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dies of laser ablation ICPMS using
a nitrogen plasma source and helium, argon and
nitrogen as carrier gas†

Dylan Käser, a Ralf Kägi, b Bodo Hattendorf a and Detlef Günther *a

Laser-generated aerosols in helium, argon and nitrogen were directly compared using a nitrogen

microwave inductively coupled plasma in combination with a mass spectrometer. An increased surface

darkening of the sample was observed during ablation in nitrogen, suggesting a more pronounced

particle deposition in comparison to helium, but only 30% lower sensitivities were obtained for nitrogen.

Crater depth measurements proved that these variations were not the consequence of a difference in

ablation rate (271 ± 17 nm per pulse for He vs. 267 ± 12 nm per pulse for N2). Particle size

measurements and electron microscopy images indicated that the aerosol generated in nitrogen or

argon tends to form smaller agglomerates in comparison to helium. This dependence in agglomeration

however appeared to be dependent on the ablation cell used. Furthermore, the fluence of the 193 nm

laser system used for the experiments significantly influenced the temporal stability of the signals (e.g.
238U+/232Th+). Finally, the quantification capabilities of nitrogen as an ablation environment and carrier

gas were studied and compared to helium generated aerosols transported in nitrogen. A selection of

samples (NIST SRM 612, USGS BCR-2G, USGS GSD-1G and GSE-1G) were quantified using NIST SRM 610

as an external standard. The potential of nitrogen as an alternative carrier gas was highlighted with

deviations from the reference values calculated between −13% and +16% in comparison to the

deviations between −15% and +17% obtained with helium in a cylindrical ablation cell for most elements

in the different reference materials analyzed.
Introduction

Laser ablation (LA) for direct solid sampling coupled to an
inductively coupled plasma mass spectrometer (ICPMS) was
introduced decades ago.1 During this period, the method has
been established for a wide range of applications such as
quantitative mineral analysis in geology,2–5 high-resolution
material characterization in materials sciences6 and various
tissue analyses in biomedicine.7 Over the years, different key
aspects related to the most suitable experimental conditions
have been characterized starting with the wavelength of the
laser source8–14 as well as its pulse duration.15–20 These funda-
mental studies were focused on the fractionation effects related
to the ablation process. In addition, some improvements in
transport efficiency have been achieved by changing the abla-
tion environment from argon to helium in combination with an
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ArF excimer laser with a wavelength of 193 nm.21 The increase in
sensitivity observed in helium was explained by the decrease of
material deposited in the vicinity of the crater and smaller
aerosol particles and agglomerates, which can be vaporized,
atomized and ionized more efficiently when compared to argon
and thereby improving the limits of detection (LODs) in direct
solid analysis by ICPMS.22

Besides many successful applications using LA-ICPMS,
research related to an alternative plasma source has been
ongoing since the beginning of ICP mass spectrometry.23

Already in 1987, a nitrogen plasma source was proposed for
elemental analysis to allow more freedom from argon-based
interferences and reduce the operating costs.24 Despite the
simplicity of this design and lower cost related to its operation,
the limited power led to performances below those achieved
using an argon ICP. A few years later, Okamoto and co-workers
achieved similar performances as the argon ICPs using a high-
power atmospheric pressure nitrogen microwave-induced
plasma mass spectrometer (N2 MIPMS).25 Later designs of
a nitrogen plasma were proposed for optical emission spec-
troscopy such as the Hammer cavity26 and the Microwave
Inductively Coupled Atmospheric-Pressure Plasma (MICAP).27,28

Given the compatibility of the latest design with a conventional
ICPMS interface, a comparative study between the N2-MICAP
J. Anal. At. Spectrom., 2024, 39, 3069–3081 | 3069
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and a conventional Ar-ICP ion source was performed on the
samemass spectrometer prototype.29Not only similar LODs and
sensitivities were obtained but avoiding argon-based interfer-
ences also enabled the access to some isotopes difficult to
measure with an ICPMS without MS/MS capabilities such as
75As+ mainly due to the absence of 40Ar35Cl+ interference among
others. However, the nitrogen plasma gas also forms some
interferences mainly below mass-to-charge (m/z) 60 which have
been described previously.29

The recently reported combination of LA with the N2-
MICAPMS and the similar gures of merit reported for this
instrumental conguration in comparison to an argon ICPMS30

stimulated the interest to investigate the new capabilities of
a nitrogen plasma. The vast majority of the experiments reported
in the last 3 decades have been conducted under argon and later,
dominantly using helium as ablation environment.21,22,31

However, the nitrogen plasma allows the introduction of helium,
argon and air at higher ow rates than commonly used as mixed
gas additions.27 This wider tolerance towards gas mixtures opens
extended possibilities to investigate different ablation environ-
ments with respect to particle formation, particle size distribution
(PSD) and deposition on the sample surface as well as transport
efficiency and particle vaporization within the nitrogen plasma
source based on the measured sensitivities. The inuence of the
carrier gas on the laser-generated aerosol has been studied in the
past but this was limited to argon and mixtures of argon and
helium, and argon and neon, respectively.32 The gas environment
in combination with the laser wavelength were found to be
responsible for the PSD and the sensitivity observed in the
ICPMS.33 The use of wavelengths above 213 nm was correlated
with more pronouncedmatrix effects (depending on the material
of interest) mainly caused by the lower absorption behavior,
favoring the generation of larger particles in comparison to
193 nm lasers. Therefore, the present study is focusing on
nitrogen as ablation environment, carrier gas and plasma gas.
Previous studies related to the PSD and structure of the laser-
induced aerosols formed in distinct ablation environments33

were extended by studying nitrogen as a potential alternative for
aerosol carrier in combination with nitrogen plasmas such as the
MICAP design. In this study, results obtained using helium were
used as benchmarks in comparison to nitrogen and argon as
carrier gases. The characteristics of the three gas environments
were evaluated in detail with respect to transient signals, sensi-
tivities, LODs, mass removal measurements as well as PSDs and
transmission electron microscopy (TEM) images of aerosols
collected using electrostatic precipitation. To demonstrate the
capabilities of nitrogen as carrier gas, commonly used reference
materials, mainly NIST SRM 610 and NIST SRM 612, were used
for all experiments reported here. In addition, quantitative results
were acquired for basalt glasses namely USGS BCR-2G, USGS
GSD-1G and USGS GSE-1G.

Experimental
Instrumentation

Laser ablation for PSD and MS experiments was conducted with
a homogenized laser beam generated by an argon-uoride (ArF)
3070 | J. Anal. At. Spectrom., 2024, 39, 3069–3081
excimer laser system (193 nm, GeoLas C, Lambda Physik, Ger-
many). A similar excimer laser system (193 nm, GeoLas Q,
Lambda Physik, Germany) was used for the collection of the
aerosol particles on lters. For the MICAPMS experiments, the
laser-generated aerosol was directly introduced into a prototype
instrument consisting of a MICAP (Radom Corporation™, USA)
plasma source coupled to the interface and mass analyzer of
a commercial ELAN 6100 DRCplus (PerkinElmer SCIEX, USA)
ICPMS equipped with an inhousemachined aluminum sampler
cone. Laser light scattering was used for the PSD measurements
using the UHSAS optical particle counter (OPC) (Droplet
Measurement Technologies, USA). It should be noted that the
OPC data represents the scattering intensity of spheres of
equivalent size, which are not generally present in laser-
generated aerosols due to agglomeration. Because of this,
OPC data were considered qualitative rather than their absolute
numbers. Microscopy measurements for depth proling were
conducted at the ScopeM facility of the ETH Zurich using a LSM
780 confocal microscope (Zeiss, Germany) and an Aberration
Corrected Scanning Transmission Electron Microscope (STEM)
HD-2700 (Hitachi High-Technologies Corporation, Japan) was
used for the particle imaging to complement the OPC's
measurements. The particle sampling was performed via elec-
trostatic deposition using the partectorTEM aerosol dosimeter
(Naneos Particle Solution GmbH, Switzerland) designed for the
sampling of airborne particles on TEM grids. In this case
3.05 mm Cu 200 grids with Formvar®/carbon lms (Quantifoil
Micro Tools GmbH, Germany) were used. A liquid N2 Dewar
(>99.99%, PanGas AG, Switzerland) was used to supply the
nitrogen used to sustain the plasma and as carrier gas for the LA
experiment. Other ablation environments were helium
(99.999%, PanGas AG, Switzerland) and argon (99.999%,
PanGas AG, Switzerland). Due to the difference in thermal
conductivity, the gas ow settings of the mass ow controllers
were calibrated against a bubble owmeter (Fisher Bioblock
Scientic, France). The majority of the experiments were con-
ducted using a cylindrical ablation cell with a volume of 30 cm3

and equipped with a jet nozzle inlet as previously described.17

Additionally, experiments were compared to those obtained
using the modied parallel ow ablation cell (MPFAC).34 The
latter is a two-volume ablation cell with an effective aerosol
expansion volume of approximately 0.1 cm3, designed for low
dispersion laser ablation for greater spot sizes up to 90 mm.34
Samples

The performance achieved for the different carrier gases was
evaluated using the glass reference materials NIST SRM 610,
NIST SRM 612, USGS GSD-1G, USGS GSE-1G and USGS BCR-2G.
The reference mass fractions were obtained from the preferred
values available on the GeoReM database.35,36 The transient
signals were recorded for more than twominutes, including 60 s
of background, 60 s of signal and the washout to avoid signal
overlapping. Parameter optimization was performed daily while
ablating NIST SRM 610 to achieve maximum signal for 238U+

while keeping the 238U+/232Th+ intensity ratio at 1.0 and
a 232Th16O+/232Th+ rate lower than 0.5%. The detailed operating
This journal is © The Royal Society of Chemistry 2024
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conditions, including the range for the gas ows used for the
different carrier gases can be found in Table 1.
Data evaluation

All the data processing was performed using in-house written
scripts for R.37,38 The results of the quantication experiments
were obtained according to the established protocol39 using
40Ca+ as internal standard apart frommeasurements performed
with argon where 44Ca+ was used. 42Ca+ was not used because of
the intense 14N3

+ background signal. Despite the presence of
14N2

16O+, 44Ca+ was preferred to 42Ca+ and 43Ca+ due to its
higher isotopic abundance and lower background signal
intensity. The signals considered for the quantication were 50
seconds long aer a delay of 10 seconds from the beginning of
the ablation. The background was measured for 60 seconds and
integrated from the start of the measurement until 5 seconds
before the detection of the rst laser-generated signal.
Results and discussion
Observations during ablation in nitrogen

The rst immediate observation during ablation in nitrogen
was the rapid surface darkening during single spot analyses
(Fig. 1a). The overview of the crater indicates different areas
affected the surroundings of the ablation spot. A dark circular
zone was observed with a radius of approximately 0.4 mm, fol-
lowed by a lighter region and terminated by a sharper ring at ca.
0.6 mm from the center. The comparison to a crater formed by
the same laser settings in helium showed a similarly wide outer
rim but a comparably dark region was only observed within
some tens of micrometers near the crater rim (Fig. 1b). For both
gases, the circular shape of the outer pattern was partly dis-
torted towards the direction of the carrier gas ow.
Table 1 Operating parameters for the laser and the nitrogen plasma
source. Pure nitrogen was used to sustain the plasma and as make-up
gas while the carrier gas was varied

Laser ablation

Wavelength 193 nm
Fluencea 5–30 J cm−2

Laser frequency 10 Hz
Spot size 90 mm
Ablation mode Hole drilling
Ablation cells Cylindrical17 & MPFAC34

MICAPMS

Plasma power 1450 W
Sampler cone (Al) 1.1 mm
Skimmer cone (Al) 0.8 mm
Make-up gas ow rate (N2)

b 0.7–1.0 L min−1

Carrier gas ow rate (N2)
b 0.6–0.7 L min−1

Carrier gas ow rate (He)b 0.8–1.0 L min−1

Carrier gas ow rate (Ar)b 0.6–0.9 L min−1

a The uence was varied for the different experiments as specied in the
text. b Optimized on a daily basis.

This journal is © The Royal Society of Chemistry 2024
This seemed to resemble the observations made previously,
when changing the ablation environment from argon to helium,
where a much darker and larger area was affected in argon.21

Increased deposition in argon compared to helium was also
described in a similar study and the higher signal intensities
measured in helium (up to a factor of 3) in comparison to argon
were ascribed to improved aerosol transport.22
Analytical gures of merit

The N2-MICAPMS allows the use of different carrier gases and
thus comparing gures of merit including their sensitivities as
illustrated in Fig. 2 for NIST SRM 610. The abundance
normalized sensitivities obtained with nitrogen were between
−64% and +34% compared to those using helium as carrier gas.
In particular, the sensitivity of lighter isotopes as 7Li+ appeared
suppressed to a lesser extent, which may indicate a reduction in
the magnitude of mass discrimination. However, the sensitiv-
ities of several elements with isotopes of similar m/z showed
signicant differences between helium and nitrogen and
cannot be explained at this stage. For instance, sensitivity of
85Rb+ was 33% lower in nitrogen than when using helium as
carrier gas, while 88Sr+ was only 16% lower. Similar trends were
also observed between 65Cu+ (63% lower signal in N2) and

66Zn+

(44%) or between 133Cs+ (33%) and 140Ce+ (21%). The lowest
sensitivities were obtained in argon, where sensitivities were
lower by up to a factor of 5 compared to helium but also with an
apparently reduced mass discrimination for 7Li+. When using
argon as carrier gas, the background signal atm/z 40 was getting
too high (>5× 107 cps for Ar vs. < 3× 105 cps for N2) to make use
of 40Ca+ for analysis.

The LODs can be found in Fig. S1† and were calculated
according to Longerich et al.39 from the sensitivities displayed in
Fig. 2. There was no substantial difference from the trends
observed with the sensitivities with He typically leading to lower
values due to the higher sensitivities. For highm/z isotopes with
low instrumental background signals, the LODs were in the
single digit mg kg−1 range, while most isotopes showed LODs in
a range between 0.1 and 10 mg kg−1 for a 90 mm crater diameter
and a uence of 19 J cm−2. Only for 29Si+, due to the high
background signals caused by 14N15N+, the LOD was almost
0.1% wt. In this case, an increase in the background signals up
to a factor of three was observed when He was used in
comparison to N2, leading to about twofold higher LODs for
29Si+. The background signal on 56Fe+, caused by the 14N4

+

molecular ion, was observed with all carrier gases but most
prominent when using helium. For these experiments, nitride
species were also observed in the nitrogen plasma and the
formation rate for example for 232Th14N+/232Th+ was found to be
between 0.15% and 0.21% in N2, between 0.20% and 0.22% in
He and between 0.09% and 0.18% in Ar respectively. These
values were higher than the respective 232Th16O+/232Th+ inten-
sity ratio of 0.06–0.09% in N2, 0.05–0.08% in He and 0.06–0.08%
in Ar. It should also be noted that unassigned signals were
previously observed at m/z 80, 82, 108 and 110 using a dry
nitrogen plasma source.30 These peaks were reduced to the
instrumental background by changing the sampler and
J. Anal. At. Spectrom., 2024, 39, 3069–3081 | 3071
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Fig. 1 (a) Optical microscope images of 90 mm craters on NIST SRM 610 formed with 600 pulses of 13 J cm−2 in nitrogen. A close-up framed in
red is provided to represent the area visible during analysis. (b) Crater generated in helium using the same number of laser pulses as in (a).
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skimmer cone material from platinum to aluminum. Given the
widespread use of platinum in catalysis,40 the origin of the ions
detected might be related to a chemical reaction involving the
plasma species and the Pt-cone surface. Alternatively, the lower
thermal conductivity of platinum leads to higher temperatures
on the cones' surfaces41 and thermal processes also need to be
considered. Nickel cones supported these hypotheses as they
showed a similar reduction of these unassigned signals. The
nickel skimmer cone was found unsuitable in these experi-
ments as a deep blue coloration was observed (Fig. S2†). More
importantly, an increase in 60Ni+ background signal and
a widening of the cone orice occurred. These effects were
strongest when helium was used as carrier gas. The sampler
cone orice, on the other hand, did not show visual degrada-
tion. A previous evaluation study on a nitrogen plasma source
already indicated 15 times higher LODs for nickel in solutions
Fig. 2 Abundance normalized sensitivities obtained using helium (black
over 600 pulses of 90 mm at 10 Hz and 19 J cm−2 LA of NIST SRM 610.

3072 | J. Anal. At. Spectrom., 2024, 39, 3069–3081
when using a nickel skimmer cone,42 suggesting erosion of the
skimmer cone by the nitrogen plasma for wet and dry
conditions.
Quantication capabilities in nitrogen and comparison to
helium and argon

As previously reported,29 replacing an argon-based plasma
source by one operating with nitrogen, mitigates argon-based
interferences such as 40Ar+, 40Ar16O+, 40Ar2

+, facilitating access
to the most abundant isotopes 40Ca+, 56Fe+ and 80Se+ of the
respective elements. However, the nitrogen plasma source leads
to the formation of nitrogen-based molecular ions, affecting the
determination of element isotopes due to N+ and N2

+, NO+,
NOH+, N3

+ and N4
+. These molecular ions affect the detection of

Si, P, and Fe in particular, while Ca may be affected by N3
+, N2O

+

and NO2
+. Argon impurities in the nitrogen supply additionally
), nitrogen (blue) or argon (red) as carrier gas using the average signal

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Quantification of NIST SRM 612 using different carrier gases and NIST SRM 610 as calibration standard. 40Ca was used as internal standard
(44Ca for measurements performed in argon) and a fluence of 19 J cm−2 was applied. Error bars represent the standard deviations of 6 replicate
analyses, while the standard deviations of the reference values are indicated by the light green areas.
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affect the attainable LODs for 40Ca+. For the quantication of
the samples analyzed in this study, 40Ca+ was thus used as
internal standard when nitrogen and helium were used as
Table 2 Quantification of the USGS BCR-2G and USGS GSD-1G basalt
40Ca as internal standard and a fluence of 19 J cm−2. The mass fractions
respective standard deviations (SD) The percentage deviations from the re
internal standard NA: no reference value available

USGS BCR-2G

Ref. SD

Nitrogen Helium

Meas SD Dev Meas SD De

7Li 9 1 10.3 1.4 14 7.7 0.8 −1
23Na 23 965 519 24 500 700 2.4 23 796 800 −0
27Al 70 941 2 118 78 200 700 10 71 490 1 100 0.8
29Si 253 867 1 867 260 800 1 700 2.7 280 000 13 000 10
39K 14 438 332 16 800 300 16 16 800 400 16
40Ca 50 429 786 IS IS
44Ca 50 429 786 48 600 300 −4 47800 600 −5
52Cr 17 2 15.86 0.13 −7 15.5 0.27 −9
56Fe 96 368 2 331 103 300 1 400 7 101 800 900 6
57Fe 96 368 2 331 100 000 800 4 98 100 800 1.8
60Ni 13 2 14.0 0.6 8 13.3 0.5 3
63Cu 21 5 19.18 0.21 −9 18.5 0.6 −1
65Cu 21 5 18.21 0.09 −13 18.4 0.6 −1
66Zn 125 5 122 3 −2.5 143 3 14
75As NA 1.21 0.16 1.0 0.3
80Se NA < 0.6 < 0.3
85Rb 47 0.5 50.7 0.8 8 49.7 1.3 6
60Sr 342 4 344.4 2.1 0.7 339.2 2.6 −0
133Cs 1.16 0.07 1.13 0.10 −2.9 1.20 0.15 4
140Ce 53.3 0.5 55.29 0.11 4 52.2 0.3 −2
208Pb 11 1 10.61 0.20 −4 11.1 0.4 1.0
232Th 5.9 0.3 6.01 0.17 1.9 5.69 0.07 −4
238U 1.69 0.12 1.77 0.09 5 1.66 0.06 −1

This journal is © The Royal Society of Chemistry 2024
carrier gases and compared to 44Ca+ quantication when argon
was used as carrier gas.

The quantication results for NIST SRM 612 using NIST SRM
610 as matrix-matched calibration standard and presented in
glass reference materials using NIST SRM 610 as calibration standard,
(Meas.) are expressed as the mean of 3 replicates in mg kg−1 with their
ference value (Dev.) are also indicated for both carrier gases. IS: used as

USGS GSD-1G

Ref. SD

Nitrogen Helium

v Meas SD Dev Meas SD Dev

5 43 6 47.6 1.6 11 44.3 2.2 3
.7 26 710 1 484 27 200 290 1.9 27 240 110 2.0

70 941 1 588 79 220 290 12 73 230 170 3
248 267 3 733 259 700 2300 5 270 000 2 200 9
24 894 830 28 070 290 13 28 590 90 15
51 429 714 IS IS
51 429 714 49 800 400 −3 48900 400 −5
42 3 43.9 0.4 4 43.1 0.4 2.7
103 362 777 107 300 800 4 107 000 500 4
103 362 777 104 600 900 1.2 102 700 400 −0.6
58 4 62.1 0.5 7 61.1 1.1 5

2 42 2 44.01 0.09 5 42.07 0.09 0.18
2 42 2 42.4 0.4 0.9 42.1 1.6 0.25

54 2 47.7 1.5 −12 51.4 0.9 −5
27 8 36.5 1.8 35 35.59 0.27 30
2 1 < 0.6 < 0.3
37.3 0.4 40.0 0.7 7 38.8 0.4 4

.8 69.4 0.7 72.13 0.07 4 69.8 0.5 1
32 2 32.5 0.4 1.5 31.0 0.4 −3

.1 41.4 0.4 43.7 0.9 5 41.3 0.4 −0.13
50 2 50.21 0.27 0.4 49.6 1.1 −0.7
41 2 44.8 0.7 9 44 3 7

.5 41 2 44.4 0.9 8 41.63 0.20 1.5

J. Anal. At. Spectrom., 2024, 39, 3069–3081 | 3073
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Fig. 4 Transient signal 238U+ observed for 600 laser pulses at 10 Hz with a spot size of 90 mmon NIST SRM 610 in helium (top), nitrogen (middle)
and argon (bottom) with various fluences.
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Fig. 3, showed comparable accuracy using all three carrier
gases. Using nitrogen as carrier gas, 17 out of 20 elements were
quantied within one standard deviation of the preferred values
according to the GeoRem database.35,36 The values obtained for
75As+ and 56Fe+ were found to be approximately 8% lower than
the reference both for helium and nitrogen. In the same
experiments, 80Se+ was found 20% above the reference, which
is, however consistent with previous experiments using helium
as carrier gas with the N2-MICAP in our laboratory.30

For the measurements performed with argon, 80Se+ was
below the LOD due to the high 40Ar2

+ background. In addition
to the lower sensitivities,21 ablation in argon led to additional
argon-based interferences. The more pronounced offset of
63Cu+ for instance (Fig. 3) is considered to be caused by the
40Ar23Na+ molecular ion and the higher ratio of Na/Cu mass
fraction in NIST SRM 612. The basalt glass reference materials
were also quantied with similar results in nitrogen and in
helium as listed in Table 2 for USGS BCR-2G and USGS GSD-1G.
Quantication results of USGS GSE-1G can be found in Table S1
of the ESI† and also indicate that comparable accuracies were
achieved with both N2 and He. Smaller deviations from the
3074 | J. Anal. At. Spectrom., 2024, 39, 3069–3081
reference values were observed with helium and nitrogen for
USGS GSD-1G in comparison to USGS GSE-1G despite the latter
having mass fractions closer to those of the calibration stan-
dard. This fact, combined with the higher uncertainties of the
reference values for USGS GSE-1G, seems to indicate that the
sample is not as homogeneous as USGS GSD-1G.36

A characterization including the USGS GSD-1G and USGS
GSE-1G reference materials already indicated issues regarding
the homogeneity of selenium.43 This may explain deviations
from the reference values measured for these reference mate-
rials for Se and possibly also for As. However, the similar results
obtained with the various carrier gases as well as the accessi-
bility of main isotopes allowed by the nitrogen plasma source,
highlight the potential of nitrogen as an alternative to helium.
Transient signal structure

A comparison of the transient signal structures obtained for the
different carrier gases and laser uences is shown in Fig. 4 using
238U+ as a representative example. The signals are characterized
by an initial rise of approx. 10 seconds, followed by a stable
second period with low noise and steadily increasing or
This journal is © The Royal Society of Chemistry 2024
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Fig. 5 238U+/232Th+ ratio measured for 30 J cm−2 in nitrogen at 0.951(18) on average (top), helium at 1.01(3) (middle) and argon at 1.06(3)
(bottom) with 600 pulses at 10 Hz on NIST SRM 610. The time window illustrates the 60 s of ablation without background nor washout time. The
238U+ transient signal corresponding to the experiment presented here can be visualize in Fig. 4 at the corresponding fluence and carrier gas.
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decreasing signal intensity over 50 s, and the nal washout. It
appears, however, that the initial rise of the signal is longer
when N2 was used in comparison to He and Ar. For N2 and Ar as
carrier gases, a uence of 30 J cm−2 caused a steady increase by
a factor of approx. 2 within the second period, while less than
30% increase was observed for helium. Reducing the uence in
all cases caused a reduction or inversion of the signals' slopes.
Fig. 6 Quantification of NIST SRM 612 using different fluences and NIST S
nitrogen as carrier gas. Error bars represent the standard deviations of 4
are indicated by the light blue areas.

This journal is © The Royal Society of Chemistry 2024
For nitrogen as carrier gas and using 8 J cm−2 however, the
signal initially was practically constant at the beginning of the
second period but increased again aer approximately 400 laser
pulses.

Since the ablation rates for helium and nitrogen were very
similar (see below), the differences in the signal structure could
be related either to difference in particle removal out of the
RM 610 as calibration standard. 40Ca was used as internal standard and
replicate analysis, while the standard deviations of the reference values

J. Anal. At. Spectrom., 2024, 39, 3069–3081 | 3075
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Fig. 7 Ablation rates determined by LSM for NIST SRM 610 in nitrogen
(blue) and helium (black) using a fluence of 18 J cm−2. The error bars
indicate the range of depthsmeasuredwithin an ablation crater (n= 2).
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crater, transport in the gas or particle vaporization within the
N2-MICAP. However, to separate these different processes,
further investigations are necessary. Due to the differences in
signal evolution between the different carrier gases, an unam-
biguous comparison is difficult. The sensitivities using nitrogen
appear to approach those in helium for extended ablation
periods, but the origin of this trend is not yet clear. It is thus
depending not only on the gas used but also on the specic
ablation conditions in terms of number of pulses and uence
that affect the respective sensitivities between helium and
nitrogen. For argon, on the other hand the sensitivities were
always below those for helium and nitrogen.
Fig. 8 Particle size distribution measured over 4 replicates for the laser-
(red) by OPC.

3076 | J. Anal. At. Spectrom., 2024, 39, 3069–3081
Elemental fractionation for these experiments was assessed
via the 238U+/232Th+ intensity ratios, which are plotted in Fig. 5
for experiments with a uence of 30 J cm−2. For completeness,
Fig. S3 and S4† contain the results acquired for all three carrier
gases using 8 J cm−2 and 5 J cm−2, respectively. The 238U+/232Th+

sensitivity ratio was previously reported to describe plasma
processes related to the particle sizes generated during LA,44

and was also proposed as suitable indicator for plasma induced
fractionation. The intensity ratios for all three gases remained
comparable within the second period of the ablation in He and
Ar at all uences with average values at 1.01 and 1.05–1.06,
respectively. The standard deviation was similar in helium for
all uences (around 0.03). Using argon, the lower signal inten-
sities combined with a spike caused higher standard deviation
between 0.03 for the highest uence and 0.08 due to the spike at
112 s in Fig. 4 for 8 J cm−2. However, there was a notable change
when using nitrogen as carrier gas. The intensity ratio at the
highest uence was stable with a value of 0.95 and a standard
deviation below 0.02. When using 5 J cm−2, the ratio was also
stable with a standard deviation of 0.03 but the mean value
increased to 0.99. These average values and standard deviations
were lower than those obtained in helium but with 8 J cm−2 the
ratio was found to increase aer approximately 400 pulses i.e.
when the ion signals started to increase as well (Fig. 4). The
238U+/232Th+ intensity ratio evolved between 0.95 and 1.1
leading to an average ratio of 1.00 but a standard deviation 50%
higher than in helium above 0.4.

Despite the apparent changes in the temporal signal struc-
ture observed during ablation in N2 with different laser uence
(see Fig. 5, S3 and S4†), there was no obvious effect on the
quantitative results when using matrix-matched quantication
of NIST SRM 612. Fig. 6 compares the results obtained with the
different uences in N2, indicating that very similar results
generated aerosol formed in helium (black), nitrogen (blue) and argon

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 (a) Secondary electron images of the laser-generated aerosol formed in nitrogen visualized by scanning transmission electron
microscopy with the scale bar size set at 1 mm. (b) Highermagnification of a single agglomerate enabling the identification of the primary particles
with the scale bar set at 50 nm and a red arrow was added to indicate a preliminary particle.
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could be obtained for all isotopes investigated. Lowering the
uence, however, reduced the sensitivities, which impaired the
repeatability in particular for isotopes with lower sensitivity like
80Se+.

Substantial deviations for iron, arsenic and selenium were
observed for the data acquired with 19 J cm−2, which were ob-
tained on a different day. These elements were previously found
to exhibit notable heterogeneity with variations above 10% in
the NIST SRM glasses,45 which may explain these results.
Ablation rates in helium and nitrogen

The darker surface was initially interpreted as a substantial
increase in material deposition next to the ablation crater. Yet,
due to the fact that similar ion signals intensities were recorded
in helium and in nitrogen, the material removal upon LA in
both carrier gases was investigated. The depth of the ablation
craters was measured for a laser uence of 18 J cm−2. The
results showed a linear relationship (R2 > 0.999 in all experi-
ments) with no signicant difference between the different
gases (Fig. 7).
Fig. 10 (a) Secondary electron images of the laser-generated aerosol for
with the scale bar size set at 1 mm. (b) Higher magnification of a single agg
added to indicate a preliminary particle.

This journal is © The Royal Society of Chemistry 2024
The equivalence in material removal between nitrogen and
helium is in line with previous studies comparing ablation in
argon and helium for various matrices.46 Another study47

compared experimental results and numerical modeling and
concluded that the ablation environment had no impact during
the rst 100 ns of the ablation process,48 which is longer than
the pulse length (14 ns) of the laser used in this study. The
similar sensitivities between helium and nitrogen observed
here thus did not originate from a higher ablation rate, which
compensated for losses by deposition near the crater.

Assessment of the particle size and structure

A comparison of the laser-generated particle sizes in nitrogen,
helium and argon, as determined by OPC, is shown in Fig. 8.
Differences in the PSDs were observed for the different ablation
environments. Ablation in argon and nitrogen appeared to
produce predominantly particles that are recorded as sizes
below 150 nm in diameter, while the distribution observed in
helium was found to expand over a much broader range that
exceeded the upper size limit used for the OPC. It should be
noted however that ablation in argon was reported to produce
med in argon visualized by scanning transmission electron microscopy
lomerate enabling with the scale bar set at 50 nm and a red arrow was

J. Anal. At. Spectrom., 2024, 39, 3069–3081 | 3077
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Fig. 11 (a) Secondary electron images of the laser-generated aerosol formed in helium visualized by scanning transmission electronmicroscopy
with the scale bar size set at 1 mm. (b) Higher magnification of a single agglomerate enabling the observation of the primary particles with the
scale bar set at 50 nm and a red arrow was added to indicate a primary particle.
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a substantial fraction of mm-sized particles,32,33 which could not
be detected with the UHSAS used here. The maxima of the
recorded distributions for Ar and N2 were apparently below
50 nm, while in He the largest fraction of particles was observed
in a size range of 70 nm to 80 nm.

Since OPC data only represents the equivalent spherical size
of the particles which are present in the aerosol as agglomer-
ates, secondary electron images of particles, collected on TEM
grids, were recorded. The collection of the particles using the
Partector™ allowed to adjust the number of particles deposited
and thus, to avoid the formation of particle aggregates on the
TEM grids. Aerosols collected aer ablation in nitrogen (Fig. 9a)
and argon (Fig. 10a) contained dominantly agglomerates below
1 mm. The agglomerates consisted of primary particles that
formed from droplet condensation and agglomerated into
fractal-like structures. These droplets appeared to be larger
(approx. 10 nm) and more irregularly shaped for ablation in Ar
Fig. 12 Sensitivities obtained with 600 pulses of 90 mm at 10 Hz and 18 J
flushedwith helium (black), nitrogen (blue) or argon (red). The difference i
various carrier gases.

3078 | J. Anal. At. Spectrom., 2024, 39, 3069–3081
(Fig. 10b) than in N2 (Fig. 9b). In He on the other hand, large
agglomerates were observed (Fig. 11a), which had grown to
several mm in size. They exhibited a more complex geometry,
and the size of the primary particles seemed to be smaller while
their shape appeared more irregular than in nitrogen.

A previous study compared the aerosol generated in helium
and argon aer collection on lters and visualization by elec-
tron microscopy.33 By using OPC complemented by the elec-
trostatic sampling approach, the correlation between the gases'
thermal conductivities and the particle growth for the primary
particles was similar as previously suggested.32 The larger
agglomerates observed in helium on the other hand would
indicate that this gas allows for a wider distribution of the
primary particles in the ablation cell. An entrapment in the
vortexes in the large cylindrical cell17 may then provide a suffi-
ciently long residence time for the agglomerates to grow larger.
cm−2 on NIST SRM 610 using a two-volume cell with the main volume
n sensitivities was similar to those observedwith a cylindrical cell for the

This journal is © The Royal Society of Chemistry 2024
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Fig. 13 Scanning transmission electron microscopy images of laser-generated aerosol formed in nitrogen (a), helium (b) and argon (c) in a two-
volume cell. Scale bar is 1 mm. Most agglomerates are found to be below the micrometer scale for all carrier gases and adopted filament
structures of similar sizes.
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Effects of the ablation cell on the laser aerosol formation

To reduce the effect of the residence time in the large cylindrical
ablation cell,48 experiments were carried out to investigate
analyte sensitivity and aerosol structure by using the two-
volume MPFAC LA cell34 with all three carrier gases. As illus-
trated in Fig. 12, the sensitivity ratios for argon and nitrogen vs.
helium were not substantially different from those recorded
with the large cylindrical cell (Fig. 2) with a similar drop in
sensitivities of less than 40% for all elements in N2. Overall, the
reduction for N2 vs. He appeared more uniform and Si, Ni, Cu
and As in this case had similar sensitivities as nearby m/z. Li on
the other hand did not exhibit higher sensitivity anymore.
Quantication of NIST SRM 612 and the basalt glasses also
indicated that the ablation cell did not affect the results when
comparing helium and nitrogen as aerosol carrier. As illustrated
in Fig. S5 and S6,† the mass fractions obtained for both gases
were generally comparable to those obtained in the large
cylindrical cell. Deviations from the reference values e.g. for Se
and As were of similar magnitude and their origin needs to be
studied in more detail.

While the sensitivities and quantication did not reveal
signicant differences between the ablation cells, the MPFAC
caused a substantial change in the aerosol structure for the
ablation in He as depicted in Fig. 13. The secondary electron
images for the aerosols formed in nitrogen and argon appeared
very similar to those collected aer the cylindrical ablation cell.
However, agglomerates as large as seen in the cylindrical single
volume ablation cell were not observed anymore for the MPFAC
when ablating in helium. Next to the similar aggregation states,
the primary particles produced in the MPFAC appeared similar
for all three gases (Fig. S8†).

These results support a previous suggestion, that the resi-
dence time of the particles in the ablation cell is responsible for
the increase in the agglomerates' size distribution in the aero-
sol.48 The smaller primary particles observed in argon for the
two-volume cell suggest however that a faster aerosol removal
from the ablation region also affects the initial particle growth.
Furthermore, the similar change in sensitivities across the
whole mass range using the MPFAC supports previous ndings
that a reduction of elemental fractionation can be obtained with
This journal is © The Royal Society of Chemistry 2024
such a type of ablation cell.48 It also suggests that the sensitiv-
ities obtained with the different carrier gases are related to
transport effects.
Conclusion

The previously demonstrated suitability of a nitrogen plasma
source for LA-ICPMS30 was extended by investigating the use of
nitrogen as ablation environment and as carrier gas for laser-
generated aerosols. Despite an enhanced surface darkening
during ablation, the sensitivities obtained aer LA in nitrogen
were typically 30% lower than those measured using helium.
Several elements, however, exhibited a stronger suppression in
nitrogen, especially when using the large cylindrical ablation
cell. The difference in sensitivity, however, seemed not to be
a result of change in material removal because the ablation
rates in helium and nitrogen were found to be identical.
Nonetheless, distinct differences in the aerosol morphology for
N2, He and Ar were determined by STEM for aerosols collected
aer ablation in a large cylindrical cell.

Aerosol visualization showed that agglomeration for the
different carrier gases was found to depend strongly on the
ablation cell geometry. Using a two-volume ablation cell, the
primary particles formed in argon appeared to be smaller and
the micrometer-sized agglomerates generated in helium in the
large single volume ablation cell were not detected anymore. As
such, the primary particles and their agglomerates formed
using a two-volume ablation cell were not distinguishable for
the different ablation environments. Despite the changes in
aerosol structure however, the sensitivity ratios of nitrogen
relative to helium did not show signicant differences for both
ablation cell designs.

Differences in the transient signal structure were observed
that manifested in increasing signal intensities for single spot
ablation experiments. In particular, when using a high laser
uence (30 J cm−2) the signals were found to increase steadily.
This increase was most pronounced for ablation in nitrogen
and argon while helium only showed a moderate increase.
Ablation at lower laser uences (5 J cm−2, 8 J cm−2) showed
mostly a decrease or a less pronounced increase for the ion
signals with time. Elemental fractionation, evaluated via the
J. Anal. At. Spectrom., 2024, 39, 3069–3081 | 3079
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238U+/232Th+ sensitivity ratio in NIST SRM 610, was found to be
more pronounced in nitrogen at lower laser uences but
became negligible at a high laser uence.

Yet, the quantication of basalt glass reference materials
resulted in comparable values for nitrogen and helium, with
deviations of less than 15% for most elements analyzed. As and
Se in particular exhibited larger offsets in these analyses with
may be attributed to their comparably low mass fraction and
possibly heterogeneity of the material.

These results indicate that particle formation and transport
of laser generated aerosols in nitrogen as a diatomic gas does
not differ substantially from that in helium. Changes in the
aerosol structure observed here were stronger for different
ablation cell geometries and ablation rates using 193 nm were
found to be practically identical. As such it appears as if the
higher heat capacity of the diatomic gas has a similar benecial
effect compared to argon like the higher heat conductivity of
helium.32

In any case, the MICAPMS conguration provides a unique
means to not only use laser ablation sample introduction for
quantitative analyses but also to investigate the inuence of
different ablation environments and carrier gas compositions
in greater detail than with an argon-based ICPMS. The results
presented here might open the door to novel applications of
elemental analyses with atmospheric LA sampling. Related to
the MICAPMS operation it was found that Al-cones were better
suited for analyses in dry plasma conditions. This material
furthermore lowers the operating costs in comparison to the
more expensive Pt-cones. In summary, the overall cost reduc-
tion for applications of LA-ICPMS in elemental analysis by
substituting argon and helium can be considered to be a major
advantage in combination with a nitrogen plasma source.
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