE optical parametric amplifier.

Optical parametric amplifier
As discussed previously, the OPA operates by splitting the energy of the pump beam into
signal and idler photons. A simplified optical layout is presented in Figure 2-12. Overall, the OPA
consists of three amplification stages, in the first stage a signal photon is generated (the seed),
which is amplified in the subsequent stages. Each time the beam goes through a BBO nonlinear
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crystal both signal and idler photons are generated, however, in the first two stages the idler
beams are blocked (not shown).

Figure 2-12. Simplified optical layout of the TOPAS C-HE, where the 40 fs 800 nm pump beam
is converted to a wavelength tunable beam in the range of 1160 - 2580 nm.
Initially, the 800 nm pump beam is split by beam splitter 1 (BS1), with the majority of its
power (> 9.5W) going through to the third and final amplification stage. The portion that is
reflected is further split by beam splitter 2 (BS2), with the majority of the remaining pump power
going through to the second amplification stage. The reflected portion traverses a pair of Brewster
angled plates, and is split again by beam splitter 3 (BS3). The small portion (~ 1-3 mW) that
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traverses the beam splitter is retro-reflected into a sapphire plate where it produces a white light
continuum (WLC). The time delay between the remaining 800 nm pump beam and the WLC in
crystal 1, set by the movable retro-reflecting mirrors (Delay 1), determines the portion of the
continuum that is amplified in the crystal, and thus the signal (and idler) wavelength that is
generated. The crystal angle is tuned to optimize the power.
The seed signal wavelength generated in the first amplification stage is further amplified
in crystal 2 (C2), with the Brewster angled plates (Delay 2) tuning the temporal overlap of the
seed with the 800 nm pump beam. Finally, the seed signal is amplified again in crystal 3 (C3)
with the majority of the pump power (> 9.5 W). As a result, any portion of the seed bandwidth
can be dramatically amplified, with both the delay, controlled by a movable mirror (Delay 3), and
crystal 3 angle having a large effect on the final output wavelengths (both signal and idler). After
exiting the OPA the collinear signal and idler beams are split with appropriate dichroic mirrors,
enabling either wavelength range to be used in exclusion of the other.

Power attenuation
As described above, both delays 1 and 3 possess a large effect on the output wavelength.
Therefore, when experiments involving power studies are conducted the power is adjusted using
delay 2. This has almost no effect on the wavelength, and enables fine power adjustments to be
made without degrading the pulse quality. There are two alternatives to this method; one involves
the use of neutral density filters for power attenuation, while the other involves attenuating the
power of the pump laser using an adjustable half-wave plate polarizer prior to the compression
grating.14 The former method can undesirably broaden the 40 fs IR pulses, while the latter makes
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the output of the OPA highly unstable, as it produces large changes in the pump power which
cause thermal effects in the OPA.

Laser beam focusing: optical equations
The final output beam of the OPA is focused into the BioTOF using a 150 mm focal
length (at a design wavelength of 587.7 nm) lens. The beam’s properties can be determined using
standard geometric optics equations for Gaussian beams.
The diffraction limited focal radius is determined by:
(1)
where M2 is the beam quality factor, a measure of how perfectly Gaussian the laser beam is (M2 =
1 for a perfect Gaussian beam profile), F is the focal length of the lens, λ is the wavelength, and D
is the 1/e2 diameter of the beam just prior to the lens.
The Rayleigh length of the laser focus, defined as the distance from the minimum beam
waist that the focal radius increases by √ , and across which the laser intensity is taken to be
approximately constant, is given by:
(2)
The laser intensity is defined as:
(3)
where Pavg is the average power measured by a standard power meter, T is the laser period, and τ
is the pulse-width.
When defocusing the laser by adjusting the lens in the direction of propagation of the
beam (z-axis) the change of the focal radius is given by:
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√

(4)

while the intensity changes according to:
(

(5)

Intensity calibration
Although optical equations can give a fairly accurate determination of laser beam
properties, it is always best to calibrate the laser relative to a known standard. The strong field
ionization of the noble gas Xe has been extensively studied,15-18 and is well described by existing
theories of tunnel ionization.19 In order to calibrate laser beam properties intensity and
wavelength dependent studies of Xe ionization were conducted, with details presented in chapter
4. For these and subsequent molecular ionization experiments the active detection volume of the
mass spectrometer was restricted to below the Rayleigh length of the laser focus. This minimizes
the variation of the laser intensity in the propagation direction of the laser. It restricts it to only
the radial dimension centered on the beam waist, and produces a cylindrical ionization volume
which has been well described in the literature.16 The measured signal under these experimental
conditions is described in Chapter 4.

2.3 Experimental approach

Laser beam alignment
In SNMS experiments precise alignment of the laser beam relative to the sputtered plume
is essential. This is accomplished in three discrete steps. Initially the laser beam is aligned on a Si
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shard with indium foil attached to it, and which is adjoining the sample shard. The primary ion
beam is not rastered and is set to spot mode. The tightly focused laser beam is aligned for the
maximum production of the highest ionic charge state of post-ionized In, thereby overlapping the
center of the laser beam with the sputtered plume. Afterwards the sample stage is moved to bring
the actual sample under analysis. Precise alignment on the sample surface is necessary as slight
height differences between it and the In containing Si shard reduce the laser-plume overlap on the
sample. As most samples are less than 500 nm in thickness, a small (<50 µm2) area is sputtered
down to the substrate (usually a Si or ITO shard), and the laser is again overlapped on a spot
mode sputtered plume to maximize the signal of the highest produced charge state of a substrate
element (usually Si or In). These procedures ensure that the center of the laser beam is well
aligned with the center of the sputtered plume. Afterwards, the signal of the analyte molecular ion
can be optimized by defocusing the laser beam to achieve maximum plume overlap.

Sputtered plume dimensions
The experimentally detectable dimensions of a point source sputtered plume of postionized atomic In are presented in Figure 2-13, with all charge states of In (In1-4+) summed. The
laser focal diameter was 75 ± 25 µm, and was scanned in ~ 100 µm steps through the plume. The
laser wavelength was 1350 nm, and its intensity was ~ 1015 W/cm2, well beyond the saturation
intensity In (~ 1013 W/cm2). Even though the acceptance window of the mass spectrometer is
convoluted with the spatial dimensions of the plume in the measurement, it is apparent that large
laser focal diameters are necessary to maximize plume overlap and achieve optimal signal levels
in practical experiments.
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Figure 2-13. The experimentally detectable dimensions of a point source sputtered plume of postionized In in the BioTOF. All dimensions are relative to the axis of the mass spectrometer, y is in
the vertical direction along the axis, while x is the lateral dimension perpendicular to the axis. a)
Scan of the focal volume in the y-direction, centered on x = 0. b) Scan along the x-axis, with y =
0 being the lowest laser position experimentally achievable before impacting the sample holder
stage c) The 2D variation of the sputtered indium signal. In all figure panes the signals of all
produced charges states of In are summed. This figure was adapted from reference 20, and is one
of the dissertation author’s direct contributions to that publication. In addition, it is used with the
permission of the primary author.
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Experimental timings
The proper temporal synchronization of all instrumental components is crucial for a
successful analysis and varies somewhat depending on the goals of the experiment. Typical
instrumental timings for SIMS and SNMS are presented in Figure 2-14.

Figure 2-14. General timing diagram of the SIMS and SNMS experiments. The primary ion pulse
is depicted in purple, the trigger pulses for ion extraction and suppression are blue and green
respectively, and the laser pulse is red (its 40 fs pulse-width is expanded for clarity).

In SIMS, the experimental time zero is the start of the primary ion pulse, when the C60 ions begin
their flight to the sample surface (in the BioTOF their flight time is ~ 5.7 µs). Following
sputtering, secondary ions are extracted into the mass analyzer when the sample holder stage is
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brought to and held at a constant potential (2500 V). Ion extraction is suppressed ~ 2µs after its
start by either the stage being grounded, or brought to a negative potential (-2500 V). The pulsewidth of the primary ion gun is adjustable, however typical SIMS experiments employ ~ 50 ns
pulses as they provide good mass resolution. Longer pulses produce a greater spatial separation
between sputtered ions of the same mass created by the leading and trailing edges of the pulse.
When ion extraction begins these ions cannot be perfectly refocused by the reflectron, resulting in
broadened peaks in the mass spectrum.
In both SIMS and SNMS the mass range of interest influences the appropriate time
separation between the primary ion impact and the start of ion extraction. Smaller ions/neutrals
are sputtered at higher velocities than their heavier counterparts. As a result, it is advisable to
begin ion extraction immediately after the conclusion of the primary ion pulse, otherwise a great
deal of the lighter ions produced by its leading edge will leave the sensitive volume of the
extraction field. The opposite is true for the detection of heavier ions, with longer times being
required to allow them to adequately separate from the surface prior to extraction. Experiments
involving short primary ion pulses are therefore more sensitive in some parts of the mass range
than others.
In SNMS the relative experimental timings between the primary ion gun, the ion
extraction and ion suppression can be identical to the SIMS experiment. However, there are a
number of additional considerations. In SNMS the mass resolution of post-ionized neutrals is
unaffected by the primary ion pulse-width, as they are all created during the 40 fs duration of the
laser pulse. This enables the use of longer primary ion pulses (~ 2µs), increasing the detection
sensitivity across the entire mass range relative to shorter pulses.
During SNMS experiments the laser pulse arrives just after the start of ion extraction.
This produces a small and controllable time separation between secondary ions and neutrals of
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the same mass in the mass spectrum, which facilities their differentiation. However, in some
SNMS analyses it is advisable to remove the secondary ions entirely, in order to produce less
congested mass spectra. In this case, just prior to ion extraction (~ 150 nS) the stage is negatively
pulsed to accelerate any secondary ions back to the stage and out of the extraction volume.

Sample preparation
In the course of strong field ionization experiments on gas phase atoms and molecules
samples are either introduced into vacuum through a leak valve, or sublimed by heating the
sample stage with heated N2 gas. For sputtering experiments, samples are prepared by physical
vapor deposition, ensuring both purity and uniformity.

References
(1) Fletcher, J. S.; Vickerman, J. C. Anal. Chem. 2013, 85, 610-639.
(2) Braun, R. M.; Blenkinsopp, P.; Mullock, S. J.; Corlett, C.; Willey, K. F.; Vickerman,
J. C.; Winograd, N. Rapid Commun. Mass Spectrom. 1998, 12, 1246-1252.
(3) Hrubowchak, D. M.; Ervin, M. H.; Wood, M. C.; Winograd, N. Anal. Chem. 1991,
63, 1947-1953.
(4) Weibel, D.; Wong, S.; Lockyer, N.; Blenkinsopp, P.; Hill, R.; Vickerman, J. C. Anal.
Chem. 2003, 75, 1754-1764.
(5) Wucher, A. In TOF-SIMS: Materials analysis by mass spectrometry Vickerman, J. C.;
Briggs, D., Eds.; IM Publications and SurfaceSpectra: Chichester and Manchester, 2013,
pp 217-246.

41
(6) Eccles, A. J.; Vickerman, J. C. J. Vac. Sci. Technol. A. 1989, 7, 234-244.
(7) Niehuis, E.; Heller, T.; Feld, H.; Benninghoven, A. J. Vac. Sci. Technol. A. 1987, 5,
1243-1246.
(8) Tang, X.; Beavis, R.; Ens, W.; Lafortune, F.; Schueler, B.; Standing, K. G. Int. J.
Mass Spectrom. Ion Processes 1988, 85, 43-67.
(9) Fraser, G. W. Nucl. Instrum. Meth. A 1990, 291, 595-606.
(10) Lezius, M.; Blanchet, V.; Ivanov, M. Y.; Stolow, A. J. Chem. Phys. 2002, 117,
1575-1588.
(11) Markevitch, A. N.; Romanov, D. A.; Smith, S. M.; Schlegel, H. B.; Ivanov, M. Y.;
Levis, R. J. Phys. Rev. A 2004, 69.
(12) Cook, C. E. Proc. IRE 1960, 48, 310-316.
(13) Strickland, D.; Mourou, G. Opt. Commun. 1985, 55, 447-449.
(14) Zhao, Y. B.; Jia, Y. Q.; Yang, J. J.; Zhu, X. N. Opt. Eng. 2007, 46.
(15) Gingras, G.; Tripathi, A.; Witzel, B. Phys. Rev. Lett. 2009, 103.
(16) Hankin, S. M.; Villeneuve, D. M.; Corkum, P. B.; Rayner, D. M. Phys. Rev. A 2001,
64.
(17) Hansch, P.; Walker, M. A.; VanWoerkom, L. D. Phys. Rev. A 1996, 54, R2559R2562.
(18) Talebpour, A.; Chien, C. Y.; Liang, Y.; Larochelle, S.; Chin, S. L. J Phys B-at Mol
Opt 1997, 30, 1721-1730.
(19) Ammosov, M. V.; Delone, N. B.; Krainov, V. P. Sov. Phys. JETP 1986, 64, 11911194.
(20) Breuer, L.; Kucher, A.; Herder, M.; Wucher, A.; Winograd, N. J Phys Chem A 2014
in press.

42

Chapter 3
Strong-field ionization of C60 sputtered neutral molecules using 1015 W/cm2 of
fs IR radiation
This chapter has been reproduced from A. Kucher and N. Winograd, Surface and Interface
Analysis, 2013, 45, 1, 510-512.

Abstract
This chapter describes the initial implementation of a high energy, IR laser source
consisting of an 800 nm, 40 fs, 10 mJ, 1 kHz laser pumping an optical parametric amplifier
generating 1160 – 2580 nm tunable pulses, for secondary neutral mass spectrometry. The
wavelength and intensity dependence of postionized sputtered indium clusters and gas-phase
histamine are presented, which exhibit less nonadiabatic multielectron dynamics (decreased
fragmentation) at longer wavelength. In addition, the prospects of secondary neutral bio-imaging
experiments are explored with a model system consisting of a 400 mesh grid, vapor deposited
with adenine, and fixed over indium foil.

Introduction
Laser ionization of sputtered neutral molecules, which can outnumber the secondary ions
by 104, has been an invaluable complement to the TOF-SIMS experiment for many decades1,2. By
decoupling ionization from matrix effects, and increasing sensitivity, it has provided a route to
increased understanding in many experiments of both analytical and fundamental interest.
Throughout the years post-ionization has implemented a range of light sources, from tunable

43
VUV synchrotron radiation to pulsed near-infrared lasers, interacting with the electrons in neutral
particles primarily though the absorption of photons. Recently, however, advances in ultrafast
lasers have made readily available pulse intensities exceeding 1015 W/cm2, corresponding to
electric field strengths that equal, or even exceed, the Coulomb fields within atoms and
molecules. This development raises the prospect of implementing a fundamentally new
ionization mechanism for sputtered molecules - strong field ionization (SFI). Involving either
tunneling or barrier suppression ionization, it holds the promise of decreased fragmentation, and
more general application than previous methods.
A basic explanation of SFI involves the ionization of the most weakly held electron by
either tunneling through, or escaping over a suppressed potential barrier formed by the
superposition of the electric field of the laser and the Coulomb field of the atom or molecule. The
experimental conditions conducive to this mechanism, and differentiating it from multiphoton
ionization, were first described by Keldysh for atoms3. One of the elements of his theory is now
popularly known as the Keldysh adiabaticity parameter ( ). It describes the ratio of the laser
frequency to the tunneling frequency of an electron. Reformulated, it can also be cast as the ratio
of the ionization potential of an atom to the intensity and wavelength of the interacting laser,
predicting tunneling behavior when γ < 1. Theoretical approaches to strong field ionization
similar to Keldysh’s method, including the work of Perelomov, Popov and Terent’ev (PPT
theory),4 and Ammosov, Delone, and Krainov (ADK theory)5 have proven highly successful in
predicting the ionization of atoms. However, attempts to modify and extend these theories to
molecules are less accurate. The atomic theories are based on the adiabatic/quasi-static (QS), and
single active electron (SAE) approximations, which means they ignore any electron dynamics
inside the potential well, and do not treat the possible interaction of multiple electrons with each
other, and the laser field. Both become increasingly likely as molecular size increases, and can
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lead to a variety of electronic effects even at laser intensities where ionization is predicted to
proceed by tunneling. These phenomena, known as nonadiabatic multielectron dynamics (NME)68

, have been shown to produce electronically excited molecules and sometimes severe

fragmentation. Fortunately, experimental and theoretical work over the past decade has provided
us with guidelines in selecting laser parameters which either minimize, or completely avoid these
effects in some molecules.
One of biggest factors shown to affect fragmentation is the wavelength of the laser field.
In molecules of increasing size the time scale of electron motion begins to approach the
frequency of the laser. As this happens the electron is not able to adjust adiabatically to the
oscillating electric field, and becomes excited. In many cases, this effect can be avoided by
increasing the wavelength of the laser, and thus maintaining the adiabatic behavior of the
electron. For this purpose, the use of an optical parametric amplifier (OPA) to extend the
accessible wavelength range in strong field ionization becomes imperative.
Our previous work with strong field ionization applied to C60+ sputtered SNMS yielded
very promising results.9,10 By employing an OPA pumped by our 1.5 mJ, 120 fs, 800 nm laser, we
were able to generate light in the 1.2-2 μm wavelength range, at about 1013 W/cm2. These longer
wavelengths produced marked reductions in the degree of molecular fragmentation observed in
the molecules we investigated. To further exploit the benefits of SFI, and avoid some of the
pitfalls of NME, we acquired a more powerful laser system, and high energy OPA. They allow
us to generate intensities in the 1013 - 1015 W/cm2 range, at wavelengths between 1.2 and 2.6 μm.
In the present work, we present some preliminary results investigating several model systems
with this laser source – sputtered indium clusters, gas phase histamine, and the imaging of a 400
mesh grid vapor deposited with adenine.
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Experimental
All experiments were performed using a TOF-MS similar to one described in detail
elsewhere.11 The sputtering experiments involved a 20 kV C60+ ion gun (Ionoptika, Ltd.)
producing about 50 pA beam current (measured in dc mode) in the indium analysis, and about
100 pA for the imaging of the adenine grid. The primary ion pulse width was set to 150 ns.
The gas phase analysis of histamine involved a thick film (≈1 μm) vapor deposited onto a
silicon shard (Ted Pella, Inc.). Placed into the analysis chamber, it was allowed to sublime at
room temperature, avoiding any thermal excitation induced by heating. Experiments were
performed when a constant partial pressure of histamine was reached inside the analysis chamber,
monitored by a residual gas analyzer trace of the M-(NH2CH2)+ fragment. The vapor pressure of
histamine was approximately 3∙10-9 torr.
For the imaging experiments, adenine was vapor deposited onto a 400 mesh copper
London finder grid (Ted Pella, Inc.). The grid was mounted directly over Indium foil, and the
analysis was performed at 100 K.
The laser source employed in these experiments is commercially available. Briefly, a 10
mJ, 800nm, 40 fs, 1 kHz laser (Legend Elite Duo, Coherent, Inc.) was either directly employed in
photoionization, or used to pump a high energy optical parametric amplifier (TOPAS-C-HE,
Light Conversion, Ltd.). The OPA generated tunable light between 1.2-2.6 μm, and was capable
of producing a combined signal and idler output of 3.4 mJ at its peak, at 40 fs and 1 kHz. The
pump laser’s pulse length was confirmed by frequency-resolved optical gating (Grenouille 8-20USB, Swamp Optics). The laser beam was focused into the vacuum chamber through a calcium
fluoride window, using a BK7 lens f=125 mm (Thorlabs). The focal spot diameters ranged from
50-200 μm, as determined by optical calculations and Xe gas intensity calibration of each
wavelength. Laser intensity was attenuated by rotating a waveplate prior to the compressor
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grating in the 800 nm experiments, and by adjusting the OPA’s second delay stage, for analysis in
the IR. Both methods were not seen to affect any other beam properties besides intensity – the
laser’s pulse length was maintained, and the OPA’s center wavelength and bandwidth remained
the same. Xenon gas ionization was studied, and compared with the predictions of ADK theory,
in order to calibrate the laser intensity scale.
Indium (99.999%, CAS 7440-74-6), histamine (>97.0%, CAS 51-45-6), and adenine
(>99% CAS 73-24-5), were all purchased from Sigma-Aldrich. The indium foil was extensively
sputter cleaned prior to the start of experiments.

Results and discussion
We began by studying the ionization of 20keV C60+ sputtered indium clusters. They are
known to have relatively low ionization potentials of less than six eV, to be produced in a large
distribution of sizes, and to contain a substantial amount of internal excitation from sputtering12.
In Figure 1, the cluster to monomer ratio is plotted, starting at about 1013 W/cm2, an
intensity regime where the ionization of the indium monomer is fully saturated. A trend is
observed where the relative yield of the dimer and trimer is higher for the 1200 nm light, whereas
the yield of the tetramer, pentamer, and hexamer is increased with the 1900 nm beam. This is
consistent with increased fragmentation of the higher mass clusters at 1200 nm, which contributes
to the greater yield of the dimer and trimer. At 1900 nm, the ionization mechanism is observed to
be much softer by comparison, since the relative yield of the intact tetramer, pentamer and
hexamer is higher. The indium clusters also allowed checking for the onset of Coulomb explosion
as we scanned the intensity from 1012 W/cm2 to 1015 W/cm2; none was observed.
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Figure 3-1. Log-log plot of the sputtered neutral indium cluster to monomer ratio as a function of
intensity at 1200 nm (solid) and 1900 nm (open).

We next investigate the wavelength response of gas phase histamine, revisiting a
molecule we had previously studied, but this time with an extra two orders of magnitude of
intensity. Experiments at each wavelength were performed on successive days, as such the
magnitudes of the raw signals should not be directly compared. However, clear differences are
evident in the ionization of the histamine molecular ion at the three wavelengths employed. In the
800 nm intensity scan (Figure 2a), the molecular ion signal plateaus around 1014 W/cm2 whereas
it continues to increase for both the 1200 nm and 2000 nm light past this intensity. Such behavior
is indicative of NME fragmentation effects at 800 nm which are avoided at longer wavelength.
For 1200 nm light (Figure 2b) the signal dips around 1014 W/cm2, but continues to rise as the
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intensity is further increased. This effect may be indicative of a change in the ionization
mechanism at this intensity, which prevents the onset of fragmentation. The 2000 nm (Figure 2c)
intensity scan is missing both the plateau and dip observed at the shorter wavelengths, showing a
much simpler trace indicative of a softer ionization mechanism relative to the shorter
wavelengths. The variation of the ratio of the molecular ion (M+) to the two main fragments (F =
82 Da + 30 Da) at high intensity (Figure 2d) provides further evidence of different ionization
effects occurring as the wavelength is varied. Farther into the IR, the higher M+/F ratios observed
are evidence of decreased NME fragmentation dynamics, and the onset of an overall softer
ionization mechanism.
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Figure 3-2. Gas phase histamine molecular ion signal vs log of the laser intensity for 800 nm (a),
1200 nm (b) and 2000 nm (c) light. Molecular ion to fragment ratio (d) plotted vs log of the laser
intensity at three wavelengths 800 nm, 1200 nm, and 2000 nm.

An early example of the application of this new laser system to chemical imaging is
shown in Figure 3. It shows the neutral signal from adenine molecular ion (red), and indium
monomer (green), performed by analyzing adenine vapor deposited onto a 400 mesh copper
London finder grid, and mounted over indium foil. The neutral component represents no loss in
resolution over the secondary ion image, showing promise for future bioimaging experiments.
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Figure 3-3. Adenine vapor deposited onto a 400 mesh grid, laser post-ionized neutrals image.

Conclusion
The implementation of a high intensity laser system and OPA, capable of generating
intensities in the 1015 W/cm2 range are presented. Studying 20 kV C60+ sputtered indium,
decreased NME dynamics, and therefore more intact ionization of larger metal clusters, occurred
at longer wavelength. The same trend toward a softer ionization mechanism further into the IR
was observed in the gas phase photoionization of histamine. Finally, a simple imaging experiment
was performed on adenine vapor deposited onto a 400 mesh London finder grid. It shows promise
for the future application of this laser system to bioimaging experiments, where the signal
improvements it offers over previous LPI experiments and, for some analytes, SIMS, may offer
significant insights.
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Chapter 4
Strong field ionization of β-estradiol in the IR: strategies to optimize
molecular post-ionization in secondary neutral mass spectrometry
This chapter has been reproduced from A. Kucher A. Wucher, and N. Winograd, Analytical
Chemistry, 2014 submitted.

Abstract
This chapter presents the strong field laser photoionization of β-estradiol in the 1013-1015
W/cm2 intensity range at wavelengths between 1200 nm - 2000 nm, for both evaporated gas
phase molecules and neutral species sputtered from a solid surface under bombardment with 20
keV C60+ ions. It is shown that the ionization efficiency is saturated at laser intensities of the
order of 1013 W/cm2, while laser induced photofragmentation is found to strongly increase
between 1013 and 1014 W/cm2 and stay constant at higher intensities. These findings suggest a
strategy to improve the post-ionization efficiency by defocusing the laser beam in order to sample
a larger fraction of the sputtered plume, while at the same time optimizing the conditions for
intact photoionization of the sputtered molecules. The results reveal a substantial enhancement of
the signal of intact post-ionized molecular ions to a level an order of magnitude above that of the
corresponding secondary ions. They also provide an experimental estimate of ~2.5 x 10-2 as an
upper bound for the ion fraction (secondary ion formation probability) of the sputtered molecules.
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Introduction
Secondary ion mass spectrometry (SIMS) is a sensitive surface analysis technique which
involves the probing of surfaces by an evolving selection of ion beams1,2 and the analysis of the
ejected ions with a high resolution mass spectrometer.3 The development of cluster primary ion
sources has greatly extended the utility of SIMS for biological applications.4 However, low
secondary ion yields of sputtered molecules (estimated to be in the range of 10-3-10-7 for
organics), and their susceptibilities to matrix effects, have persisted since the inception of SIMS.5
For biological studies, low concentrations of analytes present in the sub-micron analysis regime
also provide measurement challenges. To address these problems laser post-ionization (LPI) of
the flux of undetectable sputtered neutral molecules has been a developing complement to the
SIMS experiment for several decades.6-12
Heretofore secondary neutral mass spectrometry (SNMS) has had its greatest and most
general success in elemental analysis,13,14 while biologically relevant organic molecules remain
problematic. To date, several LPI schemes have been implemented, involving single (SPI)15,16 and
multiple photon (MPI)17-21 absorption methods, which have found notable success in some
applications. However, limitations inherent to their ionization mechanisms have limited their
generality. In SPI, successful photoionization of a molecule without significant fragmentation is
largely determined by Franck-Condon factors, and is only efficient if the molecule does not
significantly change its geometric configuration upon ionization. In addition, typical molecular
ionization potentials generally require photon energies associated with VUV radiation which is
not readily commercially available. In MPI, on the other hand, excess photon absorption beyond
that required for ionization generally leads to extensive dissociation.
The search for a universal LPI source is ongoing and has recently advanced into a
fundamentally different regime. Instead of tailoring photons for absorptive ionization, this novel
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approach utilizes the electric fields induced by powerful ultrashort laser pulses to exceed
Coulomb fields in molecules. The processes occurring during strong field ionization (SFI) are an
area of ongoing spectroscopic and theoretical research, as they underpin the emerging field of
attosecond electron dynamics.22,23 Current understanding of SFI is based on the interplay of two
distinct ionization regimes, described as adiabatic and nonadiabatic dynamics.22,24-37 Molecular
and laser properties affect the transition between them and the final outcome of each, be it intact
ionization or heavy fragmentation.
Described as involving tunneling or barrier suppression, adiabatic ionization is generally
treated as a quasi-static field phenomenon involving a single active electron, which - at least to
first order - should be independent of wavelength.38 It is often believed not to couple energy from
the laser field into electronic excitation of the molecule,24 but it has been shown that this picture
is not always accurate. Field ionization may occur from the highest occupied molecular orbital
(HOMO), leaving a ground state cation, or from inner states (HOMO-1 etc), leaving behind an
excited state cation. If the excitation energy is above the dissociation threshold of the molecule,
fast internal conversion may then lead to fragmentation. Molecular bonding plays a defining role
in the extent of excited state cation formation, and hence also the resulting fragmentation during
adiabatic ionization.22
Despite not being universally free of fragmentation, the adiabatic regime is preferred for
LPI, since more intact ions are created than when employing nonadiabatic multielectron
excitation (NME), the competing ionization mechanism in SFI. During NME, the rate of change
of the laser field becomes too large for the molecule to adjust to the momentary field in a quasistatic manner, leading to a collective response of the entire electron cloud which may be
accompanied by substantial electronic excitation. An important parameter in this context is the
(dynamic) polarizability of the molecule, which depends upon molecular properties like size and
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electronic structure, as well as the laser wavelength and intensity. As a general trend, one finds
that NME becomes increasingly pronounced for molecules of increasing size, when irradiated by
shorter wavelengths and higher intensities.26,28 Hence, there is a preference to focus on using IR
wavelengths rather than wavelengths in the visible region of the spectrum.
Ionization and fragmentation in the NME regime are generally described as a two-step
process.27,28 First, the strong laser field dynamically Stark shifts and broadens molecular states,
with all excited states mixing into a quasi-continuum (QC). A ground state electron promoted into
the QC rapidly absorbs energy from the laser field in a plasma-like fashion until it escapes over
the barrier.25,26 Once ionized, the NME process can be repeated again in the molecular cation,
leading to the population of high lying excited states, many of which are repulsive and lead to
fragmentation. As a consequence, the relative role of NME is closely tied to the intensity and
wavelength of the ionizing laser. For a number of gas phase molecules, the use of longer
wavelengths, and tailored intensity ranges, have been shown to reduce NME and its associated
photo-dissociation,25,26 thereby producing quasi-adiabatic ionization and near fragment free mass
spectra. In early applications of SFI to SNMS, similar behavior was observed for sputtered
molecules, although the available intensity in those studies was limited to 1013 W/cm2.12
The goal of the present work is to probe the SFI regime with a more expansive set of
laser conditions than previously published for an organic molecule, with the aim of optimizing its
use for molecular post-ionization in SNMS. In doing so, we chose β-estradiol (Figure 4-1) as a
model system for the sterol class of biologically important molecules. Using a laser system
capable of producing tunable infrared radiation at wavelengths between 1160 nm and 2580 nm
and peak power densities of up to 1015 W/cm2, we examine the role of wavelength and laser
intensity with respect to intact photoionization and photofragmentation. In doing so, we
geometrically restrict the effective ionization volume for these studies to below the Rayleigh
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range of the laser focus, thereby limiting the laser intensity variation to only the radial dimension.
This produces a cylindrical focal geometry which has been well described by established
analytical equations.39

Figure 4-1. β-estradiol m/z 272.4, with the structure to the left of the dashed line representing the
m/z 145 fragment.

We began our investigation with gas phase molecules, since an important feature of the
ion induced desorption process is that sputtered molecules may contain rather large amounts of
internal energy, which may in principle alter their response to the laser pulse. In order to decouple
the influence of pre-existing vibrational or electronic excitation of the neutral precursor from
laser induced excitation and fragmentation processes, we compare the response of the sputtered
molecules with that measured for evaporated gas phase molecules, utilizing the fact that the latter
exhibit only a negligibly small thermal excitation. Using the measured molecule response, we
then identify optimum conditions with respect to laser wavelength and intensity that ensure the
largest possible post-ionization efficiency of the intact molecule along with minimal
photofragmentation. We will show that it is in all cases favorable to use a relatively low laser
intensity that is closely above a threshold value which can be directly determined from the
measured data. As a consequence, it is possible to optimize the post-ionization efficiency by
defocusing the laser beam such that the optimum intensity is established in the center of the
beam. Using this strategy, we demonstrate that the employed laser system can increase the signal
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of molecular ions generated by post-ionization in SFI-SNMS to an order of magnitude above that
of the corresponding molecular secondary ion detected in SIMS. Discussing the overlap between
the effective ionization volume sampled by the laser and the detectable plume of sputtered
particles, we then derive an estimate of the maximum possible molecular ion signal enhancement
achievable in a β-Estradiol SFI post-ionization experiment.

Experimental
The commercially available laser system employed in these experiments is based on
chirped pulse amplification (Coherent Legend Elite Duo) and produces pulses of 40 fs duration at
800 nm wavelength, with a repetition rate of 1 kHz and an average power of 10 W. The pulsewidth is checked by frequency resolved optical gating (FROG, Swamp Optics Grenouille 8-20USB).40 The laser output is used to pump a commercially available optical parametric amplifier
(OPA, Light Conversion TOPAS-C-HE), the output wavelength of which is tunable in the 1160
nm - 2580 nm range, with a combined signal and idler conversion efficiency between 30-40% of
the pump power.
The OPA consists of three amplification stages, with the first and third possessing a large
effect on the output wavelength, in addition to the power. Therefore, the experimental intensity is
adjusted using the second stage, specifically by changing the delay between the pump and seed
pulses. This method has almost no effect on the output wavelength and pulse-width. The signal
and idler outputs of the OPA are filtered with appropriate dichroic mirrors. The generated
wavelengths are confirmed by detecting their (BBO crystal) frequency doubled light in an Ocean
Optics USB 4000 spectrometer. They are focused into the mass spectrometer using a 150 mm (at
587.6 nm) focal length lens, which produces a 75±25 μm focal diameter for all wavelengths. Ion
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collection is restricted to below the Rayleigh range of the laser focus using a 600 μm wide slit
placed perpendicular to the propagation direction of the laser beam, and underneath the entrance
to the time-of-flight spectrometer. The well-known ionization behavior of high purity xenon gas
was used in order to calibrate the laser intensity.41
The TOF-SIMS instrument employed in these experiments has been described
elsewhere.42 Briefly, it consists of a 20 keV C60+ ion gun (Ionoptika IOG C60-20),43 a reflectron
mass spectrometer, a residual gas analyzer (Extor XT200M), a variable leak valve, and a
temperature controllable sample stage. For the SNMS/SIMS experiments a 20 keV C60+ primary
ion beam of 40-70 pA (dc-current) was pulsed with a pulse-width of 2000 ns for sputtering. The
long primary ion pulse width was selected to optimize SNMS detection sensitivity across the
examined mass range, as discussed previously.44 The total ion dose applied during acquisition of
the mass spectra was restricted to ~1012 ions/cm2 in order to stay within the static limit. The
instrument was operated in delayed extraction mode, with the sample at ground potential during
ion bombardment and the ion extraction field being switched on immediately after the end of the
primary ion pulse. During SNMS, positive secondary ions emitted from the surface were directed
back towards the surface by a pulse of -2450 V and 150 ns duration applied to the sample stage
prior to the introduction of the laser. The laser pulse was fired with a delay of about 60 ns after
the start of the ion extraction pulse, in order to separate residual secondary ion signals from LPI
generated peaks in the flight time spectrum. This is possible since the flight time zero for
secondary ions is determined by the switching time of the extraction pulse, whereas for postionized neutrals it is determined by the laser pulse. During SIMS, the suppression pulse was
omitted and secondary ions were extracted into the reflectron immediately after the conclusion of
the primary ion pulse. In order to suppress the gas phase background signal generated by
photoionization of species evaporated from the surface, the sample block was cooled to 100K by
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passing liquid nitrogen through the holder stage. The operating pressure during SNMS was ~1 x
10-9 mbar.
Detector gain saturation45 by ions below m/z 40 was encountered during SNMS
experiments at laser intensities exceeding ~ 6 x 1013 W/cm2. This is a critical phenomenon, since
the detector requires a relatively long time to recover, thereby effectively precluding the detection
of larger molecular species. To prevent saturation, a grid mounted above the MCP detector was
pulsed to a potential exceeding the kinetic energy imparted to the photoions in the extraction
field, with the pulse being timed such as to prevent the ions in the m/z 1-100 range from reaching
the detector.
High purity β-estradiol (98% CAS 50-28-2) was purchased from Sigma-Aldrich. For
SNMS experiments it was deposited onto Si shards and 400 mesh Ni London finder grids
(Electron Microscopy Sciences) in a home-built vapor deposition chamber. During gas phase
ionization experiments β-estradiol was pressed into indium foil, attached to the sample block, and
heated to 343 K until a constant partial pressure (monitored by the residual gas analyzer trace of
representative m/z 145 fragments) was established. The total instrumental pressure during these
experiments never exceeded 3x10-8 mbar.

Results and Discussion
The goal of the present work is to explore the role of laser intensity and wavelength for
strong field photoionization of a sputtered organic molecule and utilize the results to optimize the
post-ionization efficiency for generation of intact molecular ions in a laser based SNMS
experiment. To achieve this goal, we first investigate the SFI-signal measured for gas phase Xe
atoms in order to verify our experimental protocol and to calibrate the laser intensity. We then
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present measurements for gas phase β-estradiol produced by thermal evaporation at 343 K, which
is treated as an approximation of the response of ground state molecules to the laser field.
Subsequently, we investigate neutral molecules desorbed under C60+ ion bombardment, discussing
the similarities and differences of their response in terms of the internal excitation generated
during the sputtering process. Finally, we utilize the collective measurements to determine
optimum post-ionization conditions and compare the resulting optimized SFI-SNMS molecular
ion signal with that measured in SIMS in a model imaging experiment.

4-1 SFI of gas phase xenon
In a laser ionization experiment performed under "parallel beam" conditions, i.e., when
the collection volume is restricted to the Rayleigh range of the laser focus in the propagation
direction of the beam, the change of the measured signal with the laser intensity can be described
by39
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where T is an instrument transmission factor, l the width of the slit defining the ionization
volume, ϕ denotes the branching ratio of the intact versus the total (intact plus dissociative)
ionization rate, Io is the peak intensity of the laser pulse in the center of the beam, R is the radius
where the Gaussian radial laser intensity profile has fallen to I0/e, n is the number density of
neutral analyte molecules, f(t) is the temporal profile of the laser pulse and W(I) is the intensity
dependent ionization rate. At high intensity, when the ionization process saturates,
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>> 1 and a plot of the signal versus ln(Io) exhibits a constant limiting slope
. More expressly, after saturation the signal continues to increase due to the

radial growth of the effective ionization volume with laser intensity. The point at which an
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asymptotic straight line fit to the saturated signal intersects the laser intensity axis has been
introduced39 as the saturation intensity (Isat), which provides a comparative indicator for the ease
of ionization. Its value is predicted to be largely wavelength independent during adiabatic
ionization, but increases at longer wavelengths during NME. From Equation 1, it is seen that the
expansion of the effective ionization volume can be described by

with

√ ( ⁄

being the radius where the laser intensity falls below Isat. The signal response of the xenon gas
(where ϕ=1) shown in Figure 4-2 illustrates the ionization behavior described by Equation 1.
Note that the figure shows the total ionization efficiency, i.e. the signal summed over all charge
states q of the resulting Xeq+ ions. Originally, the laser intensity axis was derived from the
measured beam power and diameter (before focusing) using standard geometrical optics
equations. Extrapolating the observed asymptotic linear slope for xenon ionization to the
calculated laser intensity axis yields a saturation intensity value which is about a factor 5 larger
than previously published (1-2 x 1014 W/cm2).38,39,41,46,47 In principle, such a discrepancy is to be
expected, since the assumption of an ideal, diffraction limited Gaussian laser beam profile
underlying the theoretical intensity calculation is not exactly fulfilled for our laser. We therefore
re-calibrate the laser intensity such that the resulting Isat matches the value of 1.8 x 1014 W/cm2 as
calculated by Ammosov-Delone-Krainov (ADK) theory,38 which appears to be a good
approximation to the published literature data. This procedure was followed for all laser
wavelengths using the same value of Isat, since it has been shown that Xe atom ionization is
independent of wavelength in the range explored here.41
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Figure 4-2. Xenon gas phase ionization signal vs laser intensity in the 1200 nm - 2000 nm
wavelength range. The displayed data represents the summed signal of all detected Xe q+
photoions. Superimposed line: asymptotic straight line fit according to equation 1 in the text.

In principle, all curves shown in Figure 4-2 should be identical. Note, however, that each
curve was normalized to the maximum signal observed, which explains the apparent differences
between the asymptotic slopes observed at different wavelengths. To illustrate this effect, Figure
4-3 shows a comparison of absolute signals that were taken at three different wavelengths under
otherwise identical conditions on the same day. It is seen that within experimental error all three
displayed data sets yield the same asymptotic slope. There are, however, other qualitative
differences between the curves displayed in Figure 4-2 which require further discussion. Since it
is known that the photoionization behavior is largely independent of laser wavelength,41 these
differences must reflect slight deviations from ideal Gaussian focal parameters at some
wavelengths. However, the essential point is that calibrating the SFI experiment relative to the
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known ionization behavior of xenon provides a baseline instrumental response curve for each
wavelength, which ensures that laser focal parameters do not unduly influence the results of βestradiol molecular ionization measurements.
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Figure 4-3. Xenon gas phase ionization signal vs laser intensity at 1200 nm, 1350 nm and 2000
nm. The displayed data represents the sum of the raw signal measured for Xe q+ photoions of all
charge states q.

4-2 SFI of gas phase β-estradiol
In contrast to atomic species, the response of molecules to a strong laser field is
complicated by additional internal degrees of freedom. These modes can be excited in the course
of the photoionization process, leading to neutral fragmentation or dissociative ionization if the
excitation energy exceeds the dissociation threshold. In addition, the response can be strongly
influenced by a pre-existing internal or electronic excitation of the neutral precursor, which might
be substantial for sputtered molecules. In order to unravel both effects, it is therefore desirable to
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investigate the ionization behavior of gas phase molecules and compare it with that measured for
the sputtered species. For that purpose, β-estradiol molecules were sublimed from the sample
surface by heating the sample to 343 K, yielding a negligible average thermal excitation energy of
~ 0.03 eV as compared to the ionization potential. The results are presented in Figure 4-4 and
reveal mechanisms that are much more complex than those observed in atomic xenon, with
seemingly two distinct ionization regimes separated by a transition region.
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Figure 4-4. Gas phase ionization signal of β-estradiol molecular ion vs. laser intensity in the 1200
nm - 2000 nm wavelength range. Superimposed lines: asymptotic straight line fits according to
equation 1 in the text.

In the lower 1013 - 1014 W/cm2 range, the molecular ion signal increases with laser
intensity at all wavelengths. The quasi-linear rise observed in this regime indicates saturated
ionization, and the concepts underlying equation 1 can be used in order to determine the
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saturation intensity as outlined in the previous section. The resulting values, determined from the
indicated straight lines, are listed in Table 4-1 and reveal a saturation intensity of the order of ~ 2
x 1013 W/cm2 for 1200 nm - 1500 nm ionization. The calculated ionization potential of β-estradiol
is 8.23 eV.48 Using standard ADK theory, a value of 2.5 x 1013 W/cm2 is predicted for this
ionization potential under adiabatic SFI conditions (see Figure 4-5), which agrees with the data in
Table 4-1. It is, however, seen that the measured value slightly increases with increasing laser
wavelength, a behavior which is not expected for a purely adiabatic ionization mechanism.

Table 4-1. Saturation intensity Isat determined from the straight line fits indicated in Figure 4-4
and Figure 4-8 for strong field ionization of β-estradiol at different laser wavelengths. Values are
given in units of 1013 W/cm2.
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Figure 4-5. Saturation intensity for adiabatic SFI vs. ionization potential predicted by ADK
theory (Data taken from44).
Up to a laser intensity of 2 x 1014 W/cm2 (as used in most studies published to date), the
interpretation of the measured data would appear straightforward. Above that intensity, however,
we find a complicated structure of the measured curves which clearly depends upon the
wavelength. Probably the most prominent feature observed at the lowest wavelength of 1200 nm
is an apparent onset of a second ionization mechanism. In principle, the formalism of equation 1
could be used again, leading to a straight line with about twice the slope above the corresponding
saturation intensity of ~ 2 x 1014 W/cm2 (dotted line in Figure 4-4). A somewhat similar behavior
is also observed at larger wavelengths up to 1500 nm, although the break is less pronounced. The
onset of a second mechanism appears to be absent at longer wavelengths.
If the laser intensity approaches 1015 W/cm2, all signals turn over and decrease with
increasing laser intensity. An intuitive explanation of this phenomenon would be to assume that
the molecular ion signal decays due to increasing fragmentation accompanying the ionization
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process. In order to examine this possibility, we present in Figure 4-6 the dependence of a
prominent fragment signal at m/z 145. This fragment arises from bond scission of the molecule
along the dashed line shown in Figure 4-1. It is immediately evident that the fragments exhibit
essentially the same behavior as the molecular ion and particularly show the same decrease at
high intensity. One might argue that m/z 145 is still a large fragment ion which may further
decompose into smaller fragments in the course of the dissociation chain. To assess this
possibility, the sum of all detected fragment signals with m/z > 401 for the example of two
different wavelengths are plotted in the upper panels of Figure 4-7. It is seen that the same laser
intensity dependence is found for all fragments, thereby effectively ruling out laser induced
fragmentation as a cause of the observed signal decay. In fact, if we plot the ratio between
molecular ion and the summed fragment signals in the lower panels of Figure 4-7, we find a
decreasing trend at lower intensity which levels off above 1014 W/cm2. In other words, the laser
generated fragmentation pattern appears to become almost constant in the limit of high intensity.
In this context, it should be pointed out that a similar deviation from the asymptotic straight line
expected from Equation 1 has been observed earlier,39 where it was attributed to a Coulomb
explosion-like fragmentation of multiply charged ions. Due to the kinetic energy release in such a
process, the resulting fragments gain an orthogonal velocity component which may prevent them
from being transmitted through the mass spectrometer, thereby reducing the detected fragment
signal. Alternatively, it is possible that multiple ionization generates space charge within the
ionization volume which is large enough to effectively modify the ion trajectories, thereby
reducing the transmission of the spectrometer for all detected ions in the same way.

1

signals below m/z 40 were detected with intensities that saturated the transient digitizer used to
register the TOF spectrum and could therefore not be interpreted in a quantitative manner.
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Figure 4-6. Gas phase ionization signal of β-estradiol m/z 145 fragment ions vs laser intensity in
the 1200 nm - 2000 nm wavelength range. Superimposed lines: asymptotic straight line fits
according to equation 1 in the text.
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Figure 4-7. Gas phase ionization of β-estradiol. Upper panels: Laser intensity dependence of the
sum of all fragments larger than m/z 40 for a) 1350 nm and b) 2000 nm ionization. Superimposed
lines: asymptotic straight line fits according to equation 1 in the text. Lower panels: Ratio of
molecular ion to summed fragment ion signals ( > m/z 40) vs. laser intensity for c) 1350 nm and
d) 2000 nm ionization.

In the low intensity regime of Figure 4-6, saturation values for the formation of m/z 145
fragments appear to be slightly above those for the molecular ion. This finding is even more
pronounced for the sum of all fragments as indicated in Figure 4-7, which shows an apparent
saturation intensity which is clearly higher than that of the molecular ion. In this context, it is
important to note that - due to the short duration of the laser pulse - fragmentation can only occur
via the production of an excited molecular ion which then fragments if the excitation energy
imparted during the ionization process exceeds the dissociation threshold. Therefore, it is evident
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that dissociative ionization must be associated with a threshold energy that is larger than the
ionization potential of the intact molecule. Using the same reasoning as outlined above, one
would intuitively expect the saturation intensity for dissociative ionization to be larger than that
for the intact ionization of a molecule, which is in accordance with our experimental observation.
Moreover, the fact that we observe linear behavior for the fragment sum indicates that the
deviations from the expected linear dependence observed for the molecular ion and the m/z 145
fragment around 1014 W/cm2 is caused by fragmentation.

4-3 SFI of sputtered β-estradiol
By contrasting gas phase ionization with analogous SNMS studies, it is possible to
examine the effect that ion beam desorption has on the SFI mechanism in β-estradiol. This is
essential for determining its practical utility, as sputtering can impart a degree of internal energy
to the molecule which may alter the ionization mechanism and produce increased
photodissociation. For example, an earlier LPI study of dopamine showed 4 eV of internal energy
excitation induced by atomic Ga+ sputtering, which drastically altered the photon order under
multiphoton ionization of the molecule.21 Similar observations have been made for sputtered
metal clusters, which were shown to be ionized via single photon absorption at photon energies
below the ground state ionization potential.49-51
The response of sputtered β-estradiol molecules desorbed by C60 ion bombardment is
shown in Figure 4-8. At first glance, the observed laser intensity dependence looks very similar to
that measured for evaporated molecules (Figure 4-4). There are, however, subtle differences that
are noteworthy. First, we determine the saturation intensity as outlined above and find values that
are consistently lower than those of the gas phase molecules (see Table 4-1). In line with the
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observations cited above, we attribute this finding to the internal excitation of the sputtered
molecules, which may act to effectively lower their ionization potential.51 As seen from Figure 45, standard ADK theory would relate the observed saturation intensity of about 1.3 x 1013 W/cm2
to an ionization potential of ~7 eV, indicating an average internal energy of about 1.3 eV per
molecule. In the light of similar data reported for sputtered metal clusters49-51 as well as theoretical
MD simulations of the molecule ejection process,52 this value appears reasonable.
It is interesting to note that the onset of the second ionization mechanism appears to be
nearly unchanged between evaporated and sputtered molecules (cf. dotted lines in Figure 4-4 and
Figure 4-8). As a consequence, the response curves of the sputtered molecules exhibit a plateau in
the transition region which is much less pronounced for the gas phase molecules. At present, we
can only speculate what may cause this break from the linear behavior expected from equation 1.
Since the asymptotic straight line simply reflects the ionization volume expansion, the deviation
must be caused by a loss of molecular ion signal with increasing intensity in the center of the
laser beam, probably by photo-fragmentation.
Another striking difference between the response curves measured for evaporated and
sputtered β-estradiol is seen in the limit of large laser intensity. Particularly at longer
wavelengths, the signal decay observed for evaporated molecules is much less pronounced for the
sputtered species. This difference can be utilized to discuss the cause of the observed signal decay
in more detail. In the ion desorption experiment, we observe significantly higher signals of low
mass fragment ions than in the gas phase experiment. We attribute this to the fact that the
sputtering process itself generates an abundant flux of neutral fragments. These fragments are
subsequently ionized by the laser and contribute to the measured fragment ion spectrum. In fact,
the sputtering experiment had to be performed under conditions where the low mass fragment
signals were suppressed in order to avoid detector saturation (see Experimental section). As a
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consequence, we conclude that any space charge created by laser generated photo-ions must be
more severe in the sputtering experiment than in the gas phase experiment, thereby ruling out the
space charge as a possible explanation for the observed signal decay. At present, it is unclear why
the laser induced fragmentation at intensities above 1015 W/cm2 could be reduced for sputtered
molecules. In order to gain further insight into the mechanisms that govern ionization and
fragmentation in this high intensity regime, it would be necessary to investigate correlations
between the detection of different fragment ions and the liberated photoelectrons similar to the
channel resolved above threshold ionization (CRATI) measurements published recently.22 Such
studies, however, are outside the scope of the present paper.
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Figure 4-8. Post-ionization behavior of sputtered β-estradiol molecular ions in the 1200 nm 2000 nm wavelength range. Superimposed lines: asymptotic straight line fits according to
equation 1 in the text.
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4-4 Optimizing SFI for SNMS of β-estradiol
The fundamental studies reported above indicate that quasi-adiabatic ionization is
observed for all examined wavelengths, as long as the intensity is restricted to 1013-1014 W/cm2.
Moreover, the data show that the ionization efficiency saturates at ~1013 W/cm2, making it in
principle unnecessary to work at much higher laser intensity. At the same time, decreasing the
intensity below ~1014 W/cm2 leads to significant decrease of laser induced fragmentation as
shown in Figure 4-7. Moreover, a tightly focused laser beam needed to achieve high intensity
intersects only a small part of the sputtered plume.
A strategy to optimize the useful molecular ion signal in SFI-SNMS is therefore to
defocus the laser beam, decreasing its intensity and at the same time increasing the effectively
sampled ionization volume. In principle, the data in Figure 4-7 suggest to reduce the laser
intensity as much as possible in order to minimize photofragmentation. On the other hand, the
laser intensity must remain sufficiently high to ensure efficient photoionization. In order to
quantify the interplay between both contradicting requirements, we define the efficiency for intact
photoionization by multiplying the measured molecular ion signal with the survival probability
against fragmentation as displayed in the bottom panels of Figure 4-7. For a wavelength of 1350
nm as an example, the result is plotted in Figure 4-9, which shows that optimum conditions are
obtained at a laser intensity of ~5 x 1013 W/cm2.
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Figure 4-9. Efficiency for intact photoionization of β-estradiol vs. laser intensity at 1350 nm
calculated as described in the text.

In this context, it is necessary to estimate the overlap of a focused laser with the plume of
material sputtered from the surface. Due to the emission angle and velocity distribution of the
sputtered particles, the plume of neutral particles which can be ionized and detected by the mass
spectrometer disperses with distance from the sample,53 and due to sample stage design we are
limited in how closely the laser beam can be brought to the surface. For the tightly focused laser,
the lowest typically achievable height is ~500 μm, where the lateral diameter of a plume of
sputtered material emerging form a point source at the bombarded surface is ~1000 µm.
Obviously a 75±25 μm laser focus, like the one employed in the above fundamental studies, will
not overlap with a large portion of the sputtered flux. In addition, typical experiments often
involve rastering the primary ion beam across the surface to image or to reduce the primary ion
dose during data acquisition.
In a recent experiment to estimate the magnitude of the under-sampling effect, we have
scanned the focused laser beam in order to map the volume from which post-ionized neutral
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particles can be extracted and detected.54 For sputtered In atoms emerging from an indium surface
bombarded by the same C60+ ion beam as used here, we found that the tightly focused laser
samples about 3 % of the entire detectable sputtered plume.54 The theory behind equation 1 shows
that saturated ionization efficiency is reached at ~ eIsat. At this intensity, the diameter of the
effectively sampled ionization volume (i.e., the volume where the laser intensity I≥Isat) is equal to
the beam diameter (i.e., R'=R), and the laser therefore samples a significantly larger portion of the
sputtered plume.
In this context, one should note that even though the analysis is performed at relatively
low laser intensity, it is still advantageous to employ a laser delivering the highest possible power
in order to maximize the diameter of the defocused beam at a given intensity. In order to
maximize the useful molecular ion signal of β-estradiol, we therefore use a wavelength of 1350
nm, since the highest intensity the OPA generates in our experiment (1015 W/cm2) peaks at this
wavelength. The saturation intensity determined here for β-estradiol molecules (~ 2 x 1013
W/cm2) allows defocusing the laser beam to a spot diameter of about ~ 322 µm (corresponding
to R ~ 114 µm), now delivering a peak intensity of ~ 5 x 1013 W/cm2. Note that this value is about
equal to eIsat as well as the value needed for optimum intact ionization efficiency as determined
from Figure 4-9. Since the saturation intensity of β-estradiol is about the same as that measured
for sputtered In atoms, we can use the indium data54 to estimate that ~ 25% of the sputtered plume
is sampled under these conditions, yielding a predicted ~ 8-fold increase of the detectable signal
relative to tightly focused laser conditions.
This approach was employed to analyze a model system of a 400 mesh London finder
grid coated with vapor-deposited β-estradiol and attached to indium foil. By varying the position
of the focusing lens in the direction of beam propagation ("z-scan"), the focal diameter was varied
until the molecular ion signal was maximized. This condition was found for a focal diameter of ~
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350 μm, corresponding to an optimized intensity I0 ≈ 4 x 1013 W/cm2, which corroborates the
optimization strategy outlined above. The observed 10-fold increase in signal between the
focused and optimized laser beam is in good agreement with the prediction derived from the
indium data, indicating that the shape of the detectable plume does not undergo drastic changes
between atoms and molecules desorbed by C60 impact.
A comparison of the gas phase, SFI-SNMS and SIMS spectra obtained under these
conditions is shown in Figure 4-10. The SIMS signal was obtained without the post-ionization
laser and the secondary ion suppression pulse, but under otherwise identical experimental
conditions. It is obvious that the relative amount of fragmentation observed in the SFI-SNMS
spectrum far exceeds that in the other spectra. As outlined above, this is partially the result of the
intact ionization of sputtered neutral fragments, but can also be due to the photodissociation of
intact molecules sputtered with sufficient internal energies to alter their ionization mechanism.
However, despite the increased fragmentation and incomplete overlap with the sputtered plume,
the post-ionized molecular ion signal of β-estradiol is over an order of magnitude higher than the
secondary ion signal in SIMS. Given the estimated plume overlap as determined above, one could
expect a further increase of about a factor 4 under conditions where the entire detectable plume of
sputtered neutral particles could be sampled.
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Figure 4-10. Comparison of gas phase, SNMS and SIMS spectra of β-estradiol. The spectra are
normalized to their respective molecular ion signal, while the insets are experimental counts a)
Gas phase ionization with I ≈ 5 x 1013 W/cm2 at 1350 nm. b) Optimized SFI SNMS analysis with
a defocused laser beam at I ≈ 4 x 1013 W/cm2 at 1350 nm c) and SIMS spectra from a London
finder grid vapor deposited with β-estradiol, and attached to indium foil (discontinuity in the mass
spectra are subtracted In monomer, dimer, and oxide signals).
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This increase in sensitivity for a biologically relevant molecule is indeed significant. We
believe that it opens the possibility to extend the capabilities of SIMS in bio-imaging applications
where limited concentrations of analyte, small analysis areas, and/or matrix effects limit the
secondary ion signal. An example of the improvement in image quality enabled by this SNMS
approach over SIMS is presented in Figure 4-11. The greater SFI neutral signal markedly
improves the visible resolution and imaging quality of this model system.

Figure 4-11. a) SIMS and b) SNMS images of the molecular ion of β-estradiol, with the sterol
vapor deposited onto a 400 mesh Ni London finder grid. Post-ionization was performed at 1350
nm with an intensity of I ≈ 4 x 1013 W/cm2. Dashed arrows represent line scans discussed in the
text.

The obtained images can be used to determine the geometric variation of the plume
overlap as a function of the ion beam position. If the ion beam is directed to different pixels of the
image, the sputtered particles emerge from a point source located at different lateral positions
with respect to the laser beam. The neutral particles intercepted by the laser must therefore be
emitted under different angles and may exhibit a different probability of being transmitted
through the mass spectrometer after ionization. The magnitude of this effect is hard to calculate,
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since it requires detailed knowledge about the emission angle and velocity distribution of the
sputtered particles. It can, however, be quantitatively estimated from the comparison of the two
images displayed in Figure 4-11. Secondary ions emerge from the surface already in a charged
state and form a plume, which is sampled by the TOF spectrometer upon switching the extraction
field. The variation of the secondary ion signal across a line scan as indicated in Figure 4-11 a
therefore reveals the geometry dependent change of the detectable sputtered plume. Neutral
particles can be assumed to form a similar plume of particles that are in principle detectable by
the mass spectrometer, but must in addition be intercepted and post-ionized by the laser. The ratio
of corresponding line scans along the same lines in Figure 4-11 a and b therefore allows a direct
determination of the plume overlap factor as a function of the ion beam position at the surface.
The results obtained for the two indicated lines are depicted in Figure 4-12. In order to interpret
the data, it is of note that the laser beam propagates in an approximately diagonal direction from
the lower left to the upper right corner of the image, so that both scan lines form about the same
angle with the beam direction. It is apparent that the best overlap is achieved if the surface is
bombarded at a spot that is slightly displaced from the center towards the upper right corner of
the image. Although the overlap is found to decrease with increasing distance from that optimum
location, the overall variation across the image is mostly within a factor two, demonstrating that
practical imaging experiments at extended field of view can be done with the current system. In
order to achieve an even more uniform overlap over larger fields of view, one could in principle
imagine scanning the laser beam synchronously with the primary ion beam.
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Figure 4-12. Variation of geometric overlap between detectable plume of sputtered particles and
the post-ionization laser as determined from the ratio of line scans across the two images of
Figure 4-11. The y-axis was scaled to the maximum plume overlap discussed in the text.

Conclusion
The present experiments demonstrate that strong field ionization is a useful tool to extend
the application of ion beam induced mass spectrometry techniques for molecular imaging. As a
case study, we investigated β-estradiol, a hormone whose structure is similar to a class of
biologically important sterols. Combining a fundamental study of the ionization behavior of this
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molecule with respect to wavelength and intensity of the ionizing laser with strategies to enhance
its practical application, we show that the molecular ion signal in a model SNMS β-estradiol
imaging experiment can be increased to over an order of magnitude higher than the corresponding
SIMS signal. Based upon future developments in laser technology, one can expect to increase this
enhancement even further once more powerful laser systems become available. A simple estimate
shows that the SFI signal that can be expected under conditions where the entire detectable plume
of sputtered neutral particles is sampled by the ionization laser is ~40-fold larger than the
corresponding molecular ion signal in SIMS. This value is exciting, since it delivers the first
experimental evidence for a long-discussed topic related to the ionization probability (or, more
accurately, the ion fraction) of sputtered organic molecules. From the data obtained here, it is
evident that the probability of an intact β-estradiol molecule to be desorbed from the surface as a
positive secondary ion cannot be larger than about 2.5 %. In fact, the ion fraction is likely to be
even lower due to the unknown photofragmentation probability accompanying the laser postionization process, thus imposing a severe limit to the observable molecular secondary ion yield.
The observed level of improvement that can be expected from strong field laser post-ionization
provides a compelling reason for the future adoption of strong field laser post-ionization in
bioanalysis applications where SIMS is challenged by low analyte concentrations and matrix
effects. The results reported here are remarkable since the sterol molecule is not aromatic and
contains σ bonds, which are known to be prone to fragmentation upon laser post-ionization. It
therefore seems likely that these protocols should be applicable to a wide range of other
molecules as well.
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Chapter 5
Strong field ionization and imaging of C60 sputtered molecules: overcoming
matrix effects and improving sensitivity
This chapter has been reproduced from A. Kucher, L.M. Jackson, J. O. Lerach, A. N. Bloom, N.
J. Popczun, A. Wucher, N. Winograd, Analytical Chemistry, 2014 submitted.

Abstract
This chapter details the application of strong field ionization to secondary neutral mass
spectrometry of patterned rubrene films, mouse brain sections, and Botryococcus braunii algal
cell colonies. Molecular ions of rubrene, cholesterol, C31 diene/triene, and three wax monoesters
were detected, representing some of the largest organic molecules ever ionized intact by a laser
post-ionization experiment. In rubrene, the SFI SNMS molecular ion signal was about 4 times
higher than in the corresponding SIMS analysis. In the biological samples, the achieved signal
improvements varied among molecules and sampling locations, with SFI SNMS, in some cases,
revealing analytes made completely undetectable by the influence of matrix effects in SIMS.

Introduction
Recent advances in cluster secondary ion mass spectrometry (SIMS) have opened new
applications in molecule-specific imaging, particularly in the biomaterials arena.1 Bombardment
of solids with a range of clusters yields mass spectra that exhibit much less fragmentation than
observed using atomic ion projectiles.2 Moreover, it is now routine to be able to focus these
beams to a submicron spot, allowing excellent lateral resolution to be achieved. A major problem
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continues to be sensitivity, since there are a limited number of analyte molecules that lie within a
pixel of submicron dimensions.3 For example, there are on the order of 106 molecules per
monolayer in a 1 µm2 pixel and, with the secondary ion yield for a typical biomolecule in the
range of 10-3 to 10-7, the ultimate count rate is frequently too small for imaging. Sensitivity can be
gained by molecular depth profiling and adding signal from sub-surface layers, now a realistic
possibility with many cluster ion sources, at the expense of depth resolution and threedimensional imaging capabilities. Ionization matrix effects are also problematic, particularly for
achieving quantitative measurements. Since ionization often occurs via protonation of a neutral
molecule to form [M+H]+ ions, charge transfer resulting in ion suppression is commonly
observed in complex, multicomponent samples such as biological tissue.4,5
To mitigate the manifestation of these issues and to improve the prospects for high spatial
resolution molecule-specific imaging, several groups have attempted to ionize the neutral species
in the plume of sputtered molecules above the sample using laser-based photoionization
techniques.6-12 This approach, laser post-ionization (LPI) secondary neutral mass spectrometry
(SNMS) has been explored for many years with mixed levels of success. It has been particularly
effective at elemental ionization,13,14 while molecules have remained problematic. The main
challenge is the ability to produce efficient ionization without inducing large amounts of photofragmentation. Applications of various ionization methods have been reported, including single
photon ionization,15,16 as well as resonantly enhanced17 and nonresonant multiphoton ionization.1820

However, these LPI approaches have known limitations. In single photon ionization many

molecular ionization potentials are outside the energy range of readily available VUV laser
sources, while in multi-photon ionization excess energy absorption often leads to extensive
fragmentation.
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Beyond established methods, strong field ionization (SFI), an area of ongoing research
due to its importance in attosecond spectroscopy,21,22 appears to be a promising new postionization approach.12,23,24 SFI occurs at intensities greater than 1013 W/cm2, where molecular
energy levels are heavily Stark shifted away from their field free values.25-27 The resulting
ionization dynamics can involve field phenomena such as tunneling or barrier suppression
ionization, leading to the production of intact molecular ions (adiabatic response), or energy
absorption from the laser field and the creation of extensive fragmentation (nonadiabatic
response).28,29 Molecular structure, and in particular the polarizability of the target molecule, is a
major consideration in the outcome of SFI, as are the laser intensity and wavelength.12,21,28-41
Fundamental gas phase studies have demonstrated that ultrashort pulses at IR wavelengths and at
molecule specific optimized intensities can favor adiabatic over nonadiabatic dynamics,
producing near fragment free spectra for some analytes.28,29,31,32
Despite success in fundamental experiments, the application of SFI to SNMS presents a
unique challenge as sputtered molecules disperse into a plume of increasing size with distance
from the sample.42 The laser focus in SFI must effectively overlap this plume while still
generating fields in excess of 1013 W/cm2. Hence, a powerful laser system capable of delivering
tunable IR laser pulses at focal diameters typically on the order of hundreds of microns is
necessary. These types of systems are now commercially available, and the scope of the present
investigation is to detail the application of such a laser to practical LPI SNMS studies across a
range of molecular structures and to biological samples. First, the polycyclic aromatic
hydrocarbon rubrene is imaged in a model patterned film, illustrating the general experimental
approach. Next, two examples of the first application of SFI in biological analysis are presented,
starting with studies of the spatial distribution of cholesterol in mouse brain tissues, and followed
by the detection of a range of hydrocarbons in Botryococcus braunii (B. braunii) algal cell
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colonies. The results show that the sensitivity of SFI SNMS can exceed that of SIMS, while also
minimizing matrix ionization effects. In addition, as a range of molecular structures are
successfully post-ionized intact in this study, this suggests that SFI will be more generally
amenable to the study of complex systems than previous LPI approaches.

Experimental
The TOF-SIMS instrument employed in these experiments is similar to one described in
detail previously.43 Briefly, it consists of a 20 keV C60+ primary ion gun (Ionoptika IOG C6020),2 a temperature controllable sample stage, and a reflectron mass spectrometer with a mass
resolution of ~ 2000. A C60+ ion pulse of 2000 ns duration and a 1 kHz repetition rate was
employed for both the SIMS and LPI SNMS experiments. The relatively long ion pulse was
utilized in order to fill the post-ionization volume with sputtered neutral particles of all emission
velocities, thereby maximizing the SNMS detection sensitivity across the entire mass range as
discussed previously.44 The beam current was typically 25 pA, with the fluence during all
experiments below the static limit (< 1012 ions/cm2). The instrument was operated in delayed
extraction mode, with the sample at ground potential during the ion bombardment, and the ion
extraction field being switched on at the end of the primary ion pulse. Ion extraction was operated
in two modes, one for standard SIMS and the other for LPI SNMS. For secondary ion detection,
the sample stage is positively pulsed in order to extract positive ions into the mass spectrometer.
In LPI SNMS mode, on the other hand, a negative pulse of 150 ns duration is applied to the stage
prior to the start of positive ion extraction and subsequent introduction of the laser, in order to
accelerate positive secondary ions back to the surface. This procedure reduces the secondary ion
background in the LPI spectra. The laser pulse is fired shortly (50-80 ns) after the start of the
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positive extraction pulse. This way the signals arising from post-ionization are slightly displaced
from the remaining secondary ion background peaks in the TOF spectrum, since the flight time
zero for the post-ionized neutrals is defined by the arrival of the laser pulse. For the secondary
ions the zero is defined by the start of the ion extraction pulse.
All sputtered analyses were conducted at a sample temperature of 100 K, to avoid any
thermal sublimation that might occur, especially from the biological samples. The base pressure
of the SIMS instrument was < 2 x 10-9 mbar. It is important to keep this value as low as possible
to avoid significant signal contributions from the photoionization of the residual gas.
In the mouse brain tissue and algae experiments, detector gain saturation45 by low mass
ions was encountered. This is a phenomenon which severely deteriorates the sensitivity for the
detection of intact molecules. The problem was remedied by deflecting the m/z 1 - 100 mass
range away from the multichannel plate detector by positively pulsing a metal grid mounted
above it just prior to the arrival of the ions. The grid voltage is adjusted to a value above the
starting potential of the photoions produced in the post-ionization process, in order to overcome
the kinetic energy imparted to them by the extraction field.
The commercially available laser system employed for LPI SNMS operates based on the
concept of chirped pulse amplification (Coherent Legend Elite Duo) and pumps an optical
parametric amplifier (OPA, Light Conversion TOPAS C-HE). The pump laser produces pulses of
40 fs duration at a wavelength of 800 nm, a repetition rate of 1 kHz and an average power of 10
W. The repetition rate of the entire experiment is limited by this laser. Frequency resolved optical
gating (Swamp Optics Grenouille 8-20-USB) is used to confirm the pulse-width of the pump
laser.46
The OPA’s overall conversion efficiency (combined signal and idler) is 30-40%. It
produces a tunable wavelength beam between 1160 - 2580 nm, with its output filtered by dichroic
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mirrors. The wavelength was checked by an Ocean Optics USB 4000 spectrometer after
frequency doubling in a BBO crystal. The final output beam delivered by the OPA was focused
using a 150 mm focal length lens (at 587.6 nm) on an xyz translation stage and introduced into
the analysis chamber through a CaF2 window. The laser intensity was calibrated by comparison
with the well known saturation behavior of Xe gas, which was introduced into the analysis
chamber through a leak valve.27,47
Recently, we developed a procedure to map the detectable plume of point source
sputtered indium atoms in our instrument, and determined that our tightly focused laser beam
(75 25 µm diameter) overlaps ~ 3% of it.48 In general, it is possible to defocus the laser to
achieve better plume overlap, as the maximum intensity of the beam (~ 1015 W/cm2 at 1350 nm) is
significantly higher than that needed to saturate the ionization process for most organic molecules
(1013 - 1014 W/cm2).27 As described in detail elsewhere,49 optimum experimental conditions are
established when the laser is defocused to an intensity slightly above the (molecule specific)
saturation intensity (Isat), which can in principle be determined from fundamental laser intensity
dependent ionization measurements. For the example of sputtered -estradiol molecules, a postionized molecular ion signal about an order of magnitude greater than the corresponding
secondary ion signal was achieved employing this strategy, using a defocused laser beam with an
effective diameter of ~ 320 µm.49 From the indium data,48 it can be inferred that about 25% of a
point source sputtered detectable plume is sampled under these conditions, with rastering of the
primary ion beam in an 600 µm2 area decreasing this value to ~ 5% at the edges of the field of
view.49
It is possible that the measured post-ionization signal levels observed in this work may be
improved further by more in-depth investigations, similar to the -estradiol experiments.49
However, a major goal of the present paper is to perform practical imaging experiments on
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complex multicomponent biological samples. Therefore, the molecular ion signals in this work
were optimized empirically, by defocusing the laser to reach the maximum observable ionization
efficiency which is likely similar, at least to first order, to that observed in the -estradiol
experiments. Within experimental uncertainty, the optimized effective laser beam diameters used
in these studies, as calculated from geometrical optics, were as follows: rubrene 500 ±170 μm
(1350 nm), mouse brain tissue 350 ±50 μm (1700 nm) and 430 ±170 μm (1350 nm), and B.
braunii algae 670 ±270 μm (1350 nm).
The rubrene (99% CAS 517-51-1) used in these experiments was purchased from Acros
Organics. Spin-cast films were patterned using photolithographic techniques and plasma etching.
Details of the exact methodology will be presented elsewhere.
Gas phase and sputtered experiments were performed on cholesterol purchased from
Sigma Aldrich (99% CAS 57-88-5). For gas phase experiments, cholesterol powder was pressed
into In foil, mounted onto a Si shard, and attached to the sample block. The block was heated to
343 K by passing heated N2 gas through the sample holder stage. Post-ionization experiments
were performed on physical vapor deposited films, made in a home-built deposition chamber.
During analysis the sample block was cooled to 100 K, as noted previously.
Tissue imaging experiments were performed on cryogenically frozen mouse brains
obtained from Rockland Immunochemicals Inc. They were sliced into 10 μm thick sections using
a cryostat and mounted onto clean ITO glass. Samples were analyzed in their natural frozen state,
without any washing steps to remove native salts.
Race-A B. braunii algae was cultured from algal specimen # 572 (UTEX The Culture
Collection of Algae) under conditions described elsewhere.50 A 2 ml aliquot of the algal
suspension in Modified Bold 3N Medium was centrifuged and the supernatant was discarded.
This was followed by drop-drying a 10 μl aliquot of the algal cells onto precut 5 x 5 mm Si shards
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in a vacuum dessicator. The deposited cell colonies nearly covered the shard. The samples were
not washed to remove salts and were introduced into vacuum without any further processing. The
extracellular matrix of the B.braunii algae protected the cells within the colony from lysing in
vacuum.51 A more in-depth SIMS investigation of this important biofuel candidate is reported
elsewhere.50

Results and Discussion
The low secondary ion formation probabilities of sputtered molecules and their
susceptibility to matrix effects have been at the forefront of outstanding challenges in SIMS. In
biological applications in particular, these problems are exacerbated by the low analyte
concentrations in complex chemical environments. They often necessitate the use of MS/MS
methodologies in SIMS, in order to perform analyses based upon the more numerous fragments,
rather than the limited intact molecular ions.52 It has always been hoped that SNMS would
increase the available signal in these applications, and indeed SFI has been shown capable of this
for the analytes presented in this work (Figure 5-1 and Table 5-1). The intact post-ionization of
fairly large (m/z 380 ~ 600 ) molecules, featuring a variety of chemical structures, with most
being primarily σ-bonded, is novel among SNMS approaches, and occurs despite the presence of
a degree of nonadiabatic ionization dynamics, visible most clearly in the model imaging studies
of rubrene patterned films.
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Figure 5-1. Structures of the molecules investigated in this study. *Denotes a likely isomer.
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Name

Formula

Molar
mass
(g/mol)

SIMS

SNMS

SNMS/
SIMS

Rubrene

C42H28

532.7

M+

M+

4.3±0.7

Cholesterol

C27H46O

386.7

M-H+

M+

1-3†

C31 diene

C31H60

432.8

M+H+

M+

0.6-3†

C31 triene

C31H58

430.8

M+

M+

0.6-3†

linolenyl
stearate*

C36H66O2

530.9

M+

M+

1-2†

linolenyl
arachidate*

C38H70O2

559.0

M+

M+

1-2†

behenyl
linolenate*

C40H74O2

587.0

M+

M+

1-2†

Table 5-1. Intact molecular ions produced in SFI SNMS and SIMS, with typical signal
ratios.†Denotes typically observed SFI SNMS signal improvements over SIMS in the biological
applications discussed. However, at some sampling locations the SIMS signal was nonexistent
due to severe matrix effects. In these cases only SFI SNMS produced a viable spectrum.*Denotes
a likely isomer.
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5-1 Rubrene patterned films
Rubrene is selected as a model compound since it contains both conjugated and nonconjugated parts and since its molecular weight of 532.7 Da falls within the range of many
biologically important targets. By observing the extent of photodissociation in SFI SNMS
spectra, the prospects for and challenges to the post-ionization of larger and less stable molecules
can be assessed.
In determining the extent of nonadiabatic dynamics in rubrene, it is important to separate
the intact post-ionization of an emitted molecule or fragment on one hand, from laser induced
photodissociation accompanying the photoionization processes on the other. In doing so, higher
mass fragments have more utility, as the lower mass ions are more likely to have substantial
contributions from the latter process. Moreover, most sputtered low mass fragments have been
predicted to originate from the area directly below the primary ion impact point, unlike intact
molecules which are ejected from the periphery of the formed crater.53 Their sputtering dynamics
result in much higher internal energies than those of intact molecules, and as a result their
photodissociation thresholds may be much lower.
In Figure 5-2 the SFI SNMS and SIMS spectra of rubrene are presented. The high mass
region of both spectra (Figure 5-2c) is fairly similar, implying that they are both indicative of the
same sputtering dynamics. Deviations start to appear ~ m/z 376, a major high mass fragment
which forms via loss of two benzene rings σ-bonded to the main structure. Relative to the
molecular ion, this peak is more than twice as large in the SFI SNMS as compared to the SIMS
spectrum. This implies that the SFI process in rubrene induces additional fragmentation of the
intact neutral molecule, beyond that created by the primary ion beam, due to nonadiabatic
ionization dynamics in some of the sputtered molecules.
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Figure 5-2. Comparison of the relative amounts of fragmentation in the SFI SNMS and SIMS
spectra of a patterned rubrene film. The spectra are normalized to the molecular ion signal, while
the insets show direct experimental signal. (a) SFI SNMS using 1350 nm 2 x 1013 W/cm2. (b)
SIMS, the large peak at m/z 75 is not associated with rubrene, it is the signal of a residual salt
from a developer solution used in the patterning process. (c) Overlay of the high mass region of
both SFI SNMS and SIMS spectra.

In general, the amount of fragmentation in the SFI SNMS spectra of rubrene greatly
exceeds what is observed in SIMS. This is a situation that is similar to our analysis of β-estradiol,
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where we determined that C60+ sputtering imparts ~ 1 eV of internal energy to intact β-estradiol
molecules.49 The excess energy influences the photoionization process, shifting the mechanism to
lower intensity (associated with a lower Isat) compared to the gas phase molecule. Moreover, it
also likely lowers the threshold for molecular photofragmentation. In addition, sputtered neutral
fragments possess much higher internal energies than the molecular ion,53 and very likely
undergo further photofragmentation. Overall, the internal energy induced by sputtering is likely
the major cause of the large difference in the observed fragment levels in SNMS and SIMS
spectra.
The large fragment signal levels observed in this model rubrene film are indicative of the
challenges to extending SFI SNMS to complex biological samples where analytes in the lower
mass ranges are of interest. In such samples all organic molecules will contribute to the
nonspecific low mass hydrocarbon fragment signals, likely producing ion intensities orders of
magnitude greater than those of any ions of interest in this mass range. High resolution mass
spectrometers will be necessary to address this problem in such analyses.
Despite the challenges posed by fragments in the lower mass range, post-ionization by
SFI in rubrene is encouraging. Although previous gas phase studies of molecules with extensive
delocalized -bonding had revealed an increasing tendency toward nonadiabatic dynamics with
increasing molecular size,32,37 the effect observed here is not severe enough to limit the utility of
SFI SNMS. The post-ionized molecular ion signal of rubrene is 4.3 +/- 0.7 times higher than its
secondary ion counterpart (Figure 5-2 a and b insets), and enables a commensurate increase in the
imaging quality of the patterned film as shown in Figure 5-3.
Considering the under-sampling of the sputtered plume in the post-ionization experiment,
the maximum achievable SFI SNMS signal enhancement for rubrene should be of the order of 20.
This number is interesting since it provides an upper limit for the secondary ion formation
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probability of the molecular ions (reflected by the ratio of the SIMS and SNMS signal levels).
Assuming 100% post-ionization efficiency, the data imply that less than 5% of sputtered intact
rubrene molecules end up as secondary ions. As the actual intact post-ionization efficiency is
smaller due to photofragmentation, this number is an upper bound.

Figure 5-3. Comparison of the (a) SFI SNMS using 1350 nm 2 x 1013 W/cm2 and (b) SIMS
chemical imaging of a patterned rubrene film. The molecular ion is mapped, detected in each
analysis under identical sputtering conditions.
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5-2 Mouse brain tissue imaging
With our experimental protocols established, and with the knowledge that SFI yields high
intensity molecular ion signals for sterols,49 we next show the feasibility of using it to map the
spatial distribution of cholesterol directly in rat brain tissue. Cholesterol plays numerous
important neurological functions, among them being involved in myelin formation and
synaptogenesis.54
It is of note that the characteristic high mass signals of cholesterol are very different in
SIMS and SFI SNMS spectra (Figure 5-4). The M-OH+ fragment is of a higher intensity in SIMS
spectra than the M-H+ pseudo-molecular ion. However, this is not case in post-ionization,
indicating that it is purely due to the secondary ion formation probability, rather than actual
sputtering dynamics.
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Figure 5-4. High mass spectral region of gas phase and physical vapor deposited cholesterol
films. a) Gas phase ionization by 1750 nm 5 x 1013 W/cm2. b) SFI SNMS of a vapor deposited
film using 1700 nm 5 x 1013 W/cm2. c) SIMS spectrum of a vapor deposited film.
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Figure 5-5. Mouse brain tissue spectra Sample 1: (a) SFI SNMS using 1700 nm 6 x 1013 W/cm2
(b) SIMS. Sample 2: (c) SFI SNMS using 1350 nm 3 x 1013 W/cm2 (d) SIMS.
In Figure 5-5 the analyses of two mouse brain sections are presented. Comparison of the
SFI SNMS and corresponding SIMS spectra highlights the sensitivity of SIMS to matrix effects
like ion suppression. In sample 1 (Figure 5-5 a, b) both spectra show analogous information
regarding the presence of cholesterol. Conversely in sample 2 (Figure 5-5 c, d) the SFI SNMS
and SIMS provide two distinctly different analyses of the same probed area. The secondary ion
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spectrum is dominated by the lipid phosphatidylcholine (PC) head-group fragment (m/z 184),
while its cholesterol molecular ion signal is close to the noise threshold. However, the SFI SNMS
spectrum reveals that abundant cholesterol is indeed present in the sampled area, but is being
suppressed during SIMS. Similar phenomena were observed in two component model LangmuirBlodgett films of cholesterol and POPC/sphingomyelin.55 There it was shown that proton transfer
assists lipid ionization,56 and causes suppression of the cholesterol secondary ion. In the present
mouse brain tissue analysis SFI SNMS reveals that there is a likely co-localization of lipids and
cholesterol in sample 2 that is masked by ion suppression in SIMS. Although Figure 5-5 presents
spectra from two different brain section, analogous matrix effects to those occurring in sample 2
were also observed in sample 1, depending upon the probed area.
An unfortunate side-effect of the greater fragmentation observed in the SFI SNMS
spectra is the overlap of the PC head-group signal by more abundant cholesterol fragments,
making it unavailable for chemical mapping, unlike the strong signal available in SIMS. This
observation is consistent with the notion that this species has an extraordinarily high secondary
ion formation probability. In addition, the higher internal energy of the PC head-group, itself a
product of primary ion beam induced fragmentation, may lower the threshold to its further
photodissociation in LPI. In any case, these data highlight the advantages of combining insights
from both SFI SNMS and SIMS, to provide a more complete surface analysis than available
independently.
The SIMS (Figure 5-6 a-c) and analogous SFI SNMS (Figure 5-6 d-f) images of the
cholesterol molecular ion (M+-xH, x=0-4) distributions in several brain sections are shown in
Figure 5-6. The post-ionization signal improvements vary somewhat depending on the sampled
location, with the SFI SNMS versus SIMS integrated count ratios varying being between 1 ~ 3.
Using the same arguments as in rubrene regarding the limited post-ionization efficiency due to
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the under-sampling of the plume, one finds that the secondary ion formation probability of
sputtered cholesterol molecules cannot be larger than approximately 8 %.

Figure 5-6. Cholesterol M+ - xH (x = 0 - 4) distribution in mouse brain tissue slices (a-c) SIMS
images (d-f) corresponding SFI SNMS images. In (d,e) SFI SNMS employed 1350 nm 2.8 x
1013 W/cm2 and the molecular ion signal was equal to and three times higher than in the
corresponding SIMS image, while in (f) 1700 nm 6 x 1013 W/cm2 was used, with the SFI SNMS
signal double the corresponding SIMS signal. The variable degrees of improvement were
primarily the result of matrix effects influencing the secondary ions.
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5-3 B. braunii algal cell colonies
As observed in the mouse brain tissue analyses, SFI SNMS decouples ionization from the
effects of the local chemical environment. This enables analysis not only free of ion suppression,
but also unaffected by native salts. In contrast, the normal application of SIMS in bioanalysis
often requires that sample preparation methods include numerous washing steps to remove them.
Otherwise often severe matrix effects may undetectably alter the secondary ion signal. However,
sample washes may not always be ideal, as questions can be raised about changes to native
distributions and concentrations of analytes. SFI SNMS makes the advantages of direct analysis
possible in B. braunii, as it is more amenable to the intact post-ionization of its extensively σbonded molecules than other LPI methods.
B. braunii is a green microalga which produces a considerable amount of hydrocarbons
and wax monoesters, and is being investigated as a possible bio-fuel candidate.57-61 Its colonies
possess the unusual property of being encased in a lipid envelope,62 with the three major races of
B. braunii differentiated by the type of hydrocarbons they generate and excrete into the
extracellular matrix. A forthcoming publication will present an in-depth SIMS study of B.
braunii,50 while the focus of the present investigation is to illustrate the expansion of SFI SNMS
capabilities to include the analysis of complex biological samples. In these algal colonies SFI
SNMS has enabled the intact post-ionization of cholesterol, C31 diene/triene and wax monoester
molecules from a direct sampling of a B. braunii race A culture without pretreatment to remove
salts, both residual from the growth media and native to the cells.
Inconsistencies between SFI SNMS and SIMS spectra in Figure 5-7 reveal that the
secondary ions from B. braunii are strongly affected by matrix effects. In sample 1 (Figure 5-7
a,b) both SFI SNMS and SIMS spectra show the presence of cholesterol, C31 diene, and the three
wax monoesters. However, in sample 2 secondary ions are severely suppressed (Figure 5-7 d),
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with cholesterol and the wax monoesters signals at the noise threshold. The only high mass
molecules clearly visible in the SIMS spectrum are the C31 triene and the C30H70O2 wax
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The variable degrees of suppression observed in the analytes of sample 2 are indicative of
the complexity of secondary ion formation in complex biological samples. The combined effects
of media and native salts, along with possible ion suppression, make even qualitative information
about the composition of sample 2 difficult to ascertain from purely the SIMS spectrum.
However, SFI SNMS clearly shows the presence of all the analytes expected in B.braunii which,
after proper control experiments, could potentially be quantified by future studies. Similar to the
cholesterol experiments discussed previously, the severe matrix ionization effects observed in
sample 2 were also present in areas of sample 1, depending on the probed location.

Conclusion
Strong field ionization (SFI) using a powerful ultrafast tunable IR laser system can be
successfully applied for laser post-ionization SNMS of biological samples. Expanding on the
capabilities of established photon absorptive methods, SFI is shown to post-ionize intact
extensively σ-bonded molecules with masses in excess of 500 Da, thereby permitting the analyses
of biological samples where matrix effects severely suppress the secondary ions detected in
standard SIMS analyses.
Experiments on model patterned films of rubrene reveal that SFI SNMS results in
nonadiabatic ionization dynamics in some of the sputtered molecules and fragments. The
combined effects of the resulting photodissociation, and the intact post-ionization of preexisting
sputtered fragments, produce low mass (m/z 1 ~ 100) signals that are orders of magnitude higher
than the molecular ion. Overall, despite the presence of a degree of photodissociation, in SFI
SNMS the rubrene molecular ion signal was up to five times higher than in the corresponding
SIMS spectra. Considering the limited post-ionization efficiency due to undersampling of the
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sputtered plume with the laser beam, one finds that this technique can principally enhance the
measured signal by at least a factor 20 larger than the SIMS signal.
When applied to the analysis of mouse brain tissue sections, SFI SNMS delivers
cholesterol molecular ion signals that substantially exceeded those observed in SIMS, at certain
sampled locations. The suppression of cholesterol secondary ions due to matrix effects from
native salts and lipid molecules was likely responsible for its highly variable detection in SIMS.
In SFI SNMS the signal is unaffected by the effects of the local chemical environment, since the
post-ionization process is decoupled from the surface and largely determined by the internal
energy imparted to the molecule during sputtering and the properties of the laser pulse.
Similar to the brain tissue sections, matrix effects in SIMS analyses of certain B. braunii
algal samples heavily suppressed the analyte signals. SFI SNMS enabled the detection of
cholesterol, C31 diene/triene and wax monoesters in areas of these samples where the secondary
ion signals were almost nonexistent. The intact post-ionization of these analyte molecules
represents the expanded capabilities SFI offers over established photon absorptive methods,
which struggle with large extensively σ-bonded molecules.
Although these experiments employed substantial defocusing of the laser to achieve the
maximum possible post-ionization efficiency, the resulting beam diameters were still insufficient
to overlap with the entire detectable plume of sputtered neutrals. This is particularly important in
imaging applications, where the overlap may be influenced by the fact that the primary ion beam
is rastered over a relatively large field of view. At present, the extent to which the focus can be
expanded while maintaining ionization conditions close to saturation is limited by the maximum
achievable laser power. Therefore the LPI SNMS signal levels observed in this work may in
principle be further increased by the introduction of a higher power laser system, as well as
instrumental modifications involving bringing the laser beam closer to the sample surface without
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impacting the sample holder stage, and/or configuring the focusing optics for multiple passes
through the plume.
The properties exhibited by SFI in the complex biological samples investigated are
encouraging to its expanded adoption. Future work may enable quantitative experiments in
inhomogeneous biological samples, which are otherwise impossible in SIMS. In addition,
combining SFI with the newly developed gas cluster primary ion beams (GCIBs)63-65 will allow
the use of larger clusters for sputtering. This will provide the dual benefits of decreased sample
damage and reduced photodissociation, due to molecules being more softly sputtered, with less
internal energy than imparted by smaller clusters. In addition, by overcoming the low secondary
ion yield of large clusters with SFI SNMS their utility in bioanalysis will further increase.
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Chapter 6 Conclusion
The major goals of laser post-ionization have always been to expand the capabilities of
SIMS in applications where it is challenged by low secondary ion signals and matrix ionization
effects. Unfortunately, all previously applied post-ionization methods have had limited success in
molecular analysis. This has been the result of their general lack of applicability to a wide range
of molecular structures, due to either extensive photo-fragmentation or low ionization efficiency.
The experiments presented in this thesis show that strong field ionization may have potential for
much wider applicability than previous methods, as it is shown to be capable of the intact
ionization of a broad range of analytes, from large metal clusters to extensively sigma bonded
hydrocarbons.
It is hoped that the protocols presented in this thesis will enable future experiments of
practical value to biological analysis, as strong field ionization has proven capable of revealing
analytes made otherwise undetectable by matrix ionization effects in these applications. In
addition, as experiments have revealed at best a ~25% overlap between the laser and sputtered
plume, future instrumental modifications may further increase the detected signal levels by
improving upon this overlap.
It is anticipated that additional increases in signal could result from incorporating a giant
gas cluster primary ion gun with SFI, as the large clusters may produce molecules of lower
internal energy which may undergo less photo-dissociation, than when sputtered by C60. Overall,
it is very encouraging that SFI seems to have a bright future in both fundamental research on
ionization phenomena and practical surface analysis.
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