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We present results from mass spectrometric analysis of NIST standard materials and meteoritic samples conducted by a
miniaturised laser ablation mass spectrometer designed for space research. The mass analyser supports investigation with a mass
resolution (m/Δm) ≈ 500–600 and dynamic range within seven decades. Nevertheless, to maintain an optimal spectral quality
laser irradiances lower than ∼1 GW/cm2 are applied so far which results in a spread of RSC values. To achieve the quantitative
performance of mass analyser, various effects influencing RSC factors have to be investigated. In this paper we investigate influence
of laser irradiance, sampling procedure and plasma chemistry on the quantitative elemental and isotopic analysis. The studies
indicate necessity for accurate control of laser characteristics and acquisition procedure. A relatively low irradiance applied causes
a negligible sample damage and allows for accumulation of large number of waveforms from one sample location. The procedure
yields statistically well averaged data and allows a sensitive in-depth analysis. The quantitative analyses of isotopic composition can
be performed with accuracy and precision better as 1% and 2%, for isotopic patterns of elements and clusters, respectively. The
numerical integration methods would be preferred to achieve more accurate results. The measurements of Allende sample yield
detection of Pb isotopic pattern, nevertheless cluster species are readily observed in spectrum and make the elemental analysis
of other trace elements difficult due to isobaric interferences. These detections are of a considerable interest because of possible
application of the instrument for in situ elemental and isotopic analysis and radiometric dating of solids.

1. Introduction

The elemental and isotopic composition of solid materials
is a subject of considerable interest to various research
fields and a wide range of quite different applications
[1]. From the elemental composition, the bulk chemical
composition of material can be inferred. Major and minor
elements can be used for determination of the material
structure and chemistry. Studies of elemental abundances
of rocks or soils can provide, for instance, an insight to
modal mineralogy [2]. Solid materials contain frequently
a low abundant fraction of elements, trace, or ultratrace
elements. Investigations of these elements, their distribution
in the material, and their temporal abundance changes are
subject of gradually increasing interest. Analysis of trace
elements can be used for diagnostic of material purity, its
heterogeneity, and for process control during manufacturing

the high purity materials, for example, semiconductors
or special ceramics. By investigation of such processes as
corrosion, catalysis, or adhesion effects on the surfaces, the
elemental impurities at ∼ppm level can play important role
in chemical and physical processes [3]. The detection and
monitoring of trace elements are used in control of pollution
of environmental samples, air, water, plants, animals, and
soils that poison agricultural or manufactured products [4].
Studies of isotopes of trace and ultratrace elements (e.g.,
P, S, Mg, Ca, K, Fe, Cu, Mn) having a vital role in living
organisms are of considerable interest and can be used to
investigate many biological processes and also the influence
of the environment on biological functions [5]. Investigation
of trace elements in geological and planetary samples yields
unique information on transformation processes on the
Earth, planets, and other solar bodies at the scale of the age of
our solar system. The element fractionations resulting from
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melting and crystallisation of rocks can yield information
on planetary differentiation, and isotopic fractionations can
be used for a diagnostic of the formation conditions such
as volatility-controlled or rare earth element fractionation.
Dating of samples and identification of possible biological
activities can be derived from the analysis of the details of
the isotope variation. Exploration of the surface composition
of planets, their moons, and asteroids is planned in most
of future planetary missions. Development of instrumen-
tation capable of sensitive and quantitative measurements
of elemental and isotopic composition of solid materials
is of considerable interest and drives also our present
investigations [6].

So far, mostly spectroscopic methods have been used for
conducting the chemical analysis of the planetary materials.
X-ray fluorescence (XRF) spectroscopy was applied for the
detection of elements on the Viking landers on Mars.
All Mars rovers to date have also used this technique
for conducting the chemical analysis of rocks and soils.
This spectroscopic approach yields sufficiently accurate data
for determination of the abundances of major and some
minor elements. Frequently, however, elements heavier than
sodium can be only well determined and the abundance
of lighter elements is inferred after extensive background
and interelement absorption corrections [7]. The γ-rays and
neutron spectroscopic techniques were used for investigation
of the elemental abundances of the surface of the Moon,
Mars, and asteroids from orbiting spacecraft. These studies
brought, for instance, a sensitive detection of potassium
and thorium, elements occurring typically in minor and
trace abundances. Nevertheless, sensitivity of the element
detection by γ-ray and neutron spectrometry depends on
counting statistics, and measurement duration in space
exceeds months. The spectroscopic instruments have sig-
nificantly contributed to the analysis of planetary surfaces
providing, for example, characterisation of volcanic rocks
and sedimentary deposits on Mars or a global database of
element abundances on the Moon [8]. Nevertheless, for
the measurements of trace elements, analyses of radiogenic
isotopes or study of complex organic matter on planetary
surfaces and other more sensitive techniques have to be
developed. The mass spectrometric approaches are clearly
the methods of choice and are preferred because of their
higher sensitivity, simplicity of operation, and straightfor-
ward data analysis. The time-of-flight mass analysers (TOF
MS) are the most convenient in this respect. They can be used
to investigate solid materials in situ once combined with an
appropriate laser ablation ion source.

The mass spectrometric approaches are well established
analytical methods in investigation of solid materials. They
are most frequently used in laboratory practice for sensitive,
accurate, and precise analysis of the elemental composition
and determination of trace and ultratrace elements in variety
of solid or liquid samples [1]. Developments since 2000
show, however, that the laser-based techniques such as
laser ionisation (ablation) mass spectrometry (LIMS) and
laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) replace systematically other, more expensive
approaches and this is in great part due to the progress in

development of lasers and fast electronics. LA-ICP-MS is
well recognised and frequently used for analysis of ultratrace
elements with the detection sensitivities corresponding to
sub-ppb g/g. At present stage of the development of this
instrument, its application for in situ investigation of plan-
etary surfaces is very challenging owing to high complexity
of design and operation. Conversely, LIMS or laser ablation
mass spectrometry is clearly the method of choice due to its
simplicity and robustness.

LIMS uses a laser ablation ion source. Laser radiation
is used to ablate untreated samples of any solid material
including metals, powders, or glass, and there is no need for
special sample preparation procedures (e.g., ovens, chemical
agents). The risk of sample loss or its contamination is thus
minimised. The ablation process is induced by focusing the
laser radiation to a spot of several micrometers allowing
investigations of chemical composition with a high spatial
(vertical and lateral) resolution and low sample consumption
[9–12]. Coupling of laser ablation source with the time
of flight mass spectrometer is usually preferred and offers
several advantages. The TOF mass spectrometer is highly
amenable to pulsed ion sources and its dominant property
is fast measurement of transient signals, high sensitivity, and
good mass resolution. TOF mass analysers yield a complete
mass spectrum for each laser pulse. An ablation/ionisation
event generated at each laser pulse is well spatially and
temporary localised and initiate clock for counting the time
of ion flight from the source to the detector. The mass
spectrum is achieved by recording the temporary-resolved
signal generated by ion bunches striking an ion detector.
The last decade has shown that TOF mass analysers can be
miniaturised to 120 mm long cylinder of 50 mm diameter.
The weights of the instrument including electronics would
be about ∼1.5 kg yet maintaining the performance of larger
laboratory systems [13, 14]. They can be also operated
in extreme environments of temperature, pressure, and
radiation. The ROSINA-Rosetta Orbiter Spectrometer is a
good example of potential capabilities of a TOF analyser
for space research. This reflectron-type time-of-flight mass
spectrometer (RTOF) is designed for investigation of charged
and neutral gases. It enables studies with mass resolution
up to few thousandths, and detection sensitivities better
than ∼ppm g/g [15]. Further reduction of the size and
weight by factor of ∼4 could be recently achieved [16].
Several miniaturised TOF mass analysers have been also
developed for carrying out the chemical analysis of solids
[13, 14, 17] with the LAZMA instrument [18] being part
of a payload accepted for missions to Phobos (PHOBOS
GROUND) and our Moon (LUNA RESOURCE, LUNA
GLOB) [17–20]. These mass analysers are equipped with
a laser ablation ion source. This novel approach in space
research promises improvements of the elemental analysis
in situ on solar system body surfaces providing increased
elemental sensitivity and complementing results obtained by
spectroscopic methods.

LIMS is a sensitive technique, nevertheless, it is still con-
sidered to be semiquantitative [11, 21, 22], in spite of its long
development history [23]. Complexities introduced by the
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ablation process make the quantitative analysis sometimes
difficult because of ion yield dependence on laser irradiance,
wavelength, pulse duration, or physical properties of the
material (morphology, homogeneity). Molecular clusters,
frequently accompanying elements in the mass spectra,
are formed by plasma chemistry. In addition, a broad
and element-specific kinetic energy distribution of ions
generated in the ablation process can limit the instrumental
mass resolution and cause severe problems for optimal ion
detection [24]. In recent developments, control of the plasma
process has been partially achieved and advancements in
theoretical studies are continued to progress [21]. Achieving
the control over the kinetic energy spread of ions gener-
ated by ablation is linked with historical development of
this technique. Initial success has been achieved by the
implementation of a reflectron and other energy focusing
devices in the ion-optical system, which resulted in the
development of laser-microprobe mass analyser (LAMMA)
and later, another versatile system LIMA 2A [25]. The
latter system enabled routine qualitative mass spectrometric
analysis. Improvements of the design and functionality
were also reported after a miniaturisation of laser ablation
TOF mass analyser initiated in 1990s by filtering ions
of specific energies (energy windowing) [17], or by just
applying appropriate ion optics and reflectron combined
with ring-shaped detector [13]. Significant improvements of
the instrumental performance have been recently achieved
by application of novel laboratory LIMS instrument utilising
collisional cooling of ions in He buffer gas combined with
an orthogonal extraction [26]. The quantitative analysis of
the sample composition is, however, not straightforward and
requires a careful control of experimental conditions for
laser ablation and additional studies of appropriate standard
reference materials. The scaling factors have to be achieved
for each element and they form the basis for conducting
the quantitative elemental analysis of solid samples. Progress
in developments and application of laser ablation mass
spectrometry in the last decade has been well described in
recent comprehensive review articles [21, 22].

Our laboratory develops a miniaturised laser ablation
reflectron-type TOF mass spectrometer (LMS) for investiga-
tion of chemical composition of surfaces of solar system bod-
ies. Present laboratory efforts are focused on investigation
of performance of the instrument. This report extends and
follows our recent publication summarising the studies on
NIST standard materials, minerals, and meteoritic samples
ablated by a nanosecond IR laser radiation [27]. The choice
of the IR laser is (although not generally preferred) motivated
by simplicity and robustness of this laser. The studies of NIST
reference materials, minerals and meteoritic samples have
proved high sensitivity of this approach [27]. Nevertheless,
low sensitivity in the detection of some nonmetallic elements
such as P or S remains and RSCs factors for large number
of elements differ clearly from one. To resolve some of
possible sources of elemental (isotopic) fractionation, the
effects of sampling from one laser spot location, dependence
of ion yield on laser irradiance, and formation of clusters are
investigated in the present study.

2. Experimental

2.1. Experimental Setup and Principles of Operation. Figure 1
displays a schematic construction of our laser ablation mass
analyser. The design and construction details of the mass
spectrometer used in the present study can be found in the
previous publications [13, 27]. The instrument is located
within a UHV chamber that is routinely pumped down
to the 10−7 mbar range. The sample is placed on X, Y, Z
translational stage operated with a position accuracy and
resolution in the micrometer range just below the entrance
port of the mass analyser. Radiation of a Q-switched Nd:YAG
laser system (1064 nm, τ ∼ 4 ns, repetition rate 20 Hz) is
used to ablate the surface material. The laser radiation is
focused to a spot size of about 10 μm at the sample surface
by an optical system consisting of beam expander and a
doublet lens ( f /200, NA = 4). The latter is located just
above the reflectron. The laser beam is guided via dielectric
mirror system and is aligned colinearly with the ion-optical
axis of the TOF mass spectrometer. After entering the mass
analyser through the window mounted on the top of the
reflectron, it travels along the reflectron and central hole (Ø
6.4 mm) of the detector assembly, ion optical components, all
way down until it reaches the sample. The material ablated
from the surface forms a hot plasma plume containing
atomised and ionised species. Only the fraction of positive
ions enters the mass analyser through the conical extraction
electrode. After entering to the interior of the analyser,
ions are further accelerated, focused, and collimated by an
electrostatic immersion lens. Subsequently, ions fly through
the field-free region and reflectron where they are reflected
towards the multichannel plate (MCP) detector. A pair of
multichannel plates arranged in a chevron configuration is
used to generate the signal after the ions strike the MCP
plate. 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 MCP plates is
collected by four concentric anode rings and sent to ADC-
card.

The laser system initiates the experimental cycle and
triggers the data acquisition. The mass spectra acquired from
two different anode rings are fed to two channels of a PCI
standard high speed ADC-card (Agilent, U1082A, AP240
with averager firmware). This card supports two channels,
each with a sampling rate of 1 GS/s with an analog bandwidth
of 1 GHz and vertical resolution of 8 bits for a single shot in a
single channel mode. The mass spectra were recorded within
a mass range of 0–250 amu/q, which corresponds to the flight
times of up to ∼20 μs.

Untreated sample pieces of solid material are placed on
the sample holder before closing and evacuating the vacuum
chamber. The measurements in space could be performed
using robotic arm and a rotating wheel sample provider [20].
The sample is positioned at a fixed distance (∼3 mm) from
the entrance to avoid sample contamination by contact with
the outer electrode. The laser fluence was controlled by a
polarisation-sensitive attenuator, and the laser irradiances
within the range of 0.1–1 GW/cm2 were applied to ablate
the surface. The performance of the mass analyser is limited
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Figure 1: Schematic overview of the laser ablation mass spectrom-
eter used in this study. The instrument is of cylindrical symmetry,
120 mm long and its diameter is 50 mm. The laser beam enters from
the top and is focussed on the sample placed on XYZ translational
stages at the bottom. Positive ions leaving an ablation plume enter
the interior of the analyser through the nose-piece electrode for
mass analysis (see text for details).

by charged effects when an excessive amount of ions is
generated during ablation process. The space charge effects,
such as Coulombic repulsion or sample charging, can cause
a deterioration of the instrumental mass resolution.

The mass spectra are measured using signals generated at
two of four available anode rings. These are fed into an 8 bit
ADC card and accumulated by the averager firmware with up
to 64′000 triggers per segment. The averager allows the total
vertical resolution of 24 bits corresponding to a maximum
of 7 decades of dynamic range per channel. Nevertheless,
owing to noise present in the card circuit effective signal to
noise of ∼4-5 decades per channel can be only achieved and
to increase the detection sensitivity two or more channels of
different signal gains have to be used. In standard acquisition
mode, individual spectra from 64′000 laser shots are added
on line, for each channel, which are kept at different gain
levels. The individual spectra from 1′000 laser shots were
acquired in order to control homogeneity of the sample.
To maintain linearity, the amplitude range of the high-
gain (HG) channel overlaps with the range of the low gain
(LG) channel. The effective dynamic range of the detection
is increased by factor of about ∼140. The LG channel is
maintained at the gain at which major elements can be

measured at full dynamic range supported by this channel
and care is taken to avoid saturation effects. In the HG
channel, the minor and trace species can be recorded in with
better vertical resolution at an expense of saturation of mass
peaks corresponding to major elements.

2.2. Mass Spectrometric Analysis. The TOF mass spectra are
measured on a linear time scale t. The transformation into
mass scale is made with fixed scaling factors by the relation:
m = c(t − t0)2, where m (amu) is mass t (ns) denotes
time of flight and c, t0 are calibration constants, which are
determined experimentally [28]. Because the values of c and
t0 constants depend on the voltage settings of the reflectron
and the other ion optical components, they can be subject of
minor changes. These constants are obtained as parameters
in fitting of the flight times for elements identified in the
spectrum. The instrumental mass resolution is typically
about m/Δm = 500–600. The peak intensities are determined
by a direct integration of the peak area with background
corrections, which considers the signal baseline next to the
individual mass peak. The direct integration is preferred
over a curve fitting because asymmetric peak shapes can be
observed for some of the intense isotopic components of the
major and minor elements. The curve fitting procedure (e.g.,
Gauss function) would underestimate the abundances of
these species. Nevertheless, the exponentially modified Gauss
function (EMG) can also be used to model the experimental
mass peaks. Signal ringing due to the small impedance
mismatch or MCP feedback effects can sometimes be
observed for the intense mass peaks along with a periodic
high-frequency noise which is collected by ADC card when
a large number of waveforms is accumulated. The numerical
filtering of these effects can be, if necessary, performed in a
straightforward manner.

The mass spectrum resulting from the accumulation
of 60′000 waveforms is measured within seven decades of
dynamic range for each LG and HG channel. However, three
decades are frequently covered by background noise and
effective dynamic range of the signal is about four decades
for each channel. By combining the LG and HG spectra,
an effective dynamic range of 6-7 decades is obtained. The
calculations of atomic abundances for major elements are
made by integration of the mass peaks from LG spectrum.
An independent check from unsaturated mass peaks in the
HG spectrum is done by applying the isotopic normalisation
procedure. The isotopic normalisation procedure is also
used to determine the abundances of elements in case of
isobaric interferences and abundances of the trace elements
for which only the most intense isotopic components are
measured. The performance of the mass analyser is studied
using certified NIST standard reference materials (SRM661,
SRM664). Because the abundances of elements in the NIST
samples are given as weight percentages, w%, they have to
be calculated as atomic percentages, a%, for the comparison
with our mass spectrometric results. The atomic abundances
are subsequently referenced to the most abundant element in
the sample. The comparison of the values determined from
measurements and abundances quoted by NIST yields the
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relative sensitivity coefficients (RSCs), which are a measure
of elemental fractionation effects.

3. Results and Discussion

3.1. NIST Standard Reference Materials. The initial mea-
surements of NIST samples (SRM661 and SRM664) have
shown high performance of the instrument in terms of
mass calibration, mass resolution, and sensitivity [27]. The
studies were conducted with laser irradiances (<1 GW/cm2)
somewhat lower than usually applied in laser ablation
mass spectrometry (3–8 GW/cm2) [1]. At these irradiances,
relatively slow deepening of the ablation crater and long
temporal stability of the ion signal are observed allowing
measurement of highly averaged mass spectra from one loca-
tion. A statistically averaged spectrum, high mass resolution,
and measurements of intense and stable ion beam enables
preparation of sensitive measurements.

In spite of high sensitivity and reproducibility of the mea-
surements, the quantitative analysis shows that the detection
efficiency of different elements can vary significantly.

The correlation between a low detection efficiency and
high ionisation potential (IP) could be made for a large
fraction of species including nonmetallic elements. More-
over, large RSCs have also been observed, for instance, for
Pb and Bi. These could be explained by an enhancement of
their concentration in the plasma plume owing to their low
boiling temperatures. Furthermore, the detection saturation
effects can cause a less sensitive detection of subsequently
incoming ions. For example, reduced detection efficiency
of Ni, Co elements are observed after detection of Fe ions
when studying the NIST SRM661. Figure 2 shows the typical
correlation plot between the abundances of the elements
quoted by NIST and measured by our instrument. The
abundances of metallic elements such as Ti, V, Fe, Mn,
and Cr, correlate closely to the quoted values whereas the
abundances of nonmetallic elements including C, Si, S, and P
can be 100–1000 times lower than the values quoted by NIST.

A number of reasons can contribute to an inaccurate
determination of elemental abundances including details
of experimental alignment, sampling method, or a poor
control over the laser fluence (irradiance). The time-resolved
analysis of the ion yield of individual element (isotopic
component) and elemental abundances has been performed
in parallel with analysis of the evolution of the overall peak
envelope. The investigation was conducted by collecting
60 individual spectra at one sample location where each
individual spectrum is obtained by adding 1000 waveforms.
A sequential analysis of these 60 individual spectra has
been performed and the results are displayed in Figure 3.
Figure 3(a) shows the temporal variation of the intensity of
typical mass peak in the spectrum. An increase of intensity
is observed during the first few thousandths of laser shots
followed by its abrupt decrease and relatively slow decay until
the end of the measurements. Only, small changes of the peak
widths are observed and the peak shape evolves from nearly
symmetric Gauss-like shape (initially optimised by tuning
the voltage settings on the ion optics and reflectron) to the
enveloped represented best by the exponentially modified
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Figure 2: The correlation plot between the elemental abundances of
elements quoted by NIST and values determined from the measure-
ments. The measurements underestimate the abundances of non-
metallic elements and elements with high IP’s. The abundances of
elements possessing low boiling temperatures are, however, clearly
overestimated. The measurement of Ni, Co, or Cu abundances
suffers from the detector saturation effects caused by saturation
detection of 54Fe.

Gauss function with the longer tail directed towards longer
flight times. The variations of the peak width and the
parameters defining the exponentially-modified Gauss are
displayed in the next three panels of Figure 3, respectively.
Figure 4 summarises the results from the analysis of the
ion yields of individual elements (isotopic components)
measured during the initial 15′000 laser shots. First panel
to the left displays variation of the elemental ion yield
determined after each 1000 laser shots. During the first 5′000
laser pulses, considerable changes of the ion yields for the
individual isotopes are observed. The yields of all isotopes are
observed to be higher initially and after approximately 5′000
they all drop down but not at the same rates. For some of
the elements, the relative yields are observed to reverse with
duration of the measurements. This is observed clearly for
12C and 98Mo or 48Ti and 51V. The plot of cumulative sums
indicates that the ion yield increases at a different rate for
individual elements. The rate of ion yield change tends to
stabilise after 10′000–12′000 laser shots. This can be more
clearly seen in Figure 4(c) where individual rates of the ion
yield change are normalised by the rate of the ion yield of
54Fe.

These results indicate importance of controlling of the
measuring procedure for reproducibility of the measure-
ments. Too short measurements would result in the determi-
nation of very different elemental abundances than the long
ones. A comparable rate of ion yield increase achieved by
long sampling procedure guarantees also the reproducibility
of the results. Although the elemental abundances measured
for NIST standards still differ from the quoted values the
determination of RSC factors for the individual elements
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Figure 3: The temporal evolution of the intensity and shape of a typical mass peak during the measurements performed from one sample
location. ((a) and (c)) display changes of the peak intensity and its width during the measurements. ((b) and (d)) display temporal changes
of the mass peak envelope; the peak centre and exponential decay constant define the exponentially modified Gauss function used to model
the experimental mass peak.

can be made on reproducible manner and applied to the
quantitative measurements of unknown samples.

Observation of intense spectra during first ∼5000 laser
pulses can be understood when one assumes that initially the
measurements were conducted at higher laser irradiances.
Taking into account sharp focus conditions applied in our
studies (diameter of laser spot is ∼8 μm), a decrease of
the peak intensities after 5000 shots may indicate that the
ablation front is moving out from the laser focus because of
the removal of material from the sample. Due to a deepening
of the ablation crater, the effective laser spot diameter
interacting with surface becomes larger and, in consequence,
laser irradiance decreases. A sharp change of the laser
irradiance with number of laser pulses can be expected at
ablation conditions where the laser focus is located at the
level of the irradiated sample surface. With deepening of the
crater, the laser irradiance decrease may cause variation of
the ion yield of particular elements (ion yields of particular

elements are generally irradiance dependant) and yield time-
dependent fractionation of their abundances. Clearly, the
measurements performed during this phase can be largely
uncertain. The changes of the laser spot size seem to be less
dramatic for the rest period of the measurement duration.
The observation of a change of the mass resolution and peak
shape after this initial phase complements this conclusion. It
is well known that at the irradiances used in this study, the
ion yield of most elements will depend on laser irradiance
[1, 21]. The saturation of the ion yield for most of the
elements is observed for irradiances larger than few dozens
of GW/cm2 which corresponds to temperature of the plasma
about ∼50′000 K [26]. Although sharp changes of the laser
irradiance at the sample surface may explain our observation,
other effects can also contribute, for example, the appearance
of the melting rim. Segregation of the elements during the
melting and cooling phases clearly can occur and distort
the measurement. In any case, these observations indicate
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Figure 4: The temporal variation of ion yields of individual isotopic mass peaks recorded after each 1000 laser pulses (a). (b) displays a
cumulative sum obtained by accumulation of individual ion yields and reflect the rate of ion yield increase during the measurements. The
cumulative sums of the ion yields of the individual isotopic components of elements and clusters normalised to the cumulative sum of the
ion yield of 54Fe are displayed in (c).

that due to large changes in ion yield observed during the
initial few thousandths of laser shots may introduce errors in
the abundance determination. It seems, however, that these
effects are become well averaged after 15′000 laser pulses.
Nevertheless, too long laser sampling from one location
may exert material changes due to long-term melting and
recrystallisation (melting rims). These can result in changes
of the material properties or possible sample damage. Apart
to the control of sampling duration, the control over the
sample position against the laser focus and laser fluency is
essential for achieving quantitative and reproducible results.

Figure 5 displays part of two mass spectra of the NIST
SRM661 reference sample obtained in the mass region where
B, C, P, and S should be detected. The mass spectra are
recorded at irradiances of ∼0.3 and ∼1 GW/cm2, respec-
tively. An enhancement of the intensity of the mass peaks
of B and C can be observed comparing the low and high
irradiance spectra. Isotopic components of 10B, 11B, 12C,
and 13C can be seen as well demonstrating a large dynamic
range in these spectra. The abundance of the element B in
SRM661 quoted by NIST is 5 ppm, corresponding to 10B and
11B isotope abundances of 1 and 4 ppm, respectively. The
abundance of C is 0.39% by weight, corresponding to 12C and
13C isotopic abundances of 3900 and 42 ppm, respectively.
The isotopic ratios for 10B and 11B isotope determined from

the spectra are 21.0% and 79.0%, respectively, compared to
the tabulated values of 19.9% and 80.1%. For 12C, and 13C
these values are 99.27% and 0.73%, respectively, compared
to the tabulated values of 98.9% and 1.07%.

The RSC factors for B and C elements determined from
the spectrum in lower panel are of the order of ∼0.01 and
∼0.001, respectively. These factors are about one order of
magnitude larger when the higher irradiance is applied.
Other trends of ion yield dependence is observed in a
previous report [29]. With increase of the laser fluence,
lower abundances of atomic ions were observed but an
increase in abundance molecular species composed from
these elements.

The RSC factors for S and P are similar to that of
C (a rough estimation of RSC factor for S from the
studies of Galena sample yields RSC∼0.001 at ∼0.3 GW/cm2

[27]). The S and P elements have not been detected in
our previous measurements of the NIST samples due to
their low abundances (∼150 ppm) and low RSC. At higher
laser irradiances applied in the present study, a small mass
peak of 32S can be measured on the extensively perturbed
background curve caused by the saturation detection of
Al peak. These studies indicate that the RSCs for the
nonmetallic elements can be still improved by applying
higher laser irradiances. Unfortunately, at present stage of
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Figure 5: Part of two mass spectra obtained at different laser irradiances. The spectrum in (a) shows an increase of the detection efficiency for
C and B elements. The mass peak broadening observed in (a) is attributed to space charge effects resulting from the increased ion abundances.

the instrument development, an increase of laser fluence can
cause a large decrease of spectral quality. Broadening of the
most intense mass lines of the major and minor elements
(see Ti, V mass peaks in the upper panel) is clearly observed.
Notice that the mass peaks corresponding to low abundant
species are still considerable narrow. The broadening is likely
caused by space-charge effects (Coulombic repulsion) and
could not be compensated by focussing capabilities of the
reflectron. The threshold of the ion yield saturation for
most of elements is expected for irradiances an order of
magnitude larger than applied in an present investigations
(∼10 GW/cm2) [30]. The ion yield of most of elements is
observed to saturate for most of materials by applying even
higher irradiances [21]. Existence of threshold energy is in
accordance to several experimental and theoretical studies.
In case of metallic samples, the energy threshold depends on
the cohesive energy of the metall [31].

Thermal processes induced during ablation of the mate-
rial by nanosecond lasers cause vaporisation, atomisation,
and ionisation of the elements owing to high plasma
temperature. However, during the expansion of the plasma
plume cooling, recombination processes begin to play a role
and molecular fraction can be built up. At relatively low laser
irradiances �0.1 GW/cm2 molecules or clusters residing on
the surface of a solid material can be also removed via
desorption into gas phase. Recently, our instrument has been,
for instance, used to measure a fraction of carbonaceous con-
tamination on charge state conversion surfaces [32]. In the
present investigations, the mass spectra of SRM664 sample
have been recorded at quasidesorption (about 10 MW/cm2)
and ablation (∼0.4 GW/cm2) conditions (Figure 6). The
spectra were taken in LG channel, each time from a fresh
surface location. Intense mass peaks of metallic oxides
(MeOx), clusters, and cluster oxides were measured. The
application of higher laser irradiance removes rapidly the
oxidation layer, and the characteristic isotopic pattern of low
abundant Fe2 cluster can be only seen. Other metallic clusters
and sometimes residual abundances of iron oxides can also
be observed in the spectra recorded in HG channel (∼100
times amplified signal). These clusters can be built up via
plasma chemistry. The cluster abundances do not change

significantly with an increase of the laser fluence. Only for
irradiances close to ∼10 GW/cm2, a considerable reduction
of cluster contribution was observed [33]. Nevertheless, even
for much higher irradiances, clusters are not disappearing
and can cause isobaric interferences [29]. Due to deficiency
of oxygen in the SRM standards, the molecular fraction
containing various oxides is reduced providing basis for
the analysis of elements in the mass range of 63–160 amu.
Noticeable is also a decrease of abundances of Na and
K. These elements are not present in the NIST sample
but frequently are observed as a contamination of sample
surface.

The relative abundances of oxides and clusters observed
in our studies are qualitatively consistent with previous
reports. By using IR laser, a thermal ablation mechanism is
appropriate for the description of ablation process, which
explains formation of clusters and reduced abundances of
oxides. The laser fluence change may exert competitive
effects on cluster formation. Increase of the laser fluence
can cause an increase of the plasma densities and the
rate of cluster formation. On the other hand, the plasma
temperature increase can result in a destabilisation of clusters
or even disable larger cluster formation [34]. For low laser
irradiances (<107 W/cm2), the clusters can be formed via
desorption/ionisation mechanism, but at larger irradiances,
plasma chemistry is essential [35, 36]. When UV radiation
will be used for ablation, further reduction of cluster
abundances is to be expected owing to an enhancement of
the rate of photodissociation processes induced by more
energetic UV photons [37]. A complete absence of clusters is
observed when a short pulse duration laser beams are applied
[38].

The assignment of the mass peaks in the spectra of
SRM661 and SRM664 is straightforward for masses smaller
than 63 amu. For mass peaks of heavier elements, one has to
consider possible interferences caused by presence of clusters
and oxides. To assess the contribution of clusters in the
spectrum, a good isotopic signature of the cluster mass peaks
is necessary. Previous studies show a good performance of
the instrument for investigation of the isotope ratios of
elements [27]. The isotopic ratios could be determined with
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Figure 6: The mass spectrum of SRM664 sample recorded in quasidesorption (a) and ablation mode (b). Both, elements and clusters can
be measured and assigned considering their isotopic pattern.

the uncertainty better than 1%. This knowledge can be used
for determination of elemental abundances in case of iso-
baric interferences caused by an overlap with other elements
or clusters by taking into account the standard isotopic
normalization procedure. However, the detection of trace
elements, for which sometimes only the most intense isotopic
components can be observed, has to be considered with a
care owing to multiplicity of possible isotopic components
of clusters (see, e.g., next sub-section). Figure 7 shows the
mass spectra of Fe, Mo, and Pb, their oxides/sulphides, and
clusters. The measurements of Fe species were conducted on
NIST SRM664 sample (in quasidesorption mode), studies
of Mo species-on high purity Mo material, and Pb clusters
were measured using Galena sample. In case of Fe species,
a small contamination due to abundances of other minor
metallic elements may interfere with the Fe isotopic lines and
isotopic Pb ratios are affected by a fine natural fractionation,
respectively.

Table 1 shows the calculated and measured isotopic
abundances of element, oxide/sulphide, and clusters. The
abundance ratios of isotopic components for cluster, oxides,
or sulphides are obtained using their natural abundance
ratios. The relative abundances of diatomic clusters are
calculated using multi-nominal expansions, which are well-
known expressions [39]. The isotopic abundances are
normalised to 100%, their values are given in Table 1.
Usually they do not differ by more than 2% of the values
calculated from the appropriate expressions. The calculated
isotopic percentages are compared with measured ones
and represented as bar spectra in Figure 7. The errors
of isotopic fractions of oxides/sulphides and clusters are
somewhat larger than those for elements, which may be
partially attributed to accuracy of the integration method
and possible fractionation caused by plasma chemistry. In
principle, the mass peaks corresponding to elements could be
extracted from the spectra contaminated by diatomic clusters
by subtracting cluster isotopic pattern modelled from the
terrestrial isotopic composition of corresponding element.
One has to be aware, however, that the fractionation effects
due to chemical recombination reactions in plasma may
be large and are species- and cluster-specific. Fractionation
effects caused by chemistry can be clearly observed in
the relative abundance distribution of various oxides and
clusters. They do not follow strictly the elemental abundance

distribution. The knowledge of the isotopic distribution
of clusters can be helpful for conducting the quantitative
control and is of considerable interest in speciation analysis
[36].

3.2. Allende Sample. In our previous study, the applicability
of the instrument to study of planetary samples has been
demonstrated by measurements of the elemental composi-
tion of the sample of Allende meteorite [27]. Light elements
(Li, Na, Mg, Al, K, Ca) and heavier elements (Ti, V, Cr,
Mn, Fe, Ni, Co) could be measured. With a careful control
of the experimental conditions and calibration of elemental
abundances by appropriate standard, the diagnostic of mete-
oritic material and its assignment to appropriate meteoritic
class can be made [27]. Allende belongs to the group of
carbonaceous chondrites (CV3) having primitive chemical
composition, meaning that its composition changed only
slightly from the time of their formation [40]. The studies
of trace elements distributions in highly heterogeneous
structure of the Allende meteorite (chondrules, calcium
aluminium-rich inclusions (CAIs), fine-grained regions, and
several mineral phases) are of considerable interest. They
can allow inferring the roles of various types of elemental
fractionations in the solar system, including sorting and
segregation of chondrite components. Our investigations of
standard materials show clearly possibilities for detection of
elements abundant at sub-ppm and have stimulated present
investigations.

Figure 8 displays a typical mass spectrum of Allende
sample. The spectrum can be measured within 6-7 decades
of the effective dynamic range, and the analysis of element
abundances can be made with the support of the experi-
mental RSC factors for almost all elements up to 63 amu
[27]. Nevertheless, the assignment of heavier elements can
be difficult due to presence of abundant metallic oxides and
clusters. These can be identified in the spectrum taking into
account their characteristic isotopic patterns and the mass
peaks of iron species clearly dominate in the spectrum (see
Figure 9). Although assignment of most of mass peaks can
be made relatively easy studying isotopic patterns of metallic
clusters and their oxides the contribution of the elements
could not be safely elucidated due to spectral complexity.
Thus, with the exception of Pb, the identification of other
elements could not be made safely this time.
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Table 1: Measured and calculated isotope abundance ratio of Fe, Mo, and Pb oxides/sulphides and their diatomic clusters determined from
the experiment and calculated from the multi-nominal expansions. The values marked by (∗) are adopted from the calculation.

Element /cluster Exp. abundance % Nat. abundance % Element /cluster Exp. abundance % Nat. abundance %

Fe Pb

54 5.834 5.845 204 1.5 1.4

56 91.773 91.754 206 24.6 24.1

57 2.111 2.119 207 21.6 22.1

58 0.282∗ 0.282 208 52.4 52.4

FeO PbS

70 5.45 6.12 236 1.419 1.331

71 0.32 0.48 237 0.010∗ 0.010

72 88.22 88.93 238 24.415 22.972

73 5.70 2.56 239 21.768 21.192

74 0.93 0.94 240 52.273 50.923

75 0.49∗ 0.49 241 1.334∗ 1.334

76 0.48∗ 0.48 242 2.9 2.231

244 0.002∗ 0.002

245 0.005∗ 0.005

Fe2 Pb2

108 0.66 0.40 408 0.018∗ 0.018

110 10.30 10.73 410 0.63∗ 0.63

111 0.41 0.31 411 0.57∗ 0.57

112 82.95 83.86 412 5.607 6.75

113 4.71 3.93 413 9.479 9.89

114 0.97 0.62 414 29.00 35.16

115 0.07∗ 0.07 415 19.456 21.50

116 0.06∗ 0.06 418 36.457 25.48

Mo Mo2

92 14.78 14.77 184 1.945 2.079

94 8.66 9.23 186 2.234 2.598

95 16.32 15.90 187 4.293 4.476

96 18.02 16.68 188 5.415 5.508

97 9.61 9.56 189 5.396 5.489

98 23.41 24.19 190 11.72 12.15

100 9.20 9.67 191 7.27 6.74

192 12.23 17.22

193 11.33 10.37

194 10.55 10.26

195 8.18 7.34

196 9.89 8.65

197 1.64 1.76

198 6.56 4.46

200 1.34 0.89

MoO

108 14.40 14.734 114 25.47 24.169

109 0.006∗ 0.006 115 0.029∗ 0.029

110 8.90 9.238 116 9.810 9.696

111 15.90 15.865 117 0.004∗ 0.004

112 16.60 16.664 118 0.020∗ 0.020

113 9.30 9.576
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tributions, relatively insensitive to laser irradiance increase are
observed in the mass range corresponding to trace elements and are
attributed to metallic oxides, clusters, and cluster oxides.

The observation of abundant metallic clusters and oxides
in the studied meteoritic sample is not surprising. Owing
to high affinity of metallic elements to oxygen, their oxides
can be formed relatively easy due to plasma chemistry. In
contrast to NIST standard materials, where oxygen content
in the sample is very low, the detection of trace elements
can be made with a high confidence whereas the detection
of trace elements in mineral samples can be more difficult
due to isobaric interferences caused by presence of clusters.
Abundances of oxides detected in present study could not
be reduced by applying higher laser irradiances. Other laser
ablation studies show as well that the formation of clusters
and oxides is not avoidable and results from variety of
chemical processes which can take place in plasma [41–45].

The trace element analysis by laser ablation mass spec-
trometry can be sometimes difficult for complex mineral
samples and isobaric interferences due to presence of oxides
and clusters can limit detection efficiency. An ablation
process induced by ns-lasers is complex owing to several
competing processes and rich plasma chemistry. Never-
theless, ablation studies by lasers with pulse durations in
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Figure 9: The assignment of the mass spectrum recorded in the
mass range corresponding to heavier trace elements. Appearance of
the most mass peaks is consistent with the observation of clusters
and their oxides, which can be confirmed considering their charac-
teristic isotopic patterns.

picosecond or femtosecond range are expected to improve
the performance of our analyser. A femtosecond-laser-
induced ablation process can result in a significant reduction
or even absence of interfering clusters and oxide.

4. Summary

A miniaturised laser ablation time of flight mass spec-
trometer designed for planetary research has been used to
study the elemental and isotopic composition of untreated
solid samples. The instrument is capable of recording well-
calibrated mass spectra and its mass resolution can be
higher than ∼600. A high sensitivity of the measurements
could be achieved in studies of NIST standard samples and
the detection of trace elements at a sub-ppm level could
be performed. For reproducibility of the measurements,
however, well-defined measuring procedure has to be main-
tained. Present studies investigate influence of the sampling
duration and the laser irradiance on reproducibility of the
measurements. Appropriate control over the number of laser
pulses used for the ablation is essential for reproducibility of
the results and determination of relative sensitivity factors
in studies of standard reference materials. These can be
subsequently used for the quantitative measurement of
elemental composition of unknown samples. However, for

complex samples containing several metallic elements and
abundant in oxygen/sulphur, severe contamination in mass
range 63–200 is to be expected due to formation of oxides
and clusters. These can make sometimes studies of heavier
trace elements difficult due to isobaric interferences.

The isotopic abundance ratio can be measured typically
within 1% of the value given from the standard isotopic
distribution. The abundances of isotopomers of clusters
can be measured within 2% of the value calculated from
multinominal expansions indicating a good quantitative
performance of the instrument for conducting the isotopic
measurements.

Present study provides hints for the improvements of
the quantitative capabilities of the instrument. The control
over the experimental conditions such sample alignment
and standard instrumental performance in terms of mass
resolution is essential. Nevertheless, one of the main reason
for a semiquantitative performance of the instrument seems
to be the application of ns-resolved infrared laser radiation
for the ablation of sample. The elemental fractionation
effects in the detection of nonmetallic elements are relatively
large and readable abundances of clusters and oxides formed
via plasma chemistry are observed. The activities aimed at a
more precise control over the laser fluence/irradiance, better
accommodation of the plasma plume at higher irradiances
are now undertaken along with application of other laser
systems including also short-pulse duration lasers.
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