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Influence of gas flow on elemental analysis using
a tandem femtosecond LIBS and LA-ICPMS system

Zhenli Gao,®® Wubin Yang,
and Richard E. Russo®®

*ac pan Qu,® Shuang Yan,?® Chunyi Liu®

The integration of LIBS and LA-ICPMS allows for simultaneous determination of a wide range of elements and
isotopes. Achieving high-precision quantitative analysis in this dual-technique approach requires establishing
the optimal gas environment in the sample chamber. This study evaluated the impact of gas flow on a tandem
femtosecond LIBS and LA-ICPMS system. By premixing helium and argon at various ratios, we created gas
mixtures with gradient properties. NIST SRM 610 was used as the standard sample to assess the signal
intensity and stability of optical emission spectroscopy and mass spectrometry. Our results showed that the
LIBS intensity of Li(/) 610.35 nm, Li(/) 670.77 nm and Ca(l) 644.90 nm, along with their relative standard
deviation, increased with the proportion of argon in the gas mixture. Conversely, the LA-ICPMS intensity
and relative standard deviation of each element decreased with the argon proportion in the carrier gas.
LIBS appears to favour an argon ambient gas, while LA-ICPMS prefers helium as the carrier gas. To balance
both modules, we tested various helium and argon gas mixtures. A mixed gas composed of 700 ml min~*
helium and 400 ml min~* argon was found to be the optimal gas flow for the tandem system, considering
signal intensity and relative standard deviation. This study highlights the significant influence of gas flow in
optimizing the signal of optical emission spectroscopy and mass spectrometry in a tandem system,

rsc.li/jaas

1. Introduction

LIBS and LA-ICPMS are widely used for measuring elemental
content, providing non-overlapping and complementary infor-
mation. LIBS can perform a real-time quasi-full elemental
analysis of samples in various fields, including coal,"*
minerals,** biological,>® and industrial materials.” It is mainly
used for sample classification and quantitative determination
of major elements including Li, C, N, F, Cl, etc. LA-ICPMS is
suitable for detecting trace elements with low detection limits®®
and facilitates isotopic analyses,'® which is challenging for LIBS.
To combine the advantages of both technologies, the tandem
LIBS/LA-ICPMS system has been developed, achieving quanti-
tative analysis,"™ discriminant analysis" and element
imaging®*?® of various materials. This system collects laser
plasma and aerosol data simultaneously during a single laser
ablation, eliminating positional errors and
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enhancing the precision and accuracy of elemental analysis for both modules.

efficiency. By combining the detection advantages of LIBS and
LA-ICPMS, it enables the measurement of most elements with
ranges from ppt to wt%.

The significance of the gas condition in a tandem system has
been highlighted in prior research, with argon benefiting LIBS
and helium benefiting LA-ICPMS.">* Latkoczy et al*® found
that the maximum LIBS signal intensity for argon was 2-3 times
greater compared to helium or air. Consequently, an argon
atmosphere was used in the tandem LIBS/LA-ICPMS system to
analyse the elemental distribution in an industrial multi-phase
magnesium-based alloy sample. Subedi et al.*® used a tandem
LIBS/LA-ICPMS system for analysing printing ink samples,
optimizing LIBS acquisition parameters and using argon as the
ambient gas for LIBS and carrier gas for LA-ICPMS. Brunnbauer
et al."® analysed epoxy molding compounds using tandem LIBS/
LA-ICPMS, selecting helium as the ambient/carrier gas. Since
high sensitivity was unrealizable, LIBS was always used to detect
main constituents in the wt% range. Dong et al.>* simulta-
neously determined major elements by LIBS and trace elements
by LA-TOF-ICPMS in coal samples, with laser ablation per-
formed in a helium gas flow. Berlo et al.** conducted analyses of
volcanic brines using combined LIBS and ICPMS with pure
helium as the gas environment. Nevertheless, these previous
studies were limited to either pure helium or pure argon gas
flow. Recently, some studies proposed that gas mixtures
significantly enhance signal intensity and repeatability

This journal is © The Royal Society of Chemistry 2026
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compared to pure gas environments in conventional LIBS or LA-
ICPMS.**?” Yu et al. found that the spectral signal intensity and
stability of LIBS were higher in gas mixtures than in pure gas
environments.”® Luo et al. demonstrated that gas mixtures are
more suitable for femtosecond LA-ICPMS analysis.>” Until now,
the impacts of gas mixtures on the signals of the tandem system
have not yet been quantitatively evaluated, which are crucial for
analytical precision and accuracy.

In this study, a series of helium-argon gas mixtures with
varying ratios were systematically tested using a tandem
femtosecond LIBS/LA-ICPMS system to evaluate the impacts of
gas flow. The quantitative effects of signal intensity, stability,
and elemental fractionation in various He-Ar gas mixtures were
assessed, as these factors are crucial for the analytical precision
of such tandem systems. Subsequently, we propose a significant
technical compromise of optimizing the gas flow when using
the tandem system of LIBS and LA-ICPMS.

2. Experimental

2.1 Instrumentation

The experimental setup used in this study is illustrated in Fig. 1.
NIST 610 silicate glass was analysed in a single sample chamber
using a J200 tandem laser ablation. A laser induced breakdown
spectroscopy (fsLA-LIBS, Applied Spectra) system equipped with
a 343 nm femtosecond pulsed laser, and an iCAP-RQ inductively
coupled plasma quadrupole mass spectrometer (ICPMS, Thermo
Fisher Scientific) were used. The LIBS system used a Czerny-
Turner spectrograph coupled with a high performance ICCD
detector (window width of ~100 nm) and a dual grating turret
(2400 ¢ mm™" and 1200 g mm™"). The spectrometer was set to
a centre wavelength of 645 nm using a 1200 grooves per mm
grating, in the wavelength range of 600 to 685 nm, which includes
Li(J) 610.35 nm, Li() 670.77 nm and Ca(l) 644.90 nm. The gate
delay was set to 0.01 ps, gate width was set to 4.0 ps, and intensifier
gain was set to 50 (scale from 1 to 100). The laser parameters were
an energy density of 5.1 ] cm ™2, spot size of 50 um, and repetition
rate of 8 Hz, with 200 laser pulses applied at each position. LIBS
and LA-ICPMS analyses were performed simultaneously on the

ICPMS module
LIBS module poommoomooomomoons |
P e : : =] :
E ICCD E E D E
i ‘ . 11 '
1 ] : : |1 :
! + Femtosecond / !
Bmmmmmmcomwcom m s s o ! laser ! ™ /c :
O L ApE
................... : =] '
: Flowmeter : &
. He ! P < -
L 000 N ‘ ¢ '
Car B ! : :
P AT a > d L a7 ;
Gas flow Ablation chamber

Fig. 1 Experimental setup of the tandem LIBS/LA-ICP-MS system in
this study.
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same sample spots under identical laser ablation parameters. For
ICPMS, NIST 610 silicate glass was ablated for optimizing instru-
mental parameters. The ICPMS was set to detect a wide range of 59
elements including "Li, °Be, "B, **Na, **Mg, *’Al, *si, *’K, **Ca,
4SSC, 49Ti, 51V, 52Cr, SSMn, SQCO, GONi, GSCU, 66Zn, 71Ga, 72Ge, 75AS,
gst, SSSI', 89Y, QOZI.’ 93Nb, 95MO, 103Rh, 107Ag, 111Cd, 1151n’ 11ssn’
121Sb, 133CS, 137Ba, 139La, 14008, 141Pr, 146Nd, 147Sm, 151Eu, 157Gd,
159Tb, 163Dy, 165H0, 166Er, 169Tm, 173Yb, 175Lu, 179Hf7 181Ta, 182W,
195pg, 1977y, 20°T], 298ph, 29°Bi, 2**Th, and ***U. LIBS data were
collected using the Applied Spectra Axiom 2.0 software, and ICPMS
data were collected using Thermo Fisher Qtegra 2.10.

2.2 Gas conditions

Helium and argon were selected for the gas mixtures due to their
safety, stability, and minimal spectral and polyatomic ion interfer-
ence in LIBS and LA-ICPMS tests, respectively. A total of 12 different
gas mixtures were designed with a 100 ml min~" changing gradient.
The composition of each gas mixture, along with their relative
molecular weight (M) and ionization energy (E) are listed in Table 1.
Note that the type-1 and the type-12 gases are pure He and pure Ar,
respectively. Four distinct positions on the sample surface were
ablated to evaluate signal stability under each gas condition, with
each position subjected to 200 ablation shots. This resulted in the
collection of 200 LIBS spectra and 20 seconds of LA-ICPMS signals.
For LIBS data reduction, the average intensity and signal-to-
noise ratio (SNR) of each set of 10 spectra were calculated and
compared from the 200 collected spectra. The integrated
intensity and stability of spectral lines of representative
elements in different ambient gases were compared without
normalization. For LA-ICPMS data reduction, the signal
enhancement factors (SEFs) of each element under different gas
conditions relative to pure helium were calculated.”

SEF — Integrated intensity, . ,

—— (1)
Integrated intensity;,,
where Integrated intensityiype_n is the integrated signal intensity
of element i by LIBS/ICPMS under type-n gas mixture conditions,
and Integrated intensityy, is the signal intensity of element i by
LIBS/ICPMS under pure helium conditions. Additionally, the Ca-
normalized fractionation indices (FIs) for all elements and the
deviation of their quantitative results from the recommended
value were calculated in 12 types of gas environments.?®

sed oo Ca
Fls — Intensityy,, |, ,/Intensity}5, 1o @

. i . Ca

Intensityy, 10 s / Intensityp, 1o

where Intensity{qrst 10s and Intensity}ast 10s are the average
ICPMS signal intensity of element i at the time of the first 10
seconds and last 10 seconds, respectively, and
Intensityfa: 10 and Intensity,3. 10 s are the average ICPMS
signal intensity of element calcium at the time of early 10
seconds and last 10 seconds, respectively.

2.3 Samples

Silicate glass NIST 610, which is widely used in geochemistry,
was used to characterize the emission and mass spectra of the
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Table 1 Compositions of 12 types of gas mixtures, and their relative
molecular weight (M), and ionization energy (E). Type-1 and type-12
gases are pure helium and argon, respectively

Gas flow

(ml min™%)
Gas type M E (k] mol™) He Ar
1 4.0 2372.0 1100 0
2 7.3 2294.6 1000 100
3 10.5 2217.3 900 200
4 13.8 2139.9 800 300
5 17.1 2062.5 700 400
6 20.4 1985.2 600 500
7 23.6 1907.8 500 600
8 26.9 1830.5 400 700
9 30.2 1753.1 300 800
10 33.5 1675.7 200 900
11 36.7 1598.4 100 1000
12 40.0 1521.0 0 1100

tandem system. NIST 610 contains 488 ppm lithium and
8.6 wt% calcium. The peaks of Li(J) 610.35 nm, Li(J) 670.77 nm,
and Ca(I) 644.90 nm are easy to measure via LIBS, which have
high sensitivity and minimal spectral interference. The cali-
bration curve of Li(I) 670.77 nm, established by Fabre et al,
indicates that the self-absorption begins at 3000 ppm.>® And the
data of Ca(l) 644.90 nm show an obvious turning point at
500 ppm proposed by Cervantes et al.*® Therefore, lithium and
calcium can represent the elements with low concentration not
affected by self-absorption and those with high concentration
affected by self-absorption, respectively, to characterize changes
in LIBS spectra under different gas conditions. This provides
a feasible optimization method for detecting more challenging
elements (e.g., H, C, N, O, F, molecular information, etc.).

A total of 59 elements were detected, with 10 representative
elements (including "Li, **Ca, ®°Ni, ®°Zn, ®3sr, °°zr, ***La, '**Dy,
173yb, and '®'Ta) selected to verify the influence of various gas
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compositions. These elements include alkali metal elements,
transition elements, large ion lithophile elements and high field
strength elements, which are of concern in earth and planetary
sciences. NIST 612 was used as an external calibration refer-
ence, and Ca was used as the internal standard to quantify
elemental concentrations in NIST 610 for LA-ICPMS data
reduction.*

3. Results and discussion
3.1 Selecting strategies of LIBS spectra

A total of 200 spectra were collected per sample position, with
200 laser shots performed under 12 different gas conditions.
Fig. 2a and b respectively show the average spectral intensity
and signal-to-noise ratio (SNR) of Li(I) 670.77 nm for every 10
shots during a single ablation of NIST 610. Error bars represent
the standard deviation (SD) of each set of 10 shots. Gas mixtures
with various He-Ar ratios are labelled from type-1 to type-12.
Our results show that the stabilities of the average intensity
and SNR are relatively good for the first 50 shots, but decrease
thereafter. Factors contributing to this decrease include
changes in the distance between the ablation site and lens,
laser-sample interaction, sampling depth, and optical insta-
bility. These changes would affect ablation fluctuations and
plasma volume. Given that such fluctuations can be averaged by
accumulating laser pulses and spectra,®* the first 50 laser shots
were accumulated for each experiment in this study.

3.2 Signal intensity and repeatability of LIBS within different
ambient gases

Based on the discussion above, the average intensity from the
first 50 laser shots were selected as the LIBS data. Four sample
positions were ablated under 12 different gas conditions. Fig. 3
illustrates the integrated intensity and RSD (n = 4) of the first 50
integrals of Li(I) 610.35 nm, Li(I) 670.77 nm, and Ca(l)
644.90 nm in NIST 610 in 12 gas environments. The error bars
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Fig. 2 The average spectral intensity (a) and signal-to-noise ratio (b) of Li(/) 670.77 nm for every 10 shots in a single ablation under 12 gas
conditions on NIST 610. 200 spectra were collected at each sample position. Error bars represent the standard deviation (SD, n = 10) from every

10 shots. The dashed box highlights the first 50 spectra.

1044 | J Anal At. Spectrom., 2026, 41, 1042-1047

This journal is © The Royal Society of Chemistry 2026



Paper JAAS
£ 4] . g4 A x4 CUENC A
8 :; \.\./\ - E’g " B AN \./__J_,«. \ 3 g / ‘_“./\\/.
@] e R A g g e—— *
Sul® Li(1610.35 nm n S, ) Li (1) 670.77 nm " ";;20_ (c) Ca (1) 643.90 nm :
%13] o |22 o X o
>, > >18'
212} 220 b 2
211 2181 ¥ 216 ¥
e ' i1 o ' 3] S
€10/ v £ 161 o £14 P
S g I © 14 ld 3 o
% 8] ¥ 512 " o12 o—1
S 8] P s 121 s—s” 10 s
e s—2 L - = /
3 7] " 2101 ,~* 3 | "
12 3 4 5 6 7 8 9 1011 12 12 3 4 5 6 7 8 9 1011 12 12 3 4 5 6 7 8 9 1011 12
Fig. 3 Integrated intensity and relative standard deviation (RSD, n = 4) of Li(/) 610.35 nm (a), Li(/) 670.77 nm (b), and Ca(/) 644.90 nm (c) under 12

gas conditions. Error bars represent the standard deviation (SD, n = 4) o

1.4
1.24
W 1.04-
» 0.8
0.6-

0.4+

Fig. 4 Signal enhancement factors (SEFs) (a) and fractionation indices
(Fls) (b) of representative elements under different gas conditions. SEFs
of elements were normalized to the signal intensities of pure He
conditions. Fls of elements were normalized to the signal intensities
of Ca.

represent the standard deviation (1s) of 4 individual analyses. It
is evident that the integrated intensity of the peaks for different
elements increases significantly from type-1 to type-12 ambient
gas. This demonstrates that the increase in the proportion of
argon in the mixture significantly enhances the LIBS signal
(Fig. 3), consistent with previous studies where signal intensity
is proportional to the molecular mass of the ambient gas.”®
Heavier ambient gas influences plasma expansion, making the
plasma smaller and denser, and stabilizing its spatial position
and shape.”***3* Additionally, the lower the ionization energy of
the ambient gas, the greater the tendency of electron genera-
tion,* increasing electron concentration and enhancing plasma
emission intensity. Notably, as the gas changes from type-1 to
type-12, the RSD of each condition increases from approxi-
mately 1 to 4, indicating a reduction in precision. This can be
attributed to the increase in interfacial turbulence caused by the
Rayleigh-Taylor instability process,® where higher density

This journal is © The Royal Society of Chemistry 2026

f integrated intensity from 4 individual sample positions.
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Fig. 5 Relative deviation (RD) (a) and relative standard deviation (RSD)
(b) of the representative elements on NIST 610 under 12 gas conditions
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contrast between the environment gas and the plasma inten-
sifies their mutual penetration, causing instability in the spec-
tral data.

3.3 Signal intensity and elemental fractionation of LA-
ICPMS with different carrier gases

To maintain consistent analysis conditions in the ICP of >**U
under different gas conditions, varying flow rates of the makeup
gas Ar were introduced via a T-piece into the ICPMS. This
approach avoided adjusting ICPMS parameters (such as the
sample depth or lens position), ensuring that the >*®*U signal
intensity from NIST 610 remained around 3 000 000 counts per
second (cps), with a Th/U ratio of approximately 0.65 and a ThO/
Th ratio below 0.3%. These conditions satisfied the tuning
requirements for general trace element analysis. The SEF of 10
representative elements under 12 gas conditions are shown in
Fig. 4a, with all element intensities under different conditions
normalized to pure helium (type-1), to verify the effect of
different gas conditions on various elements. As the proportion
of helium decreased, the SEF of different elements decreased to
varying degrees. Given that fs-LA produces ultra-fine particle
aerosols, the particle size distribution is less dependent on the
carrier gas.**®” Our findings indicate that the changes in gas
flow affect the ionization efficiency of most elements in ICP.
Helium has significant higher thermal conductivity than Ar at
ca. 5000 K,*® making it beneficial in improving the ionization
efficiency of ICP. A reduction in the proportion of helium in the
gas flow leads to decreased ionization efficiency of these
elements, resulting in lower signal intensity.

The FIs of elements relative to Ca in NIST 610 for various gas
mixtures are shown in Fig. 4b. For more elements, the FIs
approach 1 under the type 5 condition. As the amount of argon
added to the gas mixtures increases, the FIs of more elements
approach 1, indicating reduced fractionation. However, further
increases in argon proportion from type 5 lead to increased
fractionation, as evidenced by the irregular deviation of
elemental fractionation factors from 1 in type 6-12. Using
a mixture gas as the carrier gas, a small amount of argon can
significantly reduce the signal fractionation of mass spectrom-
etry, but only up to a critical point. This phenomenon may be
linked to the properties of the carrier gas, such as relative
molecular mass, ionization potential, and thermal conductivity,
while the properties of the mixture lie between those of pure
helium and argon. The interplay of these properties affects the
ICP, leading to an element fractionation decrease with the
argon proportion of the carrier gas.

3.4 Combining LIBS and LA-ICPMS for elemental analysis

When the helium and argon mixture is used as the ambient/
carrier gas of the tandem femtosecond system, a slight
increase in argon can reduce the fractionation in mass spec-
trometry analysis, and also reduce the sensitivity of most
elements. Therefore, we calculated the relative deviation (RD)
and relative standard deviation (RSD) of the concentrations of
each element in NIST 610 at various gas mixtures to evaluate the
quality of data. NIST 612 was used as the external standard,

1046 | J Anal At Spectrom., 2026, 41, 1042-1047
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while Ca was used as the internal standard. Fig. 5a shows the
RD of the determined concentration (n = 4) of NIST 610 relative
to the reference value under 12 gas conditions, representing the
accuracy of the quantitative results. For the 12 gas mixtures, the
RD of most elements is within 10%. As the proportion of argon
in the gas increases, the RD of the most elements slowly
approaches 0, indicating improved data accuracy. Fig. 5b shows
the RSD of the determined concentration (n = 4) of NIST 610
under 12 gas conditions, representing the precision of the
quantitative results. The RSD of quantitative results for more
elements in type 5 is close to 1, which is close to the data quality
obtained under pure helium conditions.

Tandem LIBS and LA-ICPMS enables the detection of a broad
spectrum of elements and isotopes. This combination leverages
the benefits of two techniques, creating a robust and versatile
analytical tool. As shown in Fig. 6, the SEF of LIBS increases
with the increase in the proportion of argon in the gas mixtures,
while the SEF of LA-ICPMS shows an overall decreasing trend. A
compromise can be achieved in the tandem system by using the
gas mixtures, which can enhance the LIBS signal quality
without affecting the LA-ICPMS data quality.

4. Conclusion

This study investigated the effects of pre-mixed argon and
helium in various proportions as the ambient/carrier gas on the
spectral and mass spectrometric data for optimizing the
analytical conditions of the combined analysis. The results of
this study indicate that when using a type-5 gas mixture as the
ambient/carrier gas for the tandem femtosecond LIBS and LA-
ICPMS system analysis, it yields higher intensity and stability
of the spectral signal compared to using pure gas or other
proportionally mixed gas. This study, for the first time,
demonstrates that using a mixed gas as the ambient/carrier gas
for the femtosecond tandem LIBS and LA-ICPMS system
enhances its quantitative analysis of various samples, resulting
in more accurate and stable spectral and mass spectrometric
data. The relationship between gas properties and the LIBS and
LA-ICPMS signals was examined. However, the mechanism by
which these gas properties affect plasma parameters and aero-
sol states excited by a femtosecond laser is not fully understood
and requires further investigation. Additionally, the influence
of gas composition on ionic or molecular lines in LIBS, and the
effects of other optimization parameters (sample depth, lens
position, etc.) on the elemental sensitivity in LA-ICPMS would
be investigated in a future study.
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