L)

Check for
updates

Received: 1 May 2018 Revised: 5 August 2018 Accepted: 22 August 2018

DOI: 10.1002/cem.3081

RESEARCH ARTICLE WILEY CHEMOMETRICS

A method for improvement of mass resolution and isotope
accuracy for laser ablation time-of-flight mass
spectrometers

| Marek Tulej* | Valentine Grimaudo® | Alena Cedefio-Lopez® |

| Peter Wurz!

Reto Wiesendanger'*

Rustam Lukmanov' | Andreas Riedo*

! Space Research and Planetary Sciences,

Physics Institute, University of Bern,
Switzerland

*Microsystems for Space Technologies
Laboratory, Ecole Polytechnique Fédérale,
Lausanne, Switzerland

3 Department of Chemistry and
Biochemistry, Interfacial Electrochemistry
Group, University of Bern, Switzerland

“Sackler Laboratory for Astrophysics,
Leiden Observatory, Leiden University,
Leiden, The Netherlands

Correspondence

Reto Wiesendanger, Space Research and
Planetary Sciences, Physics Institute,
University of Bern, 3012, Switzerland.
Email: reto.wiesendanger@space.unibe.ch

Funding information
Schweizerischer Nationalfonds zur
Forderung der Wissenschaftlichen
Forschung

1 | INTRODUCTION

Abstract

Accumulation of spectra is a common approach for improvement of the signal-
to-noise ratio (SNR) in mass spectrometry. However, severe degradation of the
overall spectrum can occur if some individual mass spectra, affected by peak
broadening, are included in the accumulation process. In this contribution,
we discuss potential sources and effects of spectral distortions by using exam-
ples from mass spectra acquired by our miniature laser ablation/ionisation
time-of-flight mass spectrometer. We show how recent developments in acqui-
sition systems enable to identify individual spectra subjected to peak broaden-
ing and present a filtering method capable of systematic and reproducible
exclusion of such spectra from the accumulation process. We show that the
method can be used on a wide range of materials and present a detailed case
study performed on a trevorite mineral sample. Using this method, improve-
ments of the isotope accuracy of Si, Ni, and Cr by factors between 1.6 and
7.7 were achieved. Finally, we discuss the limitations of the method and pro-
vide complementary analysis of other materials in the supplementary docu-
ments provided with this contribution.

KEYWORDS
filtering method, improvement of quantitative performance, isotope accuracy, laser ablation and

ionisation time-of-flight mass spectrometry (LIMS-TOF), mass resolution

Since their development in the 1970s,' laser ablation and ionisation mass spectrometer (LIMS) instruments were used
for the analysis of solid samples in combination with appropriate standard reference materials. In the early years of this
century, the LIMS technique has been qualified as a semiquantitative method.>® The quantitative performance is found
to be limited, first, by the performance of the laser ion source®>° with its dependence on several laser parameters and,
second, by the mass analyser with limited ion-optical performance. With the progress in laser technology, including the
development of femtosecond laser sources, improvements of mass analyser design, and modelling tools, these funda-
mental limitations were substantially reduced during the last decade. The quantitative analysis of element and isotope
abundances of various samples ranging from NIST standard materials to samples of rocks was recently demon-
strated.'®™ Even though these quantitative measurements are nowadays possible, their realisation can still be difficult,
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because several sources of noise and spectral distortion effects can affect the mass spectra quality and limit the perfor-
mance of an instrument. These limitations can be generally separated in two categories:

The first category involves all random noise sources that add to the measured spectra. To mitigate their influence,
often hundreds to thousands of spectra are accumulated to enhance the signal-to-noise ratio (SNR). This improves
the measurement accuracy and the ability to detect trace elements. Using this accumulation process, one achieves an
improvement in accuracy of the element abundance and isotope ratio as well as detection limits of trace elements.'*?

The second category involves distortion effects that cannot be mitigated by purely statistical means. Phase corre-
lated, nonrandom high-frequency noise belongs into this category. Techniques like smoothing, Fourier filtering, and
wavelet filtering are commonly applied to reduce its influence.

The second category also includes signal ringing due to impedance mismatch in the signal transmission line and
capture of high frequency electromagnetic radiation that are introduced into the signal path through inductive or capac-
itive coupling (cross-talk). Signal ringing is commonly reduced by using appropriate, impedance-matched signal trans-
mission lines with a double or triple shielded to reduce signal distortions from external noise sources.

In this contribution, we treat high-amplitude, low-frequency spectral distortions that cannot be recovered by the
techniques mentioned above. In particular, accumulation of a number of spectra can make the resulting mass spectrum
worse instead of improving its SNR or mass resolution. Figure 1 illustrates the effects of spectral quality degradation
after accumulation of 627 spectra. Panel A shows a well-resolved single spectrum, with peak widths at 10% over the
baseline of approximately 50 nanoseconds. If only spectra of this quality would be accumulated, and assuming that peak
shift has a minor influence (see Data S1), the overall spectrum shown in panel C should exhibit only mass peaks with
widths in the range of approximately 50 nanoseconds. However, the overall spectrum was obtained by the inclusion of
several spectra similar to the one shown in panel B. These spectra are of low resolution (peak widths at 10% over the
baseline of several hundreds of ns), show peak intensities fluctuating from shot to shot, and suffer from distorted mass
peak shapes. After accumulation of all 627 spectra, the distorted spectra deteriorate the baseline (panel C). Large sec-
tions of the mass range between m/q = 20 and 32 or 52 and 63 are not usable for conducting precise isotope analysis,
and even identification of elements and their quantitative analysis can be very difficult because the widths of minor
peaks become large and SNR is observed to decrease.

Other authors reported similar issues and mostly attributed the source of the distortions to a lack of shot-to-shot sta-
bility of the ablation laser.>" In particular, when Q-switched lasers (eg, Nd:YAG laser operating in the ns pulse range)
are used, the shot-to-shot fluctuations of the pulse are commonly in the range of a few percent, but values high as 40%
were measured in our previous measurements.* If working close to the ablation threshold, such fluctuations can indeed
have a strong impact on the ion production rates.'®

The Ti:Sapphire laser system used in our set-up (operating with fs laser pulses) has a much better shot-to-shot pulse
energy stability’ of less than 6%.. This is achieved by controlling the laser's environment in terms of temperature,
humidity, vibration, and air flow, a common approach to mitigate laser instabilities.
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We can therefore exclude excessive fluctuations in the laser shot-to-shot stability as a source for the observed distor-
tions and rather attribute their origin to non-linear behaviour of the ion yield during crater formation processes and on
grain boundaries on heterogeneous or porous sample material.'"® A high ion yield then causes charging of the sample
surface or space charge effects inside the ablated ion plume.'”'® In some extreme cases, the resulting spatial and energy
spread of the ablated plume may exceed the capabilities of energy and spatial focusing of the ion optical system, which
results in mass spectra of low spectral resolution. Hence, the isolation of single spectra, affected by low-frequency high-
amplitude distortions from the overall number of accumulated spectra, is of considerable interest for improving the SNR
and mass resolution and thereby the quantitative performance. To the best of our knowledge, no method was presented
so far to treat these problems.

One of the reasons of delay in development of relevant spectra treatment is that fast data acquisition systems became
available only recently. In the past, the acquisition computer's bus and memory's limited capacities required to histo-
gram data on the acquisition system prior to storage. This prevented the analysis of spectra acquired from single laser
shots (or histograms of a few ten to hundred shots). Nowadays, fast data bus and large solid-state storage systems are
readily available and allow to acquire spectra with frequencies of 1 kHz or larger. This opens the possibility of an indi-
vidual assessment of each acquired spectrum.

The method for such an assessment must comply with a minimal set of requirements to guarantee quantitative
results that can be used in a scientific context:

1. It must be reproducible.

2. It should not bias the result by introducing a priori knowledge.

3. For optimal usability, the process should also be highly automatized because a large amount of data needs to be
processed.

2 | MATERIALS AND METHODS

2.1 | Evaluation of spectra

A method that complies with these requirements is to automatically analyse peak shapes and attribute a score (S)
according to the spectral quality to each individual spectrum prior to the accumulation. The score is determined by com-
paring the measured mass peaks to a theoretical peak profile. In our method, the profile contains two neighbouring
mass peaks, which allows to assess the separation of the peaks. This is of particular interest when accurate isotope deter-
mination is required. In the simplest case, the two neighbouring peaks can be perfectly described by composing two
Gaussian curves. Although this model is an oversimplification in many cases, it turned out to work sufficiently well
in our case.

For the theoretical peak profile, it is not sufficient to assume that the parameters of the Gauss distributions (standard
deviation o and amplitude A) are fixed, because the intensity of the acquired signal can vary over a wide range during a
measurement campaign, regardless of the quality of the spectrum. Using fixed parameters would therefore lead to a
rejection of many spectra, for the sole reason of not being close to the profile parameters set by the user. Thus, the the-
oretical profile needs to be determined for each spectrum individually.

A main advantage of the Gaussian distribution compared with other peak functions (eg, exponentially modified
Gauss) for our application is that only two parameters, A and o, need to be determined (Equation 1):

flo = (5" ®

oV 2r g

This accelerates the algorithm, makes the score attribution more robust, and simplifies the interpretation of results.
Thus, considering two mass peaks in the analysis, only four parameters need to be found for each single measurement.
A least-square algorithm that minimises the difference between the fitted curve and the measured data was imple-
mented in MATLAB to obtain these parameters. The fitted curves for *°Fe and *®Ni are represented in red in
Figure 1.

The difference between the theoretical peak profile and the measured data gives a direct measure for the quality of
the spectrum, and minimal values could be used to select the best spectra. However, fluctuations in the peak intensities
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in the individual mass spectra make it impossible to directly analyse the difference. Normalising this difference to the
signal strength in the interval between the two mass peaks can provide a more reliable measure of the quality of the
spectrum. This relative area difference is defined according to Equation 2:

_ S8m(t)-g(0)
M=) @

where m(t) is the discrete measured signal value at time ¢ (black line in Figure 1) and g(¢) is the fitted profile (red line), t;
is the midpoint of the first fitted peak, and t, is the midpoint of the second fitted peak. The absolute of the difference is
taken to avoid that random fluctuations around the theoretical profile compensate each other.

Because the peak fit algorithm can approximate broad peaks with broad, high o-Gaussian distribution curves, the
relative area difference alone is not a sufficient measure for the quality of a spectrum. Figure 1B shows an example
for such a case: Despite the distortion, the relative area difference is lower than for the well-resolved spectrum in panel
A. To cope with this effect, the mass resolution of the first fitted peak (Equation 3) is also taken into account for the
calculation of the score. This allows to reject spectra with broad peaks efficiently.

'TAm 244 22,2 In(2)0;

Because the relative difference should be minimised and the resolution should be maximised, the score for a spec-
trum can be defined according to Equation 4:

S = A, 4)

If the distortion is so strong that a Gaussian cannot be fitted, a negative value is assigned to o, leading to a negative
score. Exclusion of spectra with a negative or low positive score increases therefore the quality of the spectrum.

2.2 | Samples

Because mineralogical studies are prioritised in our research group, we demonstrate the performance of the method on
a mineral with known isotope composition. In this contribution, we used existing data acquired from the trevorite min-
eral® (NiFe,0,) to demonstrate the performance of our filtering method. During the trevorite measurement campaign,
the mass spectra were taken at 10 different locations applying pulse energies close to 1 wJ/shot. On each measurement
location, 230 to 630 individual spectra were acquired, each one containing an accumulation of 100 laser cycles. Figure 1
C depicts a typical mass spectrum acquired during this campaign.

Only the isotope ratios of the two main isotopes 58 and 60 were analysed because the SNR for the other isotopes 61,
62, and 63 was too low (<10-15 for the °*Ni unfiltered spectra series) for a thorough analysis. Moreover, the isotope 64 is
also subjected to isobaric interference with possible traces of Zn or Mg,0; see Figure 3.

Because the measurement of the main element Mg can suffer from detector saturation effects, we have investigated
the Si isotopes to study the performance of the method on major elements and the >*Cr/>*Cr ratio as an additional
minor element. Because of isobaric interference with >*Fe, it was not possible to analyse the other >**Cr isotope with suf-
ficiently high accuracy.

Additional performance studies of the method on homogenous materials, such as NIST 981 Pb isotope standard and
Yb- and Ge-doted laser fibres, can be found in Data S1.

2.3 | Determination of threshold score

The first step after taking the measurements is to find an optimal threshold score that guarantees good statistics while
removing the largest possible number of spectra containing distortions from the overall mass spectrum. The distortions
tend to broaden the mass peaks, especially at their base. The width of the base can therefore serve as a measure of the
quality of the accumulated spectrum. For the determination of the optimal threshold, we have measured the full width
at 10% of the maximum. To obtain the results shown in Figure 2, we have produced 13 accumulated spectra with
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FIGURE 2 Determination of the threshold score (see text for explanation)

different threshold scores using the raw data obtained on one spot on the trevorite sample. Only spectra that were rated
with a score above the threshold score were included in the overall accumulation.

We investigated the behaviour of major (O, Mg, and Si) and minor (Fe and Ni) elements. Both major and minor ele-
ments show the same trend. At low-scored peaks, the peak width at 10% is broad enough to overlap with several adja-
cent mass peaks, corresponding to a width of several hundreds of samples. When spectra with strong distortions (ie, low
scores between 0 and 200) are removed, individual peaks become more distinct, and the measured peak width drops
quickly. Above S = 200, the distortions affect the peaks more locally, and a gradual stabilisation towards a peak width
of approximately 200 samples can be observed when approaching a score of S = 500. Above this limit, the peak width is
observed to be relatively constant around approximately 50 nanoseconds close to the value expected from a single spec-
trum (Figure 1A). Further removal of single spectra does not increase the quality of the accumulation. However, the
major peaks, especially Mg and Si, show much broader peak widths at low scores. This can be explained with the high
ion flux of these elements, which can lead to an excessive peak broadening due to space charge effects. The initial peak
broadening is less pronounced for peaks with only one isotope above the noise level such as O, or minor peaks such as
Fe and Ni. Thus, the value of S = 500 is considered to be a threshold score that provides an optimal balance between the
number of removed files and improvements of SNR due to sufficiently high number of accumulated spectra. Similar
observations are made while analysing homogenous samples as demonstrated in Data S1 provided with this
contribution.

Once a threshold is determined for one data set (a measurement location on the sample), it is then also applicable to
data sets of any other measurements at other location, assuming that the same instrument settings are applied to
acquire the spectra. We prove this by evaluating the performance of the method on 10 measurement locations on a
trevorite sample, analysing the Ni isotope ratios.

3 | LIMS TOF INSTRUMENT

The measurements are conducted with our miniature laser mass spectrometer (LMS) composed of a grid-less reflectron-
type TOF mass spectrometer and a femtosecond laser-ablation ion source and are described in full detail in our previous
publications.*'>2%*! In this contribution, we only give a short overview of the system.

The compact instrument prototype (approximately 160 mm long and @60 mm) scheme is shown in Figure 3. The instru-
ment was built for in situ analysis of planetary solids.>* When placed on a planetary rover or a lander, the element and iso-
tope analysis of planetary rocks and soils can be conducted with micrometre resolution. The measurements can be used to
obtain information on mineralogical context, and element and isotope fractionation processes. These data can be used to
determine times of formation of the planetary solids and provide insights into geological processes shaping planetary sur-
face.*'®?*?* The mass spectrometric analyses can be also of primary importance in detection of bio-signatures.****>

The instrument is operated in a vacuum chamber at pressures in the 10~° mbar range. The investigated sample is posi-
tioned some hundreds of um from the instrument'’s aperture, where the laser (A = 775 nm, T ~ 190 fs, repetition rate < 1 kHz,
max pulse energy = 1 mJ/pulse) is focussed to a spot of 10 to 15 um. Positively charged ions that are produced during the
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laser ablation/ionisation are accelerated and confined into the field-free drift space through a series of electrodes. Subse-
quently, the beam is reflected and time-focussed on the detector by an ion mirror. The detector consists of two multichannel
plates (MCP) in chevron configuration mounted on a microstrip five-ring anode plate with four output signal channels.*
This architecture allows measurements with dynamic ranges of up to 10°® and sensitivities below ppm levels.

Two 8-bit two-channel ADC cards with a sampling speed of 4 GS/s are used to acquire the spectra. A custom-made
microscope next to the mass spectrometer allows to locate and sample features of interest in heterogeneous samples
with um accuracy.” The data analysis is performed using our in-house software®® that uses the Simpson method for
peak area determination.

3.1 | Determination of isotope ratios and relative accuracy

Before calculating the isotope ratios, the weak isobaric interference between the **Fe and **Ni isotopes must be
resolved. Assuming terrestrial isotope ratios,'**” the abundance of **Fe can be estimated according to Equation 5:

53-0.00282,

4 6
Fe 099718 (Af; +Ap + A7) (5)

This estimated value can then be subtracted from the peak area at m/q = 58 to obtain a corrected value for >*Ni.
After this correction, the isotope ratios can be calculated from the peak areas obtained from numerical Simpson integra-
tion.”® The relative isotope accuracy is defined as

Cmeas - Cref ( 6)

)

IA =
K Cref

where C,,.qs is the measured isotope ratio and C,.is the isotope ratio in the standard.

4 | RESULTS AND DISCUSSIONS

The improvements to the derived relative isotope accuracy achieved by applying our spectrum-filtering algorithm
become visible when analysing mass spectra affected by effects of spectral degradation. Figure 4, lower panel, shows
the histogram of all calculated scores on one location on the sample obtained by analysing the **Ni and ®°Ni peaks.
For 200 of the 238 spectra, the peak fitting was successful, resulting in a positive score. In 38 cases, the peak fit failed,
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and a negative score was attributed to these files. Figure 4, lower panel, also confirms that at the threshold score of 500,
determined before, is also a suitable choice in terms of statistics because only a small part (26%) of the spectra will be
removed.

Figure 4, upper panel, shows a typical distribution of the discarded files in the sequence of individual measurements.
Many degraded spectra were recorded close to the surface (left side in Figure 4, upper panel). We attribute this effect to
the initial crater formation process, occurring typically during the first 5000 to 10 000 laser shots.'® Afterwards, the mass
peak intensities and mass resolution stabilise, and only a few files have to be discarded in a random occurrence pattern.
This threshold score guarantees a good averaging over the remaining measurement range once the crater is established.

We found that when other peak pairs, for example, 288i and 2°Si, are used for the determination of the score and the
threshold score, similar results are obtained. A more detailed analysis of the dependencie of the score on the peak pair
can be found in Data S1.

After removing spectra with a score lower than the threshold score and subsequent accumulation, the spectrum
displayed in dark blue on Figure 5 is obtained. To facilitate a direct comparison, the original unfiltered spectrum is also
shown in light blue. Some mass peaks that were difficult to recognise in the original spectrum such as *’Al are now
readily distinguishable from the neighbouring Si and Mg peaks. The same is true for the Cr and Fe isotopes that are
sufficiently resolved to conduct the quantitative isotope analysis. After filtering, the peak width at 10% intensity
decreases by factors of 2 to 8 (see Figure 2). This improves the detection of the peak area integration window and
thereby the quantitative performance.

The isotope accuracies in 70 cases (seven isotope accuracies on 10 locations on the sample) were analysed, and the
results are summarised in Figure 6. The light-blue squares represent the relative isotope accuracy before applying the
filtering method, and the dark-blue circles represent the corresponding value after applying the filtering method. The
error bars of the individual measurements are smaller than the marker size of the data points and are mainly due to
the integration error of the Simpson method. The outlined squares and circles indicate the mean relative isotope accu-
racy. The error bars here represent the standard error of the mean, assuming a student distribution with a confidence
interval of 0.95. The most important improvement was achieved on the *°Si peak, where the relative isotope accuracy
was improved by a factor of 7.7. For the other investigated relative isotope accuracies, an improvement factor in the
range of 1.6 to 3.8 was achieved. All means of the measurements of the investigated isotopes improved due to the filter-
ing, and for the individual measurements, only seven of the total 70 measured isotope ratios become worse after the
filtering.
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On three of the 10 locations, good results were achieved when only 26.9% to 57.5% of the files were retained. On the
remaining locations, only 8% to 30.8% of the spectra were discarded, and the losses of measurements are therefore in a
more acceptable range.

4.1 | Limitations

In some cases, the proposed filtering method does not recover a good quality spectrum, or the method needs to be
applied with caution. Using some examples encountered during our studies, we present the limitations of the method
in this section.

1. The method analyses and judges the shape of selected peaks regardless of their origin. The peaks under investiga-
tion could come from a specific isotope or any isobaric interference of several isotopes or clusters. If an isotope ratio
is altered by a strong interference between elements and clusters, it is therefore unable to improve isotope ratios in
such a case.

2. If a signal ringing is present in the acquired spectrum, the method presented in this contribution cannot recover
spectral quality. Because this type of distortion is in phase in all the files, eliminating a part of the files does not
reduce the relative amplitude of the distortion, and our method would not improve the result.

3. Sampling over the interface between two materials with strongly different ablation/ionisation efficiencies can mis-
lead the filtering algorithm. Spectra are taken when sampling across the boundary will be different before and after
the boundary because changing material composition, changing ablation parameters, and possible matrix effects.
Thus, the algorithm can potentially fail to fit peaks if it is present only in one of the two materials. This would then
lead to partial or complete removal of one of the materials from the spectrum. This risk can be mitigated by
analysing the information displayed in Figure 6 and comparing the unfiltered spectrum to the filtered spectrum.
Using depth profiling information, as presented in previous publications,”* erroneous filtering and altering of
spectra due to material transitions can be excluded with good confidence.

5 | CONCLUSION

In this contribution, we have shown that individual distorted mass spectra can reduce the quality of the accumulated
mass spectra, even if only a small fraction of the accumulated spectra are actually affected. Using the simple and repro-
ducible filtering process presented in this contribution, we were able to reliably remove the distorted spectra from the
accumulation and improve both mass resolution and relative isotope accuracy. After the filtering process, clearly dis-
tinct peaks can be identified in previously unresolved portions of the mass spectrum. The isotope accuracies derived
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from the filtered spectrum were improved by factors of 1.6 to 7.7 for the investigated cases. We discussed limitations
process and show examples where it has to be applied with caution.
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