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An ultrafast laser ablation time-of-flight mass spectrometer (AToF-MS) and associated data acquisi-
tion software that permits imaging at micron-scale resolution and sub-micron-scale depth profiling are
described. The ion funnel-based source of this instrument can be operated at pressures ranging from
10−8 to ∼0.3 mbar. Mass spectra may be collected and stored at a rate of 1 kHz by the data acquisi-
tion system, allowing the instrument to be coupled with standard commercial Ti:sapphire lasers. The
capabilities of the AToF-MS instrument are demonstrated on metal foils and semiconductor wafers
using a Ti:sapphire laser emitting 800 nm, ∼75 fs pulses at 1 kHz. Results show that elemental quan-
tification and depth profiling are feasible with this instrument. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4750974]

I. INTRODUCTION

Laser ablation with ultrashort pulses has the remarkable
ability to remove material from the surface layer of a solid
while doing minimal damage to the remaining sample.1 This
effect has been utilized in laser surgery, where femtosecond
laser pulses impart negligible damage to surrounding tissues
damage as compared with nanosecond laser pulses.2–7 This
property extends beyond biological tissues to a wide variety
of materials, including polymers, metals, semiconductors,
and insulators.1 It was previously shown that ablation with
∼75 fs, 800 nm laser pulses can remove material from
bacterial biofilms and bovine eye tissue with only a minor
chemical disruption to the underlayer, in principle allowing
depth profiling by subsequent mass spectrometric (MS)
analysis in separate instruments.8, 9

Matrix assisted laser desorption ionization (MALDI)
MS imaging of species within organic, polymeric, or bi-
ological samples preserves information about their spatial
distribution while correlating the ion signal to macroscopic
structures.10, 11 Although MALDI-MS is most commonly per-
formed with ns laser pulses, the use of ultrafast (i.e., <2 ps)
pulses for intact desorption of biological material promises
to greatly extend the sensitivity and spatial resolution of MS
imaging. Moreover, the increasing availability of reliable
and easily operated ultrafast lasers1, 2 is opening up new
possibilities for laser desorption ionization that have not been
fully exploited by the MS imaging community. For example,
several researchers have begun to use ultrafast laser ablation
of biological material for MS applications by either directly
forming gaseous ions12–14 or by desorbing neutral species that
are subsequently ionized by electrospray.15, 16 Those studies
took advantage of the ability of sub-100 fs laser pulses to
induce nonresonant desorption events. Although some of
those studies using ultrafast laser pulses for sampling were
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performed under vacuum, most were done at atmospheric
pressure. In parallel, the past decade has experienced a rapid
increase in the use of atmospheric pressure desorption ion-
ization methods, including applications for MS imaging.17–21

These atmospheric pressure-based methods allow the di-
rect analysis of samples while avoiding the dehydrating
effects (and resultant structural modifications) of a vacuum.
Furthermore, atmospheric pressure sources are readily
coupled to the many MS instruments now on the market
that display the high mass resolution, accuracy, sensitivity,
and tandem capabilities necessary for modern biological
analyses.

The present work describes an ultrafast laser ablation
time-of-flight mass spectrometer (AToF-MS) that permits
imaging at micron-scale resolution and sub-micron-scale
depth profiling. The ion source of this instrument can be
operated at pressures ranging from 10−8 to ∼0.3 mbar. Fur-
thermore, mass spectra are collected and stored by the data
acquisition system at a 1 kHz rate, which is compatible with
standard commercial Ti:sapphire lasers. The capabilities of
the AToF-MS instrument are demonstrated using metal foils
and semiconductor wafers.

II. EXPERIMENTAL DETAILS

A. Overview of instrument

The experimental setup consists of the following compo-
nents: a femtosecond laser and associated optics for deliver-
ing the laser beam, a high-precision translation stage mounted
in a differentially-pumped vacuum chamber, customized ion
optics, an ion detector, a high-voltage pulse generator and as-
sociated power supplies, and a high-voltage radio frequency
(RF) generator. Those components located in or adjacent to
the ion source are depicted in Figure 1. Customized control-
ling software was written using a commercial data acquisition
and analysis package.
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FIG. 1. Illustration of the ion optics, sample stage, laser focus, and vacuum
chamber including the differential vacuum wall.

B. Femtosecond laser

Ultrashort laser pulses (800 nm, 45 fs) were generated
at a 1 kHz pulse repetition rate by a Ti:sapphire oscillator
(Spectra-Physics Tsunami, Newport, Irvine, CA) driven by a
diode pumped solid state laser (532 nm, 4.3 Watts, Spectra-
Physics Millenia, Newport). The pulses were amplified by
a Ti:sapphire regenerative amplifier (Spitfire 50FS, Spectra-
Physics) pumped by an Nd:YLF laser (527 nm, Evolution-30,
Coherent, Santa Clara, CA). The output of this laser had a
near transform-limited bandwidth of 40 nm and a pulse en-
ergy of up to 2 mJ. The pulse energy was attenuated to typ-
ically 0.1–10 μJ for use in the present experiments by a Ro-
chon polarizer followed by a half-wave plate. The laser pulse
passed through a beamsplitter and delay line for future two-
pulse experiments. The beam was steered by several mirrors
and then focused onto the sample by an infinity-corrected
long working distance objective lens (10×/NA0.28, NT59-
877, Edmund Optics, Barrington, NJ) mounted inside the ion-
source vacuum chamber. The laser pulse energy was mea-
sured by a pyroelectric detector (Molectron EPM2000, Co-
herent, Santa Clara, CA), located near the optical window of
the ion source chamber.

The spatial profile was characterized by scanning a knife-
edge across the beam, while measuring the transmitted light
with a photodiode (FS1010, Thorlabs, Newton, NJ). The knife
edge was mounted on a sample plate in front of the photodi-
ode. Multiple z-positions were scanned to find the focal point
position. The 1/e2 radius of the laser beam was 8 μm at the
focal point, and the Rayleigh range was 75 μm. The beam
was incident at an angle of 60◦ from the normal, producing
an elliptical, 32×16 μm2 spot on the target surface. The laser
pulse length, measured with an autocorrelator, was 65 fs be-
fore entering the optical window of the ion source chamber.
The objective lens was estimated to stretch the pulse length
to ∼75 fs (as measured by inserting a 5-mm thick quartz flat
into the beam to simulate the dispersion of the objective).

C. Sample motion stage

Samples were placed on a high-vacuum-compatible 3D
motion stage (consisting of three separate PLS-85 stages,
Micos USA, Irvine, CA), which allowed movement over a
34×34 mm2 area with a typical positional resolution of ±0.05
μm. The sample plate holder (45 mm × 45 mm, AB SCIEX,

Framingham, MA) was mounted on the motion stage by an
insulating polytetrafluoroethylene (PTFE) bracket. A periph-
eral component interconnect (PCI) bus motor control board
(Corvus-PCI, Micos USA, Irvine, CA) was used to drive all
three motors directly, with all power and cabling coming from
the host computer.

D. Ion optics and detection

The electrically insulated sample plate holder was con-
nected to a custom high voltage pulser (described below) and
biased by one channel of a four channel, low ripple power
supply (HV-RACK-4-250-00213, UltraVolt, Ronkonkoma,
NY). An aluminum cone electrode was used to extract ions
from the source region. An ion funnel constructed from
12 aluminum plates insulated by PTFE spacers followed
the cone. The plates of the ion funnel were connected via
11 vacuum-compatible resistors (ITT Power Solutions, West
Springfield, MA). The first 8 resistors were 2 M�, while the
three closest to the ToF tube were 3 M�. RF was coupled to
the ion funnel plates by 10 nF capacitors. The DC gradient on
the ion funnel was provided by a floating regulated power sup-
ply (Bertan 214, Spellman, Hauppauge, NY). RF was gener-
ated by a custom-built, high voltage RF generator.22, 23 A gas-
limiting aperture plate followed the ion funnel for differential
pumping, with a diameter of 1.5 mm. Two high-transmission
grids that follow the gas-limiting aperture were used for trap-
ping, selecting, and/or extracting ions when the source cham-
ber was at elevated pressure. The two grids were glued to
copper ring plates by vacuum-compatible silver paint and in-
sulated from each other by a machined ceramic piece. The
grids and insulating ceramic piece were held by a custom-
made PTFE adapter, separating them from the elevated pres-
sure region to prevent high voltage discharge.

Vacuum-compatible Kapton-coated wire passed into the
PTFE adapter, connecting the grids to the high voltage pulser.
Extra electric insulation on the high voltage feedthroughs in
the source region was achieved by vacuum-compatible heat
shrinking tubing. This extra insulation was required to pre-
vent high voltage discharge during keV pulsing at ∼0.3 mbar
pressure, near the Paschen minimum.24 The custom high volt-
age pulser used to drive the grids was built from two solid-
state high voltage switches (HTS 151-03-GSM, Behlke USA,
Billerica, MA), having measured rising and falling times of
∼10 ns. Under the high vacuum conditions used in the present
study, the grids were grounded, and the ion kinetic energy was
defined by the 5–6 keV DC-biased sample plate rather than by
the two pulsed grids.

An Einzel lens following the two grids was used to focus
ions onto a second, 2.5 mm diam aperture, which provided
another stage of differential pumping. A split-lens deflection
assembly was used to steer the converging beam through this
aperture and towards the detector. DC voltages for the de-
flectors, ion funnel, cone, and gas-limiting aperture were pro-
vided by a six-channel, bipolar power supply (LE-300 vac-
uum lens controller, Analytica of Branford, Branford, CT).
PTFE was used as an insulation and supporting material in
between the aluminum Einzel lenses and also as a gas-tight
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seal around the outside of the lens stack. The outer diame-
ter of the PTFE spacer was the same as the inner diameter
of the vacuum chamber flange, thereby serving as a differen-
tial pressure barrier between the source and the ToF region.
Polyetheretherketone (PEEK) threaded rods were used to fix
the PTFE spacers and Einzel lenses in place under tension,
while stainless steel 304 rods were used to connect the high
voltage.

Ions that passed through the linear flight tube were de-
tected by a microchannel plate (MCP) detector in an anti-
chevron configuration (C-0701, Jordan TOF Products, Grass
Valley, CA), normally operated in analog mode because of the
high dynamic range of the ablation signals.

E. Differential pumping

For intermediate pressure (10−3–0.3 mbar) experiments,
differential pumping was achieved using the two apertures
described above: one immediately after the ion funnel and
the other close to the detector (not shown). Three ion gauges
were installed for vacuum measurement, placed near the de-
tector, inside the flight tube region, and inside the ion source
chamber. Two manometers (1.3 mbar maximum, MKS 622B,
MKS Instruments, Andover, MA, and 1300 mbar maximum,
Datametrics 6000A, Edwards US, Sanborn, NY) were also
installed in the source chamber for measuring absolute pres-
sures in the intermediate regime. In the current configuration,
six orders of magnitude vacuum isolation were achieved be-
tween the source and the detector.

An oil-free scroll pump (Leybold SC15D, Oerlikon Ley-
bold Vacuum USA, Export, PA) was used to evacuate both
the flight tube and detector turbomolecular pumps, so that the
base vacuum in this foreline routinely remained <0.01 mbar.
The dry pump allowed the vacuum to recover to <10−8 mbar
in just a few hours after venting or inadvertent shutdown, sig-
nificantly decreasing instrument down time. A standard oil-
sealed rotary vane pump was used to back a 300 L/s turbo
pump for the ion source chamber.

F. Data acquisition hardware and software

Timing was controlled by a digital pulse delay unit
(BNC-565, Berkeley Nucleonics Corporation, San Rafael,
CA). This unit was triggered by a 5 VDC pulse from the laser
pockels cell driver. The delay unit then triggered the high volt-
age pulser and the computer data acquisition card. The ion
signal was recorded by a PCI digitizer card (8 bit, 1 GS/s,
Cobra CS11G8, Gage Applied, Lockport, IL).

Instrument control software was developed entirely in a
standard commercial data acquisition and analysis program-
ming environment (LabVIEW, National Instruments, Austin,
TX). Customized code was written to ensure the highest pos-
sible data transfer rate to the main memory of the computer.
Although the data transfer rate was ultimately limited by the
PCI bus (effectively 100 MB/s), the digitizer’s onboard hard-
ware averaging could be used in many situations to compress
significantly the data to be transferred. Data were saved as ei-

ther text files, when speed was not a concern, or in a custom
binary format for high speed streaming.

Separate routines were written to process the raw data,
including processing depth profile data and converting cus-
tomized binary format to BioMAP format (based on Analyze
v7.5, www.maldi-msi.org), which was used as the primary
MS imaging data analysis software. A special program was
written for laser beam profile measurements using the knife-
edge approach as described above.

G. Optical microscopy

Two digital single lens reflex cameras (T1i and T2i,
Canon USA) were employed for the optical imaging of the
sample. The first camera was equipped with a macro lens
(normal EF, 50 mm f/2.5 Compact Macro Autofocus Lens,
Canon USA) and was used for imaging the entire sample
plate. The second camera was mounted behind the objective
lens viewport, using a dichroic mirror to deliver the 800 nm
laser beam into the objective lens while passing visible light
to the camera. This camera was equipped with a 250 mm fo-
cal length achromatic doublet lens that formed an image on
the camera CCD with a magnification of 12.5×. A kinematic
tube mount was used to tilt the camera and lens assembly, so
that the laser focus was maintained in the field-of-view. The
optical resolution of this arrangement was ∼5 μm, as deter-
mined by the use of a resolution target (see the supplementary
material).35

H. Sample preparation

All metal samples were used as received without any pro-
cessing. Semiconductor wafers were also used as received ex-
cept for methanol washing. A resolution test target (Negative
1951 USAF Wheel Pattern Test Target, R3L1S4N, Thorlabs)
was also used without further preparation. A tantalum oxide
film was prepared on tantalum foil anodically using a standard
method.25 All materials and the resolution test target were ad-
hered to the sample plate inside the mass spectrometer with
conductive copper tape.

III. RESULTS AND DISCUSSION

A. Ablation under high vacuum, spatial resolution,
and depth profiling

Figure 2(a) shows the laser ablation mass spectra of five
elemental metal samples (from bottom to top – Ta, Mo, Cu,
Ag, and Au). The surface of each sample was cleaned repet-
itively by raster scanning under the focused laser beam, af-
ter which mass spectra were recorded with 5–6 keV DC
bias on the sample plate. All expected metal ions appear in
the spectra, with a mass resolution of ∼200. The isotopic
distributions were also well represented by the relative in-
tensities of the atomic ions. The Mo+ peak intensities cor-
related well with the natural isotope abundances of 92Mo
(14.84%), 94Mo (9.25%), 95Mo (15.92%), 96Mo (16.68%),
97Mo (9.55%), 98Mo (24.13%), and 100Mo (9.63%). Reason-
able agreement was also observed for the Cu and Ag isotopes.

http://www.maldi-msi.org
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FIG. 2. (a) Laser ablation mass spectra of (from top) Ta, Mo, Cu, Ag, and
Au foils at 10−6 mbar ambient pressure. (b) Laser ablation mass spectra of
(from top) GaAs and Si wafers at 10−6 mbar ambient pressure.

Oxygen ions, observed in almost all spectra, resulted
from the surface oxide layer that continually reforms at the
background pressure of 10−6 mbar. Residual carbon was also
observed on some samples, as were Cu2+ and Ta2+ obtained
from their respective oxidized metal foils (not shown). Na+

FIG. 3. Laser ablation mass spectra of (top) stainless steel 316 and (bottom)
Al 5182 alloy standard.

and K+ were observed from most samples, as is common in
direct laser desorption, because of the low ionization energies
of Na and K atoms. Some cross-contamination was observed
from deposition of metal that was laser ablated from adjacent
samples.

Figure 2(b) shows laser ablation mass spectra of undoped
Si and GaAs wafers, recorded with the laser focused at a fixed
position on each sample, recorded at a 1 kHz data acquisition
rate. The sample was fixed during data acquisition because
the mass resolution was found to be higher without sample
scanning. Si+ and GaAs+ together with their clusters up to
Si7+ and GamAsn

+ (m+n = 4) were observed. Larger clusters
were observed at lower intensity.

Figure 3 shows that Cr+, Fe+, Ni+, and Mo+ were
observed in the laser ablation mass spectrum of stainless steel
316, as expected, because all four elements are major compo-
nents of this alloy. An Al metal standard (Al5182AS, Alcan)
was also analyzed, as shown in Figure 3, to demonstrate the
potential for elemental quantification with this instrument.
Al+ and Mg+ were observed in the spectrum of the Al alloy
standard as well as other major alloy components, including
Li+. Mn+ appeared with a signal-to-noise ratio >10, although
it comprises only ∼0.3% of the alloy content. These results
indicate that the quantification of elemental content from the
laser-ablated ion intensity is feasible. Hydrocarbon fragment
ions were also observed in the Al alloy mass spectrum.

The USAF test target used to demonstrate the spatial
resolution of the instrument was a Cr-coated glass substrate
plated with negative resolution patterns. Figure 4(a) is a MS
image of Cr+ signal from the test target, taken with 1 μJ laser
pulses with a 32×16 μm2 elliptical spot size on the surface.
Scanning was done in a line-by-line pattern by successively
scanning the x-axis of the motion stage and then incrementing
the y-axis position. The total acquisition time for this image
was 80 min. The image was constructed by setting a nominal
pixel size at 5×5 μm2. All the spectra recorded while the cen-
troid of the laser beam was within a given pixel were averaged
together.
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FIG. 4. (a) Cr+ and (b) Cr2
+ mass spectrometric ion images of a USAF test

target. Ion intensity bars shown at right with linear integer scales correspond-
ing to ion detector voltage (−1 = 0 mV, 300 = 46 mV, and 12 = 1.8 mV).

Besides the main Cr+ peak, the Cr2
+ cluster peak was

also integrated to construct the image shown in Figure 4(b).
The intensity of Cr2

+ was only ∼5% of the Cr+ peak, yet both
the Cr+ and Cr2

+ images have similar appearance: the group
6 pattern elements are clearly resolved in both images, cor-
responding to 10 μm spatial resolution. Some vertical strips
in group 7 are also resolved, corresponding to ∼5 μm spatial
resolution. The horizontal resolution was lower than the ver-
tical because of the 60◦ incident irradiation angle. No effect
of the redeposition of Cr on adjacent glass was observed.

The spatial resolution observed was somewhat smaller
than the laser spot size, which can be explained by the prop-
erty that only the center part of the laser beam (TEM00) ex-
ceeded the ablation threshold. This effect is a direct conse-
quence of the highly nonlinear ablation process induced by
ultrafast near-IR laser pulses, which has been observed in nu-
merous prior studies.1, 2, 9 This ability to form craters smaller
than the beam diameter has the potential for a dramatic im-
provement in analytical spatial resolution.3, 9, 26, 27 A similar
effect has also recently been observed in nanosecond laser
desorption.28

It is vital to determine the laser focal point, the laser spot
size, and the Rayleigh range because ultrafast laser ablation
is very sensitive to laser fluence. The laser spot size was mea-
sured as described in Sec. II B. The beam was fitted to a Gaus-
sian function with the beam radius treated as an adjustable

FIG. 5. Ion signal vs. laser shot number at various pulse energies. The data
were obtained by ablating a ∼330 nm Ta2O5 film deposited on Ta foil.

parameter.9 The laser beam profile was measured at differ-
ent z-axis positions (moving through the focus), so that the
laser spot radius vs. z-axis position was acquired. These re-
sults showed that proper sample positioning was crucial while
working with the 10× microscope objective lens because of
the tight focal range and the correspondingly short Rayleigh
range of ∼75 μm. Ideally, the thickness of a sample should
be measured prior to analysis to a precision of ∼20 μm, so
that the measured focus can be located as close as possible to
the sample surface.

Figure 5 shows the depth profile of a ∼330 nm thick
Ta2O5 film deposited on Ta foil, measured by continuously
ablating a fixed area on the sample at a laser repetition rate
of 1 kHz. The laser ran for ∼1 s to drill each hole, and each
spectrum from the digitizer was stored separately, with no av-
eraging, so that ∼1000 spectra were recorded for each hole
(Figure 5 displays data from the first 500 laser shots only).
To improve the statistics, the measurement was repeated on
100 separate spots on the foil and then the data from differ-
ent spots were averaged according to the laser shot number.
Finally, the peak areas corresponding to each element were
plotted vs. the number of laser shots, corresponding approxi-
mately to the hole depth.
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No attempt was made to calibrate the number of laser
shots with the actual depth profile of the Ta2O5 film. Nev-
ertheless, an estimate of the potential depth resolution can
be made by assuming a drop in K+ signal (which appeared
mostly from the surface) to 10% of its initial value. This as-
sumption leads to complete Ta2O5 film removal after ∼60
laser shots for 2.3 μJ laser energy, the highest used in this
study. This result indicates that at this fluence (0.6 J/cm2),
∼6 nm of Ta2O5 film was removed per laser shot. The data
clearly demonstrate that less material was removed per laser
shot at lower laser fluences. By comparison, 30 nm was re-
moved from metallic titanium per laser shot at 1 J/cm2 flu-
ences using 80 fs, 800 nm laser pulses.29

B. Ion funnel and elevated pressure

Variable-pressure experiments were performed by intro-
ducing He into the source chamber through a leak valve.
The six orders of magnitude of differential pumping between
the sample and detection regions of the chamber allowed
∼0.3 mbar of He gas to be introduced into the ion source
chamber without the collision rate in the ToF drift region or
the detector reaching problematic levels.

A Ta sample was used to test the performance of the ion
funnel at elevated pressures. Presently, ions can pass through
the ion funnel and be extracted into the ToF. Continuing ef-
forts are underway to determine the optimum extraction de-
lay time and extraction voltage for effective ion funneling and
ToF operation at elevated pressures.

C. Data acquisition performance

Optimizing the data acquisition throughput of the instru-
ment required significant software development. Many com-
mercial mass spectrometers rely on filtering of pulse-counted
data, averaging of many sequential shots, and/or other forms
of “on-the-fly” data compression to reduce the data set size
prior to storage. The software used here was designed for
very rapid data acquisition and did not require use of these
strategies. Furthermore, the binary format used for high speed
streaming allowed the recording of raw data with minimal
data conversion.

For repetitive, short waveforms, such as the 1 kB dataset
required for the knife-edge experiment, the data from ev-
ery shot at the 1 kHz repetition rate laser could be saved
to disk without any averaging at the guaranteed 100% cap-
ture rate. For medium-length datasets, (i.e., mass spectra up
to m/z 650), software averaging was sufficient for acquiring
more than 99% of the data or <1% data loss with a longer
mass range, but reduced sampling rate on the digitizer (i.e.,
250 MS/s). For a longer data set (i.e., 64 kB spectra up to m/z
2500), hardware averaging had to be used to capture >95%
of the data at 1 kHz. Future work on the software will address
the <0.5% data loss via use of on-board memory.

Overall, the continuous data saving rate was limited by
the mechanical hard drive to tens of MB/s. Data were saved in
sequence, minimizing disk head movement and maximizing
data throughput. For some cases, an idle time was inserted

into adjacent instrument operations, so that data buffered
in the memory could be saved to disk without averaging at
1 kHz laser repetition rate.

Recent installation of a solid state drive now allows data
collection of individual mass spectra collected at the full
1 kHz repetition rate without the need for hardware averag-
ing prior to transfer. The software is also capable of providing
more functions when hardware averaging is bypassed. Spectra
acquired directly by the digitizer can be processed on-the-fly
by multiple digital filters such as software-based pulse count-
ing, time-to-digital conversion, and electronic noise removal.
Such digital filters can help reveal weak signals in a noisy
background.

When these techniques are not required, hardware av-
eraging provides the benefit of substantial decrease in data
transfer over the system bus, and data acquired at laser pulse
repetition rates of 1 kHz could be transferred to computer
memory and saved continuously with negligible loss.

While it is taxing on the data transfer process, the 1 kHz
repetition rate of the laser allowed rapid imaging. For exam-
ple, a 100×100 pixel image with 50 mass spectra averaged per
pixel required only 15 min to acquire and an additional 2 min
to convert to BioMAP format for analysis. Because of the ef-
ficient binary data format, an image with 256×256 pixels per
spectrum and a data length of 32 kB could be processed in
2 min, generating a 600 MB BioMAP MS image. Another
measure of the rapid data processing was that a depth profile
of a 10×10 array of laser-drilled holes required only ∼2 min
for collection with another 2 min for data processing. Knife-
edge measurements of the beam profile could be completed
within 20 min, facilitating optical characterization.

IV. CONCLUSIONS

The AToF-MS described here can rapidly collect two-
dimensional ion images of elemental species with micron-
scale resolution. Additionally, the use of ultrafast laser ab-
lation holds the promise of submicron spatial resolution for
depth profiling and three dimensional imaging. The highly
efficient data acquisition permits data storage with little loss
and without the need for averaging even at 1 kHz, matching
the repetition rate of Ti:sapphire lasers.

The ion funnel allows the source to operate at pressures
up to ∼0.3 mbar. Work is underway to optimize collection of
laser ablation MS at elevated pressures, to combine the ad-
vantages of atmospheric MS17–21 with those of femtosecond
laser desorption12–16 A common linear, reflectron, and orthog-
onal ToF design could have been used here to provide higher
sensitivity at high vacuum,30 but would not allow the collec-
tion of MS at elevated pressures that will be possible with the
AToF-MS design. The AToF-MS should also allow collisional
cooling of the high kinetic energy ions formed by femtosec-
ond laser ablation,30 improving mass resolution.

Femtosecond laser ablation ToF-MS has been described
as a semiquantitative method for spatially resolved elemen-
tal analysis because ion yields do vary with element and
sample characteristics.30 For this reason, most prior work on
elemental analysis by femtosecond laser ablation has been
coupled with inductively coupled plasma (ICP) MS.30–32 The
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former samples the ions formed directly by laser ablation
while the latter samples mostly nanoparticles, with atomic
ions probably not detected. A thorough comparison of the
two methods is beyond the scope of this work, but a quick
comparison shows both methods can readily detect major and
minor elements in metallic alloys.33 Quantification is better
established in ICP-MS, but is typically achieved from much
more defocused laser beams than employed here. Overall, the
use of appropriate standards should permit at least approxi-
mate quantification with the AToF-MS in metallic alloys and
semiconductors. The AToF-MS has the potential advantages
for the elemental analysis of higher spatial resolution and
simpler instrumental configuration than ICP-MS.

Finally, installation of a 10.5 eV vacuum ultraviolet
source on the AToF-MS for single-photon ionization is ongo-
ing and will allow collection of MS of ultrafast laser ablated
neutrals for molecular imaging of a wide variety of synthetic
and biological samples.9, 15, 16, 34
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