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Abstract

Accumulation of spectra is a common approach for improvement of signal-to-noise ratio in
mass spectrometry. However, severe degradation of the overall spectrum can occur if some
individual mass spectra of bad quality are included in the accumulation process. In this
contribution, we discuss potential sources of spectral distortions on the example of mass spectra
measured by our miniature laser ablation/ionisation time-of-flight mass spectrometer and
present a filtering method capable of systematic and reproducible identification and rejection
of spectra of bad quality. Using this method, we were able to achieve a significant improvement
of the signal-to-noise ratio and thus of isotope accuracy. By analysing the Si, Cr and Ni
measurements acquired on a Trevorite mineral, we show that improvements of the isotope
accuracy by factors between 1.6 and 7.7 can be achieved.
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Introduction

Recent developments in Laser lonisation Mass Spectrometer (LIMS) systems has led to
significant improvements of quantitative performance in chemical analysis of solid materials -
®. Since their development time in the 1970’ties, LIMS instruments were used in the quantitative
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 semi-quantitative
method. The quantitative performance is found to be primarily limited by the performance of
the laser ion source® * ® with its dependence on several laser parameters and the mass analyser
with limited ion-optical transmission. With the progress in laser technology including
developments of femtosecond laser sources, improvements of the mass analyser design and
modelling tools, these fundamental 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 were recently demonstrated’.
Nowadays the quantitative performance of a LIMS system has to be optimized depending on
the instrument.

The miniature LIMS system considered in this contribution is a laser ablation/ionisation mass
spectrometer coupled with a time-of-flight (TOF) mass analyser and was developed at the
University of Bern. The instrument is named LMS (Laser Mass Spectrometer) and has been
designed for the application in space research®. When placed on a planetary rover or a lander,
the element and isotope analysis of planetary rocks and soils provides information on local
mineralogy, and fractionation processes. These data can be used to determine times of
formation of the planetary surface, provide insights into cosmochemical processes® 2, and
even for detection of bio-signatures® 13-4,

In the current contribution, we consider LMS with its typical mass resolving power resulting
from the combination of the spatial and energy distribution of the ions produced by a laser ion



source, the type of mass analyser and its size, and ion optical design parameters. The nominal
performance may be reduced by two categories of effects degrading the recorded mass spectra.

The first category contains all random noise sources, which are minimised by the experimental
setup with the remaining noise amplitude to be reduced by a purely statistical approach: Often
hundreds to thousands of spectra are accumulated to enhance the signal-to-noise ratio (SNR) of
a spectrum. 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, and a lowering of detection limits of trace elements® °.
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Figure 1: Detail of a mass spectrum of good quality before accumulation (panel a), distorted single spectrum before
accumulation (panel b), and accumulation of 238 spectra (panel c) including the spectra in panel a and b.

The second category contains other distortion effects that cannot be mitigated by purely
statistical means. One problem falling into this category is the limited shot to shot of the ablation
laser, which is often a problem in laser ablation mass spectrometry. Especially when Q-
switched lasers (e.g. Nd:YAG laser operating in the ns pulse range) are used the shot-to-shot
fluctuations of the pulse energy can be as high as 40%. The Ti:Sapphire laser system used in
our setup (operating with fs laser pulses) has a much better shot-to-shot pulse energy stability
of less than 6 %e° so that fluctuations of the laser power can be excluded as a reason for the
observed degradations of the spectra.

The stability of the ion production is also limited by the surface quality of the sample. Large
signal fluctuations are observed during the initial laser ablation shots, and also when studies are
conducted on highly porous and heterogeneous samples. Moreover, high ion production rates
can lead to distortion of the spectra either through charging of the sample surface or by space
charge effects if the produced amount of ions charges causes noticeable columbic repulsion
inside the ablated ion plume 218, In some extreme cases, the resulting spatial and energy spread
of the ablated plume may then exceed the capabilities of energy and spatial focusing of the ion
optical system, which results in mass spectra of low spectral resolution.



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 capacitive coupling (cross-talk).

Problems of the second category cannot be mitigated through accumulation of spectra and need
to be tackled with dedicated measures. The isolation of these typically rare effects from the
overall number of individual mass spectra is of considerable interest for improving the
quantitative performance. In this contribution, we present a systematic method to remove
degraded spectra from the accumulation process.

Figure 1 illustrates the effects of a few degraded mass spectra on the spectral quality of
accumulation of 238 spectra. Panel a shows a well resolved single spectrum. If only spectra of
this quality would be accumulated, the overall spectrum shown in panel ¢ should contain only
well-resolved mass peaks. However, the spectrum was obtained by the inclusion of several low
resolution spectra, one example of these is it shown in panel b. These spectra have significantly
lower mass resolution, show peak intensities fluctuating from shot to shot, and distorted mass
peak shapes with an undefined baseline. After accumulation of all 238 spectra, the distorted
spectra deteriorate the baseline (panel c). Large sections of the mass range between m/q = 20
and 32 or 52 and 63 are not usable for conducting precise isotope analysis. Also, identification
of elements and their quantitative analysis would be very difficult.

A logic approach to improve the quantitative performance of the instrument is therefore to apply
a suitable filtering method to exclude the few low-quality spectra before the accumulation
process. This method should comply with a minimal set of requirements:

1. it must be repeatable
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.

Implementation

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

For the ideal peak profile, it is not sufficient to assume Gauss distributions with fixed
parameters, 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 ideal profile needs to be determined for each
spectrum individually.

A main advantage of the Gaussian distribution compared to other curve shapes (e.g.,
exponentially modified Gauss) for our application is that only two parameters, the width (o)
and the area (A) of the peak need to be determined (Formula 1):
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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 minimizes the
difference between the fitted curve and the measured data was implemented in MATLAB to
obtain these parameters. The fitted curves for *°Fe and 8Ni are represented in red in the figures.
If the distortion is so strong that no Gaussian can be fitted, a negative value is assigned to o,
leading to a negative score (Equation 3).

The difference between the ideal 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 intensities of the spectrum from one single measurement to another
make it impossible to directly use the difference. Normalizing the error 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 error is defined as:

A= ZBMO-g@®
4 T m(t)
Equation 2

Where m(t) is the discrete measured signal value at sample t (black line in Figure 2) and g(t) is
the fitted profile (red line), t1 is the midpoint of the first fitted peak and t2 the midpoint of the
second fitted peak. The absolute error is taken to avoid that random fluctuations around the
ideal profile compensate each other.
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Figure 2: Similar relative area error for good and bad mass spectrum quality.



Figure 2 illustrates why the relative area error alone is not sufficient to assess the quality of the
spectrum. The peak fit algorithm can approximate broad peaks with broad, high o-Gaussian
distribution curves, thereby minimising the relative area error for measurements of bad quality,
which should be discarded. To cope with this effect, the mass resolution of the first fitted peak
(Equation 1), is also taken into account for the calculation of the score. This allows to reject

bad peaks efficiently.
R = m 1t 1 ty
L™ Am~ 2At; ~ 2 23550,

Equation 3

Because the relative error should be minimized and the resolution should be maximized the
score for a spectrum can be defined as:

R,
S=—
Ay
Equation 4

Exclusion of spectra with a low score increases therefore the quality of the spectrum. After
attributing a score to all spectra, an adequate trade-off between rejection of spectra and keeping
a good statistic is required. A reliable and reproducible method for the threshold determination
is presented below and illustrated on behalf of measurements made with our miniature LIMS
system.

Setup and Materials

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 is described in full detail in our previous publications® 131517 In this contribution
we only give a short overview of the system. The compact instrument prototype (~160 mm long
and 60 mm), shown in Figure 3 was built for in-situ analysis on planetary surfaces®. The
instrument is located in a vacuum chamber operated at pressures in the 107 mbar range. The
investigated sample is positioned a fraction of a mm from the instrument’s aperture, where the
laser (A =775 nm, T ~ 190 fs, repetition rate <1 kHz, intensity <1 mJ/pulse) is focussed to a spot
of 10-15 um. Positively charged ions that are produced during the laser ablation/ionisation are
accelerated and confined into the field free drift space through a series of electrodes.
Subsequently, the beam is reflected and time-focussed on the detector by an ion mirror. The
detector consists of two multi-channel plates (MCP) in chevron configuration mounted on a
micro-strip five ring anode plate with four output signal channels!’. This architecture allows
measurements with dynamic ranges of up to 102 and sensitivities below ppm levels.
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Figure 3: Schematic drawing of the LMS Instrument including LIMS TOF MS and Microscope System

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 features of
interest in heterogeneous samples with pm precision®®

For a homogeneous sample, large ion signal fluctuations are observed typically within the first
laser shots when the ablation crater is being formed. The ablation of heterogeneous samples can
produce more fluctuations in ion production during laser ablation. Heterogeneity is often
encountered in minerals and other types of natural samples and potentially has an important
influence on the crater formation and ablation process, sample conductivity as well as on the
choice of the instrument settings required for optimal ablation. Thus, to demonstrate the
performance of the method on a natural sample with known isotope composition, we analysed
isotope ratios of key elements in the Trevorite mineral (NiFe,O4)*® with spectra from an existing
measurement campaign. During this campaign measurements were taken at 10 different
locations at pulse energies of ~ 1 pJ/shot. On each location 230 up to 630 spectra were acquired,
each one containing an accumulation of 100 laser cycles. Figure 1, panel c depicts a typical
spectrum acquired on one location during this campaign.

Determination of threshold score

The first step after taking the measurement series is therefore to find an optimal threshold score
that guarantees good statistics while removing the largest possible number of bad spectra. We
found that a reliable and simple measure for determining the threshold score is to perform a
parametric study on the peak/valley ratio between major peaks and their neighbouring valleys.
The peak/valley ratio was calculated by dividing the peak signal intensity of the peak at m/q =
X by the mean signal intensity in the interval from X+0.3 to X+0.8. For X the values 16, 25,
26, and 28 were chosen. The peak at m/q = 24 shows saturation effects and is therefore not
suitable for determining the threshold value. Figure 4 shows the peak/valley ratios versus the
threshold score. All curves have a maximum at a threshold score around 500. Below that value,



more distorted files are included in the accumulation process and the peak/valley ratio (i.e.,
spectral quality) decreases. Above the curve maximum, removing files from accumulation
process has no effect on the quality of the spectrum but steadily decreases the SNR and thereby
the peak/value ratio. Thus, the best choice for a threshold score is the maximum value at 500.
It is remarkable that the maximum is surrounded by a broad plateau of £200 where the choice
of the threshold score does not have a significant influence on the peak/valley ratio, which
means that a rough estimate of the maximum score is sufficient for obtaining good and robust
results.
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Figure 4: Determination of the threshold score (see text for explanation)

Once a threshold is determined for a data set (a measurement location on the sample), it should
be applicable to any other location of a measurement campaign on the same sample, assuming
that the same instrument settings were applied to acquire the spectra. We were able to prove
this by evaluating the performance of the method on a series of 10 measurement locations, with
the main interest to study the Ni isotope composition in the Trevorite. We focussed on the
determination of the isotope ratios of the two main isotopes 58 and 60, since the SNR for the
other isotopes 61, 62 and 63 was too low (< 10-15 for the ®2Ni unfiltered spectra series) for a
thorough analysis. Moreover, the isotope 64 is also subjected to isobaric interference with traces
of Zn or oxides (Mg20), see Figure 3.

Because the main element Mg suffers from saturation effects, we investigated the Si isotopes
to study the performance of the method on major elements and the 52Cr/>3Cr ratio as an
additional minor element. Due to the presence of Mg. and Fe, it was not possible to analyse the
other Cr peaks with sufficient accuracy. An approach to overcome the problem of isobaric
interference with clusters and molecules is presented in one of our recent publications *°.
Moreover, the presence of Fe in the sample causes also a weak isobaric interference between
the 58Fe and *®Ni isotopes. Assuming terrestrial isotope ratios'® 2° the abundance of *®Fe can be
estimated as:



A%8~0.00282/0.99718 = (A3% + A3S + A3D),

Equation 5

Therefore, the corrected abundance of %8Ni is approximately:

58 __ 458 258
ANi ~ Ameasured AFe

Equation 6
Results
The relative isotope accuracy is defined as:
_ Cmeas - Cref
1Ag = Co
Equation 7

where Ceas is the measured isotope ratio and Crer is the isotope ratio in the standard*?2, The
measured abundance is determined using peak area integration.?®

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 5, lower panel, shows the histogram of all calculated scores on one location
on the sample obtained by analysing the %®Ni and ®°Ni peak. For 200 of the 238 spectra, the
peak fitting was successful, resulting in a positive score. In 38 cases, the peak fit failed and a
negative score was attributed to these files. Figure 5, lower panel, shows that at a threshold
score of 500 is a suitable choice in terms of statistics because only a minor part of the spectra
will be removed. Figure 5, 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 5, upper panel). The initial crater formation process, to which we
attribute many spectra of bad quality, occurs typically during the first 5’000 to 10’000 laser
shots?*. Afterwards, the mass peak intensities and mass resolution stabilize 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.
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Figure 6: original (238 spectra, light blue) and filtered accumulation (dark blue), no further (noise) filtering was applied

After removing spectra with a score lower than the threshold score and subsequent
accumulation, the spectrum displayed in dark blue on Figure 6 is obtained. To facilitate a direct
comparison, the original unfiltered spectrum is also shown in light blue. After filtering, the
peaks are much more distinct. Some mass peaks that were difficult to recognise in the original
spectrum such as 2’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.
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closed symbols give the individual measurements and the mean of the measurements, respectively. The numbers at the top



of the boxes indicate the mean isotope accuracies and the standard deviation before and after the filtering process. The
numbers at the bottom of the boxes correspond to the factor by which the isotope accuracy was improved.

A total of 70 isotope accuracies (7 isotope accuracies on 10 locations on the sample) were
analysed using our in-house software?! and the results are summarized in Figure 7. The light
blue squares represent the relative isotope accuracy before and the dark blue circles represents
the corresponding value after applying the filtering method. The outlined squares and circles
indicate the mean relative isotope accuracy over all locations and the error bars show the
standard deviation. The most important improvement was achieved on the 2°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 1.6-3.8 was achieved. All means of
the measurements of the investigated isotopes improved due to the filtering, and for the
individual measurements only 7 of the total 70 measured isotope ratios worsened after the
filtering.

On three of the 10 locations, good results were achieved when only 26.9% — 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.

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.

The method analyses and judges the shape of selected peaks regardless of their origin. The
peaks under investigation 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.

1. If 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.

2. Sampling over the interface between two materials with strongly different ablation/ionisation
efficiencies, can mislead the filtering algorithm. Spectra taken when sampling across the
boundary will be changing because of 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?®2
erroneous filtering and altering of spectra due to material transitions can be excluded with good
confidence.

Conclusion

In this contribution we showed that distorted mass spectra can severely worsen the quality of
the accumulated mass spectra, even if only a small fraction of the accumulated spectra are
actually concerned. Using the simple and reproducible 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



distinct peaks can be identified in previously unresolved portions of the mass spectrum. The
isotope accuracies derived from the filtered spectrum were improved by factors of 1.6—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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