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ABSTRACT: Elemental composition is critical for determining material properties and origins of glass. Yet conventional mass spectrometric
techniques for direct solid analysis including glow discharge mass spectrometry (GDMS), secondary ion mass spectrometry (SIMS), and laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS) face limitations
including low electrical conductivity, spectral interferences, and matrix effects. In
this study, we introduce buffer-gas-assisted high irradiance laser ablation and O

ionization mass spectrometry (LAIMS) as a promising alternative. Utilizing

fs laser

femtosecond lasers and helium buffer gas, fS-LAIMS significantly reduces

Na
Si [ |

spectral interferences and matrix effects, enabling standardless semi-quantitative
analysis of both metallic and non-metallic elements in glass samples. Experiments
with NIST SRMs 610, 612, and 614 demonstrated reliable semi-quantification,
while comparative analysis of K9 optical glass by ns-LAIMS, GDMS, and ICP-

Ca

)

MS validated the superior quantitative accuracy and reduced interferences of fs-
LAIMS. This study highlights fs-LAIMS as a robust tool for rapid elemental

analysis of glass materials, offering a novel perspective for industrial quality

Ba

control, property optimization, and material science research.

INTRODUCTION

Glass elemental composition governs critical properties including
refractive index, mechanical strength, and thermal stability.!"
Rapid and accurate analysis is therefore essential for material

quality
provenance studies,® and forensic investigations.”

certification,*  industrial control,>  archaeological

Direct solid analysis mass spectrometry offers substantial
advantages over conventional solution-based methods by
eliminating cumbersome sample preparation and decomposition
procedures, thereby significantly enhancing analytical efficiency.®
The most prevalent techniques for direct glass analysis include
glow discharge mass spectrometry (GDMS),” secondary ion mass
spectrometry (SIMS),!% ! and laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS).'% 13 Although LA-ICP-

MS is widely regarded as the “gold standard” for glass elemental

www.at-spectrosc.com/as/article/pdf/2025125
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analysis due to its minimal sample consumption and trace-level
sensitivity,'* it suffers from persistent limitations: spectral
interferences (predominantly from plasma and ambient gases)
impede accurate quantification of key elements, high consumption
rates of inert gases increase operational expenses.'> SIMS is
capable of high spatial resolution,'® but it encounters severe matrix
effects and polyatomic ion interferences that compromise
quantitative accuracy and reproducibility.'” ¥ Furthermore, the
technique is not well-suited for non-conductive samples due to
pronounced surface charging effects.!® GDMS provides excellent
detection limits and reduced spectral interference but faces
intrinsic constraints in analyzing non-conductive glass samples,?”
2! requiring complex conductive coating procedures that introduce

22,23

contamination risks and analytical uncertainty. Collectively,

these drawbacks constrain the practicality of mass spectrometric

Atom. Spectrosc. 2025, 46(4), 327—336.
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techniques for multi-scenario glass analysis.

LAIMS presents itself as a promising method for the study of
glass materials. Several groundbreaking experiments have already
demonstrated its unique ability to conduct semi-quantitative
analysis of elements in complex samples without relying on
standard reference materials.?*?® The introduction of helium
buffer gas into the source chamber plays a crucial role in
mitigating spectral interferences.?” Through the cooling of high-
kinetic-energy the promotion of three-body
recombination processes,”® it effectively converts multiply
charged ions into singly charged ions and dissociates polyatomic
significantly enhancing the quantitative

ions and

thereby
accuracy.?” 2 Moreover, the utilization of high irradiance lasers

species,

substantially reduces matrix effects,?® enabling improved semi-
quantitative capabilities even in the absence of standard reference
materials.?* Significantly, the adoption of femtosecond lasers has
minimized thermal effects and elemental fractionation.?® These
advantages endow fs-LAIMS with the remarkable capability to
perform standardless semi-quantification of nearly all metallic and
non-metallic elements,* offering a novel perspective for multi-
scenario glass analysis.

EXPERIMENTAL

Samples. NIST SRMs 610, 612, and 614 served as reference
materials in this study. Their base glass was fused from a mixture
of quartz sand, alumina, soda ash, and calcium carbonate (72 wt%
SiO2, 2 wt% ALO3, 14 wt% NaxO, and 12wt% CaO).’! These
SRMs contain many trace elements with concentrations that are
relatively uniform and sufficiently high for chemical calibration
(ca. 400 pg/g for SRM 610, 40 pg/g for SRM 612, <40 pg/g for

SRM 614).%3233 The K9 optical glass, which primarily consists of
Si02, B20s, Na.O, K20, and other oxides,>* was selected as a
representative sample for the comparative analysis of fs-LAIMS,
ns-LAIMS, GDMS, and ICP-MS. To enhance laser absorption
efficiency and minimize surface contamination, each sample was
sandblasted to increase surface roughness, followed by ultrasonic
cleaning in ethanol and water and vacuum drying prior to analysis.

Instrumentation and operating conditions. The instrument
described in this study was an in-house-built buffer-gas-assisted
high irradiance laser ablation and ionization orthogonal time-of-
flight mass spectrometer, which was previously detailed.?* > The
schematic diagram of the instrument is shown in Fig. 1. The
system employed a femtosecond laser (OR-50-GN, Ultron
Photonics, China) with a pulse width of 600 fs, a wavelength of
515 nm, and a pulse energy of 0.7 mJ. After passing through a
beam expander (Linos, Qioptiqg, 5%, 532 nm), the laser beam was
focused using an air-spaced doublet lens (ACA254-075-532,
Thorlabs Inc., Newton, NJ, USA) with a working distance of 75
mm, resulting in a laser irradiance of 6.6x10'* W/cm? and a crater
of 15 pm in diameter. Ultra-high purity helium (He, 99.999%) was
introduced into the ion source at a pressure of 480 Pa as the buffer
gas. The ions produced in the ion source were sampled through a
nozzle, passed through a transport system, and orthogonally
repelled into the TOF mass analyzer. Spectra were acquired using
both the TDC (FCFR-USB8002, Xingshuo Huachuang
Technology Co., Ltd., China) and the ADC (ADQ14, Teledyne SP
Devices AB, Sweden). Six analysis areas of 2 x 2 mm? were
randomly selected. The final spectrum was a sum of 20,000
repelling pulses with the moving of the sample stage in the 6
analyzed areas. The data were processed using the LAIMS data
processing program developed by the laboratory, which provided
the concentration information of the elements directly. The key
operating parameters of fs-LAIMS are summarized in Table 1.

Repeller

Fig. 1 (a) Schematic diagram and (b) Photograph of fs-LAIMS.

www.at-spectrosc.com/as/article/pdf/2025125
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Table 1. Key Operating Parameters of fs-LAIMS

lon Source Value TOF System Value
Source chamber pressure/ Pa 480 Skimmer/ V 20
Laser wavelength/ nm 515 Sliy V -20
Laser pulse duration/ fs 600 Acceleration potential/ V -5050
Laser frequency/ Hz 100 Grid potential/ V -510
Laser irradiance/ W/cm? 6.610™ Back potential/ V 1040
(@) OH,0 Na Alfy (®
50000 : ; 80 5
Si 05 Li OH
0,
B I
He H.O
25000{ N4 e 140 3 o
Ca === H N 1g i
e
0 0O 0 | | | m
0 40 80 120 160 200 240 5 10 15 20 25 30 35
Ki WCW_*_*; Fa_ (@) sr (d)
Ay o =L

Intensity /V

0.10

0.05

0.0
93 110 115120 125 130 135 140
m/z

0
140 150 160 170 180 190 200 240

Fig. 2 fs-LAIMS spectrum of NIST SRM 614. (a) Overview of the spectrum. Magnified portions at (b) 2-35, (¢) 37-60, (d) 60-190, (e) 92—140, and (f) 140—

240 amu.

As a reference method for comparative analysis, [CP-MS was
used for the determination of trace element composition in K9
optical glass after microwave digestion. To guarantee that
sampling for the solution ICP-MS comparison was representative,
the K9 optical glass was homogenized manually in an agate mortar
and pestle to ensure uniformity. This powdered sample was
subsequently digested completely for ICP-MS analysis. HCI,
HNQO3, and HF (2.4 mL, 1.2 mL, and 2.4 mL) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
The detailed operating conditions of the microwave digestion
system (SUPEC 786C, Hangzhou Puyu Technology Development
Co., Ltd., China) and ICP-MS (SUPEC 7000, Hangzhou Puyu
Technology Development Co., Ltd., China) are listed in Table S1

www.at-spectrosc.com/as/article/pdf/2025125

and S2, respectively. GDMS (Element GD Plus, Thermo Fisher,
Bremen, Germany) was also used to analyze K9 optical glass
utilizing a secondary cathode and operated in pulsed mode, with a
pulsed voltage of 1000 V and a pulse width of 40 ps.

RESULTS AND DISCUSSION

Analysis of NIST SRMs 610, 612, and 614. A typical mass
spectrum of NIST SRM 614 is shown in Fig. 2. The spectrum is
explicit with no significant interference. All the isotope ratios of
major, minor, and trace elements are well matched with the peaks
in the spectrum.

Atom. Spectrosc. 2025, 46(4), 327-336.
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Fig. 3 Measured concentrations vs certified concentrations for elements in the NIST SRM 612. (a and ¢) Data before oxygen concentration correction. (b and
d) Data after oxygen concentration correction. Note that (c) and (d) are partial enlargements of (a) and (b), respectively.

fs-LAIMS with high irradiance minimizes matrix effects and
elemental fractionation while achieving more uniform relative
sensitivity coefficients for most elements.?® Thus, it is feasible to
regard the ratio of individual element signal to the sum signal of
all the elements as the approximate molar composition. The
concentration of each element can be semi-quantitatively
calculated without glass standards. The details of the calculation
of the elemental concentration are as follows:

o lijMij/Ri;
t Yk IkMy

M

where w; represents the mass fraction (element concentration) of
element i, I;; represents the peak intensity of isotope j of
element i, M;; represents the molar mass of isotope of element i,
R;j represents the isotope ratio of isotope j, and X I My
represents the sum of all peak intensities multiplied by their
corresponding mass weights.

The semi-quantitative results for NIST SRM 612 using Eq. 1
are summarized in Fig. 3a and c (partial enlargements of Fig. 3a).
For fs-LAIMS, almost all elements were detected. But due to the
high ionization potentials of oxygen,'® the measured oxygen
concentration is much lower than the certified value (the certified
values are provided in Table 2), which is shown in the blue circle
in Fig. 3a and c, resulting in most of the measured concentrations
higher than their certified values. In order to correct this influence
on the quantitative results, instead of using the oxygen peak
intensity in Fig. 2, we used oxygen value derived from the number

www.at-spectrosc.com/as/article/pdf/2025125
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of oxygen bound to detected elements.'® 35 For example, if there
are 1000 counts of Si in spectrum, then 2000 counts will be
counted in for oxygen. The sum of derived value from each
element will be used as oxygen intensity, even though some
elements may not exist in their common oxidation states. After this
correction, measured concentrations of major and trace elements
approach their certified values (blue circle in Fig. 3b and d).

Based on the spectra and Eq. 1, each elemental concentration of
NIST SRMs 610, 612, and 614 can be obtained, as listed in Table 2.
It is obvious that fs-LAIMS can determine more elements than
those listed in NIST data sheets, and the matched isotope ratios in
the spectra prove the existence of these elements. Fig. 4 illustrates
the linear calibration curves and detection limits for common trace
elements in NIST SRMs 610, 612, and 614. Excellent linearity (R?>
0.94) and low detection limits (0.1-0.3 pg/g) were achieved,
confirming the method's reliability for trace elemental analysis in
glass matrices. These results validate fs-LAIMS as a semi-
quantitative standardless analysis method enabling simultaneous
quantification of metallic and non-metallic elements for
comprehensive analysis.

Elemental Analysis of K9 optical glass. K9 optical glass is an
excellent optical material, often used as a substrate for thin films
and widely employed in coated optical systems.’” Elemental
analysis of K9 optical glass is critical for ensuring refractive index
consistency and coating adhesion, vital for high-performance
optical systems.* To validate fs-LAIMS semi-quantitative capability,

Atom. Spectrosc. 2025, 46(4), 327-336.
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Table 2. Comparison of fs-LAIMS Semi-Quantitative Results with Certified Values for Elements in NIST SRMs 610, 612, and 614

Element SRM 610 SRM 612 SRM 614
Cert. (ng/g) Mea. (ng/g) Cert. (ng/9) Mea. (ng/g) Cert. (ng/g) Mea. (ng/g)

Li 488.00 358.42+19.46 40.00 19.45+1.78 - 0.73+0.24
°Be - 190.49+17.14 - 6.99+1.68 - 0.16+0.09
ug 351.00 153.47+9.06 32.00 12.18+1.48 1.30+£0.2 0.47+0.18
Mg - 495.24+44.57 - 68.99+8.97 - 35.37+6.37
sp - 118.93+10.70 - 16.0942.73 - 1.24+0.32
BK 461.00 489.35+39.27 64.00 80.60+8.24 301 39.65+7.93
5S¢ - 503.53+45.32 - 75.85+9.86 0.59:0.04 0.75+0.19
“®Ti 437.00 526.71+105.80 50.140.8 63.76+38.34 3.1£0.3 5.08+1.58
Sty - 834.88+75.14 - 79.15+10.29 - 2.17+0.54
%2Cr 415+29 303.34+27.30 35.0+3.3 22.61+2.94 - 1.96+0.49
SMn 457455 524.88+47.24 37.743.8 45.72+5.94 - 2.64+0.66
e 458+9 504.41+60.59 512 61.17+12.58 13.3+1.0 17.31£5.12
%®Co 390.00 487.60+42.76 35.5+1.2 53.34+21.36 0.73+0.02 1.09+0.55
N 458.7+4 353.23+70.46 38.840.2 19.81+7.24 0.95 0.4740.39
8Cu 444+4 381.53+76.36 37.7£0.9 29.79+8.37 1.37+0.07 1.07+0.57
#Zn 433.00 823.40+74.11 - 77.72£10.10 - 4.2042.05
¥Ga - 254.59+22.91 - 1.30 0.54+0.16
SAs 340+20 287.48+25.87 374422 24.58+3.20 -

805e 1152422 251.53422.64 16.1£1.6 37.01+4.81 -

¥Rb 425.7+0.8 358.73+43.76 31.4+0.4 17.48+8.48 0.855+0.005 0.40+0.32
Sy 515.5+0.5 544.27+27.58 78.4+0.2 100.46+10.86 45.8+0.1 21.22+6.68
By - 619.01+55.71 - 59.15+7.69 - 1.16£0.29
0Zr - 310.45+27.94 - 23.98+3.12 - 0.49+0.12
“Nb - 261.36+23.52 36.00 20.29+2.64 - 0.42+0.11
“Mo - 308.35+27.75 - 26.71£3.47 - 0.54+0.14
WA 268+29 238.42421.27 22.0+0.3 19.47+9.75 0.42:£0.04 0.37+0.26
WCd 244422 284.01+56.82 29.9+42 35.52+14.85 0.55 0.65+0.39
1250 492.35+44.31 - 51.25+6.66 1.91+0.48
1215h 415.3+3.7 325.65+58.67 349422 25.28+10.20 1.06 0.75+0.55
18Cs 251.47+22.63 - 27.26+3.54 - 0.47+0.12
1%Bg 453+37 513.67+46.23 38.6+2.6 55.37+7.20 - 431+1.08
I - 533.67+48.03 36.00 42.9745.59 0.83+0.02 1.03+0.26
“cCe - 601.09£54.10 39.00 53.50+6.96 - 1.21+0.30
“py - 588.76+52.99 - 55.47+7.21 - 1.15£0.29
2Nd - 348.18+31.34 - 23.8643.10 - 0.5240.13
%25m - 399.30+35.94 39.00 33.96+4.41 -

BEY - 331.50+29.84 36.00 24.96+3.24 0.99:£0.04 0.66+0.17
%Gd - 448.01+40.32 39.00 57.29+7.45 - -
19Th - 640.01£57.60 - 54.38+7.07 - 1.27+£0.32
®py - 603.87+54.35 35.00 64.69+8.41 - -
%5Ho - 639.38+57.54 - 62.80+8.16 - -
166 - 535.52+48.20 39.00 66.46+8.64 -

19T m - 475.36+42.78 37.79+0.08 54.52+7.09 - 0.87+0.22
1yp - 595.62+53.61 42.00 60.10+7.81 - -
Ly - 355.67+32.01 - 20.59+2.68 - 0.53+0.13
mHf - 579.49+52.15 - 67.10£8.72 - -
8Tg - 525.56+47.30 - 69.02+8.97 - 1.32+0.53
AU 25.00 24.34+4.68 5.00 4.89+2.12 0.50 0.49+0.51
2057 61.842.5 50.06+4.51 15.740.3 6.05+4.51 0.269+0.005 -
28ppy 426+1 478.11495.62 38.57+0.2 59.46+21.73 2.32+0.04 2.954+2.16
B2Th 457.2+1.2 444 .86+40.04 37.79+0.08 32.55+4.23 0.748+0.006 1.11£0.666
Y 461.5+1.1 586.01+29.38 37.38+0.08 59.52+11.94 0.823+0.02 1.22+0.65

KO optical glass was comparatively analyzed using ns-LAIMS,
GDMS, and ICP-MS. The ns-LAIMS employed a 532 nm laser (8
ns, 20 Hz repetition rate, 8<10'° W/cm? irradiance; Dawa-100,
Beamtech Optronics). All other parameters matched fs-LAIMS
conditions. A typical mass spectrum of K9 optical glass by fs-
LAIMS is shown in Fig. 5. The spectrum is explicit with no
significant interference. All the isotope ratios of major, minor, and

www.at-spectrosc.com/as/article/pdf/2025125

trace elements are well matched with the peaks in the spectrum.

Comparative elemental concentration results for K9 optical
glass analyzed by fs-LAIMS, ns-LAIMS, GDMS, and ICP-MS
are summarized in Table 3, revealing good overall consistency
across methods. K9 optical glass shares a quite similar matrix
composition with the NIST SRM 61X series. The fs-LAIMS*

Atom. Spectrosc. 2025, 46(4), 327-336.



100

50

70

35

40

20

o

N
o

Intensity /V

-
o

—_

30

15

Fig. 4 Calibration curves of intensities and concentrations for 16 trace elements in SRM 61X series of (a) B, (b) K, (c) Ti, (d) Fe, (e) Co, (f) Ni, (g) Cu, (h)

11B (a)1 00 39K
y=0.129x-0.028 y=0.095x+0.960
R?=0.9977 50 R?=0.9982
LOD=0.3 ug/g LOD=0.1 yg/g
0
0 200 400 0 250 500
SSFe (d) 80 BQCO
¥=0.068x+0.188 y=0.084x+0.02
R?=0.9992 40 R?=0.9829
LOD=0.1 ug/g LOD=0.1 ug/g
0
0 250 500 0 225 450
&Cu (g) 30 *Rb
y=0.035x-0.002 y=0.028x-0.011
R?=0.9713 15 R?=0.9710
LOD=0.1 ug/g LOD=0.2 ug/g
0
0 250 500 0 250 500
107Ag (J) 8 114Cd
y=0.026x-0.001 y=0.012x-0.001
R?=0.9925 4 R?=0.9999
LOD=0.2 ug/g LOD=0.2 ug/g
0
0 150 300 0 140 280
197Au (m) 12 ZOBPb
y=0.021x-0.001 y=0.011x+0.001
R?=0.9999 6 R?=0.9900
LOD=0.3 yg/g :W
/ 0
0 15 30 0 250 500
23BU (p)
¥=0.029x-0.004
R?=0.9977
0 250 500

Concentration (ug/g)

70

35;

50

251

20

10;

16

Rb, (i) Sr, (j) Ag, (k) Cd, (1) Sb, (m) Au, (n) Pb, (0) Th, and (p) U. Data for K9 are shown as green circles.

“Ti
y=0.070x+0.056
R?=0.9979
LOD=0.1 pg/g

(c)

0 250

SONi
y=0.011x-0.003
R?=0.9496
LOD=0.1 ug/g

0 250

®8Sr
y=0.040x-0.269
R2=0.9487
LOD=0.1 ug/g

0 300

121Sb
y=0.016x-0.002
R?=0.9991
LOD=0.2 ug/g

\

)

o

250

500

232Th
y=0.014x-0.006
R?=0.9960
LOD=0.3 ug/g

(0)

500

www.at-spectrosc.com/as/article/pdf/2025125

332

Atom. Spectrosc. 2025, 46(4), 327-336.



@) B OHO Na Al (b
50000, s 40 K A
N
Nal N 2*
a?_.
250001 o] 20 el e[| N
L Yle Ml
0 I. | 0 L1 [T A ”
0 40 80 120 160 200 5 10 15 20 25
Si s Cl *ﬁ* Fe (c) Fe . (d)
i () 50 i
P
£ 4 C 25
e l_al 7i Co | Cr Ni Cu
= P Sc Y | l CoI 1
0 s | \ y l s+ 0.0 L\ A | A A
30 Zn 35 40 45 50 52 56 60 64
{ ; ; (e) 0.10 (f)
Ba? % %b Ba
1 0.05 Pb
2 W 0.15 0 Y
010 Rb l Zr 00206 208 zio
1 0.05|Ga Ge ! 5 1 1 Ag
oloo.mﬁ\i go Sn*
. a1 1 1 TR AU
68 72 76 80 84 88 90 100 110 120 130 40
m/z

Fig. 5 f5-LAIMS spectrum of K9 optical glass. (a) Overview of the spectrum. Magnified portions at (b) 5-28, (c) 28-51, (d) 51-65, (¢) 65-88, and (f) 88—

140 amu.

column in Table 3 represents the quantitative results obtained
using linear calibration curves based on common trace elements in
NIST SRMs 610, 612, and 614 (Fig. 4). The fs-LAIMS, ns-
LAIMS, and GDMS columns in Table 3 represent the semi-
quantitative results. Notably, the concentrations of Ti, Fe, Co, Ni,
Ag, and Pb fall in the ranges of the calibration curves of NIST
SRM 61X series, and marked as green circles in Fig. 4, while data
points beyond the linear calibration range could not be visualized.
Comparison between the data of fs-LAIMS* and fs-LAIMS
further confirms the analytical consistency and applicability of the
standardless approach for trace element quantification for the glass
sample. Also, both fs-LAIMS and ns-LAIMS exhibit excellent
overall concordance in elemental quantification, which is expected
given their shared foundation in laser ablation & ionization
technology and identical instrumental platform. For certain trace
elements, however, fs-LAIMS results were closer to those of
GDMS and ICP-MS. It is worth noting that in ICP-MS, some
elemental determinations showed inaccuracies due to severe
interference, which is marked with “-” in the table. Notably, the
oxygen content in fs-LAIMS and ns-LAIMS was derived from the
correction method described earlier, using the stoichiometric
oxygen bound to detected elements to address ionization
inefficiencies, rather than direct peak intensities. Overall, fs-
LAIMS enables rapid, direct analysis with reduced matrix effects,
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validating its precision for comprehensive glass characterization
while eliminating cumbersome preparatory steps.

CONCLUSION

In this work, fs-LAIMS was used for rapid elemental analysis of
glass samples, including NIST SRMs 610, 612, 614, and K9
optical glass. The technique enables direct solid sampling without
cumbersome sample preparation, leveraging buffer-gas-assisted
ionization to reduce spectral interferences from polyatomic ions
and multiply charged species. A standardless semi-quantitative
method based on elemental signal intensity ratios was developed,
with oxygen concentration corrected using the common oxidation
states of detected elements to improve accuracy. Comparative
analyses with ns-LAIMS, GDMS, and ICP-MS further validates
the performance of fs-LAIMS. Results demonstrated that fs-
LAIMS achieves reliable semi-quantitative results for both major
and trace elements, with minimized matrix effects and elemental
fractionation due to the ultra-short laser pulses and high laser
irradiance. This study highlights fs-LAIMS as a promising tool for
efficient glass analysis, particularly suitable for material
certification, quality control in optics manufacturing, and material
science research.
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Table 3. Elemental Concentrations in K9 Optical Glass Determined by fs-LAIMS, ns-LAIMS, GDMS and ICP-MS (ug/g)

Elements fs-LAIMS* fs-LAIMS ns-LAIMS GDMS ICP-MS
Li 5.39 4.27 5.90 6.51
B 32577.65 20229.21 78000.00 24578.15
¥N 38.80 50.21 8.00 -
%0 473486.07 450991.67 8000.00 -

F 24.58 19.11 1.30 -
ZNa 77373.24 69664.46 150000.00 78913.88
Mg 18.69 9.22 36.20 20.55
ZAl 5468.04 5112.83 2500.00 474045
%gj 318846.07 369423.15 520000.00 -
p 2.33 2.86 2.60 -
s 182.65 97.37 153.00 -
=Cl 151.59 229.21 81.00 -
*K 65025.25 51670.42 50406.62 210000.00 -
“Ca 151.22 152.81 191.00 273.48
%S¢ 5.62 10.02 0.15 1.86
“Ti 13.39 15.48 14.18 16.00 15.99
%2Cr 12.52 3.99 15.00 11.67
*Mn 4.71 4.82 3.20 4.97
SFe 82.02 83.80 27.95 111.00 93.48
N 7.12 10.07 8.75 5.10 8.78
%Co 1.09 153 1.67 0.22 0.84
&Cu 12.23 8.39 9.60 6.10 7.72
#Zn 3876.32 2171.99 4900.00 4171.73
"Ga 0.93 0.49 0.90 1.18
"Ge 0.91 0.23 110 249
BAs 0.49 0.35 1.20 0.69
®Rb 41.39 30.14 29.25 30.00 29.78
&g 65.47 49.69 46.92 55.00 53.79
8y 3.48 534 110 2.89
0Zr 275.97 273.74 274.00 275.45
1®Ag 7.23 10.48 15.55 6.80 11.57
12050 138.08 119.37 130.00 132.57
121gh 4600.97 3676.03 3458.23 3700.00 3407.45
®Ba 27837.62 27403.75 20000.00 28384.87
25pp 2.27 2.71 0.80 6.50 1.83

Note: The fs-LAIMS* column represents the quantitative results obtained using linear calibration curves in Fig. 4.
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The supporting information (Tables S1-S2) is available at
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ABSTRACT: The performance of a nitrogen (N2)-sustained Microwave Inductively Coupled Atmospheric Pressure Plasma
(MICAP) ionization source integrated with a Quadrupole Mass Spectrometer (QMS) was characterized. Instrument properties
known to influence performance in ICP-MS analysis such as plasma forward power, gas flows (nebulizer and auxiliary), torch
injector internal diameter, and water load into the plasma were examined. Additionally, LODs and linear dynamic range for selected
analytes were determined for MICAP-QMS with solution sample introduction. The instrument was optimized for maximum signal
intensity while maintaining the oxide-to-element ratio (i.e. CeO"/Ce") at < 3% and double charged ion formation (i.e. Ba"™/Ba®) at <

2%. Changes in plasma forward power show no or little effect on ionization of low-ionization-energy elements; however, higher

power is required for ionization of elements with first ionization energies greater than ~9 eV. The nebulizer and auxiliary gas flows

of the MICAP were optimal at 1.15 and 1.50 L min’,, respectively. A
comparison of wet and dry (desolvated) sample introduction with
injector diameters of 0.8, 1.5, and 2.4 mm showed that optimal
conditions are obtained with a dry plasma and a 1.5 mm injector
diameter. A linear dynamic range (LDR) of 10® for the MICAP-QMS
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1
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+ lon optics

is demonstrated; this LDR is 2-3 orders of magnitude lower than Nydas G I__\_MI
Y ) Kimm:
conventional ICP-QMS. The LDR of the MICAP-QMS is limited at ~ $** | L2 7\ Dt sme‘ o
low concentrations by a high continuous background, likely from LU L R ——
. . o . e e Magnsiron
metastable ions or photons reaching the detector. Limits of detection ~ same Sy e o
span from parts-per-trillion to parts-per-billion. =/
INTRODUCTION
Developed and commercialized in the early 1980’s,'? inductively transformations with an objective to develop a robust,

coupled plasma mass spectrometry (ICP-MS) instruments are
widely used in academic and industrial sectors. The outstanding
analytical figures of merits of ICP-MS and the versatility to
interface it with a variety of sample introduction® and separation
systems,* makes it suitable for trace and ultra-trace elemental
analysis of natural and anthropogenic materials. Over the past four
ICP-MS  instruments  underwent

decades, numerous
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interference-free instrument for routine elemental investigations.
Despite advances, matrix- and plasma-generated isobaric and
polyatomic spectral interferences in the conventional Ar-based
ICP-MS remain problematic.> Numerous strategies exist to
compensate for interferences during measurements.® Some
commonly applied mitigation techniques include use of high

resolution mass spectrometry,” 8 collision or reaction cells,” '°
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application of mathematical correction factors,!! and selection of
suitable non-interfering isotopes. Each of these approaches adds
High resolution

mathematical

complexity and comes with limitations.
instruments can be prohibitively expensive,
corrections factors are prone to systematic errors,'”> and non-
interfering naturally occurring isotopes are lacking for several

analyte elements such as °Be, >*Mn or 7As.

In the past, alternative and mixed gas plasmas were explored in
an effort to diminish interferences arising from Ar plasma.!3-3
With the introduction of the N> Microwave Induced Plasma (MIP)
as an ion source, most Ar-related interferences were either
diminished or eliminated. Earliest MIP versions based on the
Beenakker!® and Surfatron!” cavities were constrained by low
power (30-400 W) and provided insufficient energy for efficient
element ionization, which resulted in low signal intensities. Later,
higher power MIPs, such as the Okamoto'® and Hammer'® MIPs,
overcame drawbacks of low power MIPs. The Okamoto cavity
combined with MS was successful in quantifying elements that are
generally difficult with the ICP-MS (e.g. “*Ca) with improved
detection limits;'® however, the instrument was never broadly used
in the trace-element analysis community.

Arecent alternative proposed for the replacement of the Ar-ICP-
MS for elemental analysis is the N2-sustained MICAP-MS. The
MICAP was first reported in 2016 and uses a commercial grade
magnetron to power a N2 or air-sustained plasma at powers of up
to 1500 W.20 Initial characterizations of the MICAP source were
conducted by coupling the MICAP with an Optical Emission
Spectrometer (OES),?>?? a Time-of-Flight Mass Spectrometer
(TOFMS),” and a QMS.?* The MICAP is robust to a variety of
organic, inorganic, and saline matrices generally employed in
sample preparation. MICAP-QMS has been reported for the
quantification of elements in complex matrices such as soils,?
steel,?® biological fluids,?” and in water reference materials.?® The
MICAP-MS was successfully combined with laser ablation?
and ion chromatography separation®® systems for elemental
analysis. Recently, the MICAP source was also used in
combination with gas-phase chemical reactor and a mass
spectrometer for the species non-specific quantification of
fluorine.!

Recent reports have highlighted several key advantages of the
MICAP-MS over the conventional ICP-MS. MICAP-MS has
lower instrument operation costs because compressed gas and
liquid nitrogen are less expensive than argon.> Additionally,
nitrogen gas is more readily available and may be generated in-
house from ambient atmosphere using a nitrogen gas generator.
The economic incentive provides benefit to resource-limited
laboratories. Use of the MICAP also reduces spectral interferences
commonly associated with argon-based plasmas, such as “°Ar*,
DAr1%0*, OAr3Nat, and “Ar3CIlY; simplifying the analysis of
several key analytes, such as *°Ca*, 3Fe*, Cu*, and *As".
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Here, we focus on the optimization of MICAP-MS operation
parameters for elemental analysis. Parameters crucial for high
signal intensities in ICP-MS such as plasma power, gas flow rates
(nebulizer and auxiliary), torch injector diameter, and sample
desolvation were systematically explored and optimized. Oxides
and doubly charged ions were monitored to ensure accurate
quantitation by minimizing interferences and as a measure of
plasma robustness.?” In our optimization, we aim to attain highest
signal intensities while keeping oxide (CeO"/Ce*) and doubly
charged ion (Ba™/Ba") formation in check with maximum values
of 3% and 2%, respectively. Our results build on those reported by
Kuonen et al.,>*?® but are obtained with a different QMS design,
and so help to further establish the performance characteristics
expected for a MICAP-QMS instrument.  Additionally, we
report on the linear working range of the MICAP-QMS instrument.

EXPERIMENTAL

Instrumentation. The instrument used in this study is comprised
of a Nz-sustained MICAP (Radom Corp., Peewaukee, WI, USA)
ion source integrated with a quadrupole MS (PlasmaQuant MS
Elite QMS, AnalytikJena, Germany). Fig. 1 is a schematic
depiction of the MICAP-QMS instrument. A 2.45 GHz frequency
microwave (MW) field from a magnetron operated by a 2 kW
power supply (Magdrive 2000, Dipolar AB, Sweden) is directed
at a high density, high purity alumina (Al203) dielectric resonator
ring through an aluminum waveguide. Coupling between the MW
field and the resonator induces a polarization current within the ring
to generate an oscillating magnetic field which, in turn, induces an
electric field capable of sustaining the plasma in N2 atmosphere.
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Fig. 1 Cross-sectional diagram of the MICAP-MS (not to scale).
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Plasma ignition requires spark from a tesla coil in presence of Ar
gas (~100 mL at flow rate 1.5 L min™") introduced into the plasma
torch for 2-4 s. Once the plasma is ignited, Ar flow is ceased and
Nz flow initiated. A conventional ICP-MS Fassel-type torch with
a three-concentric tube design (20 mm outer diameter) confines
and sustains the plasma. The plasma torch position with respect to
the MS sampler orifice is optimized with a 3D translation stage. A
flat quartz disc with a central tube, known as a bonnet, prevents
backflow of hot gases into the magnetron chamber. Hot plasma
gases vent out through an exhaust shaft. A miniature peristaltic
pump is used to control sample flow rate into a pneumatic
nebulizer (MicroMist, Glass Expansion Inc., MA, USA) to
generate aerosols which pass through a Scott double pass spray
chamber maintained at 3°C by a Peltier chiller, and into the central
channel of the plasma through the torch’s injector tube. The ions
generated in the plasma are sampled via a three-stage differentially
pumped interface consisting of a platinum-tipped sampler cone (1
mm orifice diameter, AnalytikJena PQMS Elite Pt), a nickel-
tipped skimmer cone, and an MS inlet orifice. The pressure in the
first stage of the extraction interface is maintained at 8.5 mbar with
a dry scroll pump (XDS46i, Edwards). Instrument control was
enabled using the ASpectMS software (Analytik Jena, Germany),
which allowed for rapid optimization of all instrument parameters
required for the MICAP-MS operation. For comparative analyses,
an ICP-MS (Aurora M90, Bruker Daltonics) was employed.

Chemicals and Reagents. All solutions, reagents, and standards
were prepared and diluted in ultrapure water (18.2 MQ-cm,
PURELAB flex, Elga LabWater, UK) and/or nitric acid (HNO3)
prepared in-house with sub-boiled distillation (DST-1000,
Savillex Corp., MN, USA) of trace-metal grade HNO; (Fisher
Scientific, NJ, USA). Single-component standards of beryllium
(Be), magnesium (Mg), potassium (K), vanadium (V), chromium
(Cr), manganese (Mn), nickel (Ni), cobalt (Co), zinc (Zn), gallium
(Ga), arsenic (As), selenium (Se), silver (Ag), cadmium (Cd),
indium (In), barium (Ba), cerium (Ce), europium (Eu), holmium
(Ho), thallium (TI), lead (Pb), bismuth (Bi), thorium (Th) and
uranium (U) purchased from High Purity Standards (North
Charleston, SC, USA) were diluted with 1% (w/w) HNOs3
gravimetrically to the desired concentrations in multi- or single-
element solutions. Gases from the headspace of industrial grade
liquid N2 and Ar (Airgas Inc., USA) were used to ignite and sustain

the plasmas for both the MICAP-QMS and ICP-QMS instruments.

Reagents prepared for the experiments described in this study are
available in Table S1 (Supplementary Information).

RESULTS AND DISCUSSION

Nitrogen Plasma Background. In Fig. 2 and Fig. S1, we provide
example MICAP-QMS and ICP-QMS mass spectra collected
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Fig. 2 (A) MICAP-MS mass scan with aspiration of a 1% HNO; blank
solution; main background species are labelled. Silver (Ag) and thorium
(Th) isotopes are likely from contamination. (B) ICP-MS background with
aspiration of a 1% HNO; blank solution. The presence of xenon (Xe) in gas
supply is observed.
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Fig. 3 Ionization of *Be, ¥’K, "*As, and '"*In with increasing forward plasma
power depends on the ionization energies (IEs) of the elements, which are
9.32,4.34,9.79 and 5.79 eV, respectively. Elements with higher IE ("Be and
5As) ionize less efficiently at lower power while those with lower IE (YK
and '"In) are relatively unaffected by power changes. '“’Ce'°0"/'*°Ce" ion
signal decreases with increasing plasma power. Shaded bar represents 0-3%
CeO"/Ce".

during the introduction of a 1% HNOs3 blank solution. As seen, all
nitrogen plasma species occur below mass-to-charge (m/z) 70,
which makes the MICAP instrument suitable for analysis of
elements such as As' and ¥Se* that can be problematic with
conventional Ar-ICP-MS owing to polyatomic interferences such
as “Ar33CI" and “°Ar," 33 However, Na-plasma species do give rise
to some interferences that complicate analyses. For example, the
highly abundant plasma species, “Na*, “N'>N*, and '“N'°O", are
isobaric with all three isotopes of silicon: 28Si*, *Si* and *Si*.

Atom. Spectrosc. 2025, 46(4), 337—-345.



Fig. 4 (A) Signal intensities as a function of nebulizer gas flow rates and an auxiliary gas flow of 1.50 L min™'. A Fassel torch with an injector diameter 1.5
mm was used. (B) Abundance-normalized sensitivities recorded from 5 pg L' multi-element solution in 1% HNO; using Fassel torches with injector

diameters 0of 0.8, 1.5, and 2.4 mm.

While the common Ar-ICP-MS plasma species, “°Ar'®O*, is
mitigated through use of the MICAP, the creation of N4 still
hinders quantitation and elevates detection limits of *°Fe*. Notably,
we do not observe the same undefined background peaks at m/z
80, 82, 108, and 110 reported by Neff et al.?° and Kuonen et al.?*
with their MICAP-QMS instrument, indicating that these
background peaks are either gas-source or instrument specific.

Compared to Ar-ICP-QMS, the N>-MICAP-QMS has an
elevated non-m/z-specific baseline. With the MICAP-QMS, a
continuous baseline of ~100 counts per second (cps) was obtained
and could not be removed with ion-optic adjustments. This
baseline is likely the result of photon emission from metastable N2
molecules in the vacuum chamber.>* Earlier reports on MICAP-
TOFMS characterization showed baseline reduction of two orders
of magnitude with the installation of a photon stop disk after the
skimmer cone.? Applying a voltage to the photon stop diverts the
positive ions around the disk to the mass analyzer and prevents any
photons, neutrals or metastable ions from reaching the detector.?

Plasma power. MICAP-QMS performance with plasma powers
of 0.6-1.5 kW were investigated. The influence of forward power
on measured sensitivities of Be, K, As, and In is reported in Fig. 3.
Measurements below 0.5 kW were not possible because the
plasma could not be sustained. As seen, K and In are readily
ionized even at low power while Be and As required higher power
for more efficient ionization. Plasma power influences the
elements’ degree of ionization depending on their first ionization
energies (IEs), which are 4.34, 5.79, 9.32 and 9.79 eV for K, In,
Be and As, respectively. Plasma gas temperature is directly
correlated with ICP forward power.?® Plasma temperature is
crucial for complete desolvation, vaporization, atomization, and
ionization of sample aerosols introduced into the plasma. High
plasma temperature also discourages oxide formation. As seen in
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Fig. 3, the oxide formation fraction (i.e. CeO*/Ce") decreases
sharply for plasma powers above 1.0 kW. The signal intensities of
all elements studied here as a function of plasma power and the
first ionization potentials of these elements are provided in Fig. S2
and Table S2. In Table S3, we provide with instrument operation
and acquisition parameters. Five replicate measurements utilizing
a plasma torch with 1.5 mm injector diameter were taken at each
plasma power and the relative standard deviations (RSDs) for the
measurements ranged from 0.3-4%.

In addition to the varying analyte sensitivity with N>-plasma
power, we found that the m/z-non-specific background decreases
by an order of magnitude as forward power is decreased from 1.5
kW to 0.9 kW. In Fig. S3, we provide mass spectra from aspiration
of'a 1% HNOs blank solution and plasma powers of 1.5 kW and
0.9 kW. The reduced baseline at lower plasma power increases our
confidence that the m/z-non-specific background arises from
metastable species created in the plasma. Moreover, the intensities
of major nitrogen species (N™ and N2*) with high first IEs (14.5
and 15.6 eV, respectively) decline by ~100x with reduced plasma
power. This indicates that the plasma transitions from hot
conditions to a cooler NO* dominated plasma; the lower first IE of
NO* (9.26 eV) limits the ionization efficiency of elements with
higher IE at low plasma power.

Optimizing gas flows and injector diameter. The influence of
nebulizer and auxiliary gas flows within the plasma torch were
investigated, while keeping the plasma gas flow (outer flow of ICP
torch) constant at 12.5 L min™'. Oxide and doubly charged ion
formation were monitored as CeO*/Ce* and Ba™/Ba", respectively.
In Fig. 4A, we report signal intensities, oxide ratios, and doubly
charged ion ratios, at varying nebulizer gas flow rates (1-1.25 L
min') with a fixed auxiliary gas flow of 1.50 L min™'. Results for
auxiliary flows of 1.30, 1.70, and 2.00, L min™! are reported in Fig. S4;
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similar trends are observed for all auxiliary gas flows. A torch
injector with a diameter of 1.5 mm was used in these experiments,
and additional operating parameters are reported in Table S4. All
measurements were recorded in replicate (5); RSDs ranged from
0.5 to 5%.

In Fig. 4B, we report the effects of injectors with diameters of
0.8, 1.5, and 2.4 mm on measured sensitivities for a 5 pg L' multi-
element solution in 1% HNOs;. Standard Fassel-type plasma
torches of equal lengths were used. The nebulizer and auxiliary gas
flows, along with the ion optics for each injector, were optimized
to achieve the highest signal intensities. Instrument parameters are
reported in Table S5. RSDs ranged from 0.5- 5% for five replicate
measurements.

The optimizations of nebulizer gas flow and injector diameter
both probe similar aspects of the sample-plasma interaction. A
higher nebulizer gas flow rate leads to increased aerosol transport
into the plasma and increases the gas (and acrosol) velocity in the
central channel of the plasma. Increased aerosol transport into the
plasma increases the water load in plasma and can cause local
plasma cooling, which increases the formation rates of oxide ions
at the sampling position of the plasma. For a given volumetric gas
flow rate, injector diameter impacts the velocity of aerosols
injected into the plasma inversely with the cross-sectional area of
the tube. Low velocities increase aerosol residence time in the
plasma and can lead to reduced ion sampling efficiency because
ions can diffuse prior to reaching the sampling position of the MS
interface. On the other hand, when the central channel gas velocity
is too high, the ionization position can be shifted so deep into the
plasma that sampling occurs in front of complete ionization, and
so, again, signal intensity is reduced.’’ Simulation experiments
also show that an enlarged injector diameter encourages backward
gas motion in the plasma, which may cause a lower fraction of ions
to be sampled by the MS interface.’® The combined effects of
optimum gas velocity and aerosol transport can lead to higher
signal intensities. However, if the water load or gas velocity are
too high, then the plasma behavior becomes less robust, which is
characterized by an increased formation rates of oxide ions at the
sampling position of the plasma.

Arule of thumb in Ar-ICP-MS is that oxide rates (e.g. CeO*/Ce")
and doubly charged ion rates (e.g. Ba™/Ba®) should be kept at or
below 3% and 2%, respectively. This minimizes isobaric
interferences and indicates robust plasma conditions. In Fig. 4A,
we show that the oxide ratio for the MICAP source depends on
nebulizer gas flow; with our setup, the CeO*/Ce" ratio increases
above 3% at nebulizer gas flow rates above 1.15 L min!. On the
other hand, the doubly charged ion formation rate, as
approximated by the signal ratio of Ba*"/Ba*, remains relatively
constant at 1-2% at all examined nebulizer gas flow rates. Based
on our measurements, we find that the MICAP-QMS performance
with a 1.5 mm injector is optimal with a nebulizer gas flow rate of
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Fig. 5 Comparison MICAP-QMS performance with wet and dry
(desolvated) sample introduction via a 1.5 mm torch injector. Dry aerosol
sample introduction results in less water load into the MICAP and enhances
signals by a factor of 2-7.

1.15 L min"! and an auxiliary gas flow rate of 1.50 L min’". In Fig. 4B,
we highlight the impact of central-channel gas velocity
independent of aerosol load. As seen, the signal intensities
obtained with the 2.4 mm diameter injector were up to 2-4x lower
than those obtained with the 1.5- and 0.8-mm diameter injectors.
The intensity difference was less pronounced for the 1.5 mm and
the 0.8 mm injectors, though the 1.5 mm injector provided slightly
higher intensities. These results suggest that atomization and
ionization of sample aerosol in the MICAP occurs near the
dielectric resonator region of the plasma. When the central channel
flow is too low, i.e. with the 2.4 mm diameter injector, analyte ions
have time to diffuse in the plasma before ion sampling, which
leads to signal loss. On the other hand, the highest central channel
gas velocity, i.e. with the 0.8 mm injector, likely pushes the
atomization and ionization regions too deep into the plasma and so
also results in signal attenuation. A compromise between aerosol
velocity and ionization efficiency is achieved with the 1.5 mm
injector. These results are in line with the behavior of a
conventional Ar-ICP and emphasize the structural similarity and
performance of the N>-MICAP compared to the Ar-ICP.

MICAP-MS with wet and dry plasma conditions. To evaluate
the performance of the N2-MICAP under reduced water load
conditions, we used an Apex Q desolvation sample introduction
system (Elemental Scientific Inc., NE, USA) with the MICAP-MS.
This desolvation device is known to maximize signal intensity and
minimize oxide formation in Ar-ICP-MS by reducing solvent load
on the plasma.3%* We found that the N>-MICAP behaves similarly
to the Ar-ICP. In Fig. 5, we plot the signal gain with dry plasma
conditions compared to wet plasma conditions for MICAP-MS
with a 1.5 mm injector. In Fig. S5, we report findings on the use of
torch injectors with diameters of 0.8 and 2.4 mm. For wet/dry
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plasma comparisons with each injector diameter, all parameters—
apart from differences in spray-chamber type and desolvation
pathway—were kept constant, including the nebulizer, liquid flow
rate, and plasma gas flows (see Table S5). Fig. S6 shows a
comparison of mass spectra for wet and dry plasma conditions for
1% HNOs. Overall, we find that desolvation provides intensity
enhancement by factors of 2-7. Our results corroborate those of
Kuonen et al., who found a signal enhancement of up to 10-fold
for most elements investigated with their desolvation-MICAP-
QMS setup.?®

Comparison of signal intensities of MICAP-MS with ICP-MS.
In Fig. 6, we report a comparison of sensitivities of the MICAP-
QMS and a conventional Ar-ICP-QMS using the same liquid
sample introduction setup (concentric pneumatic nebulizer and
Scott-type double-pass spray chamber) and the same Fassel-type
torch with a 2.4-mm injector diameter. As seen, the determined
sensitivities of the MICAP-MS were systematically lower than
that from the Ar-ICP-MS for ions with m/z < 100 but were on par
for the high masses. The higher sensitivities for low mass elements
with the Ar-ICP-MS suggest higher ion sampling efficiency. This
sampling efficiency difference likely arises from the different flow
characteristics of supersonic gas jets of N2 and Ar as ions
accelerate from the high-pressure plasma region to low-pressure
vacuum interface. Supersonic expansion in a seed gas of N2 leads
to a larger mass-dependent ion kinetic energy distribution
compared to that from an Ar gas environment. lons with this larger
ion-energy distribution are more difficult to efficiently transport
with static ion optics of the mass spectrometer and so results in
more pronounced mass bias.*!*> The different ion optic potentials
applied during instrument optimization, summarized in Table S6,
also influences the mass bias of the analyzers.?

Linear Dynamic Range and Limits of Detection. Like Ar-ICP-
MS, the N>-MICAP-MS is expected to produce proportional
signal intensities across a broad range of concentrations, i.e. it
should have a broad linear working range.
ICP-MS instruments have linear working ranges of 8-12 orders of
magnitude.* To test the linear working range of the MICAP-QMS,
we collected calibration data for solutions with europium (Eu)
concentrations from 10 to 103 ug mL'. The MICAP-QMS
instrument features a 32-dynode electron-multiplier detector (ETP

Conventional Ar-

ion detect, Sydney, Australia) that can provide up to 11 orders of
magnitude dynamic range when operated in counting-only mode
with three calibrated gain settings. In Fig. 7, we plot the instrument
response achieved with the MICAP-QMS. The working linear
range of the instrument is at least 8 orders of magnitude; however,
this working range is limited by the high m/z-non-specific
background of ~100 cps recorded by the MICAP-QMS.

In Table 1, we provide the determined limits of detection (LODs)
of MICAP-MS from calibration plots constructed from a multi-

element calibration solution and compare these LODs with that
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Fig. 6 Abundance normalized sensitivity comparison for MICAP and ICP-
MS. A5 pg L' multi-element solution in 1% HNO; was introduced through
a 2.4 mm orifice Fassel torch injector into each instrument. For low mass
elements, ICP-MS signals are 1 order of magnitude higher than MICAP-
MS signals. For higher mass elements (i.e. >100 Da), the signals from both
instruments are comparable.

Fig. 7 Linear dynamic range of MICAP-MS. Linearity across eight orders
of magnitude of signal is observed with isotopes of Eu.

from an Ar-ICP-QMS.#” LODs were calculated from calibration
plots constructed from analyte concentrations from 0.1-1000 pg L,
using 3.3 o/m, where o is the standard deviation of the blank-
subtracted signal from the standard with the lowest concentration
and m is the slope of the calibration curve. For most elements, our
MICAP-QMS LODs are slightly higher that that determined with
Ar-ICP-QMS and those reported for other MICAP-QMS
systems.?* The major factor contributing to these higher LODs is
the elevated m/z-non-specific background observed in the
MICAP-QMS. This continuous background hinders the accurate
quantification of low-abundance elements, increases LODs, and
reduces the LDR achievable. In other reported MICAP-MS
systems, the m/z-non-specific background signals have been
reduced by incorporating a photon stop downstream of the skimmer
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Table 1. Limit of detection comparison for MICAP-QMS and ICP-QMS

Isotope MICAP-MS (ng L) ICP-MS (ng L)
*Be 15 04
Mg 18 1.0
Sty 1.1 23
S2Cr 3.0 6.1
SMn 54 7.0
®Co 1.8 0.09
%Zn 66 1.6
“Ga 24 0.1
SAs 29 54
Se 419 15
8Qr 1.6 0.04
17Ag 83 0.03
2cq 3.0 0.06
15In 0.5 0.01
383Cs 0.9 0.05
138Ba 1.2 3.0
14Ce 1.2 0.01
1SEy 0.5 0.01
2571 0.8 0.02
28pp 16 2.0
B} 9.6 0.01
Z2Th 13 0.02
By 0.7 0.01

cone, which blocks extracted neutral atoms and photons from
traversing the mass analysis chamber and striking the detector.?>>*
In addition, some analyte isotopes have isobaric background
interferences that worsen LODs. For example, the high LOD of
78Se is attributed to interference from 7®Kr, as seen in the plasma
background.

CONCLUSION

A N2-MICAP ion source coupled with a quadrupole MS was
characterized and compared with a conventional Ar-ICP-QMS
instrument. The N2-MICAP-QMS instrument was optimized for
highest intensity while maintaining a low oxide and doubly
charged ion rates. We evaluated MICAP-QMS performance as a
function of plasma power, nebulizer and auxiliary gas flows, torch
injector size, and desolvation of the analyte aerosol. Overall, we
found that a torch injector of 1.5 mm inner diameter provides the
highest signal intensity with reasonable oxide and doubly charged
ion rates. Like with Ar-ICP-MS, desolvation of sample aerosol
prior to injection in the plasma helps control solvent load on the
plasma, which increases analyte signals intensities by a factor of
2-7 vs. “wet” sample aerosol introduction.

In comparison to Ar-ICP-QMS, the N2-MICAP-QMS provides
around ~5x lower intensity for analyte isotopes with mass less
than 100 Da, but similar intensities for heavier elements. In the
future, sensitivity improvements for MICAP-MS can likely be
achieved through carefully optimizing parameters similar to that

www.at-spectrosc.com/as/article/pdf/2025094

of ICP-MS instruments, such as aerosol generation and transport
system design, ion optics configuration, and sampler and skimmer
cone geometries.*>“® The linear dynamic range and LODs are, by-
and-large, worse for the MICAP-QMS compared to Ar-ICP-MS
because of the broad non-m/z-specific background of ~100 cps
recorded with the MICAP-QMS. The elevated background likely
originates from metastable N2 species from the nitrogen plasma.
Because this elevated continuous background is not observed on
all MICAP-MS instrument designs, this noise source is not a
fundamental limitation of the MICAP source and can be mitigated
through incorporation of ion-optical elements and geometries that
reduce the transmission of background photons and/or neutrals
into the mass analyzer.

With the N2-MICAP-QMS, we measured a linear dynamic
range of 8 orders of magnitude and LODs down to 0.5 ng L™
These LODs make the instrument fit-for-purpose for many trace-
element analysis applications. In some cases, the LODs for the
MICAP-MS are better than those achieved with Ar-ICP-MS
because the m/z-specific background from plasma species causes
fewer isobaric interferences with key isotopes, such as arsenic
("5As).% This analytical performance, combined with the fact that
sustaining a MICAP in N2 or air, is much more cost-effective than
the use of argon,® 2 indicates that the MICAP-MS could be a
useful replacement for Ar-ICP-MS in many elemental analyses.
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