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Abstract We describe trends in fast, high resolution elemen-
tal imaging by laser ablation–inductively coupled plasma
mass spectrometry (LA–ICPMS). Recently developed low
dispersion LA cells deliver quantitative transport of ablated
aerosols within 10 ms and also provide enhanced sensitivity
compared to conventional LA cells because the analyte ion
signal becomes less diluted during aerosol transport. When
connected to simultaneous ICPMS instruments, these low dis-
persion LA cells offer a platform for high speed and high
lateral resolution shot-resolved LA–ICPMS imaging. Here,
we examine the current paradigms of LA–ICPMS imaging
and discuss how newly developed LA cell technology com-
bined with simultaneous ICPMS instrumentation is poised to
overcome current instrumental limitations to deliver faster,
higher resolution elemental imaging.

Keywords Laser ablation . ICPMS . Elemental imaging .

Mass spectrometry . Time-of-flight

Introduction

There is a growing trend in laser ablation–inductively coupled
plasma mass spectrometry (LA–ICPMS) imaging toward
higher lateral resolution and faster image acquisition times.

Several LA–ICPMS imaging studies with lateral resolutions
at or below 5 μm have recently been reported for both the
analysis of soft biological tissues [1, 2] and hard materials
[3–6]. Motivations for this improved resolution include the
need to measure subcellular element distributions in tissues,
to quantitatively image microdomains and heterogeneities in
geological samples, and to examine man-madematerials, such
as archeological objects or semiconductor electronics [7–9].
Concurrent with the push toward higher lateral resolution im-
aging is a move toward high speed LA–ICPMS imaging, both
to facilitate acceptable high resolution image acquisition times
and to reduce costs. Further, research emphasizes that high
resolution and low acquisition time ICPMS imaging should
not come at the expense of the already well-established ad-
vantages of LA–ICPMS, namely, the quantitative determina-
tion of multiple isotopes, from trace-to-major concentrations.
In this article, we discuss the emergence of low dispersion LA
cell technology for high resolution LA–ICPMS imaging and
how this technology dictates a shift toward simultaneous
multi-element ICPMS instrumentation. To provide context,
we present brief surveys of current LA–ICPMS imaging strat-
egies and the requirements and challenges of high resolution
LA–ICPMS imaging. Recent results of low dispersion LA and
high resolution multi-elemental LA–ICPMS imaging are pro-
vided as evidence of this growing trend.We envision that high
lateral resolution LA–ICPMS imaging will be a future direc-
tion of elemental imaging; however, realizing this goal re-
quires ICPMS instrumentation fit for the task.

Basics of the LA–ICPMS imaging experiment

Laser ablation (LA) was first developed as a solid-sample
introduction technique for ICPMS in 1985 [10] and has since
been applied broadly for the quantification of trace to major
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elements and isotopes in solid samples [11, 12]. Figure 1 is a
schematic diagram of a general LA–ICPMS imaging setup. In
LA–ICPMS, a solid sample is enclosed in a chamber filled
with inert gas and a pulsed laser beam is used to eject (ablate)
minute quantities of material from the sample surface. Ablated
aerosol is then transferred online, via a carrier gas stream, to an
ICPMS instrument for elemental and/or isotopic analysis. To
obtain an LA–ICPMS elemental image, a sample is scanned
underneath the pulsed laser beam at a known speed while
time-dependent ICPMS signals are collected. ICPMS signals
are matched to ablation position and then assembled into a 2D
array and projected onto a false-color scale to construct one or
more isotope-specific images.

The simplicity of LA–ICPMS is appealing; one simply
shoots a laser at a surface and transfers ablated aerosols into
the ICPMS system. However, several issues—such as matrix-
dependent ablation rates, ablated particle size distributions,
and elemental fractionation—must be understood and
accounted for to use LA–ICPMS as a quantitative method
[13, 14]. To this end, many researchers have performed fun-
damental and applied LA–ICPMS studies on the use of vari-
ous laser systems, gas mixtures for ablation, and calibration
methods. Research in all of these areas continues to advance
analysis by LA–ICPMS approaches. For the interested reader,
reports on the current state of the art and best practices for
quantitative LA–ICPMS analysis are treated in a number of
review and tutorial articles [11, 12, 15]. Apart from the phe-
nomena that affect quantification in LA–ICPMS, many addi-
tional factors impact the ability to attain a high resolution LA–
ICPMS image. For instance, laser beam focus and shape, X-Y
motor stage precision and accuracy, sample surface flatness,
sample matrix composition, ablated aerosol transport charac-
teristics, and the speed and sensitivity of themass analyzer can
all influence the lateral resolution achievable. Detailed evalu-
ation of all these parameters is beyond the scope of this article.
Instead, we discuss how newly developed fast LA technology
and high speed multi-elemental ICPMS instrumentation can
overcome fundamental challenges of aerosol transport and

detection to present a clear pathway to high speed, high reso-
lution LA–ICPMS imaging.

Imaging modes for LA–ICPMS: advantages
and limitations

LA–ICPMS imaging is typically achieved either in a
Bcontinuous-scan^ or a Bspot-resolved^ imaging mode. Be-
cause these two approaches offer different performance in
terms of image resolution, elemental concentration accuracy,
detection limits, and time of analysis, their advantages and
limitations are described here within the context of high speed,
high resolution LA–ICPMS imaging.

In continuous-scan imaging—which is the most common
approach—the laser is fired at a high repetition rate and the
sample is slowly scanned underneath the focused laser spot.
The period between laser shots is often much shorter than the
washout time of the ablation cell, which causes the composi-
tion of ablated aerosols delivered to the ICPMS system to be
Bpulse-mixed.^ The ICPMS signal is collected in a time-
resolved manner and the laser scan speed is adjusted so that
distance covered in a single mass scan is equal to the LA spot
size (i.e., one pixel) [16]. In this way, a number of overlaid
laser ablation events comprise the signal for each pixel, but the
set of LA events across which eachm/z is measured are not the
same. The collection of cumulative (pulse-mixed) signals
from multiple ablation events for each pixel of an elemental
image allows more material to be ablated (provided the sam-
ple is relatively thick) and, thus, for a given laser spot size can
improve detection limits and reduce spectral intensity skew
error [17, 18]. However, negative side effects of this approach
include the loss of depth resolution, as well as image blurring
and/or inaccurate concentration measurement due to pulse-to-
pulse mixing. To overcome the effects of pulse-to-pulse
mixing, several researchers have attempted to deconvolve
pulse-mixed LA–ICPMS signals [19–22]; however, in prac-
tice, inconsistent LA peak profiles attained across

Fig. 1 Schematic diagram of LA–ICPMS imaging experiment. In LA–
ICPMS imaging, a sample is scanned underneath a fixed-position pulsed
laser (translation stage not shown) and consecutive horizontal line scans
are taken to measure pixel intensities across each row of the elemental
image. LA can be operated in either a pulse-resolved mode, in which the
ablated aerosol from each laser shot is quantitatively transferred to the

ICPMS between laser shots, or in a continuous-scan mode, in which the
laser ablates at a rate faster than the transport time of the aerosols and a
quasi-steady-state signal is obtained that varies smoothly as analyte
abundance changes across a sample surface. In Fig. 1, pulse-resolved
mode signals are depicted as analyte signal spikes, whereas the
continuous-scan data is a steady flat-topped signal
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heterogeneous surfaces and insensitivity to low abundance
signal variation limit the usefulness of pulse deconvolution.
For high resolution quantitative ICPMS imaging, resolution
uncertainty caused by pulse-to-pulse mixing precludes the
continuous-scan imaging approach.

As an alternative to continuous-scan imaging, in spot-
resolved imaging, LA is applied at a grid of positions across
the sample surface, often with ablation craters arranged edge-
to-edge. Here, ICPMS signals can be unequivocally assigned
to an LA position because the effects of pulse-to-pulse mixing
are eliminated by waiting for the ablated aerosol signal to
decline to background between laser spots [23–25]. This ap-
proach is more time consuming than the continuous-scan
method because the delay time between LA positions can be
up to several seconds. Apart from slow image collection
times, measurements can suffer from spectral intensity skew
error if a scanning MS instrument is used and the elemental
signal intensities from each spot are not constant across the
mass scan time. For high resolution LA–ICPMS imaging, the
spot-resolved approach is preferred because image blurring is
minimized; to overcome time-of-analysis limitations, fast
aerosol transport LA systems can be used.

Instrumentation for high resolution LA–ICPMS
imaging: past and present

The most straightforward way to obtain high lateral resolution
is to use small laser ablation spots. Currently, round LA spots
with diameters down to 1 μm are possible for UV nanosecond
laser ablation [1], and near-field LA has been investigated to
deliver ablation below the diffraction limit [15]. However, as
LA spot size decreases, the amount of material ablated de-
creases rapidly (as the square of the radius), so that high sen-
sitivity detection is required even to measure signals from
major or minor components. Moreover, because resolution
in LA–ICPMS imaging depends on the accurate correlation
of LA position to transient ICPMS signals, the temporal struc-
ture of the ablated aerosols and the method for measuring the
resultant signals play an important role in the quality of the
elemental image obtained.

Mass analyzers

The most common instrumental setups for LA–ICPMS make
use of quadrupole or sector-field mass spectrometers (QMS or
SFMS) that detect ions of a single mass-to-charge (m/z) value
at a time. Though the extreme sensitivities of modern QMS
and SFMS instruments enable low absolute detection limits
(attograms) [26], sequential m/z determination has a number
of limitations for the detection of transient signals. First, pre-
cision is limited because of ICP flicker noise. Second,

elemental signals can be biased relative to one another be-
cause ion signals of disparate m/z are measured at different
points along the temporal profile (i.e., spectral intensity skew
error). Third, relatively long acquisition times are required for
multi-elemental determinations. In fact, these limitations have
been well discussed. In the conclusions of his pioneering LA–
ICPMS paper, Gray comments:

BBecause of the transient nature of the signal, a scanning
instrument is at a disadvantage for quantitative measure-
ments. Although scanning at high rates enables accept-
able ratios to be obtained on isotopes over a small mass
range, over a wider scan significant changes in the ion
concentration in the plasma can occur between elements
in different parts of the mass range [10].^

Since 1985, ICP–QMS and SFMS instruments have im-
proved remarkably: they are now more sensitive, and support
faster dwell times, mass-switching times, and settling times.
These advances have helped maintain the market dominance
of scanning-based ICPMS instruments and make them fit-for-
purpose for almost all applications. Modern ICP–QMS instru-
ments can deliver complete mass spectrum scans in about 90 s
with 500-μs dwell times, while still preserving moderate sen-
sitivity [27]. Most often, ICP–QMS instruments are operated
in a peak-hopping mode for multi-element LA–ICPMS imag-
ing. In this mode, dwell times for each analyte isotope must be
optimized to deliver required detection limits; the fastest mass
cycle times reported for trace-element bio-imaging with a nar-
row element menu with 13m/z values is about 240 ms [16].
These scan speeds, even though much faster than those avail-
able on Gray’s system, still require compromises to be made
between high spatial resolution, measurement accuracy, and
time of analysis. Moreover, the speed of scanning MS tech-
nology faces a physical limitation: mass scanning simply can-
not be faster than the transport times of ions through the mass-
separation element [28]. In their review article on LA–ICPMS
microanalysis, Heinrich et al. aptly explain the dilemma of LA
analysis with scanning-based MS:

BMulti-element analysis of a limited amount of sample
material demands a trade-off between signal intensity
and signal duration, for optimal quantification of inte-
grated intensities. A large cell volume (e.g., 20–
100 cm3) leads to relatively long signals of low intensity,
permitting a greater number of measurements on each
element over the duration of the signal, and thus a po-
tentially more representative and reproducible analysis
[29].^

Modern LA–ICPMS imaging approaches—especially with
the continuous-scan imaging approach—have been designed
to compensate for the scanning nature of ICP–QMS and
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SFMS instruments; however, with these systems, reports with
laser spot sizes below 15 μm are rare, and routine images are
collected at a pixel generation rate of ~1 s/pixel (4 Hz is the
fastest reported) [16].

Many limitations of scanning-type ICPMS instruments are
obviated when multichannel ICPMS instruments are
employed. Simultaneous multi-elemental ion detection has
been shown to reduce multiplicative noise through signal
ratioing, to eliminate spectral intensity skew error, and to offer
improvedmeasurement duty cycles for multi-element analysis
[18, 30]. Currently, there are two ICPMS instrument designs
available that deliver complete, simultaneous elemental cov-
erage: ICP–time-of-flight mass spectrometry (ICP–TOFMS)
and the ICP–Mattauch-Herzog mass spectrograph (ICP–
MHMS) [31, 32]. Again, these instrument configurations are
not new; Hieftje et al. discussed the benefits of simultaneous
TOFMS detection for the analysis of transients by ICPMS in
2001:

BWhen sampling devices such as flow injection, laser
ablation, electrothermal vaporization, or chromatogra-
phy are employed, the user must choose between broad
elemental or isotopic coverage and signal-to-noise ratio
(S/N). In turn, compromised S/N means lower precision
or poorer detection limits…. [A] time-of-flight mass
spectrometer, provides excellent detection limits, resolv-
ing power better than commercial quadrupole mass fil-
ters, precision of at least 0.02 % rsd in a ratioing mode,
and extraordinarily high speed for use with transient
sampling devices [33].^

While the use of ICP–TOFMS for the analysis of transient
LA signals has indeed been investigated previously [34–36],
broad application of this method was stymied by the insuffi-
cient sensitivity of early ICP–TOFMS instrumentation and
low mass spectrum generation rates due to signal averaging
technology of the time [35]. Importantly, these limitations are
not fundamental to ICP–TOFMS, but technology-limited. Re-
cent advances have resulted in ICP–TOFMS instrumentation
that delivers simultaneous full-spectrum detection at high
speed, medium mass resolution, moderate-to-high sensitivity,
and over four orders of magnitude simultaneous dynamic
range [30, 37]. The performance characteristics of this recent
ICP–TOFMS technology encourages us to look Bback to the
future^ and consider the potential of this instrumentation com-
bined with low dispersion LA technology for elemental
imaging.

Low dispersion LA

In LA, the amount of time it takes for ablated aerosol to be
swept out of the ablation cell and through the sample transfer

tubing is called the washout time. In conventional large-
format single-chamber LA cells, the transient profile of
transported aerosols follows an exponential decay, in which
the time constant is controlled by the internal volume of the
aerosol transport system. Washout times on the order of 0.5–
30 s are typical for such cells. However, there are several
reasons to move beyond these conventional cell designs and
toward low dispersion LA cells for LA–ICPMS imaging stud-
ies. First, high speed aerosol transfer eliminates the effects of
pulse-to-pulse mixing, which leads to more precise and quan-
titative assignment of MS signals to LA position. Second, fast
aerosol transport improves measurement sensitivity (cps/ppm)
because the instantaneous concentration of analyte in the ICP
is increased [38, 39]. In this way, the time-dependent concen-
tration of analyte from a small laser ablation spot can be on par
with the in-plasma concentration available with a larger laser
spot and a conventional LA cell. Finally, fast aerosol transport
improves the time of analysis for spot-resolved LA–ICPMS
imaging.

Much work in recent years has focused on minimizing the
duration of LA-produced signals. Figure 2 presents an over-
view of recent LA cell designs used to achieve fast aerosol
transport and Table 1 lists the performance characteristics of
these cells and others to illustrate this trend in fast-washout LA
cell design. The most straightforward way to reduce aerosol
transport time is to reduce the internal volume of the ablation
chamber and aerosol transfer tubing. Here, in-torch LA serves
as an extreme example: with the LA cell and transfer tubing
eliminated, in-torch LA–ICPMS peak widths between 1 and
3 ms have been achieved [39, 40]. Unfortunately, in-torch LA
is not applicable to imaging because there is no room for
lateral scanning with a stage motor or for a large sample.
Recently, LA cells with laminar gas flows have been used to
efficiently entrain aerosol to improve ablated particle uptake
and reduce aerosol transport times [20, 41]. Further advance-
ments have come from the development of Bactive^ ablated
aerosol transport, in which cell geometry and flow rates are
used to create gas pressure gradients across the LA cell to
extract and confine ablated aerosol particles to reduce disper-
sion [42–44]. To date, the fastest aerosol transport times have
been obtained with low volume, in-line aerosol transport sys-
tems that sweep ablated aerosol directly from the LA cell to
the ICP torch without additional gas mixing or bends in tub-
ing; these systems provide full width 1 % maximum
(FW0.01M) signal peak widths of 5–10ms for laser spot sizes
of 1–10 μm [3, 5, 45] and are highlighted in Fig. 2.

Low dispersion LA–ICPMS: high resolution
and high speed imaging

High speed and high resolution actually go hand in hand: low
dispersion LA eliminates pulse-to-pulse mixing and enables
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use of smaller LA spot sizes while also significantly improv-
ing time of analysis for pulse-resolved imaging. In Fig. 3, we
demonstrate the single-shot elemental sensitivity enhance-
ment gained by low dispersion LA with an aerosol transport
time of 10 ms versus more conventional LAwith a washout of
~500 ms.

Because the signal is detected across a shorter time period,
less noise is integrated, which increases the S/N ratio of the
measurement. With this low dispersion LA setup, single-shot
detection limits are in the single-digit ppm level for a 10-μm-
diameter round LA spot, which translates to an absolute de-
tection limit of 60 attograms for 238U (even though the ICP–
TOFMS instrument used here offers modest single-isotope
sensitivity compared to state-of-the-art ICP–QMS and SFMS
instruments) [5]. Extremely fast aerosol transport times re-
quire equally fast ICPMS measurement. For scanning-based
ICPMS instruments, only one or two isotopes could be mea-
sured within a transient profile of 10 ms, and so while sensi-
tivity and detection limits can be boosted by low dispersion
LA, the multi-element capacity of LA–ICPMS imaging is
compromised [3, 45]. For ICP–TOFMS, there is no compro-
mise between transient speed and number of analyte elements
measureable, so signal enhancement by low dispersion LA is
an effective method to overcome limitations of instrument

sensitivity and to allow quantitative detection of analytes from
increasingly small LA spots.

In Fig. 4, we present a summary of recent multi-element LA–
ICP–TOFMS imaging studies performed in our lab with a low
dispersion Btube^ LA cell and a prototype TOFMS instrument
[6]. In this study, a lateral resolution (LA spot diameter) of 5 μm
and a laser repetition rate of 20 Hz were used for single-shot
pulse-resolved LA–ICPMS imaging of a cesium-infiltrated
Opalinus clay rock sample. At a repetition rate of 20 Hz, no
pulse-to-pulse mixing occurs so that the integrated signal of
every isotope is representatively measured from each laser shot
and the lateral resolution is fixed at 5μm.Moreover, because all
elements are measured for each pixel, a 100 % oxide normali-
zation approach can be applied for pixel-by-pixel quantification.
In terms of improvement of the speed of analysis, the full-
spectrum LA–ICP–TOFMS imaging approach is roughly
1800 times faster than state-of-the-art full-spectrum LA–ICP–
QMS imaging if the acquisition speed is calculated as the num-
ber of pixels recorded per unit time, and at least five times faster
than high speed LA–ICP–QMS imaging with a limited element
menu. While low dispersion LA–ICPMS has thus far only been
applied to high resolution elemental imaging studies (pixel
size≤10 μm), this approach should also be amenable to courser
resolution (10–50 μm spot size) LA–ICPMS imaging studies to

Fig. 2 Schematic diagrams of three recent low dispersion LA cells;
diagrams were redrawn from their original publications for clarity. a A
half-open in-tube LA cell with very small available inner volume and a
high helium flow rate orthogonal to ablation expansion axis provides LA
peak widths (FW0.01M) of ~6 ms. (Adapted from [3] with permission of
The Royal Society of Chemistry.) b The Btube^ LA cell is a two-volume
cell in which the sample is housed in a large chamber filled with helium
and ablated aerosol transport occurs in a small inner volume tube with a
stream of argon carrier gas orthogonal to the ablation axis. This system
delivers complete aerosol transport with a peak width (FW0.01M) of less
than 10 ms. The two-volume design makes the system ideal for imaging

large samples and allows the sample to be scanned without significantly
affecting the gas dynamics of aerosol transport. (Adapted with permission
from [5]. Copyright 2015 American Chemical Society.) c The two-
volume low dispersion LA cell developed in the group of Prof. B. Sharp
consists of a small Bsniffer^ cell (top diagram) housed in a helium-filled
chamber (lower diagram). Ablated aerosol is transferred from sniffer cell
in helium carrier gas through narrow-bore tubing directly to the base of
the plasma. This cell produces FW0.01 M single-shot peak widths of
5 ms; moreover, it is well suited for imaging experiments because a
sample can be scanned underneath the stationary sniffer cell. (Adapted
with permission from [45]. Copyright 2015 American Chemical Society)
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allow for extremely fast image acquisition. Importantly, the con-
current time-of-analysis and single-shot quantification improve-
ments demonstrated with ICP–TOFMS are simply not available
on scanning-based ICPMS instruments. To obtain high lateral
resolution multi-element imaging with a scanning-based MS,
the signal must be temporally stretched, and the mass analyzer
must provide relatively higher sensitivity to overcome dilution
of the ablated aerosol. To date, low dispersion LA combined
with scanning-based ICPMS instruments has only been used
to monitor a single isotope, and here the lack of an internal
standard eliminates the possibility of quantification [3, 4]. While
low dispersion LA combined with scanning-based ICPMS in-
struments has proven useful for proof-of-principle demonstra-
tions, almost all real-world applications demand multi-element
imaging.

Outlook

High spatial resolution and high speed multi-elemental LA–
ICPMS imaging offers attractive performance characteristics
for a number of applications in areas such as bio-imaging and
geological imaging. However, the continued development of
this approach and a future transition from technical demon-
stration to research applications requires a shift in the ICPMS
instrumentation paradigm. ICP–TOFMS instrumentation for
transient analyses such as multiplexed cytometry, single nano-
particle detection, or isotope-tagged tissue imaging has al-
ready gained considerable attention [1, 37, 46].

While the benefits of high resolution elemental imaging are
certainly application-dependent, other advantages of the ap-
proach presented here, such as reduced costs by high speed

Table 1 Recent low dispersion, fast washout LA cell designs

Aerosol transport details Ablated aerosol
peak widtha

Internal volume
(cell)

Two-volume
cell

Applied for
imaging

References

In-torch LA Ablation directly into base of plasma 1–3 ms N/A No No [39, 40]

Cylindrical cell No active transport, small inner
volume for quick aerosol washout

150 ms 700 μL No No [38]

High-efficiency aerosol
dispersion (HEAD) cell

Nozzles in carrier gas tube reduce pressure
by the Venturi effect to extract ablated
particles from chamber

~10 msb 1 mL Yes No [42, 44]

Diffuser/confuser cell Laminar flow profile across ablation area 150 ms 30 mL No No [43]

Tube cell Ablation directly into orthogonal carrier
gas flow, no downstream make-up gas
needed

9 ms ~25 μL Yes Yes [2, 5]

Half-open LA cell Ablation in carrier gas tube, He gas only 6 ms ~1.5 μL No Yes [4]

Sniffer cell with dual
concentric nebulizer

Cell overpressure to confine ablated
particles, controlled gas flow to
transport particles to low internal
volume tubing

5 ms 5.5 μL Yes No [45]

a Peak width at full width 1 % maximum (FW0.01M)
b Computer simulated aerosol transport time

Fig. 3 Signal enhancement of
238U+ in terms of counts per time-
of-flight extraction for the low
dispersion tube cell (green) versus
a conventional LA cell with a
washout time of ~500 ms
(purple). The peak height of the
low dispersion LA–ICP–TOFMS
signal is roughly 50 times greater
than the long-washout signal; the
inset shows a zoom-in of the
signal intensity axis to visualize
the broader 500-ms-long signal.
Both signals were acquired for the
ablation of NIST SRM 610 glass,
with an LA diameter of 10 μm,
equal fluence, and on the same
ICP–TOFMS instrument
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imaging, are clear and compelling. However, speed-of-analysis
improvements alone are not enough to shift from the paradigm
of scanning-based ICPMS instruments. Instead, it is the unique
measurement capabilities of low dispersion LA combined with
simultaneous ICPMS measurements that will drive the contin-
ued development of fast, sensitive, multichannel ICPMS instru-
mentation. To date, ICP–TOFMS instruments have been prov-
en to be up to this challenge, but in the future, other simulta-
neous mass analyzer designs, such as MHMS, multi-collector
ICPMS, or distance-of-flight MS [47], might be attractive
alternatives.

At the beginning of this article, we stated that a goal of high
resolution LA–ICPMS imaging is to provide needed resolu-
tion without sacrificing the other well-established benefits of
LA–ICPMS. Currently, low dispersion LA–ICP–TOFMS

offers a best detection limit of around 100 ppm for a 1-μm
LA spot diameter, whereas LA–ICP–QMS offers a detection
limit of ~8 ppm for the measurement of only a single isotope
[3]. To maintain the advantages of LA–ICPMS as a trace-
element imaging method, continued improvements to abso-
lute sensitivity through both mass analyzer developments
and controlled sample introduction schemes are required.
Here, recently developed (and commercially available) next-
generation ICP–TOFMS instruments that offer higher sensi-
tivity and better mass resolution should play a key role in the
development of high resolution quantitative LA–ICPMS im-
aging [48]. Quantitative elemental imaging of biological and
inorganic samples with this next-generation ICP–TOFMS in-
strumentation will further indicate the potential of this tech-
nology to be applied across disciplines such as medicine,

Fig. 4 Summary of high speed, high resolution LA–ICP–TOFMS
imaging of a cesium-infiltrated Opalinus clay rock sample [6]. a Data
for each two-dimensional LA–ICP–TOFMS image is collected as series
of time-resolved TOFMS signals, with each line scan separated by a
narrow delay time. Within each line scan, the laser is fired such that each
laser shot ablates at a new location (pixel) directly adjacent to the
preceding spot. Together, the ablation positions in each line scan create
a rectangular grid of edge-to-edge ablation locations spread across the
sample surface. In this case, the laser was fired at a repetition rate of
20 Hz, TOFMS signal was recorded at a full-spectrum generation rate
of 333 Hz to provide several data points across each LA–produced signal,
and the complete 5000-pixel image (500× 250 μm) was acquired within
7.5 min. b Selected TOFMS signals from a single spot-resolved line scan

of the elemental image demonstrate baseline separation between each LA
signal. The three isotopic signals are characteristic of three domains of the
cesium-infiltrated Opalinus clay sample, namely, the domains of clay
(indicated by Al), calcium carbonate (Ca), and pyrite (Fe); while only
three elements are shown, all isotope signals are available. c Selected
2D-LA–ICP–TOFMS single-isotope intensity images obtained from
integrating the ion counts from each LA shot; the white rectangles
highlight the image row developed from the time trace shown in b. d
Quantification by 100 % oxide normalization is used to calculate
concentration at each pixel. A 3D quantified LA–ICP–TOFMS is
shown for Cs2O, which is a minor abundance element of the Opalinus
clay sample and is localized to the clay domain. This 100,000-pixel 3D
elemental image was collected in a real lab time of less than 3 h

Trends in fast, high-resolution LA-ICPMS imaging 2693



biology, geology, archeology, etc. In addition to advanced
simultaneous ICPMS instrumentation, implementation of
Broutine^ high resolution LA–ICPMS imaging will require
commercial LA systems designed to deliver small LA spots
(down to 1 μm) in combination with low dispersion LA cells
and precise lateral scanning stages. As low dispersion LA
technologies and the benefits of high resolution LA–ICPMS
imaging are quickly becoming established, we expect these
advances to be a driving factor for LA systems released in the
near future. Finally, fundamental research into spot-resolved
quantification strategies for high resolution LA–ICPMS of
multi-domain surfaces, multi-elemental three-dimensional
LA imaging, and incorporation of new femtosecond LA tech-
nologies all have potential to further advance high resolution
elemental imaging.

The development of simultaneous multichannel ICPMS
instruments and low dispersion LA cells can be thought of
as a kind of co-evolution: recent advances in each system have
boosted the performance of the other and also reinforced its
significance. This trend is expected to continue. Together, low
dispersion LA and high speed simultaneous ICPMS detection
provide elemental imaging characteristics that are not (and are
not foreseen to be) available elsewhere; thus, as demand for
high resolution, high speed elemental imaging increases, so
too will the necessity of this instrumentation.
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