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In this contribution we present the design and first measurement results obtained with a new high-

performance laser ablation and ionisation (LIMS) mass spectrometer for solid sample analysis named

“LMS-GT”, combining high mass- and high spatial resolving powers. The instrument consists of a fs-laser

ablation ion source coupled to a time-of-flight (TOF) mass spectrometer that provides measurements

with a mass resolution (m/Dm) of 10 000 at full width half max and more over a wide mass range. This

resolution enables the separation of the most important isobaric interferences between clusters,

molecules and multiple charged ions. Thereby it enables significant improvements of the quantitative

analysis of complex samples with the LIMS-TOF technique. The instrument performance is

demonstrated by analysis of measurements conducted on various NIST standard reference materials

(SRMs). Using these samples we determined detection limits in the ppm range and below, and relative

sensitivity coefficients (RSCs), in the range between 0.1 and 10.
Introduction

The determination of the element and isotope composition of
solid samples is of utmost importance in many elds of science
and technology. Oen optical spectroscopic techniques like X-
Ray Fluorescence, Raman Spectroscopy and Laser induced
Breakdown Spectroscopy (LIBS) are used. However, mass spec-
trometry typically provides a higher sensitivity and the possi-
bility of determination of isotope ratios. These key capabilities
make mass spectrometry an indispensable tool in analytical
chemistry. A wide range of mass spectrometric technologies
such as secondary ion mass spectrometry (SIMS) glow discharge
mass spectrometry (GD MS) and laser ablation inductively
coupled plasma mass spectrometry (ICP-MS) are currently used
for analytical investigations and their advantages and draw-
backs are well-known.1–6 Some SIMS instruments provide
excellent spatial resolution but SIMS quantitative performance
suffers from severe matrix effects, and ion implantation.7–9 ICP-
MS has excellent sensitivities to the trace element level but can
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suffer from fractionation and interactions between the sample,
transportation gas and the plasma.10–12 GD-MS provides good
sensitivity to trace elements but also suffers from gas–sample
interactions and is limited to large sample sizes. Recently GD
instruments were coupled to lasers to extend the applicability to
non-metallic samples.6,13

Laser ablation and ionisation mass spectrometry (LIMS) is
an attractive alternative to the mentioned techniques because it
provides high sensitivities,14–16 chemical imaging and depth
proling capabilities17–19 and is applicable to most solid
samples. LIMS instruments belong to the microprobe category,
meaning that spatially highly localised element and isotope
analysis can be performed, with little or no sample preparation.
High-power pulsed lasers needed for ablation combine in
a natural way with time-of-ight (TOF) mass spectrometry.
These advantages made the LIMS-TOF-microprobe an attractive
technique soon aer the rst laser became available20–23 and
a series of commercial LIMSmicroprobes existed in the 1980'ies
and 1990'ies. These instruments were mainly the LIMA 2A and
the LAMMA 500 and 1000.
Early commercial instruments

The LIMA 2A Laser Microprobe was manufactured by Cam-
bridge Mass Spectrometry.24 Although theoretically mass reso-
lutions25 ofm/Dm� 2600 should have been possible, only values
between 250 and 750 were reported.26 The lack of mass resolving
power was assigned to the time resolution of the transient
J. Anal. At. Spectrom., 2019, 34, 2061–2073 | 2061
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recorder (16 ns), space charge effects in the ablation plume, and
the duration of the ionisation laser pulse. Like for other LIMS
systems of the time, the quantitative performance of the LIMA
2A was limited due to its dependence on matrix matched
standards.27

The LAMMA instruments series belonged to the analytical
instruments commercialized by Leybold Heraeus in the early
1980ies.28 While in LAMMA 500, thin samples are irradiated from
the back,29,33 LAMMA 1000 allowed to focus the 266 nm Nd:YAG
laser on the sample in a 30� angle conguration30 to spots of 2–15
mm in diameter.31,32 The LAMMA 500 instrument includes an
opticalmicroscope with incident, transmitted and phase contrast
illumination32 and an optical resolving power of �1 mm. The
LAMMA 1000 instrument features an optical microscope with NA
¼ 0.22, and a nominal resolving power 0.5 mm.24 However, some
authors judged the performance of the microscope as “poor” and
rather close to 2 mm.32,34 Detection limits of �1 ppm (weight
fraction, wf) were reported for the LAMMA instruments,30 but the
need of empirically determined relative sensitivity coefficients
(RSC's) rendered quantication difficult.

From today's perspective one can conclude that the early
commercial LIMS-TOF instruments lacked quantitative perfor-
mance due to a combination of

– The laser systems of the time subjected to strong matrix
effects during ablation and ionisation,

– The mass resolving power that was barely sufficient for the
resolution of isobaric interferences between elemental ions,
molecules, clusters and multiple charged species.23,29

– Slow data acquisition systems for the recording of ion
signals with ns duration.

Because of the lack of quantitative performance, the interest
in these instruments faded at the beginning of this century and
LIMS was replaced by other analytical techniques.
Current state of the art

Meanwhile, laser- and computer technology continued to evolve
quickly: highly stable, femtosecond lasers opened new horizons
in laser ablation and ionisation measurement techniques.
Modern computers allow to precisely simulate ion optical
systems and design instruments with a degree of complexity that
was unreachable at the end of the last century. Today's
computers also allow for data acquisition, storage and processing
at a speed that was impossible to reach when the rst LIMS
instruments were commercialised. Some academic groups14,35–38

and companies39 continued to push the limits of the LIMS
technique, oen as prototypes for space borne instruments.39–43
Spatial resolving power

Nowadays, lateral resolutions and targeted analysis of locations
of interest in the mm range were reported by several
groups.17,37,44–46 Kuznetsov et al. reported on an instrument with
lateral resolving power of 75 nm using an EUV laser with
46.9 nm wavelength and vertical resolutions of 20 nm were
achieved.47–49 Grimaudo et al. and Cedeño-Lòpez et al. reported
on analysis conducted vertical resolutions in the nm range
2062 | J. Anal. At. Spectrom., 2019, 34, 2061–2073
using a fs-IR laser combined with a beam shaper providing hat-
top laser proles.50,51

Mass resolution and reduction of isobaric interferences

For quantication the resolution of isobaric interferences
between elemental ions, oxides, molecules, clusters and
multiple charged ions is of utmost importance. The most
straight forwards solution to this problem would be to build an
instrument with sufficient mass resolving power. For the base-
line resolution of most isobars between ions, oxides, clusters
and multiple charged ions a mass resolving power (at full width
half max, FWHM) of m/Dm ¼ 10 000 would be sufficient, while
the resolution of elemental isobars would require a resolving
power of m/Dm ¼ 100 000.52

However, to our best knowledge, the mass resolution even of
large laboratory time of ight instruments is limited to a few
thousand.38,46,53,54 The University of Chicago built a series of
highly sophisticated TOF instruments for the analysis of
submicron dust particles and surface analysis.47,55 Stephan et al.
report on an instrument of the series that is capable to resolve
isobaric interferences between elements with resonant ionisa-
tion of neutrals using a sophisticated timing scheme of laser
pulses and electrode voltages.38 A similar approach is taken by
Anderson et al. to resolve element isobaric interference between
87Rb and 87Sr with the goal to date lunar minerals.56 The
instrument employs a multi-reection TOF architecture and the
group successfully demonstrated dating of a Martian mete-
orite.44 Other multi-reection instruments were also proposed
to extend the time of ight and thereby the mass resolving
power.57,58 Several groups reported on instruments using elec-
trostatic sector elds to extend the time of ight and focus ions
in space and time. Instruments with remarkable S-, O- and 8-
shaped geometries were built and, for example, successfully
employed for the characterisation of aerosol particles.36,59–61

Recently, Sysoev proposed a wedge-shaped ion mirror for
focussing ions from laser ablation without prior acceleration.62

Despite the large efforts, none of the mentioned instruments
featured sufficient resolving power for baseline resolution of
isobars. Arevalo et al. followed a different approach and used an
Orbitrapmass analyser combinedwith a pulsed laser source for the
analysis of solid samples.63 The analyser featured a mass resolving
power of more than 100 000. However, space charge limits the
number of ions that can be loaded into the Orbitrap analyser and
thereby its sensitivity and dynamic range. Another approach was
taken by Huang et al. who successfully managed to resolve isobars
between multiply charged ions from other species exploiting
differences in the initial kinetic energies with an orthogonal TOF
mass spectrometer.53 Despite of considerable progress in the
design of TOF ion optics with grid-less ion mirrors,64,65 to our best
knowledge no one has so far succeeded to resolve all relevant
interferences simultaneously in a laser ablation mass spectrum.

Quantication

The problems with quantication due to matrix dependence
itself were overcome with arrival of new femto-second laser
pulses that provide power densities in the TW cm�2 regime.
This journal is © The Royal Society of Chemistry 2019

https://doi.org/10.1039/c9ja00235a


Paper JAAS

Pu
bl

is
he

d 
on

 1
5 

A
ug

us
t 2

01
9.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
itä

ts
bi

bl
io

th
ek

 B
er

n 
on

 1
0/

23
/2

01
9 

8:
29

:4
3 

PM
. 

View Article Online
Relative sensitivity coefficients close to one, a pre-requisite for
standard-less quantitative analysis, became feasible.14,66,67 It was
also demonstrated that detection limits in the sub-ppm range
are nowadays possible.14,68
Precursor instruments at the University of Berne

Many of the above-mentioned improvements were accom-
plished using the LMS (Laser Mass Spectrometer) instrument at
the University of Berne.16,41 The instrument is a small prototype
for a space-borne application on planetary surfaces. LMS was
initially developed for a Mercury lander mission and since then
steadily improved over more than a decade. At the current state
of development, the main limiting factor for quantication with
the LMS instrument are the isobaric interference of clusters,
molecules, singly and multiply charged ions.69,70 The instru-
ment's resolving power is limited by the miniaturised ion
optics, initially developed to t on a Mercury lander, where
volume, weight, and maximum power consumption are very
limited. The ion optical system of a new LIMS instrument that is
dedicated to laboratory applications would not be restricted by
these boundary conditions and could overcome the intrinsic
limitations of the miniature mass analyser.

Using the above mentioned progress in the LIMS eld,
especially the experiences gained with the LMS instrument,
such a laboratory instrument was developed over the past four
years. To reect this advance in technological development, the
new instrument was named “Laser Mass Spectrometer Gran
Turismo” with acronym LMS-GT.

The LMS-GT is designed to ll the gap of high mass- and
high spatial resolving power, matrix independence, detection
sensitivities in the ppm range and below and the capability to
acquire mass spectra over the full mass range in a fraction of
a second. These requirements cannot – or only partially – be
lled by alternative techniques.
Fig. 1 CAD drawing of the LMS-GT instrument. See text for expla-
nation of the labels.
The LMS-GT instrument
Requirements

The most straight forward solution to overcome the problem of
isobaric interferences, while providing highest sensitivity over
a wide mass range, is a TOF instrument with sufficient mass
resolving power. To achieve this goal, a mass resolving power of
m/Dm > 10 000 at FWHM is required.52 To provide best quan-
titative performance and measurement sensitivity, all ions
produced in the ablation plume shall be transmitted from the
point of ablation to the detector. With this requirement no
instrument fractionation and maximal ion collection efficiency
is obtained. An energy transmission bandwidth of 100% for
ions ranging from about 0 eV up to >180 eV initial energy should
provide optimal quantitative performance.71–73

The spatial resolution of the LMS-GT instrument should be
in the micrometre range to analyse inclusions in meteoritic
samples, fossilized bacteria45,69 and interstellar grains. Further
applications of our instrument for the analysis of materials
used in the semi-conductor industry are also considered.17,74 An
in situ microscope camera system should provide online vision
This journal is © The Royal Society of Chemistry 2019
on the sample at any time during the analysis to target specic
areas on the sample with micrometre accuracy.
Description of the instrument layout

The nal instrument design of the TOF mass spectrometer
includes a ight path folded twice by ion mirrors, a laser abla-
tion ion source, and a microscope camera system. The SIMION
ion trajectory modelling package was used to design and opti-
mize the ion optical system. The ZEMAX optical modelling
package was used for the laser and microscope optics design.
The mechanical design and analysis was performed in CATIA.
Several custom made pre- and postprocessors running on
MATLAB allowed the detailed analysis of the simulated ion
packets. The mechanical parts were partially manufactured in-
house or by specialized external suppliers. The CAD model of
the nal instrument, including key assemblies, is depicted in
Fig. 1.
J. Anal. At. Spectrom., 2019, 34, 2061–2073 | 2063
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The sample (SA) is placed on a three axis translation stage
(Physik Instrumente, Germany) supporting sub-micron accu-
racy in the position adjustment. The laser is focused onto the
sample by a two mirror objective (OBJ). In the ion source (SRC),
the ablated ions are accelerated through the central apertures of
the two objective mirrors. Subsequently, the ions reach the
Einzel lenses L1 and L2 (not visible on the picture) where the
ion-beam is geometrically re-focused and injected into the rst
ion-mirror (R1). Aer leaving the rst ion mirror, the ions are
guided through the dri tube, through a hole in the table to the
second ion mirror (R2) located underneath the optical table.
The last part of the dri tubes (DR4) protects the ion packets on
their travel to the detector (DET).

The complete instrument, including vacuum chamber laser
and optics, is mounted on a 1.3� 2 m sized granite optical table
standing on four Newport I-2000 vibration insulators. The table
has a hole with 400 mm diameter that is used to extend the dri
length. Apart from the internal cables, the only mechanical
connection of the instrument to the chamber are four spacers
between the baseplate (BP) and the main vacuum chamber (VC)
oor. The size of the baseplate is 600� 600 mm and the spacers
are located at the corners. This allows to effectively mechanically
de-couple the instrument from mechanical stress and
misalignment introduced to the vacuum chamber by variations
in the ambient atmospheric pressure. The mechanical instru-
ment layout is structured in three horizontal plates. Above the
baseplate, the instrument bench (IB) and ionmirror bench (R1B)
provide mechanical interfaces to all other assemblies. All three
plates are precision manufactured aluminium plates with
20 mm (BP) or 12 mm (IB, R1B) thickness, respectively, and
a atness better than 0.2mm. The vertical support is provided by
1.500 stainless steel rods. The instrument bench provides preci-
sion manufactured (less than 0.02 mm in tolerance) alignment
features for all ion, microscope- and laser optical components.
Vacuum system

The main vacuum chamber is a customized Pfeiffer “Trinos-
line” cubic chamber with a volume of 750 � 750 � 750 mm3. A
total of 13 ports with dimensions between DN 160 CF and 400
CF provide the possibility to mount the required windows, feed-
through, pumps and extensions. Themain extensions consist of
a tube with 300 mm diameter that accommodates R1 (R1T) and
a six way cross piece with 300 mm in diameter and 4 DN 160 CF
ports that hosts R2. The chamber is pumped with a water-
cooled Pfeiffer HiPace 700 turbomolecular pump (TP) that can
be separated from themain chamber with a gate valve (GV) from
VAT. To reduce mechanical vibrations introduced by the tur-
bomolecular pump, one can switch to two Agilent Starcell 300
ion getter pumps (IP). The additional advantage of using the ion
getter pumps is the reduction of the electronic noise in the
system.

A sample introduction port (SP on Fig. 1), featuring a DAPP
sample transfer arm purchased from UHV design allows quick
exchange of samples. Its central part is a DN 160 CF six way
cross piece that is pumped by a Pfeiffer HiPace 80 turbomo-
lecular pump.
2064 | J. Anal. At. Spectrom., 2019, 34, 2061–2073
A bake out system allows to heat all parts of the instrument.
Fourteen heating cords (HC, HTC452003, BriskHeat) with
a total power of 3080 W are located on the air side walls of the
vacuum chamber. The heating cords are wired to three inde-
pendent closed-loop controlled circuits. The vacuum side part
of the instrument on can also be temperature controlled with
three additional vacuum compatible heating circuits located at
BP, IB and R1B. All temperatures can be set and monitored
individually in a dedicated unit in the control electronics rack.
Usually the chamber and the instrument are baked out at 80 �C
for two days followed by 1–2 days of cooling phase prior to
measurements. If temperature sensitive materials are investi-
gated, the vacuum can also be established without the bake-out,
but requires more time.
Microscope optics and laser system

The light optical system, schematically represented in Fig. 2,
plays a central role in the instrument. Its primary purpose is to
guide the pulsed laser beam from the source (LAS) to the
objective (OBJ), where it is focused on the sample (SA) to a spot
of 1–2 micrometres in diameter, depending on the laser wave-
length. A Ti–Sapphire laser system from Clark MXR is used to
produce femtosecond laser pulses (pulse width of about 190 fs l
¼ 775 nm).14 The laser's pulse repetition rate is up to 1 kHz and
the maximal output pulse energy is 1 mJ.

The objective consists of a two mirror system. The large,
primary mirror M1 has a clear aperture of 82.8 mm and
a mechanical diameter of 110 mm. The central aperture
measures 42 mm in diameter. The small mirror (M2) diameter
measures 25 mm with a clear aperture of 22.5 mm. The central
bore has a diameter of 10 mm. To provide optimal perfor-
mance, M1 and M2 need precise alignment with respect to
each other. An adjustable mirror support is therefore neces-
sary to compensate the mechanical manufacturing errors and
adjust mirrors aer installation. Because the system will be
operated under vacuum (vacuum parts are shaded in Fig. 2),
a piezo-actuated, vacuum compatible (PI Instruments Piezzo
Mike N-470) system was designed and manufactured. The
motors provide a total of three translational and two rotational
degrees of freedom. The laser light is delivered to the objective
through a series of fold mirrors (FM 1–4). A beam expander
(EXP) from Altechna expands the beam to the diameter of M2.
M3 is a specially designed fold mirror with a central bore that
allows the ions to pass through and enter the ion optical
system.

An in-line microscope with a resolving power of 2 mm allows
to verify the laser spot size and location on the sample. This
microscope can also be used to target specic sample features
during the measurement campaign and uses the same objective
as the laser. The microscope and laser light paths are combined
inside the vacuum chamber using a dichroic mirror (BS 2) that
reects only the laser's light at l ¼ 775 nm. The light source
consists of a tungsten–halogen lamp (Thorlabs QTH10B) and
a series of diffusers (DIF), a eld stop (FS) and an aperture stop
(AS). A 50:50 broad-band beam splitter (BS1, Thorlabs, BSW27)
combines the illumination with the image-light path. The
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Layout of the microscope and laser optics of the LMS-GT instrument (see text for explanation of the labels).
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image is focussed with an achromatic doublet lens (ACD) and
recorded with a CMOS camera (DC, Photonfocus SM1).
Ion optics

The ion optical system of the LMS-GT instrument is depicted on
Fig. 3. The ion optical design was entirely carried out using
SIMION. Custom made MATLAB pre- and post-processors were
made to create the initial ion populations and to visualize the
Fig. 3 Layout of the ion optics of the GT instrument (see text for explan

This journal is © The Royal Society of Chemistry 2019
simulation results. Using the pre-processor, an initial ion
plasma plume with a chemical composition representing the
National Institute of Standard and Technology (NIST) standard
reference material (SRM) 664 high carbon steel material was
created. All elements except iron were represented in the correct
abundances and isotopic composition. Due to the high abun-
dance, the iron content was reduced by a factor of 1000 to
accelerate the calculations. The initial velocity distribution f(v)
ation of the labels).

J. Anal. At. Spectrom., 2019, 34, 2061–2073 | 2065
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was calculated as driing Maxwell–Boltzmann distribution
according to71,75

f ðvÞ ¼ cv2e
�mðv�uÞ2

2kBT (1)

with v the velocity of the ion, kB the Boltzmann constant. The
temperature (T) and the mean velocity (u) were correlated to
measurements performed on the LMS prototype instrument
and adjusted so that the initial kinetic energies for all elements
in the simulated population was limited to a maximum of
180 eV.71–73 The angular distribution of ions was calculated
according to:76

FðqÞ ¼ Fð0Þ�1þ tan2 q
�3
2

.�
1þ k2 tan2 q

��3
2 (2)

The value for k ¼ 1.4 was determined from the literature77

and q is the emission angle of the ion. The preliminary SIMION
analysis showed that the dri length should be longer than 4 m
to achieve the desired mass resolving power. To accommodate
this length in the available facility, the ight path had to be
folded twice. Fig. 6 shows a schematic view of such a design.
The ions ablated from the sample (SA) enter the ion source
(SRC) and are accelerated to 5 kV dri potential. Subsequently,
a series of ve V-shaped electrodes serve as electrostatic lenses
to accelerate and focus the ions into a parallel beam. Aer
passing through the beam coupler (BC), the ion beam is further
focussed by two lenses (L1 and L2) before entering the rst ion
mirror (R1). The ion mirror is composed of 40 ring-shaped
electrodes with 140 mm inner- and 200 mm outer diameter.
The ion-mirror is closed by a back-plate electrode (BP). Similar
to a previously used design,65,78 the ion mirror electrodes are
grouped into four segments. The two segments close to the
entrance work as lens (RL), the next section serves to slow down
the ions (RET) before the ions are reected into the last ion
optical section (REFL). Both ion mirrors have the same archi-
tecture and are linked with a dri tube with 50 mm in diameter.
The dri tube is equipped with 25 mm apertures at the entrance
and exit and an electrostatic lens in the centre (L3). At the same
location, there is a rst time focus with mass resolutions of m/
Dm > 1600. It is intended to use this location for the placement
of a blanking pulser in the future.15,65 The rst (DR1) and the last
(DR4) dri tubes are vertically mounted. The intermediate
section (DR3) is tilted by 5�. Both ion mirrors are inclined by
2.5� with respect to the ion optical axis of the ion source elec-
trodes to deect the ions into the V-shaped trajectories. To cope
withmechanical misalignments, each ionmirror possesses four
deection plates (DEFL) at the entrance and exit. Overall, the
ions dri over a distance of 4.3 m. All ion-optical elements,
except the electrodes of the ion mirrors, are gold plated. The
electrodes of the ion mirror are – like the majority of the other
instrument parts – Alodine 1200-coated to provide an optimal
electrical conductivity.

For the detection of the ions, we use a MagneTOF detector
from ETP. According to the manufacturer, the detector has
a peak width for a single ion event of 550 ps. Using our
measurement computer equipped with an Acqiris U1084A
2066 | J. Anal. At. Spectrom., 2019, 34, 2061–2073
acquisition card with 8 bit vertical resolution, sampling rate of
up to 4 GS s�1 and 1.5 GHz analogue bandwidth, we determined
a peak width for single ion detection between 700 and 800 ps
depending on the detector operation voltage. The detector is
mounted on a kinematic mount that allows manual, horizontal
alignment of the detector.
Materials and methods
Samples

We used the NIST SRM 661 (AISI 4340), SRM 664 high carbon
steel and SRM 665 electrolytic iron to characterize the LMS-GT
instrument. This allows a direct comparison of the results to
previous measurements on other instruments.14 The steel
samples were provided in the form of rods with 4 mm diameter.
Sections of about 3 mm height were glued on a stainless steel
sample holder and nally grinded with a diamond le to
remove ablation craters and residuals of precedent measure-
ment campaigns. No further sample processing or preparation
was performed on any of the samples.

We used the NIST SRM 981 (Pb) and SRM 986 (Ni) with
certied isotope abundances for the determination of isotope
ratios. The SRM 981 comes in the form of a wire that was
directly mounted as received on the sample holder. The SRM
981 was supplied as a powder that was pressed into a pellet of
5 mm diameter and 1 mm thickness. The samples were
attached to the stainless steel holder using ultra high vacuum
copper tape. The mass resolution was measured at full width
half max (FWHM). We also measured the relative isotope ratios
of K andW on a tungsten–rhenium wire that was obtained from
a decommissioned electron emitting YO lament from Kimball
Physics used in another instrument.79,80

For testing the spatial resolving power we acquired mass
spectra on a USAF 1951 negative resolution test target. The
target was purchased from Thorlabs (R1DS1N). It consists of a 10

diameter lime soda glass, with a 0.12 mm thick chrome layer.
The test target's line patterns were removed from the chrome
layer using a photolithographic process. Thus, the lines are
transparent while the surroundings remain black. We per-
formed our test measurements on element 1 from group 7 of the
target. The line width of these features is 3.931 mm.
Measurement procedure

Relatively large voltage values are applied for the ion optics
when the instrument is operated at the optimal performance.

During commissioning of the instrument, reduced voltages
were calculated in SIMION and then applied to the instrument.
Mass spectra of ions were acquired from the rst laser shot,
proving that the mechanical alignment and the calculation were
made sufficiently accurate. Subsequently, the voltages were
gradually ramped up to the nominal dri potential of 5 kV.
During the ramp-up phase, test spectra on a Ti foil purchased
from Goodfellow were acquired. No further optimisation of the
instrument parameters was performed later on except the laser
power and detector voltage to optimize the signal to noise ratio.
This journal is © The Royal Society of Chemistry 2019
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For the convenience of the operator, themicroscope camera was
aligned to centre the ablation crater in the image.

The conversion from a TOF spectrum to a mass spectrum,
the peak area integration and calculation of the isotope ratios
was performed according to Meyer et al.81 The conversion from
time- to mass spectrum is performed according to eqn (3).

m

z
¼ C � ðt0 � tÞ2 (3)

C and t0 are calibration constants found with a linear regression
of the square root of eqn (3) using 17 peaks with m/z below or
equal 52 as input. With this mass calibration, the mean residual
of the mass calibration is 1.8 be10�5. If peaks with m/z ratios
above 56 were considered, the quality of the mass calibration
decreased, because the highly abundant Fe element distorts the
baseline and thereby the accuracy of the mass calibration. A
manual mass calibration with 10B and 208Pb as reference peaks
showed similar results, so that an error introduced by the least
square algorithm can be excluded.

Results
Spatial resolving power

Fig. 4 shows the surface of the USAF 1951 (ref. 82) resolution test
target in the region of group 7, element 1, aer recording of 28
single mass spectra at a laser energy of 1.2 mJ per shot
(measured at the sample surface). The sample was displaced by
1 mm perpendicular to the line pattern aer each laser shot.
Thus a total distance of 28 mm was chemically mapped. The
track of the laser ablation can be seen as a metallic line on
Fig. 4, taken with a laboratory brighteld microscope from
Zeiss. The zone of ablation can be identied in the centre of the
track. It is surrounded by a larger affected zone. The recorded
peak intensities of all four Cr isotopes are shown on the right
side of Fig. 4. A clear decrease of the signal intensity of all
isotopes can be observed when the laser crosses the lines, cor-
responding to the transparent sections of the resolution test
target. Each valley on the 3.91 mm wide feature is 2 samples
wide, corresponding to a spatial resolution of about 2 mm.
However, a residual signal is present even when the laser
Fig. 4 Spatial resolution of the mass spectra measured on the USAF
1951 test target. Black areas are transparent regions, light areas are
reflective, chrome-coated regions.

This journal is © The Royal Society of Chemistry 2019
crosses the Cr-free sections, and in case of 52Cr, no valley in the
signal can be observed when crossing the last line. This is
explained by fall-back of material from the laser ablation plume
in the vicinity of the crater, and thermal processing of the
surroundings of the crater by the IR laser, the heat affected
zone,50,83,84 which compound when moving the track forward on
the sample.
Mass spectra acquired from NIST SRMs

Fig. 5 shows an accumulated mass spectrum in the range ofm/z
between 0 and 220 obtained from the NIST SRM 664. To obtain
the spectrum in Fig. 5, a total number of 20 000 single spectra
were accumulated, applying a laser pulse energy of 1.2 mJ on the
same location on the sample surface. The detector was operated
at 2.1 kV measured from the positive to the negative pin. The
voltage was chosen to bring the signals from minor and trace
elements above the noise level. All detected elements, as well as
the major clusters, molecules and multiple charged ions are
labelled. In the section with m/z > 100, many minor clusters are
present and not all are labelled for the clarity of the gure.

The mass spectrum shown on Fig. 5, was ltered with
a wavelet thresholding-based approach but the mass spectro-
metric analyses were conducted on the raw data.85 A stationary
wavelet transformation (MATLAB wavelet toolbox™) provided
a six level decomposition of the time signal using the bio-
rthogonal wavelet (BIOR 2.2). A peak-free region at the begin-
ning of the measurement provides the variance of the
background signal, which we used to empirically select the
level-dependent thresholds. So shrinkage86 of the according
coefficients led to the smoothed time signal, which was then
converted into a mass spectrum. All analysis subsequently
shown was performed on the raw data.
Mass resolving power

For the investigation of the mass resolving power, measure-
ments were conducted on the Ti foil aer full commissioning
and optimization of the resolving power of the instrument. To
obtain the spectrum shown in the ESI,† the Ti foil was irradiated
with 1.2 mJ per pulse (measured at the sample surface) and 60
mass spectra were accumulated. The mass resolution is calcu-

lated using the equation m=Dm ¼ 1
2
t=Dt used in TOF mass

spectrometry. The mass peak centre t was determined from the
maximum peak value and Dt is the measured full width half
maximum (FWHM). The SNR was calculated as the ratio of the
RMS noise level and the signal amplitude. The results of the
analysis are summarized in Table 1.

Further studies of the mass resolving power were conducted
on the NIST SRM 664 (Fig. 5). A zoom into the section between
m/z ¼ 23.96 and 24.015 is shown in Fig. 5, panel b. It demon-
strates the instrument's mass resolving power, and ability to
resolve isobaric interferences between molecules, clusters,
singly and multiply charged ions. Three peaks in the vicinity of
m/z¼ 24 are shown. The two larger peaks are attributed to 24Mg+

and the 12C2+ cluster. The theoretical mass value of each species
is indicated as blue, vertical line in the mass spectrum. The
J. Anal. At. Spectrom., 2019, 34, 2061–2073 | 2067
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Fig. 5 Panel a: Accumulation of 20 000 spectra acquired on the NIST SRM 664. Panel b: Zoom in the region ofm/z¼ 23.96 and 24.01. The blue
lines indicate the theoretical locations of the peak centres.

Table 1 Resolution and SNR measured on Ti foil

Isotope
Measured
resolution SNR

46Ti 12 480 18.2
47Ti 11 787 22.5
48Ti 14 692 245.6
49Ti 17 199 20.9
50Ti 17 998 18.2
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measured mass resolution m/Dm at FWHM of the 24Mg+ and
12C2

+ mass peaks are 8601 and 8998 respectively. The SNR of the
24Mg and 12C2

+ peaks are 288 and 619 respectively. Also a less
intense peak can be observed at m/z ¼ 23.974, which is attrib-
uted to doubly charged 48Ti.
Fig. 6 Comparison between theoretical and measured peak width
(panel a) and mass resolution (panel b).
Comparison of simulation to measurement

The full peak widths of 38 peaks in the range of m/z between 1
and 208 were analysed. The measured mass resolution for two
measurement campaigns is plotted as red and blue squares on
Fig. 6. The blue squares represent an accumulation of mass
spectra of 20 � 10 laser shots and the red squares an accumu-
lation of 20 � 1000 spectra, respectively. The mass resolution
determined from the SIMION simulation are represented as
yellow circles. For a time-of-ight instrument, the peak width
follows a square root function of mass. The yellow curve in Fig. 6
panel a, is a square root function tted to the theoretical values
from the SIMION simulation. The measurements shows good
agreement in the range of m/z > 30. In panel b, the yellow line
shows the mean theoretical mass resolution that should be
constant over the full mass range. The spread of the theoretical
values around the tted curves is introduced by random
sampling of the initial kinetic and starting angle distributions
of the generated ions, which will smooth out with more ions
being used in the simulations. For a real instrument, the mass
resolution can be written as:
2068 | J. Anal. At. Spectrom., 2019, 34, 2061–2073
R ¼ m

Dm
¼ 1

2

t

Dt
¼ K1

t

Dtacq þ Dtdet þ Dtio
(4)

where Dtacq is the broadening due to the nite signal sampling
time of the data acquisition card (250 ps). Dtdet is the minimum
detector peak width including the pulse dispersion due to the
signal cables, feedthroughs, and the bandwidth of the acquisi-
tion system. The value of Dtdet was determined to 800 ps using
measurements of single ion events. Dtio represents the resolu-
tion of the ion optics that is proportional to the time of ight t.
K1 is an instrument dependent constant. Because Dtacq and
Dtdet are constant for all values of t, they have a stronger effect
on lowm/z values compared to higher ones. Themeasuredmass
resolution gradually reaches a plateau at m/Dm z 8000 for the
accumulation of 20 mass spectra and at m/Dm z 9000 for the
accumulation of 20 000 mass spectra. This difference can be
explained by the effect of the initial crater formation process
during which the laser ablation process is less stable.68 In the
second case more spectra are recorded under stable ablation
conditions, which results in increased mass resolution. For
This journal is © The Royal Society of Chemistry 2019
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visualisation, ts of eqn (4) are shown as blue and red curves in
Fig. 6.

Some peaks between m/z ¼ 100 and 140 could be identied
in the mass spectra but were not part of the simulations. These
peaks belong to clusters or molecules. One example is the mass
peak at m/z ¼ 112 which is attributed to 56Fe2

+. These ions were
not present in the initial population of the simulation. On the
other hand, some trace elements, for example the isotopes of W,
were simulated and identied in the mass spectrum. However,
due to low SNR, no sufficiently precise measurement of the
mass resolution could be obtained. Therefore these elements
are not represented on Fig. 6.
Mass calibration accuracy

The mass calibration accuracy for a specic mass peak was
calculated as:

a ¼ mmeas

mth

� 1 (5)

where mmeas is the mass measured at the peak centre and mth is
the theoretical mass calculated from values published by the
International Union of Pure and Applied Chemistry.87 The
average mass calibration accuracy for singly charged element
ions in the mass range between m/z ¼ 1 and 55 is +18.8 ppm.
The mean accuracy 56 of the mass scale calibration in the
region of m/z > 56 is �83 ppm.

The highly accurate mass calibration allows to precisely
identify and quantify mass peaks in the spectrum. On Fig. 5,
panel b, the region of the spectrum around m/z ¼ 24 is shown.
The high resolving power of the LMS-GT allows to clearly
separate the elemental 24Mg+ from the 12C2

+ cluster and doubly
charged 48Ti. The mass calibration accuracy of better than
5 ppm for the larger peaks and 20 ppm for the 48Ti2+ allows to
precisely identify the species.

Fig. 7, panel a shows how the LMS GT's ability to separate
the 26Mg trace isotope peak with an abundance 0.246 ppm
Fig. 7 Selection of trace elements from NIST SRM 664 and 665. The ab
data from an accumulation of 20 000mass spectra. The blue lines corres
are clusters that were sought but not found in the spectrum.

This journal is © The Royal Society of Chemistry 2019
(atomic fraction) from surrounding clusters and molecules.
The high accuracy of the mass calibration further allows to
identify the origin of the cluster. We identied three candidate
clusters, 12C14N+, 12C2H2

+ and 13C2
+ as potential source for the

mass peak found at m/z ¼ 26.003. The theoretical masses of
each cluster are marked with blue lines in Fig. 7. The study
allowed to clearly identify the CN+ molecule as a source of the
observed mass peak. The accuracy of the calibration is
�9.6 ppm, while it is �4843 and �1407 for 12C2H2

+ and 13C2
+

respectively.
Fig. 7, panel b shows the partially resolved peaks of the 80Se+

trace isotope with an abundance of 1.024 ppm (af) and the
48Ti16O2

+ oxide. The accuracy of the mass calibration for the two
peaks are �64.5 and �571 ppm respectively. From all the
elements in the NIST SRM 664, Pb and Bi, have the highest
mass. These trace elements and the abundance of their minor
isotopes, 204Pb and 209Bi are shown on Fig. 7. The mass cali-
bration accuracy achieved for these isotopes is �36 and
+44 ppm.

Together with the high mass resolving power, the high mass
calibration accuracy over the full mass range allows to precisely
assign peaks and to quantify them accordingly, which was not
possible with previous LIMS-TOF instrumentation with less
resolving power.
Dynamic range

At the detector gain chosen for the measurements presented in
Fig. 5, the mass peak of the 56Fe suffers from saturation. Based
on the measurement of the signal intensity of minor elements
and the known abundances of these elements from the stan-
dard, we calculated the saturation level of 56Fe to a factor of 200.

The next smaller peaks are 48Ti, 55Mn, 28Si and 27Al and
appear at SNR between 3922 and 5502. Table 2 gives a selection
of the largest and smallest peaks that were identied in the
spectrum shown on Fig. 5.
undances are given in atomic fraction. The data shown represents raw
pond to theoretical values of the assigned mass peaks. 13C2 and

12C2H2

J. Anal. At. Spectrom., 2019, 34, 2061–2073 | 2069
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Detection limits

The trace isotopes shown in Table 2 contain light and heavy
elements, as well as metals and non-metals. From all these
elements, Bi represents a suitable trace element and can be
used to determine an upper boundary for the detection sensi-
tivity of the LMS-GT instrument. It was measured at an SNR of
2.5 and a concentration of 2.3 ppm (af). The detection limit for
this element is therefore in the range of 1 ppm. The calculation
of SNR and detection limits is the same we used in earlier
work81,90 Some elements with high relative sensitivity coeffi-
cients show even detection limits in the ppb range.
Fig. 8 RSC values determined from NIST SRM 664.
Relative sensitivity coefficients

For standard free quantitative chemical analysis, relative
sensitivity coefficients close to 1 are of crucial interest. Fig. 8
depicts the RSCs determined on NIST SRM 664. Because Fe, O
and C are subjected to saturation, these elements are not shown
and the RSCs were evaluated relative to Ti. The RSCs were
calculated according to:

RSCx ¼
�
Ax measured

ATi measured

���
Ax standard

ATi standard

�
(6)

where Ax stands for the abundance of element x. We determined
the RSC from 12 locations on the sample with a pulse energy of
2 mJ (measured on the sample) to average over spatial material
inhomogeneities in the form of micrometre sized inclusions in
the SRMs.88 The majority of elements lighter than iron (marked
with solid symbols), shows RSC values within the range between
0.1 and 10, as expected when using an IR fs laser. For Ca an RSC
of 16.8 was measured.

Like on previously used MCP detector systems,15,89 we
observed a strong effect of the highly abundant Fe on the
detection efficiency of the ETP detector system. Elements with
m/z > 56 are detected with reduced sensitivity, thus lower RSCs.
We attribute the degradation of the detection efficiency to
a temporary depletion of electrons from the dynodes in the
Table 2 Selection of major, minor and trace isotopes found in NIST
SRM 664 and 665. The certified abundances are given in atomic
fraction

Isotope
Sample SRM
no. SNR

Th. abundance
[ppm af]

48Ti 664 5502 1924
55Mn 664 4660 2472
28Si 664 4285 1177
27Al 664 3922 161
18O 664 58.2 0.118
24Mg 664 384.2 1.77
25Mg 664 49.9 0.224
26Mg 664 47.5 0.246
33S 665 30.2 0.77
15N 664 6.8 0.424
10B 665 5.4 1.36
204Pb 664 4.2 0.88
80Se 664 2.9 1.024
209Bi 664 2.5 2.34

2070 | J. Anal. At. Spectrom., 2019, 34, 2061–2073
detector aer the arrival of the high ux of Fe ions. To visualize
the impact of this effect, elements are marked with outlined
symbols in Fig. 8. The RSCs in the high mass region drop to the
range of 10�2. Despite their high masses, some elements like Bi
and Pb show RSCs close to 1 which is explained by their high
ionisation efficiency that compensates for the loss of detection
efficiency.66
Isotope abundance accuracies

Fig. 9 summarizes the results of the isotope accuracy analysis
performed on NIST SRM 661, 664, 665, 981 and 986 and the W–

Re wire. The best isotope ratios achieved in the present
measurements are in the per mill range for elements with more
than 100 ppm (af) concentration. A positive correlation between
the isotope abundance (and thereby SNR) can be observed.
However, a large scatter is also present which is attributed to
signal ringing aer major isotope peaks, which stretches over
several mass units in the mass spectrum. Precise determination
of the peak area windows for the numerical integration is then
impeded.
Fig. 9 Isotope ratio accuracies determined from six metallic samples.

This journal is © The Royal Society of Chemistry 2019

https://doi.org/10.1039/c9ja00235a


Paper JAAS

Pu
bl

is
he

d 
on

 1
5 

A
ug

us
t 2

01
9.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
itä

ts
bi

bl
io

th
ek

 B
er

n 
on

 1
0/

23
/2

01
9 

8:
29

:4
3 

PM
. 

View Article Online
Conclusions

In the present contribution we introduced a new laser-ablation
time of ight mass spectrometer to conduct chemical analysis
of solid sample material with mass resolving powers, m/Dm, of
10 000. In this rst stage of the instrument development, we
focussed on the design of the high resolving power ion optics,
which proved to work according to the calculations.

In some cases mass resolutions of nearly 18 000 were ach-
ieved. The high mass resolution power allows to resolve most of
the isobaric interferences between elemental ions, molecules,
clusters and multiple charged species. Together with the high
accuracy of the mass calibration in the 10 ppm range, this
allows improved quantication using the LIMS technique
because mass peaks can be identied unambiguously. The
current performance analysis shows trace element sensitivity in
the ppm (atomic fraction) range and below. The relative sensi-
tivity coefficients (RSCs) are found in the range of 0.1 to 10 for
most light elements. The instrument also shows promising
performance to conduct quantitative isotopic analysis with
accuracies to the per mill level.
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