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Coupling of LMS with a fs-laser ablation ion source:
elemental and isotope composition measurements

Andreas Riedo,* Maike Neuland, Stefan Meyer, Marek Tulej and Peter Wurz

Mass spectrometric analysis of elemental and isotopic compositions of several NIST standards is performed

by a miniature laser ablation/ionisation reflectron-type time-of-flight mass spectrometer (LMS) using a fs-

laser ablation ion source (775 nm, 190 fs, 1 kHz). The results of the mass spectrometric studies indicate that

in a defined range of laser irradiance (fluence) and for a certain number of accumulations of single laser

shot spectra, the measurements of isotope abundances can be conducted with a measurement accuracy

at the per mill level and at the per cent level for isotope concentrations higher and lower than 100

ppm, respectively. Also the elemental analysis can be performed with a good accuracy. The LMS

instrument combined with a fs-laser ablation ion source exhibits similar detection efficiency for both

metallic and non-metallic elements. Relative sensitivity coefficients were determined and found to be

close to one, which is of considerable importance for the development of standard-less instruments.

Negligible thermal effects, sample damage and excellent characteristics of the fs-laser beam are thought

to be the main reason for substantial improvement of the instrumental performance compared to other

laser ablation mass spectrometers.
Introduction

The development of miniature mass spectrometers is of
considerable interest for a variety of eld applications but also
for their use on space missions for planetary space research. In
particular, the investigation of elemental and isotopic compo-
sitions of solid materials by mass spectrometric methods has
become promising with developments of miniature laser abla-
tion/ionisation mass spectrometers.1–4

The development of space instrumentation capable of
sensitive measurements of elements and their isotopes is of
considerable interest to current cosmochemistry and planet-
ology, and drives current instrument development. The knowl-
edge of the isotopic composition and its variation in planetary
materials, soils/regolith and rocks is important for establishing
critical constraints in models of the origin and evolution of our
solar system. Current planetary material is a product of a
number of physical and chemical processes that modied the
presolar chemical mixture during the solar system evolution.
Formation of rst solids, mixing, melting and crystallisation,
geochemical processes and interaction of a planetary surface
with cosmic or solar radiation led to large elemental composi-
tion changes. However, isotopes of chemical elements are
found to be robust tracers of pre-solar events and processes and
their changes over the planetary evolution time are relatively
lanetary Sciences, University of Bern,
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small.5–8 The measurements of the element abundances and
isotope patterns of planetary surface material impose critical
constraints on event chronology in the early stages of solar
system formation and help to constrain the time of formation of
planetary material (crystallisation ages). Accurate measure-
ments of elemental and isotopic fractionation effects of various
classes of elements (volatile/non-volatile, geochemically rele-
vant, bio-relevant, radiogenic) can yield information on the
conditions and differentiation processes operating on a plane-
tary surface.5,6,9 The determination of time scale and insight
into timing of various rock-forming processes and detailed
understanding of the chronology of the early solar system can
be performed by radio-isotope chronology of planetary material.
The method requires precise and accurate measurements of
isotope ratios (e.g., Pb isotopes for the Pb/Pb-dating method).
Such measurements are extremely challenging and until now,
they have not been attempted in space research because of the
lack of suitable instrumentation for use on spacecra. Gas
phase analyses using space instruments such as Ptolemy on
Rosetta should have the capability of achieving an analytical
precision of about 5& or better and the Gas Analytical Package
(GAP) on Beagle 2 of about 1& or better for isotope ratios.10–13

However, current space instrumentation designed for investi-
gations of the chemical composition of solid materials allows
the measurement of major and minor elements with elemental
concentrations in sample material at best at the per mill
level.14–19 More sensitive instruments are necessary in space
research. A few prototype instruments are considered for space
research.3,4,20–22 Among other methods, laser ablation/ionisation
This journal is ª The Royal Society of Chemistry 2013
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mass spectrometry (LIMS) is currently a very promising method
that can be applied for sensitive, accurate and precise elemental
and isotope in situ analyses in space research. Albeit, the
investigation of isotope composition in the laboratory is con-
ducted mainly by other mass spectrometric techniques, such as
inductively coupled plasma mass spectrometry (ICP-MS),
thermal ionisation mass spectrometry (TIMS), or secondary
ionisation mass spectrometry (SIMS),23 recent developments in
LIMS show that this method can be also very sensitive and
has the potential of delivering highly accurate and precise
measurements.22,24,25

LIMS is a truly sensitive mass spectrometric technique. So
far, it has been less commonly used for isotope composition
measurements and it has been considered for some time only as
a semi-quantitative method for the element and isotope abun-
dance determination.26,27 In particular, the measurements of
the isotopic patterns were reported to have accuracy and
precision at the per cent level in contrast to laser ablation ICP-
MS and TIMS methods.23 LIMS has, however, still the potential
for improvement and with the recent progress in laser tech-
nology, fast electronics, and improved vacuum technology, this
technique becomes attractive in chemical analysis of solid
samples.25,28–30 Recent studies show that LIMS can be used for
highly accurate investigation of the elemental composition as
well as for isotopic concentration measurements with high
accuracy and precision.22,24,25,28–34 Typically, only femtograms to
picograms of sample material are needed for sensitive investi-
gation with high lateral and vertical resolution of sample
composition.24,32,35,36 Similar to other analytical methods, LIMS
requires a proper calibration before conducting quantitative
analyses. The physical and chemical properties of a sample,
choice of a laser ablation ion source and calibration constants
are found to be the main reasons for low performance of
measurements.37 According to very recent developments,
however, the method can be considered under certain experi-
mental conditions as standard-less.38–41 The present studies
attempt to dene experimental conditions under which LIMS
becomes very sensitive and allows quantitative investigations
with high accuracy and precision by using a fs-laser ablation ion
source.

Our primary goal is to develop a miniature LIMS technique
for application in space research. LIMS has many advantages
over the LA-ICP-MS, TIMS and SIMS techniques. The latter
techniques are more difficult to adopt for space research where
a high degree of miniaturisation, lowmass and volume, and low
power consumption for operation are required. LIMS instru-
ments can be robust, and easily full space requirements. A few
such instruments were developed in the last two decades, e.g.,
LASMA, LAMS, and LMS.1–4 A number of studies on the instru-
ment performance showed that miniaturised LIMS systems can
be highly sensitive delivering the measurements of all chemical
elements with detection limits at the level of �10 ppb.22 In
contrast to previous reports,14 our and other recent studies
showed that a LIMS system including the LMS instrument22,34 is
capable of conducting measurements on isotope compositions
within a measurement accuracy at the per mill and sub per
mill levels.25,42
This journal is ª The Royal Society of Chemistry 2013
In analytical chemistry, laser ablation experienced major
progress in the last few years by the implementation of ultra-
short pulsed laser systems.35,36,43–48 Ultra-short laser pulses <1 ps
are of particular interest for laser ablation of sample material,
because the pulse duration is shorter than the characteristic
time typical for the phase transition from the solid to hot
plasma plume that is produced above the sample surface and
laser–plasma interaction can be avoided.36,46 Several processes
taking place during the ablation, including thermalisation of
the deposited laser energy (lattice relaxation time), the explosive
release of vapour, and formation and cooling of a plasma plume
that is additionally heated by laser radiation are the main
sources of elemental fractionation effects.43,44 Due to reduced
thermal diffusion depth high geometric precision in the laser
ablation and minimal collateral sample damage can be
obtained using short laser pulses.36,44,46,48 Moreover, the laser
beam does not interact with the laser-induced plasma due to its
short pulse duration.43,44,46 The absorbed laser energy is fully
deposited into the sample material and higher efficiency of
material ablation can be obtained.46

Recent investigation with our miniature laser ablation/ion-
isation time-of-ight mass spectrometer with a ns-laser ablation
ion source showed its potential for accurate measurement of
isotope patterns with accuracy at the per mill level.22 In this
study we use a similar measurement procedure to that applied
in our previous studies with a ns-laser ablation ion source.34

NIST standard reference materials were used to investigate the
accuracy and precision of the measurement of the elemental/
isotopic composition. The results are compared to those
measured with an ns-laser ablation ion source.
Experimental

The details of the technical design and principles of operation
of the LMS instrument were described in previous publica-
tions.1,22,28,31,32,34 Thus, only a brief overview of the experimental
setup with its update will be given here. While in previous
studies nanosecond laser systems were used for ablation and
ionisation of sample material,1,22 in the present study a femto-
second laser ablation ion source is used.
Experimental setup and principle of operation

Fig. 1 shows the image of the current laboratory system: (A) the
computer control station, (B1/B2) electronics, including power
supplies, data acquisition systems, vacuum system controls,
etc., and (C) the instrument setup itself with all the details
shown in Fig. 2.

The laboratory is kept at clean room conditions (ISO 5, Class
100) by a laminar ow ceiling to protect the laser systems, their
optics, the samples, vacuum chambers, etc., from possible dust
and particles inside the laboratory. A constant overpressure
relative to the outside is maintained, the temperature of the
laboratory is kept at (22.0 � 0.4) �C, and the humidity is
controlled at (42.0� 0.5)� relative humidity level. All parameters
are monitored continuously and displayed in a web interface.
J. Anal. At. Spectrom., 2013, 28, 1256–1269 | 1257
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Fig. 1 Overview of the instrument setup in the laboratory. (A) represents the
remote control station; (B1/B2) the electronic equipment, e.g. measurement
computer, power supplies, etc.; (C) the instrument setup itself. Detailed infor-
mation about part (C) can be found in Fig. 2.

Fig. 2 Technical drawing of the instrument setup shown in Fig. 1 as part C. (C1)
fs-laser beam optical setup: (1) laser beam, autocorrelator and first beam splitter
are in front of the setup, (2) second beam splitter, (3) ultrafast photodiode, (4a–c)
dielectric laser mirrors; (5) entrance window into the vacuum chamber, (6) beam
focusing lens, (7) mass analyser with detector, (8) x, y, zmicro-translation stage, (9)
sample holder, (V1) main vacuum chamber. C2: (10 and 11) sample exchange and
transport system, (12) argon sputter gun, and (V2) sample port vacuum chamber.
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These clean room conditions guarantee stable operational
conditions for the equipment.

Fig. 2 displays a technical drawing of the LMS system (part
(C) shown in Fig. 1) with a fs-laser ablation ion source. The LMS
instrument is accommodated in the main UHV chamber (V1)
and the sample introduction/transport system in the smaller
UHV chamber (V2). The base pressure in both UHV systems is
typically in the low 10�8 mbar range, and is realised with tur-
bomolecular pumps in each system and an additional ion getter
pump for V1. During measurement campaigns both turbomo-
lecular pumps are switched off and only the ion-getter pump is
running. This procedure ensures vibration-free conditions.

An argon ion sputter gun (tectra GmbH, Physikalische
Instrumente, Germany) is installed at V2 and is used to clean
1258 | J. Anal. At. Spectrom., 2013, 28, 1256–1269
the sample surface from a possible surface contamination, if
necessary. High purity argon gas is typically used for the
cleaning process (Carbagas, Switzerland). The argon gun is
operated typically at 3 keV, but ion beam energies can be tuned
from hundredths of eV to 5 keV. The angle of incidence of the
incoming argon ions relative to the sample surface is �10�.

Samples are introduced with the sample transport system
(10, 11) from V2 to V1 and positioned just below the entrance
electrode of the mass analyser, on a sample holder (9), which is
attached to the x–y–zmicro-translational stage (8). The accuracy
of sample positioning and step resolution of these translational
stages is �2 mm. The distance between the sample surface and
the entrance of the instrument is about 1 mm, which corre-
sponds roughly to the laser focus location. There is no contact
between the sample surface and the entrance plate to avoid
possible sample contamination.

Short laser pulses (�190 fs, l ¼ 775 nm) produced by a
Ti–Sapphire femtosecond laser system (CPA system, Clark-MXR
Inc., USA) are used to ablate and ionise surface material. The
repetition rate (up to 1 kHz), laser pulse energy (up to 1 mJ), and
the number of laser shots were controlled remotely via a
measurement computer.

Small fractions of the laser beam are reected from two beam
splitters for on line measurement of pulse duration by an auto-
correlator system (AC, PulseChek, APE GmbH, Germany) and of
the laser intensity by an ultrafast Si-photodetector (Alphalas
GmbH, Germany) (5), respectively. The data measured using the
autocorrelator are transferred directly to a computer, whereas
the Si-photodetector signal is measured with an ADC card.

The laser beam is guided via a set of dielectric mirrors (4a–c)
to the optical port of the vacuum chamber V1 and enters the
mass spectrometer along its ion-optical axis. The laser radiation
is focused subsequently by a lens ( f ¼ 200 mm, NA ¼ 4) (6),
which is positioned directly above the ion mirror, onto the
sample surface to a spot size of about 40 mm aer passing the
entrance window on the reectron, the central hole (Ø 6.4 mm)
of the detector assembly, and the ion-optical elements of the ion
connement (Fig. 3). The material ablated from the sample
surface forms a hot plasma plume consisting of atomised and
ionised species. Close proximity of the plasma plume to the
entrance of the mass analyser allows a major fraction of positive
ions to enter the mass analyser through the conical extraction
electrode. Aer entering the interior of the mass analyser, ions
are guided by electrical elds towards the detector. Aer initial
acceleration, focussing and collimation by an electrostatic
immersion lens, the ions y through the eld-free region (dri
tube) and ion mirror (reectron) where they are eventually
reected and guided towards the multichannel plate (MCP) ion
detector. A pair of MCPs arranged in a chevron conguration is
used to generate the electric signal on the anode aer the ions
strike the MCPs. The MCP detector can be operated at gains of
up to 108. The ions arrive at the MCP detector 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.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 A schematic drawing of an LMS with a brief overview of the principle of
the instrument operation (see also (7) in Fig. 2). The laser beam enters from the
top along the ion-optical axis and after being focussed by a lens passes the TOF
mass analyser, detector and ion optical system until the beam reaches the sample.
The ions produced during the ablation/ionisation process enter the mass analyser
and are confined, accelerated, focussed and directed towards the detector by an
ion optical system. The mass separation of the ions occurs in the field free region
according to their time-of-flight.
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The laser ring system is remotely controlled via the
measurement computer. The laser system electronics generates
for each laser pulse two trigger signals, which are forwarded to a
high precision multi-channel digital delay generator (DG535
system, Stanford Research Systems, USA) and the autocorrelator
system. The delay generator triggers subsequently two ADC
cards and hence starts the data acquisition (see Fig. 4). A
measurement cycle is initiated at the moment when focused
laser radiation interacts with the sample surface and produces
ions. Two high speed ADC cards, one PCI (U1082A, AP240 with
average rmware, Agilent) and one PCIe (U1084A, Agilent) card,
are used for data acquisition. Each card has two input channels
with a vertical resolution of 8 bits for a single shot. The PCI
card supports a sampling rate of 1 GS s�1 with an analogue
Fig. 4 Functional block diagram of the LMS system (see text for details).

This journal is ª The Royal Society of Chemistry 2013
bandwidth of 1 GHz for each channel, whereas the PCIe allows a
sampling rate of 2 GS s�1 with an analogue bandwidth of 1.5
GHz for each channel. For each card, these two channels can be
combined into one channel with a doubled sampling rate of 2
GS s�1 and 4 GS s�1, respectively. In the present measurements
one channel of the PCI card is used to measure the signal from
the ultrafast Si-photodetector and the other three channels to
measure the signals collected from three of the four anode
rings.1,22 To protect the anode plate from possible charging
effects, the fourth anode ring is short-circuited with 50 U

outside V1. The measurements are performed by collecting a
number of time-of-ight (TOF) spectra from one sample loca-
tion. The ADC cards acquire the spectra, store them on the
measurement computer and aer accomplishment of the
measurement campaign, the dataset is subsequently forwarded
from the measurement computer to a database on a server.
Subsequent data processing is realised on a high performance
computer, which is connected directly with the data server. In-
house designed analysis soware is used for spectra anal-
ysis.22,34 The TOF spectra are measured within a 20 ms time
window dened by settings of the acquisition card. This time
window allows us to measure mass spectra of elements within a
mass-to-charge range of �600 m/q.

The choice of voltage set for the ion optics and the control of
laser ablation conditions including laser uence and laser irra-
diance levels, laser focusing geometry and distance between the
sample and the entrance to the instrument are crucial parame-
ters for quantitative measurements with a high spatial resolu-
tion. Before starting experimental campaigns, the instrument
performance is optimised using the procedure described in
detail previously.22,49,50 This procedure optimises a merit func-
tion including the ion transmission and mass resolutionm/Dm.
Typically, a mass resolution in the range ofm/Dm ¼ 500–700 for
the 56Fe mass peak is achieved.22 More information about the
performance optimiser is given in previous publications.22,49,50
Samples

Mass spectrometric studies of isotope compositions of different
elements, e.g. B, Si, P, S, Ti, etc., were performed by using
unprocessed National Institute of Standards and Technology
(NIST) standard reference materials (SRM) for electrolytic iron
J. Anal. At. Spectrom., 2013, 28, 1256–1269 | 1259
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(SRM 661), carbon iron (SRM 664), and steel (SRM 665). Because
only elemental abundances are quoted by NIST in these
three reference materials terrestrial isotope abundances were
assumed in the analysis.23 The highest possible homogeneity of
sample material is guaranteed by NIST. Also sufficiently large
surface area was ablated (Ø � 40 mm) that possible material
heterogeneity plays a negligible role in the quantitative analysis
(with an exception of the uppermost surface layers which can
suffer from oxidation or other contaminations). More details
about micro-homogeneity in sample material can be found in
the report by Marinenko et al., 1979.51
Measurement procedure

The measurement procedure used for accurate isotope
composition measurements is described in a previous publi-
cation.34 To achieve stoichiometric ion production, high
measurement sensitivity and sufficiently high instrumental
performance, both, a laser ablation ion source and mass ana-
lyser have to be operated under specic experimental condi-
tions, which are dened by a number of parameters. In
particular, for the stoichiometric production of ions the laser
ablation ion source has to be operated at specic laser power
density (irradiance), with appropriate wavelength, repetition
rate and pulse duration. Hence, a choice of laser focus position
with respect to sample, laser focussing conditions, laser beam
characteristics (temporal and spatial prole) can be critical and
can be sometimes difficult to control without a well-dened
experimental procedure. Similarly, the conditions for ion
connement, focussing and detection are controlled by ion-
optical voltage settings which control ion transmission and
mass dispersion. High reproducibility of our measurements is
achieved by careful control of a number of parameters and is
possible by a computer control routine. This is also used to
perform fast check of the experimental performance.22,49,50

Each measurement campaign was performed on an
untreated sample surface.

(i) Optimisation of the mass resolution and ion transmission of
the instrument. Mass resolution (m/Dm) for TOF analysers
increases with the ion mass to some extent. Previous studies
demonstrated this relationship for the LMS instrument.22 Albeit
LMS can perform the mass spectrometric studies with a mass
resolution (m/Dm) exceeding 1000 at 56Fe (at irradiances < 0.1
GW cm�2), with an increase of the ion production by a laser
ablation ion source space charge and ion beam jitter effects
start to limit the mass resolution. Nevertheless, the quantitative
investigation can be performed with a mass resolution (m/Dm)
in the range 500–700 22,34. The optimisation of the mass reso-
lution and ion transmission of the mass analyser is performed
by tuning voltage settings on the mass analyser while con-
ducting laser ablation of the surface material under the given
experimental conditions (xed laser spot-sample distance,
specic laser uence). In the current study, the mass analyser
performance is a compromise by tuning the mass resolution to
about 500 and maximising the ion transmission. Thus, the
mass peaks of chemical elements are well separated from each
other although the isobaric interferences cannot be removed.
1260 | J. Anal. At. Spectrom., 2013, 28, 1256–1269
For analysis only ion mass peaks were selected for which no
isobaric interferences are expected. The dynamic range of the
instrument exceeds 108 which allows for the detection of trace
elements abundant at ppb levels.22

(ii) Choice of the number of accumulated spectra. The investi-
gation is performed by successive collection of a number of TOF
spectra. Each such spectrum is obtained by summing up 2000
single laser shot spectra from the same laser spot. Thus, this
dataset allows check on the measurement conditions and the
ablation process by monitoring the temporal evolution of ion
abundance, cumulative sum of ion signal (integrated mass
peak) as well as a survey of the quality including signal-to-noise
ratio (SNR), mass resolution (m/Dm), and relative isotope
accuracy of measurement dened as abs (ratioref � ratiomeas)/
ratioref. The temporal analysis of the spectra is also important
for the investigation of sample homogeneity, determination of
the inuence of surface effects (oxides, possible contamina-
tion), and laser repetition rate on the overall quantitative
elemental and isotopic analysis of the sample material that can
be performed by LMS.22,31,34

(iii) Choice of applied laser irradiance. The production of ions
by a laser ablation ion source depends critically on laser irra-
diance (laser power density). The systematic studies in a range
of applicable laser irradiances were performed with a similar
procedure to in (ii). Since the laser focussing conditions (laser
beam diameter, sample surface–laser focus distance) were the
same, only laser uence was varied. These studies dene the
laser irradiance (uence) for conducting the quantitative
elemental (isotope) analysis. The studies yield also the element-
specic ablation thresholds.

In-house designed soware, written in Matlab, is used for
detailed analysis of mass spectra, e.g. time-of-ight mass cali-
bration, integration of ion signal (ion mass peak areas), SNR,
mass resolution (m/Dm), relative isotope accuracy of measure-
ment, etc.34,52 Because peak-tting algorithms, such as
Gaussian-t, showed too high analysis errors (asymmetry of
detected mass peaks) we used a direct integration method
(Simpson integration) for calculation of ion signal.34,52 For
integration of ion mass peak signal, calculation of isotope
accuracy of measurements respectively, no corrections of mass
fractionation effects were necessary. In the analysis, the SNR is
dened as the ratio of the maximum amplitude of the analysed
peak divided by the standard deviation of spectral noise within
a range of 1 m/q that is analysed in an area of the spectrum
where no mass peaks are detected. Detailed discussion about
the analysis soware, e.g. ion signal integration methods,
background correction techniques of mass spectra, etc. can be
found in the report by Meyer, 2013.52
Case study: NIST 661, NIST 664 and NIST 665

A NIST 661 sample was chosen for the analysis of the temporal
evolution of the spectral parameters, ion rate production and
stability of the laser ablation process. The studies were per-
formed by applying 500 000 laser shots at a laser irradiance of
about 1900 GW cm�2 (pulse energy of �4.4 mJ, laser beam
diameter: Ø 40 mm) and 250 spectra, each an accumulation of
This journal is ª The Royal Society of Chemistry 2013
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2000 single laser shot spectra were acquired. SNR, mass resolu-
tion (m/Dm), relative isotope accuracy of measurement, relative
peak area error, and cumulative sum of integrated peak areas of
different isotopes of different elements, e.g. 30Si, 32S, 48Ti, etc.,
were histogramed and analysed for spectral accumulations of
2000, 4000, ., 400 000 single laser shots. The abundance of
elements in the sample are given in weight%-fractions by NIST.
For further analysis theNISTquoted elemental concentrations in
weight%-fractions were converted to elemental abundances in
atomic fractions.22,28,34 The isotope abundances were calculated
by assuming terrestrial isotope ratios.23

We nd that to perform quantitative measurements of
isotope abundance with the highest precision, the spectra
obtained from (a) excluding therst 20 000 single laser shots and
(b) including the following 100 000 laser shots are optimal (in
Table 1 Elemental abundances of metallic and non-metallic elements as spec-
ified for NIST SRM 661, SRM 664, and SRM 664 (second column). The isotope
composition was calculated assuming terrestrial isotope ratios,23 in weight frac-
tions [ppm] (third column). Elemental and isotope abundances in atomic fractions
[ppm] are given in the fourth and fifth columns

Element

Weight
fraction
element
[ppm]

Weight
fraction
isotope
[ppm]

Atom
fraction
element
[ppm]

Atom
fraction
isotope
[ppm]

NISR SRM 661
C 3920.0 12C: 3878.06,

13C: 41.94
17941.4 12C: 17749.42,

13C: 191.97
Si 2230.0 29Si: 104.48,

30Si: 68.95
4364.8 29Si: 204.49,

30Si: 134.96
Ti 200.0 46Ti: 16.50,

47Ti: 14.88,
49Ti: 10.80

229.7 46Ti: 18.95,
47Ti: 17.09,
49Ti: 12.41

Cr 6900.0 52Cr: 5781.44,
53Cr: 655.57

7294.9 52Cr: 6112.29,
53Cr: 693.08

Zr 90.0 90Zr: 46.31,
91Zr: 10.10

54.2 90Zr: 27.90,
91Zr: 6.09

Mo 1900.0 95Mo: 302.10,
98Mo: 459.61

1088.7 95Mo: 173.10,
98Mo: 263.35

NIST SRM 664
Si 660.0 29Si: 30.92,

30Si: 20.41
1276.6 29Si: 59.81,

30Si: 39.47
Cr 600.0 52Cr: 502.73,

53Cr: 57.01
626.9 52Cr: 525.25,

53Cr: 59.56
Zr 690.0 90Zr: 355.01,

91Zr: 77.42
410.9 90Zr: 211.41,

91Zr: 46.10
W 1000.0 184W: 306.40,

186W: 284.30
295.5 184W: 90.54,

186W: 84.01
Pb 240.0 206Pb: 57.84,

207Pb: 53.04
62.9 206Pb: 15.17,

207Pb: 13.91

NIST SRM 665
B 1.3 10B: 0.26,

11B: 1.04
6.7 10B: 1.34,

11B: 5.37
S 59.0 32S: 56.04,

34S: 2.51
102.7 32S: 97.51,

34S: 4.36
Ti 6.0 46Ti: 0.50,

47Ti: 0.45,
49Ti: 0.32

7.0 46Ti: 0.58,
47Ti: 0.52,
49Ti: 0.38

Cr 70.0 52Cr: 58.65,
53Cr: 6.65

75.1 52Cr: 62.93,
53Cr: 7.14

This journal is ª The Royal Society of Chemistry 2013
total 120 000 single laser shots). In the following, 12 measure-
ment campaigns parameterised by energy/pulse in the range of
about 1.1–6.2 mJ (�500–2700 GW cm�2) were nally conducted.

Studies on NIST 664 and NIST 665 were performed by
employing the same accumulation of spectra, and by applying
the laser irradiances in the range that yielded the most accurate
measurements for the SRM 661 sample. On each sample, NIST
664 and NIST 665, ve campaigns parameterised by laser irra-
diances were performed to establish the reproducibility of the
results and possible dependences on sample surface
morphology and composition. Because the samples NIST 664
and NIST 665 are quoted as standards for elemental composi-
tion, the isotope composition in the samples is calculated
assuming terrestrial isotope ratios.23 Table 1 gives an overview
of the investigated elements/isotopes and their corresponding
abundances (in weight and atomic fractions).
Laser source characteristics

A laser pulse width of about 188 fs was measured at FWHM by
using a sech2 function as a t function. Fig. 5 and 6 show the
laser pulse prole measured with the autocorrelator system,
and the pulse width stability measured with the autocorrelator
Fig. 5 A laser pulse profile measured with the autocorrelator (averaged over 8
single laser pulses). A laser pulse width of about 188 fs was determined at FWHM
by using a sech2 function as a fit function.

Fig. 6 Temporal stability of laser pulse duration over a time period of 150 s
(150 000 single laser shots). Each data point corresponds to an average of 8 single
laser pulse widths, measured and averaged with the autocorrelator.
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Fig. 7 Toppanels: shot-to-shot laserfluctuations of 150 000 single laser shots,measuredwith a power/energy sensor (left panel), and standarddeviation offluctuations
relative to themean of about 6& is observed (right panel, dashed lines). Middle panels: 30 000 single laser shots taken from the data shown in the top panels. The single
laser shots are averaged to files consisting of 100 single laser shots (300 files in total). Due to the average the standard deviation of the fluctuations relative to themean is
reduced to about 4&. Bottompanels: 30 000 single laser shotsmeasuredwith theultrafast photodiode. Again, the single laser shots are averaged tofiles consistingof 100
single laser shots. Due to the slightly lower precision of the photodiode the standard deviation of the fluctuations relative to the mean is slightly increased to 1%.
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during a time period of 150 s (150 000 single laser shots),
respectively.

In Fig. 7 shot-to-shot laser intensity uctuations are dis-
played. The straight lines in the le panels show the trend line
through all the acquired and processed data. The dashed lines
in the right panels correspond to the standard deviation of the
uctuations relative to the mean value.

In the top twopanels ofFig. 7 theenergy/pulseuctuations (le)
and the uctuations relative to the mean of 150 000 single laser
shots (corresponding to 150 s) are shown. While a power/energy
meter console (LabMax-Top,Coherent,USA) incombinationwitha
laser energy sensor (J-10MB-LE, Coherent, USA) was used to
measure the energy of laser pulses, during the measurements the
ultrafast photodiode was used to monitor the laser intensities. A
high stability of laser pulse energy is observed with a relative
change of pulse energy of 1&, whereas shot-to-shot uctuations
relative to the mean showed a variation of about s ¼ �6&.

In the middle two panels similar data to those shown in the
top two panels are displayed. However, these time averaged data
les (wave packets of 100 single laser pulses) in a range of only
1262 | J. Anal. At. Spectrom., 2013, 28, 1256–1269
30 000 single laser pulse shots (300 les in total) are shown.
Again and as expected, only a small variation of about 1& in
energy/pulse is observed. Due to averaging of 100 single laser
pulses the standard deviation of the uctuations relative to the
mean is decreased to about 4&.

In the bottom two panels the uctuations of 30 000 single
laser shots are shown, measured with the photodiode, averaged
to les consisting of 100 single laser shots (300 les in total).
Only a small variation of laser intensity of about 1& is observed.
However, by comparing these laser intensity uctuations with
the uctuations observed in the previous measurement setup,
where a Q-switched Nd:YAG ns-laser system was used,22 the
stability of the fs-laser system is observed to be signicantly
better. With the Nd:YAG laser system shot-to-shot laser intensity
uctuations of up to 40% were observed.22
Laser ablation characteristics

A sample of common steel material (AISI 316L) was used to
study laser ablation craters that were produced aer applying a
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3ja50117e


Fig. 8 AFMmeasurements of ablation craters built on an in-house prepared steel sample after 10, 30, 60, 100, 300 and 600 single laser shots (2.9 mJ per pulse). Crater
diameters of about 40 mm are observed. In the first 60 single laser shots, ripples are observed.
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different number of laser shots. The craters were analysed
using an atomic force microscope, AFM (Bioscope II, Veeco,
Germany). Sharp nitride lever probes with a nominal spring
Fig. 9 AFM cross-sections of laser ablation pitch after 100, 300 and 600 single
laser shots (2.9 mJ per pulse). Crater profiles after 100 and 300 single laser shots
are in both x, y axes symmetric and have a Gaussian shape. After 600 laser shots
the crater has steeper walls and shows a flatter crater bottom.

This journal is ª The Royal Society of Chemistry 2013
constant of 0.12 N m�1 and a nominal tip radius of 2 nm were
used in the investigations. All measurements were performed in
contact mode at ambient pressure and temperature. No addi-
tional liquids were used for the AFM measurements. In each
measurement an area of 80 � 80 mm was investigated, with a
spatial resolution of 512 � 512 pixels.

Fig. 8 shows AFM images of ablation craters excavated aer
10, 30, 60, 100, 300 and 600 single laser shots (2.9 mJ per pulse).
A crater diameter of about 40 mm is measured. Periodical
microstructures, so-called ripples, are observed in AFM images
of craters built aer 10–60 single laser shots.53,54 The orientation
of these structures is perpendicular to the laser polarisation,
which is in our case horizontal.53,54

Fig. 9 shows cross-sections of ablation craters formed aer
100, 300 and 600 laser shots. The cross-sections for the craters
built aer 100 and 300 laser shots show a Gaussian prole and
are symmetric in both axes (see also the corresponding craters
in Fig. 8). This is slightly different regarding the crater formed
aer 600 laser shots. Aer 600 laser shots the crater has steeper
walls and shows an almost at crater bottom. In comparison
with ablation craters produced with the ns-laser system,22 the
craters produced by the fs laser system are well structured and
no rims around the crater are observed.43
fs-laser ablation ion source for space application

Present studies were accomplished by using a versatile
Ti–Sapphire femtosecond laser system (Clark-MXR Inc., USA) as
an ablation ion source. Laser parameters, such as energy per
pulse, repetition rate, pulse duration, etc., can be set easily via
remote control by the user. However, it is unlikely that this
J. Anal. At. Spectrom., 2013, 28, 1256–1269 | 1263
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Fig. 10 Temporal signal stability of several investigated isotopes abundant in
NIST SRM 661 during a single measurement campaign (see details in text). Top
panels: cumulative peak intensities of different isotopes in the first 20 000 single
laser shots.Middle panels: signal stability of different isotope peaks during the first
100 000 single laser shots. Bottom panels: cumulative peak intensities of different
isotopes normalised to the intensity of 52Cr in the first 100 000 single laser shots.
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system can be used for space application because of its large
size, weight and power consumption.

In the present report measurement campaigns were con-
ducted at 1 kHz repetition rate, at 775 nm wavelength, �190 fs
pulse width, and in the energy per pulse range of about
1.1–6.2 mJ (laser ablation crater diameter: �40 mm), corre-
sponding to about 500–2700 GW cm�2. Nevertheless, the laser
focus spot can be reduced to several microns by the imple-
mentation of dedicated optics.22 An increase of the spatial
resolution is of considerable interest for space research and
would allow the investigation of the chemical composition of
micrometre-sized grains. An increase of the lateral resolution
reduces signicantly the requirements for the laser pulse energy
to about 20–100 nJ (assuming a crater diameter of�5 mm) which
is necessary for stoichiometric ion production.

A miniature femtosecond bre laser system with low power
consumption for operation and signicantly reduced weight is a
suitable alternative to a Ti–Sapphire laser system, which is
applied in this study. Nowadays, miniature ultra-short pulsed
bre systems are commercially available. One example would be
the fs-ber laser system from Femtolite Ultra systems, IMRA,
USA. The following specications of this system: wavelength of
810 � 5 nm, average power $10 mW, pulse duration #110 fs, a
total power consumption of less than 50 W, weight of <3 kg and
total size of about 215 � 200 � 130 mm3 are acceptable for
implementation on planetary lander or rover.55 Typically, such
laser systems are operated at hundredths of kHz to MHz repe-
tition rates, which can be too high for certain applications. By
the implementation of optical shutter systems the repetition
rate can be reduced to the desired frequency, at increased power
consumption (tens of W).
Results and discussion
Case study NIST SRM 661

Study on the number of accumulated spectra. Laser abla-
tion/ionisation studies were conducted on a NIST SRM 661
sample to investigate the inuence of a number of accumula-
tions of individual spectra on the quantitative mass spectro-
metric analysis. A number of single laser shot spectra (total
number of accumulation: 500 000) were collected at a constant
laser irradiance of 1900 GW cm�2 (pulse energy �4.4 mJ; laser
beam diameter: Ø 40 mm) and repetition rate (1 kHz) from one
single sample location.

Fig. 10 displays the temporal stability of the signal intensi-
ties (determined as integrated ion peak areas, middle panels),
the cumulative intensities (upper panel), and the cumulative
intensities normalised to the intensity of the 52Cr mass peak
(lower panels) of several isotope mass peaks observed during
the measurements. In the top panel the cumulative peak
intensities of 30Si, 32S, 48Ti, etc. are shown that were observed
aer the accumulation of the rst 20 000 single laser shot
spectra. An almost similar rate of the cumulative sum of mass
peak intensities is observed for most of the measured elements
with an exception of the 32S mass peak. A cumulative sum curve
crossing is observed for 32S and 52Cr. In comparison to other
isotopes, Sulphur shows a larger decrease of peak intensities
1264 | J. Anal. At. Spectrom., 2013, 28, 1256–1269
(see the middle le panel). The signal variation and cumulative
sum of peak intensities of Ti isotopes determined in the rst
20 000 and 100 000 laser shot spectra, respectively, are shown in
the right panels in Fig. 10. A relatively small intensity variation
of mass peak intensities is observed during the rst 10 000–
16 000 laser shots with an exceptionally large signal decrease of
the 32S mass peak. Nevertheless, aer these initial variations
there are no signicant peak intensity changes that are
observed for most of the elements. Similar effects were observed
in the previous studies conducted with a ns-laser ablation ion
source.31 The observation of relative mass peak intensity varia-
tion can be attributed to upper surface composition modica-
tion due to contact with atmospheric gases (e.g., oxidation,
contamination) and their inuence on the ablation process
(thermal–nonthermal behaviour). These effects contribute
readily to elemental fractionation.44

Owing to the relative mass peak intensity variation for initial
laser ablation pulses, the rst 20 000 spectra are not considered
for calculations of relative sensitivity coefficients (RSC), dened
as measured abundance/quoted abundance.28 This number was
chosen by taking into account that themass peak intensity of 32S
is observed to stabilise aer ablation with so many laser pulses.

The dependence of the various measurement parameters on
the number of accumulated spectra is shown in Fig. 11. The
cumulative sum of peak intensities, cumulative sum of peak
This journal is ª The Royal Society of Chemistry 2013
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Fig. 11 The dependence of different measurement parameters, cumulative sum
of peak intensities, cumulative sum of peak intensities normalised to the intensity
of 52Cr, SNR, relative peak area error, mass resolution, and relative isotope accu-
racy of measurement, on the number of spectral accumulations is shown. A single
measurement campaign done on a NIST SRM 661 sample was used for this
analysis (see details in text).

Fig. 12 The dependence of peak signal, SNR, relative peak area error, and mass
resolution on the laser irradiances is shown. The laser irradiance campaign was
conducted on a NIST SRM 661 sample.
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intensities normalised to the intensity of 52Cr, SNR, relative
peak area error, mass resolution m/Dm, relative isotope accu-
racy of measurement of different isotopes, e.g., 11B, 30Si, 32S, etc.
are determined for up to 400 000 single shot spectra. The rst
20 000 single laser shots were excluded.

No variation of relative cumulative sum is observed for most
of the elements with an exception of Zr and Mo aer 40 000 and
240 000, respectively. While the SNR decreases with the increase
of the number of laser ablation shots, the mass resolution is
relatively constant or increases slightly, in contrast to the
measurements conducted with a ns-laser ablation ion source.34

The lowest relative peak area errors, e.g., mass peaks of 48Ti and
52Cr, are observed for the accumulation of about 100 000 to
140 000 single laser shot spectra. The measurements or relative
isotope accuracies of measurements are observed to be constant
for all elements with exception of 90Zr and 98Mo. Taking into
account these observations, the rst 100 000 spectra are chosen
for the preparation of the quantitative compositional analysis.

Study on the inuence of laser irradiance on the quantitative
performance. To study the dependence of the relative measure-
ment accuracies of isotope abundance on laser irradiance,
This journal is ª The Royal Society of Chemistry 2013
mass spectrometric measurements were conducted for twelve
different laser irradiances selected in the range of 500–2700 GW
cm�2, corresponding to an energy per pulse of about 1.1–6.2 mJ
(with a laser beam diameter of Ø 40 mm). Each campaign was
conducted on a fresh sample surface location. The spectra were
obtained by accumulations of 100 000 single laser shot spectra,
excluding the rst 20 000 single laser shot spectra (see the
previous section).

In Fig. 12 the dependence of several measurement parame-
ters (signal intensity, SNR, relative peak area error, and mass
resolution) of different isotopes, e.g., 30Si, 32S, 52Cr, etc., on laser
irradiance is shown. Similar to previous measurements con-
ducted with a ns-laser ablation ion source,34 we observe an
increase of the signal intensity and SNR with increasing laser
irradiance until these values stabilized and became indepen-
dent of laser irradiance. We observed that for most of the
elements, the signal becomes constant for laser irradiances
larger than 1800 GW cm�2 (pulse energy of �4.3 mJ; laser beam
diameter Ø 40 mm). Due to the increased signal at increased
irradiance a decreasing trend of relative peak area errors with
increased irradiance is observed. By increasing the laser
J. Anal. At. Spectrom., 2013, 28, 1256–1269 | 1265
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Fig. 13 The dependence of relative isotope accuracies of measurements on the
applied laser irradiance is shown. The identical laser irradiance campaign con-
ducted on NIST SRM 661 was used for this analysis (see Fig. 12).

Fig. 14 Correlation between the abundance of an isotope and relative isotope
accuracies of measurements. Isotope abundances are given in atomic fraction. An
overview of the displayed isotopes, e.g. isotope abundances, corresponding NIST
SRM samples, etc., is given in Table 1.

JAAS Paper

Pu
bl

is
he

d 
on

 2
6 

Ju
ne

 2
01

3.
 D

ow
nl

oa
de

d 
on

 1
6/

08
/2

01
3 

08
:3

3:
31

. 
View Article Online
irradiances the mass resolution is decreasing. The increase of
laser irradiance causes an increase of the ablation rate and
plasma plume temperature. Owing to a large number density of
ions produced at increased laser irradiance, space charge
effects, e.g., surface charging and Coulombic repulsion become
signicant. At certain laser irradiance ion number densities are
too large and exceed the focusing capacities of ion optics.

As noticed earlier,34 a trend between ionisation thresholds
and the boiling point56 of the analysed elements and their
isotopes (Cr(2671 �C), Ti(3287 �C), Si(3265 �C), B(4000 �C),
Mo(4639 �C), and Zr(4406 �C)) is observed in these studies as
well (data not shown); due to the very low boiling point sulphur
is not included. A similar trend between ionisation threshold
and melting point of different elements/isotopes was observed
by Alcàntara et al. 2010 57 by using an ns-laser system.

Fig. 13 shows the dependence of the relative isotope accu-
racies of measurements on the laser irradiance. For 30Si and 32S
no trend of the relative isotope accuracies with increasing laser
irradiance is observed within measurement accuracy. This is
slightly different for 48Ti and 52Cr. Similar to previous obser-
vation in studies that applied a ns-laser ablation source34 a
broad minimum in the range of laser irradiances of about
1600–2400 GW cm�2 is observed where the best relative isotope
accuracies of measurements are obtained.34
Isotope abundance versus measurement accuracy

In Fig. 14 the correlation between isotope abundances (in
atomic fraction) and the relative isotope accuracies of
measurements for many different isotopes, measured in the
NIST samples SRM 661, 664, and 664, is shown. The similar
measurement procedure discussed for the NIST SRM 661 case
study was used to investigate elements/isotopes abundant in
NIST SRM 664 and 665. An overview of the investigated isotopes,
e.g. isotope abundances, corresponding NIST SRM samples,
etc., can be found in Table 1.

An increase of measurement accuracy with increase of
isotope abundance is observed as expected. For isotope
1266 | J. Anal. At. Spectrom., 2013, 28, 1256–1269
abundances in the range of about 100 ppm a measurement
accuracy of 1% and better can be achieved. A similar correlation
was observed in previous measurements performed with a ns-
laser ablation ion source.34 However, the accuracy of the current
measurements is larger and the measured values lie closer to
the trend line. For example, the measurement accuracy at 100
ppb abundance is improved in these studies by a factor of about
2–3 compared to the previous investigations and is determined
at about 25% error.34

The trend between isotope abundances and relative isotope
accuracies of measurements shows a slope of about�0.5 in log/
log-space. This observation can directly be correlated with the
trend between the relative ion peak area error, dened as dA/A,
and SNR, which is a composite of relative statistical error,
relative background error, and relative peak area error of inte-
gration of ion signal.52 In comparison with the relative statis-
tical error and relative background error the relative peak area
error by Simpson integration is by 2–3 decadesmore signicant,
and shows a trend between the relative peak area error and SNR
of about �0.5 in log/log-space.52 To improve the overall
performance of relative isotope accuracy of measurement the
SNR has to be improved by the implementation of a more
sensitive detection system and less noisy acquisition cards with
higher sampling rate. With increased SNR of detected ion mass
peaks the relative ion peak area error introduced by integration
decreases and hence, the relative isotope accuracy of measure-
ment can be increased. With the present setup (detector gain of
�106 to 107, 4.8 mJ per pulse) one single 11B ion (NIST SRM 665
sample) with a weight fraction �1 ppm (Table 1) is detected
statistically per 1 laser shot. More details can be found in the
report by Meyer, 2013.52

Recently, a few instruments were designed for in situ
geochronology of solid planetary surface material. The potas-
sium–argon laser experiment (KArLE)20 or the instrumental
suite combining XRS and GAP17–19 were designed for geochro-
nology with the K–Ar dating method. Another instrument, such
as the laser desorption resonance ionisation mass spectrom-
eter, LDRIMS, is based on the measurements of Rb and Sr
This journal is ª The Royal Society of Chemistry 2013
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Table 2 Comparison between relative sensitivity coefficients (RSC) using the ns-
laser at IR wavelength,28 ns-system at UV, and fs-laser system at IR radiation. In the
last row the corresponding ionisation potentials of the listed elements are given.
The listed RSC values result from the measurements conducted on NIST SRM 661
samples (more details in text)

C Si P S V

ns-system (IR) 1.3 � 10�3 1.6 � 10�2 — — 1.7
ns-system (UV) 2 � 10�4 2 � 10�2 3 � 10�2 5 � 10�2 3.2
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isotopes.21 In comparison with these instruments, the design
and measurement principle of the miniature reectron time-of-
ight LMS system is robust and simple, and it offers a high
dynamic range of at least eight orders of magnitude. A current
detection limit on metallic and non-metallic elements is
determined at a few ppb level. A more detailed discussion on
the performance of LMS for the in situ geochronology can be
found in an earlier publication.34
fs-system (IR) 0.90 1.04 1.10 1.16 0.9
IP [eV] 11.260 8.151 10.486 10.316 6.82
Performance comparison between ns- and fs-measurements

A fs-laser ablation ion source is clearly advantageous to that of a
ns-source, which we applied in previous studies. In addition to a
long term stability of the measurement parameters presented in
the previous sections, the improvement of spectral quality and
detection efficiency of all ions was achieved. Fig. 15 displays
sections of mass spectra within the m/q range of about 27–34 of
NIST SRM 661 obtained by the application of the femtosecond
and ns-laser ablation ion sources. Both spectra were obtained by
accumulation of 100 000 accumulated single shot spectra. The
top spectrum is obtained by using the previously discussed ns-
laser (l ¼ 266 nm, s � 3 ns, Ø 20 mm, 20 Hz repetition rate)
system for ablation and ionisation of the sample material.34 The
spectrum was recorded at a laser irradiance of about 0.5 GW
cm�2. The bottom section is conducted by using the present fs-
laser system (l ¼ 775 nm, s � 190 fs, Ø 40 mm, 1 kHz repetition
rate) at a laser irradiance of about 1900 GW cm�2. Elemental
Fig. 15 Comparison between sections of mass spectra within m/q of about 27–
34 of the NIST SRM 661 sample, measured with the previous ns- and present fs-
laser ablation ion sources. Each spectrum is an accumulation of 100 000 single
laser shot spectra.

This journal is ª The Royal Society of Chemistry 2013
and isotope abundances displayed in both panels are given in
atomic fractions.

The appearance of these two spectra is signicantly different.
The detection efficiency for non-metallic elements is much
lower than for metals when the ns-laser ablation ion source is
applied (top panel). The mass peak of 27Al (�428 ppm) is more
intense than that of 28Si (�4026 ppm) or 32S. The measurement
conducted by using the fs-laser ablation ion source shows
correct intensities of the relevant mass peaks in accord with the
element (isotope) abundances of these species in a sample
(bottom panel). The comparison of the relative abundance
ratios determined from the measurement and compared to the
NIST quoted values shows good agreement between the
measured and quoted values. Relative sensitivity coefficients of
elements are shown in Table 2 along with a subset of RSC values
of relevant elements and the corresponding ionisation poten-
tials (IP, last row) obtained using different laser-systems on a
NIST SRM 661 sample. In the rst row RSC values from
measurements conducted with a ns-laser system at IR wave-
length (l ¼ 1064 nm, s � 4 ns, Ø 10 mm, 20 Hz repetition rate)
are listed; in the second row values obtained using the ns-laser
system at UV,22 and in the third row the RSC values obtained
using the present fs-laser system. More details about the ns-
laser setup used at IR radiation and the listed RSC values can be
found in an earlier publication.28 While the ns-RSC values of the
listed elements are in the range of 10�4 to 2, if even available
(see IR), the RSC values obtained using the present fs-laser
system are close to 1. The results of these studies are of
considerable importance for development of standard-less
instruments that can be used for the elemental analysis of
various types of solid samples and capable of conducting
accurate isotope analysis.
Conclusion and outlook

Mass spectrometric analysis of elemental and isotopic compo-
sition of several NIST standard reference materials is performed
by a miniature laser ablation/ionisation reectron-type time-of-
ight mass spectrometer designed for in situ space research
using an fs-laser ablation ion source. The studies indicate that
the accurate quantitative analysis of elemental and isotope
compositions can be performed by controlling laser irradiance
and the number of accumulations of single laser shot spectra.
These experimental conditions are established via systematic
J. Anal. At. Spectrom., 2013, 28, 1256–1269 | 1267
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parametric investigation of the inuence of laser irradiance on
measured elemental and isotopic compositions.

The studies show that measurements on the isotope
composition can be conducted within measurement accuracy at
the per mill level for isotope concentrations larger than 100
ppm. The measurement accuracy is degraded with lower
elemental/isotopic concentration in a sample material. For
elements and isotopes with abundances below 100 ppm the
relative measurement accuracy drops to the per cent level. For
isotopes with sample concentrations of �100 ppb, an increase
of the measurement accuracy by a factor of 2–3 compared with
studies conducted with an ns-laser ablation ion source is
observed.

Further improvements of accuracy of the studies can be
made by improvements of detection sensitivity, which is found
to be currently the limiting factor.

The mass spectrometric studies indicate superior perfor-
mance of the instrument for the elemental analysis while a fs-
laser ablation ion source is applied. A similar detection effi-
ciency of metallic and non-metallic elements is observed and
relative sensitivity coefficients determined from the mass
spectrometric analysis of investigated standards were close to
one. Thermal effects, sample damage and additional laser-
plasma interaction are negligible or not present during fs-laser
ablation in contrast to that of the ns-laser ion source. Their
absence together with superior characteristics of the fs-laser
beam account for the substantial improvement of the accuracy
of elemental analysis. Further studies are planned to establish
the inuence of the other characteristics of the fs-laser ablation
source as well as material composition (matrix effects) on the
accuracy of the elemental analyses. The results are of consid-
erable importance for the development of standard-less
instrumentation for the compositional (elemental and isotopic)
investigation of solid material on planetary surfaces.
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