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Performance evaluation of a miniature laser
ablation time-of-flight mass spectrometer
designed for in situ investigations in planetary
space research
A. Riedo,* A. Bieler, M. Neuland, M. Tulej and P. Wurz
Key performance features of a miniature laser ablation time-of-flight mass spectrometer designed for in situ investigations of the
chemical composition of planetary surfaces are presented. This mass spectrometer is well suited for elemental and isotopic
analysis of raw solid materials with high sensitivity and high spatial resolution. In this study, ultraviolet laser radiation with
irradiances suitable for ablation (< 1GW/cm2) is used to achieve stable ion formation and low sample consumption. In comparison
to our previous laser ablation studies at infrared wavelengths, several improvements to the experimental setup have beenmade,
which allow accurate control over the experimental conditions and good reproducibility of measurements. Current performance
evaluations indicate significant improvements to several instrumental figures of merit. Calibration of the mass scale is performed
within a mass accuracy (Δm/m) in the range of 100ppm, and a typical mass resolution (m/Δm)~600 is achieved at the lead mass
peaks. At lower laser irradiances, themass resolution is better, about (m/Δm)~900 for lead, and limited by the laser pulse duration
of 3ns. The effective dynamic range of the instrument was enhanced from about 6 decades determined in previous study up to
more than 8 decades at present. Current studies show high sensitivity in detection of both metallic and non-metallic elements.
Their abundance down to tens of ppb can be measured together with their isotopic patterns. Due to strict control of the experi-
mental parameters, e.g. laser characteristics, ion-optical parameters and sample position, by computer control, measurements
can be performed with high reproducibility. Copyright © 2012 John Wiley & Sons, Ltd.
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Introduction

The chemical composition of planetary surfaces, their moons,
asteroids and comets is of considerable interest for cosmochem-
istry and astrobiology.[1–3] The knowledge of the chemical com-
position, elemental and isotopic, puts constraints on models of
the origin and evolution of our planetary system and extends
our understanding of global scale processes shaping planetary
surfaces, e.g. volcanic surface alteration, thermal heating effects,
influence of space weathering effects, surface alteration by atmo-
sphere or climate changes, etc. Isotopes of an element can be
often used as powerful and robust tracers in the investigation
of the origin and transformation of planetary matter.[2] They
can yield information on early events occurring during the solar
system formation because their abundances often are less dis-
turbed than the elemental ones. A detailed analysis of isotopic
patterns of radiogenic elements allows dating of planetary solids
and measurements of isotopic patterns of bio-relevant elements,
e.g. carbon, nitrogen, sulfur, etc., can be powerful indicators of
past and present life in our solar system. All this information
can be determined by in situ investigations of planetary materials
using mass spectrometry.

So far, highly accurate and sensitive measurements for cosmo-
chemistry could be only conducted by laboratory systems, using
laser ablation inductively coupled mass spectrometry (LA ICP MS),
thermal ionisation mass spectrometry (TIMS), glow discharge
mass spectrometry (GDMS) and others. However, during the last
J. Mass Spectrom. 2013, 48, 1–15
decade, considerable progress in developments of miniature
mass analysers for space research was made.[4–11] At present, only
a few well-established spectroscopic instruments are employed
for chemical analysis of planetary surfaces from orbiting
spacecraft, landers or rovers,[12] e.g. X-ray (XRS), Gamma-ray (GRS),
neutron and alpha particle X-ray (APXS) techniques. Although the
current spectroscopic instruments for space research have unques-
tionable achievements in the chemical investigation of planetary
surfaces, these spectroscopic techniques are limited in terms of
measurement sensitivity to the per mill level (only major andminor
elements), and often only a restricted set of elements are amenable
to the detection by these techniques.[13] Consequently, the
uncertainties of modelling of chemical and mineralogical composi-
tion of the surfaces can be large due to only weak constraints given
by the experimental results.[14] More sensitive instruments offering
studies with high spatial resolution that would improve the
chemical analysis of all elements are of considerable interest to
the current space research.

Laser-induced breakdown spectroscopy (LIBS) and laser
ionisation mass spectrometry (LIMS) are two new experimental
Copyright © 2012 John Wiley & Sons, Ltd.
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techniques, which have been recently adopted for space research.
Highly miniaturised instruments have been developed and have
the capabilities to complement to the results obtained by other
space spectroscopic instruments. A LIBS instrument is a part of the
scientific payload of the Mars Science Laboratory (MSL) of
NASA,[15,16] and LIMS (the LAZMA instrument) was a part of the
scientific payload of the Phobos-Grunt lander and will be a part of
the Luna-Glob lander, both by Roskosmos.[17–19] Unfortunately, the
Phobos-Grunt mission was not successful due to technical problems
of the rocket system dedicated for leaving low-earth orbit. Both, the
LIBS and the LIMS instruments, have the potential to improve
the in situ chemical analysis by means of increasing speed of the
analysis and detection sensitivity of elements (isotopes). Although
both instruments use pulsed laser sources, they differ significantly
in the method of element detection and quantification.
The LIBS instrument uses the principles of optical spectroscopy

for element identification and determination of elemental
abundances. The instrument utilises spectral analysis of the light
emitted from plasma plume generated by a focussed laser radia-
tion on the solid sample. In the LIBS instrument on MSL, three
spectrographs are used to disperse light in near-infrared, visible
and UV spectral ranges. The elemental analysis is conducted by
identifying the element-specific emission lines in the spectra. A
full elemental analysis can be conducted only if the instrument
can perform spectral analysis within 125 – 850nm wavelength
range with sufficiently high spectral resolution to resolve blended
lines. The LIBS instrument does not require vacuum conditions
and can be used to conduct the chemical analysis at distances of
up to several meters from the objects of investigation. The
advantages of LIBS instruments are the robust operation combined
with simultaneous fast multi-element analysis, high lateral and
vertical spatial resolution (depending on distance to the sample)
and applicability under variable environmental conditions.
However, the performance evaluations of LIBS instruments for
space research show that the detection limits (DLs) of LIBS
instruments for most elements lie in the % to sub-per mill range.
Furthermore, LIBS instruments often can support only a limited
dynamic range of up to ~100 (due to background radiation) and
exhibit a low detection efficiency for some of bio-relevant
elements, such as carbon or sulfur (the important electronic
transitions of these elements occur in far ultraviolet spectral range,
outside the operational range of typical spectrographs).[20–28]

LIMS instruments utilise the mass spectrometric method for
chemical analysis. Ions are generated during the ablation/ionisa-
tion process and are subsequently collected by a mass analyser
enabling a mass separation and ion counting, thus direct elemen-
tal and isotopic analysis of the sample. This technique offers
highly sensitive detection of almost all elements. Laboratory LIMS
instruments have detection sensitivities down to ppb level for
elemental and isotopic abundance measurements.[29] Although
the laser ablation/laser ionisation source can be coupled with
various mass analysers, a time-of-flight (TOF) mass analyser is
best suited because of the pulsed nature of the laser system.
TOF mass analysers allow for direct and fast analysis since a com-
plete mass spectrum is recorded without any need for scanning.
In addition, the TOF mass analyser can be highly miniaturised
without compromising its performance compared to laboratory
systems. The technical capabilities reported by various research
groups showed that the miniature LIMS instruments can support
highly sensitive measurements of elements (metals and non
metals, such as C, Si, S, B and P) at abundances down to the
ppm level.[10,11,27,28,30–33] Altogether, a miniature LIMS instrument
wileyonlinelibrary.com/journal/jms Copyright © 2012 J
with small size, low weight and power consumption is well suited
for sensitive and accurate in situ analysis on the chemical compo-
sitions of planetary surfaces in space research.[34] To date, several
miniature LIMS systems, e.g. LAZMA,[4–6] LAMS,[7] LMS v1,[8] LMS
v2,[9] LMS[10,11] have been developed for space research. They
differ mostly in the method of confinement and detection of ions
generated in the plasma plume.

During the last decade, we developed two miniature LIMS
systems, LMS v1[8] and LMS v2,[9] which were designed for a lander
and a rover, respectively. In this study, we report on further devel-
opments of LMS designed for a lander [10,11] and present the results
on the key performance parameters such as mass calibration, mass
resolution, dynamic range and achieved sensitivities.
Experimental

The details of the design and construction of LMS instrument can
be found in previous publications.[8,10,11] The experimental setup
utilised in this study is similar to that used earlier;[10] nevertheless,
the instrument is now operated in new laboratory conditions and
in a newly designed vacuum system. In comparison to the previ-
ous setup, several improvements to the optical alignment, front-
end electronics and data acquisition system have been made. For
example, a dedicated computer-controlled performance optimiser
has been implemented to support reproducibility of sample prepa-
ration process and performance of mass analyser. These studies are
performed using ultraviolet (UV) laser radiation (l=266nm) for
laser ablation/laser ionisation. As samples, we used different NIST
standard reference materials (SRM). The technical design of the
LMS instrument has not been changed so far and can be reviewed
in detail in.[8,10,11]
Experimental setup and principle of operation

Figure 1 shows a current image of the laboratory system. The
instrumental setup can be divided in three parts, (1) the computer
control station, (2) electronics, e.g. power supplies, acquisition
systems, vacuum system controls, etc., and (3) the instrumental
setup itself with all the details shown in Fig. 2. The laboratory is
environmentally controlled (temperature and humidity) and is kept
at clean room conditions (Class 100). Thus, it provides the condi-
tions for conducting highly clean chemical analysis, which are often
required for the analysis of extra-terrestrial materials. A constant
overpressure relative to the outside is kept to protect the laboratory
from dust coming from outside. A laminar flow (ISO 2, class 100) is
installed to protect the laser systems with their optics, the samples,
vacuum chambers, etc., from possible dust and particles inside the
laboratory. The temperature of the laboratory is kept at (22.0� 0.4)
�C, and the humidity is controlled at (42.0� 0.5) �rel. humidity level.
All parameters are monitored continuously and displayed in a web
interface. Clean room conditions guarantee also stable operational
conditions for all the instrumental equipment. Figure 2 displays the
technical drawings of the current state of LMS system itself, the de-
tailed overview of part (C) in Fig. 1. The experimental setup consists
of two parts, (C1) themain UHV chamber (V1) with the laser system,
optics and LMS instrument itself and (C2) the sample introduction/
transport system in the smaller sized UHV chamber (V2). The base
pressure in both UHV systems is typically in the low 10–8mbar
range, and is realised with turbomolecular pumps at each system
and an additional ion getter pump for V1. The ion getter pump at
V1 is only switched on if a pressure of 10–6 to 10–7mbar is reached;
ohn Wiley & Sons, Ltd. J. Mass Spectrom. 2013, 48, 1–15



Figure 1. Overview of the instrument setup in the laboratory. (A) represents the remote control station; (B) the electronic equipment, e.g. measurement
computer, power supplies, etc.; (C) the instrumental setup itself. Detailed information about part (C) can be found in Fig. 2. The argon sputter gun is not
visible in this figure due to maintenance.

Figure 2. Technical drawing of the instrumental setup, detailed overview
of part C in Fig. 1. The instrumentation can be divided in two parts, C1
and C2. C1: (1) laser system; (2) laser beam energy attenuator; (3a–c) laser
beam deflection mirrors; (4) laser beam expander; (5) ultrafast photodiode;
(6) entrance window into the vacuum chamber; (7) beam focusing lens;
(8) mass analyser with detector; (9) x,y,z micro-translation stage; (10) sample
holder with sample; (V1) main vacuum chamber. C2: (11 and 12) sample ex-
change and transport system; (13) argon sputter gun; (V2) vacuum chamber.
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the turbomolecular pump of V1 is switched off and the gate valve
between turbo pump and V1 is closed. This procedure ensures
vibration-free conditions during measurement campaigns in V1.
The UHV systems are separated with a computer controlled gate
valve to prevent the two UHV systems from undesired exchange
of gas from one system to the other. The gate valve will be only
opened to exchange samples, introduced from V2 into V1.

An in-house designed sample provider is used to introduce new
samples from V2 into the main V1 system without venting of the
main chamber. With this procedure, more samples can be investi-
gated in the mean time because V2 can be pumped down much
faster than V1. An argon ion sputter gun (tectra GmbH, Physikalische
Instrumente, Germany) is installed at V2 and is used to clean the
sample surface from a possible surface contamination, if necessary.
High purity argon gas is typically used for the cleaning process
(Carbagas, Switzerland) although other gases, e.g. hydrogen,
oxygen, nitrogen, etc., can also be used. The argon gun is typically
operated at 3 keV, but ion beam energies can be tuned from
J. Mass Spectrom. 2013, 48, 1–15 Copyright © 2012 John Wi
hundreds of eV to 5 keV. The angle of incidence of the incoming
argon ions relative to the sample surface is ~10�; this angle can
be, however, controlled by in-house designed ion deflection system.

The LMSmass analyser (8) is located within the UHV chamber V1.
Samples are introduced with the sample transport system (11, 12)
from V2 to V1 and positioned just below the entrance plate of
the mass analyser, on a sample holder (10), which is attached to
the x-y-z micro-translational stage (9). The accuracy of sample
positioning and step resolution of these translational stages is
~2mm. The distance between the sample surface and the entrance
of the instrument is about 1mm, and, if necessary, it is
subsequently adjusted with the micro-translational stage. There is
no contact between the sample surface and the entrance plate to
avoid possible sample contamination. UV irradiation at 266nm of
a Q-switched Nd:YAG laser system (1) with a repetition rate of
20Hz and pulse widths of t~3ns, measured at full width at half
max (FWHM), is used to ablate and ionise surface material. The
laser fluence can be remotely controlled by using a polarisation-
sensitive beam attenuator which is installed in the laser system
(2). The laser radiation is focused to a spot size of about �
20mm onto the sample surface by an optical system consisting
of a beam expander (4) and a focussing lens (f/200, NA=4),
which is directly positioned above the ion mirror of the ion-opti-
cal system (7). The laser beam is guided via a dielectric mirror sys-
tem (3a, 3b, 3c) and is aligned collinearly with the ion-optical axis
of the TOF mass spectrometer. A small fraction of the laser
fluence is reflected by the last dielectric mirror (3c) towards an
ultrafast and high precision Si-photodetector (5) with rise and fall
times of 40 ps and 50ps, respectively (Alphalas GmbH, Germany)
to record the laser fluence of each laser shot during a measure-
ment campaign. The Si-photodetector signal is measured with
an ADC card. The laser beam enters the TOF mass analyser (8)
on the top of the ion mirror and travels along the ion-optical axis
through the central hole (� 6.4mm) of the detector assembly,
the ion-optical components, all way down until it reaches the
sample surface (Fig. 3). The material ablated from the sample
surface forms a hot plasma plume consisting of atomised and
ionised species. Close proximity of plasma plume to the entrance
of mass analyser allows collection of a major fraction of positive
ley & Sons, Ltd. wileyonlinelibrary.com/journal/jms



Figure 3. Schematic drawing of LMS instrument, as shown in the overview
of (8) in Fig. 2. The laser beam enters from the top and is focussed towards
the sample surface after passing the TOF mass analyser, detector and ion-
optical system. After the ablation/ionisation process, the ions are acceler-
ated, focussed by the ion-optical lens system into the mass analyser and
finally back reflected at reflectron system towards the ion detector.

Table 1. Overview of instrumental parameters of ion optics and laser
system

LMS Ion Optics

Backplane 500 V

Reflectron plate #5 �0 V

Reflectron plate #4 �48. 8 V

Reflectron plate #3 �50.0 V

Reflectron plate #2 �14.6 V

Reflectron plate #1 �19. 0 V

Drift Tube �662.6 V

Ion Lens �1568.6 V

Snorkel �499.5 V

Ion Acceleration �2487.6 V

Laser system Nd:YAG system

Wavelength 266 nm

Pulse duration 3.0 ns

Repetition rate 20Hz

Spot size on sample ~20 mm
Laser irradiances < ~1GW/cm2

Other Focusing lens f/200, NA= 4

Sample distance to

entrance of system

~1mm

Energy argon ions Variable, typically 3 keV

Incidence angle of

argon ions

Typically 10�

A. Riedo et al.
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ions to enter the mass analyser through the conical extraction
electrode. After entering the interior of the mass analyser, ions
are guided by electrical fields towards the detector. After initial
acceleration, focussing and collimation by an electrostatic
immersion lens, the ions fly through the field-free region (drift tube)
and ion mirror (reflectron) where they are eventually reflected and
guided towards the multichannel plate (MCP) detector. A pair of
MCPs arranged in chevron configuration is used to generate the
electric signal after the ions strike the MCPs. The ions arrive at the
MCPdetector in a sequence of times proportional to the square root
of their mass-to-charge ratio (m/q). The electron current generated
by the MCP plates is collected on four concentric anode rings and
registered with two high speed ADC data acquisition cards, each
with two channels. An overview of all the instrumental parameters,
e.g. laser characteristics and ion optics, can be found in Table 1.
The trigger signal from the Q-switch of the laser system initiates

the experimental cycle and triggers the data acquisition. Two high-
speed ADC cards, one PCI (U1082A, AP240 with average firmware,
Agilent) and one PCIe (U1084A, Agilent) card, are installed for data
acquisition. Each card has two input channels with a vertical resolu-
tion of 8 bits for a single shot. The PCI card supports a sampling rate
of 1 GS/s with an analogue bandwidth of 1GHz for each channel
whereas the PCIe allows a sampling rate of 2 GS/s with an analogue
bandwidth of 1.5GHz for each channel. For each card, these two
channels can be combined into one channel with a doubled
sampling rate of 2 GS/s and 4 GS/s, respectively. However, typically
one channel of the PCI card is used to measure the signal from the
ultrafast Si-photodetetctor and the other three channels to
measure signals collected from three of the four anode rings.[8]

The three inner anode rings are used for the measurements be-
cause of their high performance.[8] To protect the anode plate from
possible charging effects, the fourth anode ring is short-circuited
wileyonlinelibrary.com/journal/jms Copyright © 2012 J
with 50 Ω outside V1. With this measurement procedure, the ADC
cards acquire in total 1.2�105 data points per laser shot or 2.4�106
data points/s, which are directly stored on the host computer. After
accomplishment of the measurements, the data are subsequently
forwarded from the host computer to a storage server. The TOF
mass spectra are measured within a 20ms time window defined
by the acquisition card settings. This time window allows to mea-
sure mass spectra of elements within a mass range of ~600 amu/q.

Laser source characteristics

Figure 4 shows on the left and middle panel the plots of the
measured UV laser beam profiles. Gaussian beam profiles and no
hot spots are observed. Two iris diaphragms are used to select
the most intense inner part (~� 1 mm) of the laser beam. The iris
diaphragms are implemented between the parts 2 and 3a, and 3a
and 4 (see Fig. 2). A microscopic image of a crater on an aluminium
target is shown in the right panel in Fig. 4. The crater is circular and
no extended rims are visible. The visible scratches and dots (white
lines/dots) originate from the manufacturing process of the test al-
uminium sample and are not formed during the laser ablation.

Figure 5 shows the temporal laser pulse profile, measured by the
Si-photodetector which was connected to one of the two channels
of the ADC card. The pulse profile was determined by accumulation
of 100 pulses and measured simultaneously during a mass spectro-
metric measurement campaign. The pulse widthmeasured at FWHM
of the laser pulse is about 3.0ns. The stretched tail to the right side of
the spectrum is characteristic response of the Si-photodetector.

Irradiance fluctuations

Figure 6 displays the shot-to-shot laser intensity fluctuations which
were measured by a fast photodiode at three different laser
irradiances (0.74 GW/cm2, 0.57 GW/cm2 and 0.33 GW/cm2). Each
data point in Fig. 6 (wave packet) corresponds to an average of
ohn Wiley & Sons, Ltd. J. Mass Spectrom. 2013, 48, 1–15



Figure 4. Left panel: plot of the UV beam intensity is shown. Beam profiles in both axis directions are Gaussian and are shown on the left and bottom
side of the left panel plot. Middle panel: Same data are shown as in the left panel, but this time displayed in three dimensions. No hot spots are visible.
The FWHM of the UV beam is in both axis directions about � 20 mm. Right panel: Microscopic image of a crater on an aluminium target, which was
generated during a test campaign.

Figure 5. Typical pulse profile of the UV laser beam is shown. The profile
consists of 100 averaged pulses and is measured with the ultrafast
Si-photodetector connected to a channel of the PCI ADC card. The FWHM
of the pulse is about 3.0 ns.
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100 laser shots, and 300 such averages are displayed, corresponding
to a total of 30 000 laser shots or to 25min of laser activity at the
20Hz repetition rate. The straight lines on the left side are linear
regressions through the data and represent the temporal stability
of the laser system. Although, on average, the laser system is stable
with time (straight lines in the left panels), the relative differences of
the individual points (100-shot averages) show intensity fluctuations
of up to 40% at the lower laser irradiance of 0.33 GW/cm2. By
increasing the laser fluence the fluctuations decrease gradually but
not significantly.

Shot-to-shot laser intensity fluctuations of Q-switched Nd:YAG
laser systems are a common and well known problem. The laser
irradiance fluctuations within the 0.1–1 GW/cm2 can influence ion
formation of different rates because the laser ablation/ionisation
process is a highly non-linear process. Variation of ion yields at this
laser conditions was reported from the other experiments.[35]

Therefore, these laser intensity fluctuations have to be considered
to conduct reproducible and quantitative measurements on the
chemical compositions of sample surfaces. Single-shot measure-
ments are not favoured for such laser intensity fluctuations, i.e.
when using active Q-switched laser systems. Therefore, for the
LMS system, we collect highly averaged spectra, histogramming
of several thousands to hundred thousand, depending on the
J. Mass Spectrom. 2013, 48, 1–15 Copyright © 2012 John Wi
analytical requirements of the measurement campaign. A single
shot measurement can be considered if only qualitative informa-
tion on the chemical composition of a sample is necessary.

Computer-controlled performance optimiser

The efficiency of computer-based optimisation of mass spectro-
meters with the adaptive particle swarm algorithm (APSA) has
already been demonstrated by Bieler et al.[36,37] In this section,
the implementation and principle of operation of APSA are
discussed, new optimisation results of the LMS instrument are
shown and more detailed description of the further develop-
ments of the LMS optimisation facility is given.

The Tool for Optimisation of Mass Spectrometers (TOM) uses a
remotely controllable set of high voltage power supplies for
automatic adjustment of voltages on the ion-optical system of mass
analyser. By tuning the voltage settings, one can control the
instrument performance in terms of mass resolution and/or ion
transmission in flexible and reproducible way. APSA, which is
introduced by Zhan et al. [38], is used as optimisation strategy. APSA
is one of many derivatives of particle swarm algorithm originally in-
troduced by Kennedy and Eberhart.[39,40] It belongs to the family of
evolutionary algorithms. The algorithm is derivative free and can be
applicable to a wide range of optimisation problems. It has been
shown that APSA generally outperforms other popular optimisa-
tion algorithms. It is faster than the Nelder-Mead-Simplex for higher
dimensional problems with dimensions higher than 4 and offers a
faster convergence speed than genetic algorithms.[37]

The swarm in APSA consists of a defined number of particles
(a set of instrument parameters) that evolve during an iterative
process in order to increase their fitness. In terms of TOM one par-
ticle represents a set of voltages for the LMS instrument, and hence,
a possible solution to the optimisation problem. Consequently, the
swarm is the whole test set of solution candidates for one iteration.
Because the optimisation problem is oftenmulti-dimensional, more
than only one best solution for the problem exists.[37]

Figure 7 shows an example of a particle swarm evolution during
three iteration steps of an optimisation process. Each particle (circle)
a, b and c of the swarm (swarm size=3) represents a possible solution
to the two-dimensional problem, numbers in the circle are indicating
the current iteration. For the sake of simplicity of the example, the
fitness function is only dependent on one parameter, hence defined
as e.g. 1/|U| (the brighter, the better in Fig. 7). In every iteration, three
different solutions are evaluated, their fitness compared and
positions for the next iteration updated according to APSA search
operations. More information about APSA can be found in.[39,40]
ley & Sons, Ltd. wileyonlinelibrary.com/journal/jms



Figure 6. Left: Laser irradiance evolution of 30 000 (25 min, 20 Hz repetition rate) laser shots at three different laser irradiances (0.74 GW/cm2, 0.57 GW/cm2

and 0.33 GW/cm2) is shown. Each data point (wave packet) corresponds to an accumulation of 100 laser shots; 300 wave packets are shown, corresponding to
30 000 laser shots. Dashed lines represent the average over all measured laser shots whereas the solid lines represent linear regressions through the data
points. Right: Appropriate differences relative to the average of all measured laser shots. Irradiance fluctuations of several tens of % are clearly visible. The
ultrafast Si-photodetector was used to measure the intensity of each laser pulse.
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A functional block diagram of TOM (left) and the flow chart of
the optimisation process (right) are shown in Fig. 8. The software
is written in the Python programming language, which allows
wileyonlinelibrary.com/journal/jms Copyright © 2012 J
cross platform execution of the source code and provides libraries
necessary to remotely control hardware devices either by RS-232
or TCP-IP.
ohn Wiley & Sons, Ltd. J. Mass Spectrom. 2013, 48, 1–15



Figure 7. Example of a swarm evolution inside a two-dimensional search
space with fitness only depending on one parameter U. The three parti-
cles building the swarm move from left to right and improve their fitness
as the fitness function can be described as: the brighter, the better.

Miniaturised laser ablation tof mass spectrometer
Using a graphical user interface, built with the Qt framework,
the operator is allowed to define all parameters relevant for
APSA, e.g. population size of the swarm, voltage limits for every
electrode or the mathematical definition of fitness function.
During optimisation, the interaction with the power supplies is rea-
lised via RS-232, where voltages are adjusted to evaluate the different
solution candidates derived from APSA. The quality of each solution
(its fitness) has then to be expressed as a single number through a
user defined fitness function, e.g. 1/|U|. Optimisation of an instrument
is hence transformed into a problem of minimising that value.

The LMS system is operated at lowered detector gain (lower
signal on anode rings) during optimisation to protect the ADC
preamplifiers from possible high current signals coming from
Figure 8. Left: functional block diagram of the optimisation process. Right:

J. Mass Spectrom. 2013, 48, 1–15 Copyright © 2012 John Wi
particle solutions with high ion-optical transmission and mass
resolution. Because measurement campaigns are finally con-
ducted at highest possible detector gain (highest amplification
of incoming ion signal), fitness functions which are weighted
more on mass resolution than on an ion transmission are typically
chosen, i.e. –A/FWHM2 or –A/FWHM3 where A corresponds to the
amplitude and FWHM to the FWHM of the analysed mass peak.

Figure 9 shows the result of one optimisation run of the 56Fe in
NIST SRM 661 using APSA. The optimisation took about 45min
because of the slow internal power supply modules which set the
voltages on ion optics. A swarm of six particles was defined by
the user, and 300 spectra were accumulated for each particle in
each step. The function –A/FWHM3 was used as fitness function.
The mass resolution of the 56Fe line was successfully increased by
a factor of about 6 compared to the non-optimised initial condi-
tions (see Fig. 9), corresponding to an increase of mass resolution
m/Δm from 122 to 743 at increased sensitivity. However, not only
the performance of 56Fe was increased but also the performance
of all other mass peaks is improved, e.g. detection efficiency of
mass peak 54Fe is clearly improved, and the mass lines of 55Mn
and 57Fe became visible in the spectrum after optimisation.

Typically, several optimisation runs are necessary when starting
with a completely detuned system. The reason is that the system
depends not only on the applied voltages (ion optics, reflectron,
etc.) but also on laser settings and distance between the sample sur-
face and the ion-optical entrance of LMS. To date, the latter two para-
meters are not implemented into the optimisation loop and have to
be still adjusted manually in between optimisation iterations. The
lack of automation is not conceptual, as APSA does not distinguish
between optimisation of voltages or any other parameter.[37,41]
schematic overview of the LMS TOM.

ley & Sons, Ltd. wileyonlinelibrary.com/journal/jms
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Figure 10. LMS v2 prototype instrument built onto a printed circuit board
(top board), together with laser and temperature control board (middle
board) and high-voltage supply board (bottom board). The sample inlet is a
small hole on the centre of the entrance electrode (vertical plate at the right
edge) of the TOF structure, which is on the top board. The micro -chip laser is
on the left, with the laser optics on the right in the foreground of the top
board. The scale of the shown rule in front of the prototype is in [cm].[9,34]

Figure 9. The section of mass a spectrum showing the 56Fe peak in the
NIST SRM 661 sample before and after the APSA optimisation procedure.
The mass resolution was increased in one optimisation run by a factor of
about 6, from m/Δm of 122 to 743. Not only the performance of 56Fe
was increased, but also 54Fe is now clearly visible after optimisation. The
time window centred to the time-of-flight of 56Fe, the window is relative
to the optimisation time window defined by the user.
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But, even with these interruptions, APSA is sufficiently powerful to
find its best solutions within the given settings/configuration. How-
ever, it is possible to prepare optimisation scans of the laser fluence
with TOM and full implementation of these parameters in APSA is
foreseen in the near future. For flight instrument, the laser fluence
and the applied voltages of the system will be pre-optimised in prior
laboratory calibration to avoid large optimisation campaigns during
the mission. The distance between sample holder (sample wheel)
and entrance to the instrument will be mechanically fixed at optimal
position. In case of LMS on a rover the instrument has to be kept
close to sample surface and optimised each time by APSA.
Flight instrument

Power consumption, weight and size of an instrument are
optimised according to the requirements for the payload on the
spacecraft, lander or rover. The LIMS system, LAZMA, which
was implemented on the Phobos-Grunt lander, had volume of
~220�110�260mm3, weight of about 2.6 kg and required electri-
cal power of 5W.[4,42] Apart from the mechanical construction of
the mass analyser itself, also the laser system, and electronics to
supply the system and to control of the measuring cycle have to
be miniaturised. In addition, if the ambient surface pressure is too
high (>10�6mbar), a miniature pumping system is required.
With current availability of light miniature laser systems, i.e.

microchip lasers (weight of ~115g, dimension of~2.5 cm � 2.5 cm
� 2.5 cm, power consumption<30W), the laser mass spectrometer
can be operated with a high repetition rate using passively
Q-switched microchip lasers. These can be operated with a various
pulse duration and wavelengths. Such lasers are available with high
repetition rates of up to 10kHz that will speed up measurements
campaigns in space dramatically (for a 20000 spectra campaign/laser
shots≙ 20 s). Also, if necessary, the re/optimisation process of the pre-
optimised LMS instrument will be faster.[43] Although, the specified
power consumption of<30W is too high, in this case, for an imple-
mentation into a spacecraft directly, appropriate power buffering
systems/hyper capacitors can be routinely implemented to support
wileyonlinelibrary.com/journal/jms Copyright © 2012 J
optimal power requirements.[44] Variousmicrochip laser systemswere
already implemented in our prototype LIMS instruments, LMS v1 and
LMS v2, designed in Bern for a Mercury lander and rover, which were
part of the early concept of the BepiColombo mission.[45] Fig. 10
shows the LMS v2, prototype instrument designed for a rover.[34]More
details on this system can be found in previous publications.[8,9,44]

If the ambient surface pressure on the investigated body
is> 10�6mbar, i.e. Mars with an ambient surface pressure of
about 700 – 960 Pa, the instrument needs an additional vacuum
system to protect the detector system (MCP detector) and a sam-
ple introduction system.[46] The ion-optical system can be built as
vacuum enclosure at the same time, as it has been done for the
RTOF instrument of the ROSINA experiment on the Rosetta mis-
sion,[47] which saves mass and complexity. Miniature turbo and
drag pumps (dimensions of ~3 cm in diameter and ~8 cm length,
power consumption 2 – 7W, depending on the pressure, weight
of ~150g) are commercially available and used, i.e. on the
MSL.[46,48] As a sample introduction system, a sample wheel, similar
to that used for the Phobos-Grunt mission, can be implemented.[4]

A miniaturised signal acquisition card with interfaces (two
channels à 2 GS/s sampling rate, 10 bit, power consumption of
~11.4W) is available and designed in house, and is based on the de-
sign used for the Luna-Glob and Luna-Resurs mission.[49] In Table 2,
an overview of the power consumption, weight and dimensions of
all parts used for the functionality of the LMS system can be found.
In comparison to the LAZMA space instrument,[4] the LMS instru-
ment is in total about 500g less heavy, has power consumption in
the range of ~15W and a volume of~2600 cm3. If the ambient
surface pressure is in the range of 10–6mbar or higher, the power
consumption is increased by the consumption of an additional
pump of about 9W, and the weight is increased by~150g.
LMS instrumental performance and
discussion

Mass spectrometric analysis and accuracy

The TOF mass spectra are measured on a linear time scale t.
The transformation intomass scale is madewith fixed scaling factors
ohn Wiley & Sons, Ltd. J. Mass Spectrom. 2013, 48, 1–15



Table 2. Overview of the power consumption, weight and dimensions of all parts used for the functionality of the LMS systems. The given numbers
represent upper limits

Power consumption [W] Weight [g] Dimension [mm]

<10�6mbar

Microchip laser ~2 ~115 25 � 25 � 25 (h � w � d)

Acquisition card/Interfaces 11.4 ~1400 180 � 240 � 60 (h � w � d)

LMS (Reflectron, Ion Optics, Detector) 1.9 ~500 120 � 60 (h � diameter)

Total (with margin): ~15.3 ~2015 ~2615 cm3

>10�6mbar

Pump 9 150 ~80 � 30 (h � diameter)

Total (with margin): < 24.3 ~2165 ~2618 cm3

Figure 11. Result of the mass calibration of the LMS system with its dedicated mass calibration software is shown. Up to 50 elemental isotopes and oxides of
NIST SRM 664 were used to calibrate the TOF spectra into mass spectra. Panels a) and b) show the mass calibration curves with calibration constants and linear
regression; c) mass accuracies defined as (measured - literature) overmass literature; d) corresponding histogram ofmass accuracies. Up to 72%of the identified
peaks have mass accuracies less than� 500 ppm which is in good agreement with expectations on the instrumental performance (further details in text).
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Figure 12. Instrumental mass resolution for two laser irradiance
regimes, > 100 MW/cm2 and < 100 MW/cm2. At laser irradiances lower
than 100 MW/cm2, a mass resolution m/Δm of up to 900 at 208Pb can
be typically reached (Fig. 13) whereas at higher irradiances, the typical
mass resolution at 208Pb is in the range of 500 – 600.

Figure 13. Section of mass spectrum of the lead isotopic pattern in the
NIST SRM 981 standard sample is shown. The spectrum consists of 20 000
averaged laser shots/mass spectra. For 208Pb, a mass resolution m/Δm of
up to 850 is measured. At these conditions, high accurate isotopic analysis
in the per mill and sub per mill accuracy range can be performed.
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using the simple relation m=k0 (t–t0)
2, where m (amu) is the mass,

t (ns) denotes TOF and k0, t0 are the calibration constants, which
are determined experimentally.[10,11,47] Because the values of k0
and, t0 constants depend on the voltage settings of the reflectron
and the other ion-optical components, they are subject to changes.
The constants k0 and, t0 are calculated by using the parameters
obtained by a linear regression of the flight times for elements
and isotopes identified in the spectrum against the square root of
the respective absolute mass from literature.
We designed a dedicated mass calibration software with a

graphical user interface to convert TOF spectra directly into cali-
brated mass spectra. With the help of the graphical interface,
the user can assign as many peaks in the TOF spectrum as can
be assigned to an element or isotope or even to compounds,
e.g. oxides, etc. A database with all the isotopic masses is present
and used by the software for all the calculations. The centroid of
the identified peak is calculated using a Gaussian fit, which is
performed over a user-defined time window, typically, a FWHM
of the peak with the peak maximum located in the centre.
Figure 11 shows themass calibration of the instrument using the

mass calibration software and the analysis of its accuracy. In this
example, a NIST SRM 664 sample was investigated and up to 50
elements/isotopes and oxides in the mass range from 6Li up
to 208Pb were used to convert the TOF spectrum into the mass
spectrum. The chosen elements/isotopes have elemental/isotopic
abundances in the %-range, i.e. 56Fe with ~89% isotopic abun-
dance, down to low ppm-range abundances, i.e. 207Pb with
~53ppm isotopic abundance.[10,50] Elemental abundance ratios are
taken from the NIST data sheet, in % w/w, and isotopic ratios were
calculated by assuming terrestrial isotopic ratios.[50] The constants
for themass scale calibrationwere calculated as k0= (1.338E-6� 0.3
E-9) amu/ns2 and t0= (–50.975� 0.0829) ns (panel a), the con-
stants of the linear regression are a= 0.0011569� 1.4E-7 and
b=0.0589743� 9.593E-4 (panel b). In panel c, the mass accuracies
defined as (measured – literature) over literature mass of the iden-
tified mass peaks are shown. A slight systematic shift from positive
to negative deviations with increasing mass can be seen. This can
be explained by the not uniform peak distribution over the investi-
gated TOF range where a larger fraction of the identified peaks are
localised at time of flights in the range of about 5ms to 8ms than
outside, with the result that the linear regression has more weight
in this range (panel c). Panel d shows the corresponding histogram
of the mass error. The mass uncertainty is clearly Gaussian distrib-
uted with no significant tail in the positive or negative direction.
Up to 72% of themass uncertainties are located within themass cal-
ibration accuracy of less than� 500ppm (panel d). This is in good
agreement with the estimation that a system should have an accu-
racy of the mass calibration about ten times higher than the instru-
mental mass resolution. The LMS system has a mass resolution
m/Δm in the range of 500 to 1000 (depending on laser irradiance,
see below), which corresponds to an expected accuracy of the mass
scale in the range of about 100ppm, as shown in panels d and c.

Mass resolution

Laser irradiances in the range of MW/cm2 up to about 1GW/cm2

were applied for ablation and ionisation of surface material.
Because of its small size, the performance of the mass analyser is
in first order limited by ion charge when an excessive amount
of ions is generated during ablation process. Space charge effects,
e.g. coulombic repulsion or sample charging, can cause a deteriora-
tion of the instrumental mass resolution.[10,11] However, also laser
wileyonlinelibrary.com/journal/jms Copyright © 2012 J
pulse limitations and detector saturation effects can limit and
reduce the mass resolution.

Figure 12 shows the mass resolutionm/Δm of the LMS system as
function of mass for two different laser irradiances, i.e. in irradiance
regimes below and above 100MW/cm2. In the laser irradiance re-
gime of> 100MW/cm2, the typical mass resolution at Pb lies in
the range of m/Δm=500 to 600, which is sufficient to separate the
Pb isotope peaks from each other.[10,11] In the lower laser irradiance
regime, the mass resolution at Pb is larger by about 50% to
m/Δm~900 (Fig. 12). However, this improvement ofmass resolution
is correlated with decrease of detection sensitivity, and correlated to
the ablation and ionisation efficiency of sample material at this laser
irradiance regime. Figure 13 shows a high-resolution measurement
of the lead isotopic pattern in the lead NIST SRM 981 reference sam-
ple. With the help of the computer-controlled performance optimi-
ser, a mass resolution of up tom/Δm~850was reached. At this level,
highly accurate measurements of the lead isotope composition at
ohn Wiley & Sons, Ltd. J. Mass Spectrom. 2013, 48, 1–15
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the per mill and sub per mill level can be performed. This accuracy
opens possibility for the application of LMS to in situ dating of solids
on planetary surfaces. Further details can be found in forthcoming
publication.[51]

Dynamic range

Two high speed 8 bit ADC cards (PCI, PCI-E) with on-board aver-
ager firmware are used to measure signals collected on three of
the four available anode rings. The averager firmware of the PCI
card supports without memory overflow a maximum summation
of 64 000 spectra, which corresponds to a maximum vertical
resolution of 24 bit (64 000�8 bit) or to a maximum dynamic range
of 7 decades per channel. The average firmware of the newer PCI-E
ADC with extended memory supports a summation of up to 16.8
million, which corresponds to a maximum vertical resolution of
up to 32 bit or to maximum dynamic range of up to 9 decades
per channel. However, measurement campaigns are often
performed with highly averaged spectra in the range of several
10 000 up to 100 000 averaged spectra, corresponding to about
6–7 decades of dynamic range/channel. To avoid possible memory
Figure 14. Typical measurement of NIST SRM 665 in the HG (top, PCI-E), MG (
of 100 000 averaged spectra and are displayed in logarithmic scale. The chann
each channel (HG, MG and LG), the background was subtracted for sake of c

J. Mass Spectrom. 2013, 48, 1–15 Copyright © 2012 John Wi
overflows on the PCI card spectra, packets of about hundred to
several thousands of spectra are typically processed and averaged
on board the ADC card and saved on the host computer.

The PCI-E shows, in comparison with the PCI, better perfor-
mance regarding the internal card noise which for our purposes
is the most important improvement of the acquisition system.
The smallest signals will disappear in the noise if the internal
noise of the card is too high. However, due to internal noise on
each card, the effective dynamic range in each channel is
lowered by about 1–2 decades to an effective and possible
dynamic range of about 5–6 for each channel on both ADC cards.

To enhance the dynamic range of the LMS detection system
(highest to the lowest detectable signal), the PCI and PCI-E channels
are used at different gain levels. Based on the noise measurements
of the data acquisition cards, measurement campaigns are typically
conducted with PCI-E channels in the high (highest channel
amplification, HG) and low (lowest channel amplification, LG) gain
modes whereas one PCI channel is used in the middle gain mode
(MG). To maintain measurement linearity, the amplitude range of
all channels (HG, MG and LG) overlap at certain ranges with each
other. Typically, LG channel is maintained at the gain, at which
middle, PCI) and LG (bottom, PCI-E) channels is shown. The spectra consist
el gains are increased stepwise by a factor of about ten from LG to HG. In
larity.

ley & Sons, Ltd. wileyonlinelibrary.com/journal/jms

1
1



Figure 16. Sections of HG spectra of NIST SRM 665 in the mass range of
boron and carbon after 20000 (top, sub-set of 100 000 averaged spectra)
and 100000 (bottom) averaged spectra/laser shots in linear scale are shown.
The displayed data are equal to the data shown in Fig. 14. Already after
20000 averaged spectra (top) peaks down to sub ppm level are clearly
detectable, e.g. 10B or 13C with abundances of about 0.26 ppm and 0.86
ppm, respectively. By increasing the number of averages to 100 000, the
SNR can be improved by a factor of about 2 to 3 (bottom panel).
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major elements can be measured without saturation effects of the
card. In the HG channel, minor and trace elements can be
measured with better vertical resolution but with saturation of
mass peaks corresponding to major elements. MG is set between
HG and LG and can be used for mass peaks which are already
saturated in the HG channel but weakly detectable in LG, resulting
in better vertical resolution and better measurement accuracy.
By combining LG and HG channels, the dynamic range can be

increased by about 2 – 3 decades to an effective dynamic range
of about 8 – 9. This is illustrated on the spectra obtained by
measurements of NIST SRM 665 (Fig. 14, details below).
Figure 14 shows a standardmeasurement of NIST SRM 665 where

a total of 100000 spectra were averaged, and signals were recorded
simultaneously in the LG (PCI-E), MG (PCI) and HG (PCI-E) channels.
Hundred spectra are step wise averaged and saved on the host
computer and subsequently averaged to obtain a statistically well
averaged spectra (1000 à 100 average spectra). With this measure-
ment procedure, it is possible to investigate the time evolution of av-
eraged spectra, identify possible problems during campaign (e.g. a
surface contamination), or a chemical inhomogeneity with depth.[11]

The channel gains were increased step wise by factor of ten from LG
to HG to enhance the dynamic range of the detection system. For
the reference, elemental abundances in the sample are measured
by NIST and given in % w/w; expected isotopic abundances were
calculated by assuming terrestrial isotopic abundances.[50] In the
LG spectra (bottom panel of Fig. 14), major and minor elements/iso-
topes with elemental/isotopic abundances down to ~100ppm are
clearly visible. 12C at a total abundance of about 79ppm is easily
detected (see insert in Fig. 14, bottom panel). By increasing the
channel gain by a factor of ten (MG), already elements and isotopes
down to ~1ppm can be observed, e.g. 11B with a total abundance of
this isotope of about 1ppm (see insert in Fig. 14, middle panel). By
further increase of the channel gain by a factor of ten (the HG
channel), the sensitivity is maximised (see top panel of Fig. 14)
where elements and isotopes with abundances below the ppm
range, e.g. 10B and 13C with respective abundances of 0.26ppm and
0.86ppm, are now clearly detectable. In the HG spectra, major and
minor elements and their isotopes with abundances down to the
%-level are saturated and have to be analysed in theMGor LG channel.
Figure 15. Section of HG spectrum of NIST SRM 665 in the mass range of
phosphorus and sulfur after 100 000 averaged spectra/laser shots in linear
scale is shown. The presented data are the same as the data shown in
Fig. 14. Phosphorus and all sulfur isotopes, even 33S with a total
abundance of about 0.44 ppm, can be clearly detected.

wileyonlinelibrary.com/journal/jms Copyright © 2012 J
Detection sensitivity and DLs

The result of all system improvements, e.g., computer-controlled
performance optimiser, better performance on electronic acquisi-
tion systems, UV irradiation, etc., with respect to the previous
version[10,11] can be fully appreciated in Figs 15–17, which show
sections of mass spectra in the HG channel of NIST SRM 665 at
different mass ranges. The presented data are equal to the data
Figure 17. A section of HG spectrum of NIST SRM 665 displays 49Ti mass
peak measured after accumulation of 100000 single laser shot spectra. 49Ti
with total abundance of this isotope of about 0.32 ppmcanbe easily observed.

ohn Wiley & Sons, Ltd. J. Mass Spectrom. 2013, 48, 1–15



Table 3. Elemental abundance ratios for different metallic and non-metallic elements as given by NIST for SRM 665 and SRM 661 (second column).
The ratios are given in weight fractions [ppm]. Isotopic ratios were calculated by using terrestrial isotopic ratios,[50] in weight fractions [ppm] (third
column). Elemental and isotopic abundances calculated for laser ablation mass spectrometry are given in fourth and fifth columns, in atom fractions
[ppm]. SNR and calculated DL (atomic fraction) for each isotope are given in the last two columns

Element Weight fraction
element [ppm]

Weight fraction
isotope [ppm]

Atom fraction
element [ppm]

Atom fraction
isotope [ppm]

SNR Detection
limit [ppb]

B (SRM 665) 1.3 10B: 0.26 6.7 10B: 1.34 6 220
11B: 1.04 11B: 5.38 9 600

C (SRM 665) 80.0 12C: 79.14 371.8 12C: 367.84 79 4660
13C: 0.86 13C: 3.98 1 3980

P (SRM 665) 20.0 31P: 20.0 36.0 31P: 36.05 7 5150

S (SRM 665) 59.0 32S: 56.04 102.7 32S: 97.57 135 720
33S: 0.44 33S: 0.77 1 770
34S: 2.51 34S: 4.37 7 620

Ti (SRM 665) 6.0 46Ti: 0.50 7.0 46Ti: 0.58 56 10
48Ti: 4.42 48Ti: 5.16 378 10
49Ti: 0.32 49Ti: 0.38 31 10

V (SRM 665) 6.0 51 V: 5.99 6.6 51 V: 6.56 290 20

Cr (SRM 665) 70.0 52Cr: 58.65 75.2 52Cr: 62.97 1885 30
53Cr: 6.65 53Cr: 7.14 221 30

Mn (SRM 665) 57.0 55Mn: 57.0 57.9 55Mn: 57.9 648 90

Zr (SRM 661) 90.0 90Zr: 46.31 54.2 90Zr: 27.91 246 110
91Zr: 10.10 91Zr: 6.09 80 80

Nb (SRM 661) 220.0 93Nb: 220.0 130.2 93Nb: 130.2 1047 120
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shown in Fig. 14, but this time displayed in linear scale. To show the
performance of the system, the highly intense mass peak of 32S
with isotopic abundance of ~56ppm in Fig. 15 and mass peak
12C in Fig. 16 with isotopic abundance of ~79ppm are not fully
shown. Signal-to-noise ratio (SNR) is defined as the ratio between
the integrated peak area and the noise area, calculated as the stan-
dard deviation of a noise (measured outside the spectral range
where no mass peak is detected) times the width of analysed
elemental/isotopic peak.

Figure 15 shows the section of the HG spectrum in the mass
range of the non-metallic elements phosphorus and sulfur in a
spectrum of 100 000 averages. Phosphorus with elemental
abundance of about 20 ppm and all sulfur isotopes, even 33S with
total abundance of about 0.44 ppm, can be clearly identified,
which was not possible with earlier LMS setups.[10,11]

Top panel of Fig. 16 shows a section of the HG spectrum in the
mass range of boron to carbon after 20 000 (top panel, sub-set of
100 000 averaged spectra) and 100 000 (bottom panel) averaged
spectra/laser shots, respectively. Already after 20 000 averaged
spectra/laser shots elements/isotopes in the sub ppm level, e.g.
10B and 13C with abundances of about 0.26 ppm and 0.86 ppm,
respectively, can be clearly detected. By averaging over 100 000
spectra, the SNR is improved by a factor of about 2 to 3, as shown
in the bottom panel of Fig. 16. In Fig. 17, 49Ti with total
abundance of this isotope of ~0.32 ppm and SNR of about 31
can be clearly observed.

For quantifying the DL, the SNR has to be taken into account.
The DL can be calculated as measured elemental/isotopic
abundance over SNR, whereas the abundance corresponds to
the atom fraction abundances. For comparison with our mass
spectrometric results, the abundances of elements quoted by
NIST as weight fractions have to be transformed into atomic
fraction abundances. In Table 3, NIST quoted elemental weight
fractions and transformed atomic fractional abundances of differ-
ent metallic and non-metallic elements in SRM 665 and SRM 661
J. Mass Spectrom. 2013, 48, 1–15 Copyright © 2012 John Wi
are given. Isotopic abundances were calculated by assuming
terrestrial isotopic ratios given in.[51] 32S with total abundance
of ~56 ppm and SNR of 135 is easily detectable whereas 33S with
total abundance of ~0.44 ppm and just visible above the noise
(Fig. 15) shows the DL range for non-metallic elements/isotopes:
few hundredths of ppb for non-metallic elements/isotopes. By
using the isotopic abundance of 97.6 ppm (atom fraction, Table 3)
and SNR of 135 of the detected 32S peak one gets a DL of
720ppb (atom fraction), which fully agrees with the measured
abundance of the 33S isotope with abundance of 770ppb (atom
fraction, Table 3), 440 ppb (weight fraction, Table 3), respectively.
To quantify the DL for metallic elements/isotopes 49Ti with a total
abundance of 380ppb (atom fraction, Table 3) and SNR of 31 can
be used (Fig. 17). In this case a DL of about 10ppb (atom fraction)
can be calculated, which corresponds to DL of< 20ppb in weight
fraction for titanium (Table 3). In addition, different other metallic
elements/isotopes, i.e. V, Cr, etc., show similar DLs in the range of
tens of ppb (Table 3). Hence, the presented results and calculations
clearly show that measurements with the LMS system on non-
metallic and metallic elements and their isotopes with abundances
of hundredths and tens of ppb, respectively, can be accomplished.
Conclusion

Owing to improvements made to the detection and acquisition
system including implementation of a new and more sensitive
data acquisition system, a computer-controlled performance
optimiser, and dedicated analysis software, the performance of
the LMS instrument could be improved significantly. The
presently achievable effective dynamic range of the instrument
allows mass spectrometric analysis within at least eight orders
of magnitude. The measurement sensitivity derived from the
analysis of the NIST SRM has been improved by almost two
orders of magnitude. Non-metallic and metallic elements and
ley & Sons, Ltd. wileyonlinelibrary.com/journal/jms
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their isotopes with abundances down to hundredths and even
tens of ppb, respectively, can be detected with the LMS instru-
ment. With a mass resolution m/Δm of almost 1000 at Pb and
mass accuracy Δm/m in the range of 100ppm, the system has
the potential for highly accurate and sensitive in situmeasurements
of the chemical composition of planetary materials. Each system
parameter, e.g. voltages of the ion-optical system, laser fluence,
sample position, etc., can be controlled on a reproducible way by
custom-written software running on a regular lab computer. This
allows choosing the optimal conditions for investigations of spe-
cific problems but also guarantees highest possible reproducibility
of measurements from the instrumental point of view. Although, a
high instrumental performance has been achieved, so far, further
improvements are anticipated by implementation of more sensi-
tive detection and acquisition systems as well as short pulse dura-
tion laser sources. The improved miniaturised LMS system with its
enhanced performance represents a powerful instrument for in situ
investigations of the chemical compositions of planetary materials.
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