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ABSTRACT: Strong field ionization (SFI) was applied for the secondary
neutral mass spectrometry (SNMS) 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 ∼4 times higher than in the corresponding secondary-ion mass
spectroscopy (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.

Recent advances in cluster secondary ion mass spectrometry
(SIMS) have opened new applications in molecule-specific

imaging, particularly in the biomaterials arena.1 However, a
major problem continues to be sensitivity, since there is a
limited number of analyte molecules that lie within a pixel of
submicrometer dimensions.2 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 10−3−10−8, the ultimate count rate is frequently too
small for imaging. Sensitivity can be gained by molecular depth
profiling and adding signal from subsurface layers, now a
realistic possibility with many cluster ion sources, at the
expense of depth resolution and three-dimensional 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, multicompo-
nent samples such as biological tissue.3,4

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.5−11 This ap-
proach, 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,12,13 while molecules have remained

problematic. The main challenge is the ability to produce
efficient ionization without inducing large amounts of photo-
fragmentation. Applications of various ionization methods have
been reported, including single photon ionization,14,15 as well as
resonantly enhanced16 and nonresonant multiphoton ioniza-
tion.17−19 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 multiphoton ionization
excess energy absorption often leads to extensive fragmenta-
tion.
Beyond established methods, strong field ionization (SFI),

which is an area of ongoing research because of its importance
in attosecond spectroscopy,20,21 appears to be a promising new
post-ionization approach.11,22,23 SFI occurs at intensities of
>1013 W/cm2, where the laser field strength becomes
comparable to the Coulomb field binding the valence electrons
and molecular energy levels are heavily Stark-shifted away from
their field-free values.24−26 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).27,28 Molecular structureand, in
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particular, the polarizability of the target moleculeis a major
consideration in the outcome of SFI, as are the laser intensity
and wavelength.11,20,27−40 Fundamental gas-phase studies have
demonstrated that ultrashort pulses at IR wavelengths and at
molecule specific optimized intensities can favor adiabatic
dynamics over nonadiabatic dynamics in the visible, producing
near fragment free spectra for some analytes.27,28,30,31

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.41 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 micrometers is necessary. These types of
systems are now commercially available, and the merits of such
a laser for efficient post-ionization of molecules desorbed from
a solid surface can be explored. In a recent pilot study using β-
estradiol as a model system, we have performed a detailed
investigation of the photoionization and fragmentation
efficiency of both gas-phase and sputtered molecules, as a
function of laser wavelength and intensity.42 It was found that
the optimum ionization efficiency, along with the least amount
of photofragmentation, is achieved at a “saturation intensity” of
∼1013 W/cm2, which gradually increases with increasing
wavelength. At the highest achievable laser intensity (∼1015
W/cm2), on the other hand, the molecular ion signal is found
to decrease, because of increased photofragmentation. More-
over, this intensity regime is only reached with a tightly focused
laser, which samples only a small fraction of the plume of
sputtered material. Optimum conditions for efficient post-
ionization are therefore established when the laser beam is
defocused to such an extent as to maintain the saturation
intensity in the ionizing region while, at the same time,
sampling a substantially increased fraction of the sputtered
plume.
The scope of the present investigation is to detail the

application of such a strategy for 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 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 SECTION
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 C60-
20),44 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.45 The beam current was typically 25 pA, with the
fluence during all experiments below the static limit (<1012

ions/cm2). Because of the complexity of the multicomponent
samples investigated, at this time, it is difficult to estimate the
amount of material removed. Details of the ion extraction
methods employed are provided in the Supporting Information.
All sputtered analyses were conducted at a sample temper-

ature 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 × 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.
The laser system employed for LPI SNMS produces tunable

40-fs pulses in the wavelength range of 1160−2580 nm. A
more-detailed description of the system is presented in the
Supporting Information.
When observed, gain saturation produced by overabundant

post-ionized m/z 1−100 ions is corrected by deflecting them
away from the multichannel plate detector. Additional details
are presented in the Supporting Information.
Descriptions of the sample preparation methods for the

patterned rubrene and pure cholesterol films are presented in
the Supporting Information. 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 No.

572 (UTEX The Culture Collection of Algae) under conditions
described elsewhere.46 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 mm × 5 mm Si
shards in a vacuum desiccator. 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 under
vacuum.47

■ 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.
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
(see Figure S-1 in the Supporting Information and Table 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.

Rubrene Patterned Films. Rubrene is selected as a model
compound because (i) it contains both conjugated and
nonconjugated parts and (ii) its molecular weight (532.7 Da)
falls within the range of many biologically important targets. By
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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.48 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 1, the SFI SNMS and SIMS spectra of rubrene are

presented. The high-mass region of both spectra (Figure 1c) is
fairly similar, implying that they are both indicative of the same
sputtering dynamics. Deviations start to appear at m/z ∼376,
where a major high-mass fragment forms via the 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, 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, because of nonadiabatic ionization dynamics in some of
the sputtered molecules.
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,
where we determined that C60

+ sputtering imparts ∼1 eV of
internal energy to intact β-estradiol molecules.42 The excess
energy influences the photoionization process, shifting the
mechanism to lower intensity (associated with a lower
saturation intensity (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,48

Table 1. Intact Molecular Ions Produced in SFI SNMS and
SIMS, with Typical Signal Ratios

namea 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+ 1−3b

C31 diene C31H60 432.8 M+H+ M+ 0.6−3b

C31 triene C31H58 430.8 M+ M+ 0.6−3b

linolenyl
stearate*

C36H66O2 530.9 M+ M+ 1−2b

linolenyl
arachidate*

C38H70O2 559.0 M+ M+ 1−2b

behenyl
linolenate*

C40H74O2 587.0 M+ M+ 1−2b

aAsterisk symbol (*) denotes a likely isomer. bTypically observed SFI
SNMS signal improvements over SIMS in the biological applications
discussed. However, at some sampling locations, the SIMS signal was
nonexistent, because of severe matrix effects. In these cases, only SFI
SNMS produced a viable spectrum.

Figure 1. 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 × 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 two high-mass regions in the inset of panels a and b, normalized to their respective molecular ion signal.
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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 of 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 π-bonding had revealed an increasing
tendency toward nonadiabatic dynamics with increasing
molecular size,31,36 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 (see insets in Figures 1a and 1b),
and enables a commensurate increase in the imaging quality of
the patterned film, as shown in Figure 2.
Considering the under-sampling of the sputtered plume in

the post-ionization experiment (∼25% is sampled; see the
Supporting Information for laser system details), the maximum
achievable SFI SNMS signal enhancement for rubrene should

be on the order of 20. This number is interesting since it
provides an upper limit for the secondary ion formation
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 <5% of sputtered intact rubrene
molecules end up as secondary ions. Since the actual intact
post-ionization efficiency is smaller due to photofragmentation,
this number is an upper bound.

Mouse Brain Tissue Imaging. With our experimental
protocols established, and with the knowledge that SFI yields
high-intensity molecular-ion signals for sterols,42 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.49

It is of note that the characteristic high mass signals of
cholesterol are very different in SIMS and SFI SNMS spectra
(see Figure 3). 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.
In Figure 4, the analyses of two mouse brain sections are

presented. Two different wavelengths were used for SNMS,
showing that a range of wavelengths can produce intact
cholesterol ions, and the ionization processes is not a resonance
effect. Comparison of the SFI SNMS and corresponding SIMS
spectra highlights the sensitivity of SIMS to matrix effects such
as ion suppression. In Sample 1 (see Figures 4a and 4b), both
spectra show analogous information, regarding the presence of
cholesterol. Conversely, in Sample 2 (see Figures 4c and 4d),

Figure 2. Comparison of the (a) SFI SNMS using 1350 nm, 2 × 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.

Figure 3. High mass spectral region of gas-phase- and physical-vapor-
deposited cholesterol films: (a) gas phase ionization by 1750 nm, 5 ×
1013 W/cm2; (b) SFI SNMS of a vapor-deposited film using 1700 nm,
5 × 1013 W/cm2; and (c) SIMS spectrum of a vapor-deposited film.
The high-mass regions are presented exclusively, because detector gain
saturation in the SFI SNMS spectrum prevented an accurate
measurement of the low-mass portion.
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the SFI SNMS and SIMS analyses show distinct variations. The
secondary ion spectrum is dominated by the lipid phosphati-
dylcholine (PC) headgroup 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 Langmuir−Blodgett films of cholesterol
and POPC/sphingomyelin.50 There it was shown that proton
transfer assists lipid ionization51 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 4 presents spectra from
two different brain sections, matrix effects analogous to those
occurring in Sample 2 were also observed in Sample 1,
depending on the probed area.
An unfortunate side effect of the greater fragmentation

observed in the SFI SNMS spectra is the overlap of the PC
headgroup 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 headgroup, 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 images (Figures 5a−c) and analogous SFI SNMS

images (Figures 5d−f) of the cholesterol molecular ion (M+−

xH, x = 0−4) distributions in several brain sections are shown
in Figure 5. The post-ionization signal improvements vary
somewhat, depending on the sampled location, with the SFI
SNMS versus SIMS integrated count ratios varying between 1
and 3. Using the same arguments as those with rubrene,
regarding the limited post-ionization efficiency, because of the
under-sampling of the plume, one finds that the secondary-ion
formation probability of sputtered cholesterol molecules cannot
be greater than ∼8%.

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 influence 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 direct analysis
possible in B. braunii, since it is more amenable to the intact
post-ionization of its extensively σ-bonded molecules than
other LPI methods.
B. braunii is a green microalga that produces a considerable

amount of hydrocarbons and is being investigated as a possible
biofuel candidate.52−56 Its colonies possess the unusual
property of being encased in a lipid envelope,57 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,46 while the focus of the present
investigation is to illustrate the expansion of SFI SNMS

Figure 4. Mouse brain tissue spectra: (a) Sample 1, SFI SNMS using 1700 nm, 6 × 1013 W/cm2; (b) Sample 1, SIMS; (c) Sample 2, SFI SNMS
using 1350 nm, 3 × 1013 W/cm2; and (d) Sample 2, SIMS.

Analytical Chemistry Article

dx.doi.org/10.1021/ac501586d | Anal. Chem. 2014, 86, 8613−86208617



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 6 reveal that the secondary ions from B. braunii are
strongly affected by matrix effects. In Sample 1 (see Figures 6a
and 6b), 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
(see Figure 6d), with the cholesterol and 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 monoester, with their signal intensities roughly a
third of that observed in the SFI SNMS spectra.
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,
are likely responsible for the observed differences between the
SIMS and SFI SNMS spectra. In general, since SFI SNMS
seems to be much more resistant to matrix ionization effects, it

is hoped that the analytes detected in B. braunii could, after
proper control experiments, 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
infrared (IR) laser system can be successfully applied for laser
post-ionization secondary neutral mass spectrometry (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 secondary-ion mass spectroscopy
(SIMS) analyses.
Although determination of precise ionization mechanisms is

beyond the scope of this work, the extensive fragmentation that
is observed in experiments on model patterned films of rubrene
suggest that there is a significant nonadiabatic ionization
pathway for a fraction of the sputtered molecules. The
combined effects of the resulting photodissociation, and the
intact post-ionization of pre-existing 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
that in the corresponding SIMS spectra. Considering the
limited post-ionization efficiency due to undersampling of the
sputtered plume with the laser beam, one finds that this
technique can principally enhance the measured signal by at
least a factor 20 more than the SIMS signal.
When applied to the analysis of mouse brain tissue sections,

SFI SNMS delivers cholesterol molecular ion signals that
substantially exceed 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

Figure 5. Cholesterol M+−xH (x = 0−4) distribution in mouse brain
tissue slices: (a−c) SIMS images and (d−f) corresponding SFI SNMS
images. In panels d and e, SFI SNMS employed 1350 nm, 2.8 × 1013

W/cm2 and the molecular ion signal was equal to and three times
higher than that in the corresponding SIMS image, whereas in panel f,
1700 nm, 6 × 1013 W/cm2 was used, with the SFI SNMS signal being
double the corresponding SIMS signal. The variable degrees of
improvement were primarily the result of matrix effects influencing the
secondary ions. Note that both wavelengths produce a good molecular
ion signal in SFI SNMS, suggesting a lack of strong wavelength
dependence during the photoionization process.
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by the maximum achievable laser power. Therefore, the laser
post-ionization (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
that involve bringing the laser beam closer to the sample
surface without 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 inhomoge-
neous biological samples, which are otherwise impossible in
SIMS. In addition, combining SFI with the newly developed gas
cluster primary ion beams (GCIBs)58−60 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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