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Introduction

Whilst it is generally acknowledged that time of flight ICP-MS is the fastest technique to obtain multi-element images using laser
ablation, it is also thought that this must come at the cost of poor dynamic range for the concentrations that can be measured in the
image. Modern laser ablation systems are capable of laser repetition rates between 200 Hz and 1 kHz for excimer lasers, and faster still
for femtosecond lasers. The image’s optical resolution limit is, however, generally defined by the washout of a single shot from the laser
which is typically matrix dependant and between <Ims to 5ms for the latest sample cell designs. This means that imaging is theoretically
possible at up to 1000 pixels per second if one laser shot is mapped to each pixel.

At these speeds, the dynamic range of measurement is restricted by certain fundamental limits. Firstly, the maximum count rate
measurable by the detector and electronics will typically be a few million cps. Secondly, this upper range depends on whether the signal
is continuous, or a very fast transient signal where linearity will depend upon whether it comes from a single element at this level or many
elements at very high count rates at the same time. Finally, the lower detectable signals will be limited by counting statistics. A single
measured ion with a Tms measurement time is the equivalent of 1000 cps so the detection range in the data acquired for a single image
will realistically only be 3-4 orders of dynamic range for the highest laser repetition rates.
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Multiple shots per pixel

As the optical resolution of the image is defined by the washout time of the laser ablation cell, the dynamic range can be extended to
lower count rates by using multiple laser shots for each pixel. Sala et al® showed that using multiple shots per pixel can improve the
lower-level detection power without impacting the image quality. When importing data into Nu Quant to render images, the laser pattern
information which is obtained automatically when the data was acquired, is used to calculate how many shots were used for each pixel.
The pixel is defined by the laser spot size and the distance moved by the stage for each shot is then used to determine the dosage as
size/spacing which should be an integer. A dosage of 10 as for example 5 um spots with 0.5 um spacing would increase the dynamic
range by a further decade.

The time penalty of using multiple shots per pixel does not scale with the dosage. A certain amount of time is required between each laser
line for stage movement and file management on the ICP-MS which is typically 2-7 seconds depending on the laser used, the ablation
method and whether a gas blank is being acquired. If the laser is ablating the line at 500 Hz, a 5 mm line of 5 um spots would only take 2
seconds. The total time per line would then be 4-9 seconds whereas with a dosage of 10 to improve detection power the time would be
22-27 seconds per ling, so the time penalty is ~3-5x and not 10x.

Extending the range higher

For some sample types like biological materials, one pass of ablation is all that is possible as the sample is wholly consumed. However, for
samples that are able to sustain multiple laser shots on the same position without exhibiting significant variation in composition, it would
be possible to re-ablate the sample map multiple times. As spot size increases the signal generated by each shot increases by more
than the square of the change as penetration into the sample increases a little as well. So, improving detection limits can be achieved by
increasing the spot size, but at the expense of image resolution! When larger spot sizes are used, the signal for the major elements can
reach the limit of the detector and counting electronics. The Vitesse has an automated detector protection system which will blank out
any high signal regions. The trip occurs only when the signal has been continuously high for that mass over several milliseconds and it
will automatically retry the signal after approximately a second.

Whilst the detector protection system is good for protecting the detector from damage and extending it’s lifetime, it does mean that
care must be taken in method development to ensure that all of the elements required for the image can be measured. Alternatively, the
Vitesse can attenuate the ion beam before it enters the time-of-flight analyser, extending the ion counting limit by 30->1000 depending
on the chosen methodology. This means a larger spot size can be used and data collected for all elements without risk of damage to the
detector. With the latest laser ablation stage technologies, it is possible to re-ablate the same area of the sample with high accuracy and
then combine both data sets into one image.

Basic premise

The exact same section of the image is ablated in two complete pattern runs. All of the lines are ablated and acquired with one
Codag method using beam attenuation and then the same lines are ablated with a second method without attenuation. The two
data sets are then merged within Nu Quant to provide a composite image with low signals reported from the unattenuated data
and when the signal has tripped (or has been deliberately excluded in the method), the data from the attenuated image is used.

Making the most of the available sample

To ensure pixel accuracy, the same image lines should be acquired for each data set. To improve signal to background for the unattenuated
data, it is desirable to increase the number of shots per pixel. This would however mean that the material removed for the attenuated
signal data would also have multiple shots per pixel risking too much penetration into the sample that would lead to heterogeneity
problems. There is no need to use many shots per pixel for the attenuated data where major elements will be measured but care must
be taken to ensure that changes to the ablation parameters don’t lead to pixel mismatches.

To ensure accuracy for pixel-to-pixel comparison between images, it is beneficial to use the same stage speeds on the laser ablation
system. This can be achieved by reducing the laser repetition rate in proportion to the reduction in shots per pixel. For example, the
attenuated data could be acquired with 5 um spots at 2 shots per pixel and 50 Hz ablation whereas the unattenuated data would be
acquired with 5 um spots at 20 shots per pixel and 500 Hz ablation. In both cases the stage speed would be 125 um/sec and generate
an image line for each data acquisition method at 25 pixels per second.
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Data acquisition methods

The attenuated signal data is acquired first, using a method that covers the full mass range of all elements that will be needed in both
attenuated and unattenuated signals combined. Before acquiring the unattenuated data, the major elements can be skipped in the
method to ensure that the automatic blanking does not impact more of the data than is necessary. Pre-emptively blanking out isotopes
can be done with more precision in the method so for example it is possible to exclude the mass range 31.3 to 40.6 amu to remove a
region after 3'P up to “°Ca but allow YK to be measured even when there are large calcium signals. Autoblanking blanks out a symmetrical
region around the mass that caused the trip, so for an over-range calcium signal the blanker would also exclude the K signal.

Calibration between images - Single calibration

The cps values for each image are merged using a cross-calibration factor. The cross-calibration factor can either be inferred from visual
comparison of the two images as cps, noting the most appropriate factor where the intensities of parts of the image are the same.
In figures 1a and 1b below there are blanked regions of the unattenuated image where a nearby signal caused a trip of the detector
protection. The cross-calibration factor is approximately 25 in this example:

Figure 1a and 1b. Images rendered for 57 Fe over the same sample area using either the ion beam attenuated or full ion beam method where the occasional detector
protection event can be seen where nearby isotope signal has been overrange.
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Individual calibrations

Alternatively, before each image data collection, a series of calibration patterns can be acquired using appropriate standards matched
to matrix and concentration. If the calibration data is acquired with the same ablation conditions as the images, the calibrations can then
be used to either calibrate the concentrations of each pixel in each image before the pixels are then merged or calculate the attenuation
factor between the data acquisition methods. The ratios of sensitivities from the two calibrations show the average attenuation factor
and the general lack of mass bias in the beam attenuation process (figure 2):
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Figure 2: Automatically calculated cross-calibration factor from two NIST calibrations for attenuated and unattenuated ion beam methods
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Creating the final composite image

During the import of data Nu Quant finds the associated attenuated and unattenuated data based on the pixel position of each spot in
the laser line. For heterogenous materials, it is commmon practice to normalise the signal in each pixel to the sum of the concentrations
measured for that pixel. If there are “holes” in the image, the lack of signal would cause normalisation to produce false high signals for
some elements. A threshold value can be used for the sum of calculated ppm values and all elements for pixels below the threshold are
reported as zero for all elements (figures 3a and 3b):

Figure 3a and 3b: Example images showing the threshold technique where low overall signals are prevented from reporting falsely high concentrations for trace elements.

The improvement in using composite images

The unattenuated image does not need to be all of the same image lines of the attenuated image but it must be a sub-set of the lines.
In the example below the unattenuated data was collected for about half of the first part of the attenuated image so comparison
between the attenuated and composite image is easy to see. The top part of figure 4 shows the composite image and the second part
just the attenuated data. The 25x increase in signal and use of 10 shots per pixel show the difference in image clarity and dynamic range
available using the technique of composite imaging:

Figure 4: Composite RGB image of trace elements showing the wide dynamic range possible in the top part of the image and the poorer detection limit for a single acquisition
method optimised only for the highest count rate isotope measurable in the lower image section
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Figures 5a and 5b below show the same area as a composite compared to the earlier separate attenuated and unattenuated cps images
for ¥’Fe. The RGB plot shows the composite image for ¥Fe along with #°Ti (all attenuated data) and “*Ca which is also a composite of
both methods. The area where the attenuated data is merged after the autoblanking event is indistinguishable from nearby unattenuated
data:

Figure 5a and 5b: Examples of the composite RGB image for isotopes where signals are merged for each isotope depending on the trip state of the detector. For these minor
level isotopes, the transition between the unattenuated and attenuated data is barely perceptible.
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Conclusion

High dynamic range multielement imaging at high pixel density and high speed is possible with the Nu Vitesse using the latest laser
ablation instruments with fast sample chamber washout and high stage positioning accuracy. The ability to collect data with two
methods, one with the ion beam attenuated and one with the whole ion beam but with the matrix element mass regions blanked out,
provides the flexibility needed to optimise the data acquisition and improve both image quality and dynamic range.
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