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cone orifice diameter on ion
transmission in solution and laser ablation ICP-MS†

Claire A. Richards, Matthew A. Turner and Amy J. Managh *

Optimal sampler and skimmer cone orifice diameter has been well developed for solution based inductively

coupled plasma-mass spectrometry (ICP-MS) but is not fully understood for modern laser ablation (LA)

systems. This research investigates the impact of various cone orifice sets and the effect they have on

ICP-MS sensitivity using solution mode and whilst using a low-dispersion LA system. A wide range of

elements between the masses 7Li and 238U and their oxides have been measured via solution

nebulisation as well as NIST 610 glass reference material and multi-elemental gelatine microdroplets via

laser ablation. For multi-elemental micro droplets, 7 out of 11 elements analysed showed a statistically

significant increase in sensitivity when a reduction of cone orifice size of 0.1 mm was used, compared to

the standard cone orifice size. Similarly, for the ablation of NIST 610, 7 out of 11 elements displayed

a statistically higher sensitivity with a 0.1 mm reduced orifice size. This analysis has confirmed suitability

of standard cone sets for nebulisation of homogeneous solutions whilst suggesting a slight reduction in

cone orifice diameter improves ion transmission through the cones towards the mass spectrometer by

up to 272% (NIST 610) or 124% (multi-elemental droplets) for LA-ICP-MS.
Introduction

Inductively coupled plasma-mass spectrometry (ICP-MS) is
a widely used technique for elemental analysis, due to its ability
to detect and quantify most elements in the periodic table with
high sensitivity. Since its introduction in the 1980's, many
aspects of the core instrumentation have evolved, including the
development of more efficient sample introduction systems,
changes to the ion optics, and the implementation of a wider
range of mass analysers.1–6 However, the mass spectrometer
interface, which is one of the most inefficient regions of the ICP-
MS,7 has undergone relatively fewer changes during this period.
The interface consists of two (or more) metallic cones, which
enable a staged reduction in the pressure from the atmospheric
pressure plasma to the cooler high vacuum environment of the
mass spectrometer. Ions rst pass through an orice in the
sampler cone, into an intermediate vacuum of a few mbar,
where they experience supersonic expansion. The skimmer
cone then selectively transfers the central channel of this
expanded jet through its orice towards the ion optics of the
mass spectrometer. The interface region is the primary site for
oxide formation,8 a phenomenon that is detrimental to the
analysis of many elements below m/z 80. This region has
therefore been the subject of a number of fundamental studies,
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which have shown that modications to the cone shapes/
angles, materials and orice sizes can have a profound impact
on their performance.9–13 One example is the introduction of the
jet interface, which uses a larger orice diameter coupled with
higher pumping capacity to increase ion transmission.14 The
majority of studies have investigated the interface when oper-
ating the ICP-MS in ‘wet plasma’ mode, by nebulising liquid
samples. However, relatively fewer work has been reported for
other introduction modes such as laser ablation (LA).

Sampling of solids by laser ablation was rst coupled to ICP-
MS in 1985,15 and its use with ICP-MS has since gained popu-
larity across a wide range of elds such as the bio- and geo-
sciences.16–20 The nature of sample introduction by LA is
fundamentally different to that produced by solution nebu-
lisation. The dry LA aerosol is introduced in discrete packages
withmass loading of ng s−1, compared to >100 mg s−1 streams of
solvent droplets generated by a nebuliser. LA typically also
involves addition of a carrier gas to the central channel and this
is commonly helium. Such fundamental differences in the
introduced aerosol may affect the temperature and shape of the
plasma, degree of analyte ionisation and efficiency of transport
through the interface.21–23 There have been comparatively fewer
articles that focus on dry plasma conditions when evaluating
cones. In an early study, Günther et al. showed that the
entrainment of air can have a large impact on the signal
recorded under dry plasma conditions, which can affect the
signal-to-noise ratio and hence, the limits of detection.24

Improved limits of detection were demonstrated when reducing
the orice of the sampler cone from 0.7 mm to 0.5 mm. The
This journal is © The Royal Society of Chemistry 2025
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Table 1 Sampler and skimmer cone size combinations

Cone
combination

Sampler cone
orice/mm

Skimmer cone
orice/mm

Sampler/skimmer
orice ratio

1.1 samp/0.8 skim 1.1 0.8 1.375
1.1 samp/0.5 skim 1.1 0.5 2.200
1.0 samp/0.7 skim 1.0 0.7 1.420
0.7 samp/0.8 skim 0.7 0.8 0.875
0.7 samp/0.5 skim 0.7 0.5 1.400
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study was followed up by a later investigation, which was
expanded to include the skimmer cones, and again showed
a reduction in oxide formation when using smaller orice
sizes.25 In 2018, He et al., looked at commercially available cone
combinations with different geometries, observing variations in
sensitivity of a factor between 1.5 and 9.7, dependent on the
orice shape.26

Since the above studies there has been signicant progress
in the way that laser ablated aerosols are transported into the
plasma. Several developments have been introduced to reduce
turbulent mixing within the ablation cells and during transport
to the ICP, enabling improvements in the speed and sensitivity
of analysis.27–29 Some of these devices are designed to establish
the central channel of the plasma independently of the LA gas
ow, enabling the introduction of ablated particulate on axis
with the inlet.28,30 This may potentially reduce radial dispersion
of the material in the plasma, improving ion transmission. As
these devices are now becoming routine, it is important to
assess their impacts on the mass spectrometer interface. In the
present paper, the cone orice sizes are re-investigated using
a low dispersion LA system. Impacts on ion transmission,
background signals and oxide formation are also compared to
traditional solution-based analysis using the same cones, which
to the authors knowledge, is the rst comparison of this kind.
Experimental
Sample preparation

An in-house made 1 ppm multi-elemental standard solution
containing 1 ppm Li, K, Fe, Ni, Se, Sr, Cd, Ba, Tl, Th and U was
prepared from single element calibration standards from
a variety of suppliers (Sigma-Aldrich and Fisher Scientic, UK,
SPEX CertiPrep and Ultra Scientic, USA). For homogenous
solution analysis, the multi-elemental solution was diluted to
1 ppb using 2% nitric acid prepared from ROMIL-UpA™ Ultra
Purity Acid (ROMIL, UK). Ultrapure water with a resistance of
18.2 MU cm from an Avidity Science water purication system
was used as a source of deionised water in this study.

A MD-E-3011-130 piezoelectric microdroplet dispenser
system (Microdrop Technologies GmbH, Germany), tted with
anMD-K0130-20 dispenser head was used to print droplets onto
a dried 10% gelatine lm on a glass microscope slide, as
described by Greenhalgh et al.31 A computer-controlled x–y
stage was used to position the slide beneath the droplet
generator, enabling a grid pattern of the droplets to be printed.
The resulting droplet array had an average droplet size of 141.0
mm (0.77% RSD) length by 114.8 mm (1.31% RSD) width.
ICP-MS instrumentation

Analyses were performed using an Element XR ICP-MS (Thermo
Scientic, Germany). The study was carried out using custom
made nickel sampler and skimmer cones purchased from
Spectron LLC, USA, with certied sampler cone orice sizes of
1.1, 1.0 and 0.7 mm and skimmer cone orice sizes of 0.8, 0.7,
and 0.5 mm. Five combinations of these sampler and skimmer
cones were studied, according to Table 1. Post analysis, the size
This journal is © The Royal Society of Chemistry 2025
and structural integrity of the orices were examined under
a Keyence VHX-7100 Digital Microscope to evaluate signs of
wear aer a 10-day use period (ESI Fig. S1†).

For solution measurements, the ICP-MS was tted with
a quartz cyclonic spray chamber (Glass Expansion, Australia),
a MicroFlow PFA Nebulizer and a 0.25 mm ID probe (both
Elemental Scientic, USA). For laser ablation experiments, an
NWR Image 266 nm laser ablation system (Elemental Scientic
Lasers, USA) was coupled to the ICP-MS via a Direct Concentric
Injector (DCI).
ICP-MS analysis

An overview of operating parameters used in this experiment
are summarised in Table 2. The ICP-MS was tuned for
maximum uranium sensitivity whilst keeping the UO/U ratio
below 1% for dry plasma analysis and below 5% for wet plasma
analysis. Tuning of the x and y torch positions were re-
optimised between cone sets to account for small differences
when inserting the cones. However, no notable differences were
observed. Whole droplets were ablated using a rastered
approach, where three droplets were measured per element, for
each cone combination tested. Analyses were also performed on
NIST 610 glass reference material using a drilling down
approach. For all samples, the measured isotopes were 7Li, 39K,
57Fe, 60Ni, 78Se (solution), 77Se (LA), 88Sr, 137Ba, 137Ba16O, 205Tl,
232Th, 232Th16O, 238U, 238U16O, with a single isotope measured
per run.
LA-ICP-MS data processing

Data was processed using a freeware app, the LA-ICP-MS
ImageTool 1.7, which has been described previously.32 Gela-
tine droplet data was converted into a 2D colour coded pixel
image using baseline separated peaks to show the distribution
of analytes across the ablated region. The data was then
exported into Microso Excel as a csv le, where total signal
recorded within each droplet was summed to give the total
count per droplet. The collection of NIST 610 glass reference
material data was not designed to produce an image due to the
drilling down methodology used. Instead, individual peaks
within a consistent time-period between 12.5 and 17.5 seconds
was considered; data for the shots up to 12.5 seconds were
discarded to allow for surface roughness. Data from each cone
set was normalised to the standard cone set (1.1 samp/0.8 skim)
for comparison. One standard deviation was calculated and
used for display of error bars on gures. In this study, t-tests
J. Anal. At. Spectrom., 2025, 40, 1726–1732 | 1727
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Table 2 Experimental operating parameters

Parameter LA-gelatine LA-NIST 610 Solution

RF power 1070 W 1070 W 1070 W
Torch z position −2.5 mm −2.5 mm −2.5 mm
Argon cooling gas ow 15.75 L min−1 15.75 L min−1 15.75 L min−1

Argon auxiliary gas ow 0.85 L min−1 0.85 L min−1 0.85 L min−1

Argon sample gas ow 0.55 L min−1 0.55 L min−1 0.94 L min−1

Helium gas ow 1.2 L min−1 1.2 L min−1 —
Laser uence 13.0 J cm−2 13.8 J cm−2 —
Repetition frequency 5 Hz 5 Hz —
Spot size 10 mm 25 mm —
Scan speed 50 mm s−1 — —
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were carried out using an alpha value of 0.05 as a threshold for
statistically signicant differences.

Results and discussion
Sensitivity of cone sets in wet plasma mode

The initial part of the experiment investigated a reduction of the
cone orice size, whilst keeping the ratio between the sampler
and skimmer orices approximately constant. The normalised
signal intensity of these compared to the standard set is shown
in Fig. 1. In this study, ‘standard’ cone set refers to a sampler
cone orice diameter of 1.1 mm and skimmer cone orice of
0.8 mm and is the typical set of cones recommended for the
instrument. In accordance with previous literature,9 the stan-
dard cone set produced the highest ion transmission.

An almost complete drop off in signal intensity is seen when
the smallest cone set is used, with a statistically signicant rise
Fig. 1 Normalised signal intensity plot for analysis of a 1 ppb solution us
sampler/0.8 mm skimmer) to cone sets which reduced the orifice diam
sampler/0.7 mm skimmer, green and 0.7 mm sampler/0.5 mm skimme
intensity where n = 3, normalised to standard cone orifice set. Elements a
in intensity between standard cone set and other sets are statistically sign
studied.

1728 | J. Anal. At. Spectrom., 2025, 40, 1726–1732
in oxide formation for uranium and thorium. A slight reduction
in the size of the standard orices by 0.1 mm results in a less
pronounced drop off in signal intensity, whereby the signal is
reduced by between 78.8% and 35.6% (relative to the standard
cone set) over themass range studied. It is clear from the data in
Fig. 1 that moving to smaller orice sizes results in a more
pronounced mass bias across the mass range studied. This is
due to enhanced space charge effects in the interface region of
the mass spectrometer when using a smaller diameter inlet.

The second investigation studied combinations from
different cone sets to evaluate whether changing the ratios away
from the manufacturer recommended specication inuences
the signal (see ESI Fig. S2 and S3†). In each case, one of the
cones was kept to the manufacturer recommended size and the
other was changed to the most extreme low condition (see
Table 1). Both combinations studied showed a statistically
signicantly lower sensitivity than the standard cone set (1.1
ing wet plasma ICP-MS. Comparison of the standard cone set (1.1 mm
eters whilst maintaining the sampler to skimmer orifice ratio (1.0 mm
r, purple). Error bars represent ±1 standard deviation for mean signal
rranged in increasing mass-to-charge from left to right. All differences
ificant (t-test). See ESI Fig. S2 and S3† for comparison of all orifice sizes

This journal is © The Royal Society of Chemistry 2025
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samp/0.8 skim) across all elements and oxides investigated.
Therefore, in terms of signal intensity there is no apparent
benet from moving away from the manufacturer recom-
mended ratios for solution experiments. However, it was noted
that in terms of signal-to-noise ratio, the set that used the
standard sampler and the smallest skimmer (1.1 samp/0.5
skim) provided the highest signal-to-noise ratio for masses of
Sr and above (see ESI Fig. S4†). It would be unlikely that this
cone combination would be used in practice due to the signif-
icantly lower sensitivity observed. Additionally, cones manu-
factured with smaller orices are more fragile and the orice tip
shape is prone to wear (ESI Fig. S1†), suggesting that this cone
size or smaller is not practical for extensive use. This problem
was not observed with the larger cone sizes.
Sensitivity of cone sets in dry plasma mode

Ablation of multi-elemental droplets (so particles). The
same combination of cones used in solution mode were also
used to measure signal intensity from laser ablated multi-
elemental droplets and this data is represented in Fig. 2. Mass
bias due to the space charge effect shown by solution data is less
prevalent within this data set, although, as with wet plasma
conditions, it is evident that using the smallest set of cones (0.7
samp/0.5 skim) results in a statistically signicant drop off in
sensitivity. The pronounced drop off in signal intensity when
reducing both orice sizes by 0.1 mm was not observed in dry
plasma mode.

For all elements, excluding Se, the background corrected
signal intensity was either statistically equivalent or signi-
cantly higher for the 0.1 mm reduced cone set. Of the elements
measured in this study, Se had the highest rst ionisation
Fig. 2 Normalised background subtracted signal intensity plot for com
0.8 mm skimmer) for dry plasma experimental setup using LA-ICP-MS a
mean signal intensity where n = 3, normalised to standard cone orifice
right. Horizontal lines with asterisks represent a statistically significant di
See ESI Fig. S5† for comparison of all orifice sizes studied.

This journal is © The Royal Society of Chemistry 2025
potential (see ESI Table S1†). Across all the elements studied,
the average increase was 43% (see ESI Table S2†). The small
reduction in the sampler orice size also produced an
improvement in signal-to-noise ratio for 5 out of the 11
elements studied (ESI Fig. S6†). However, in dry plasma mode
background signals were generally very low (<100 counts per
pixel for all elements beyond Ni), thus the trend in signal-to-
noise ratio between cone sets was inconsequential.

The authors hypothesise that the improved ion transmission
for some elements is due to lower vacuum readings achieved
which extracted material more efficiently through the cones.
Reducing the cone set beyond this point did not produce any
further improvements in ion transmission.

Changing the ratios between the sampler and skimmer
cones did not produce an improvement over the standard cone
sets. Changing the sampler from 1.1 mm to 0.7 mm, whilst
keeping the skimmer cone at the manufacturer recommended
size, resulted in an average signal reduction of 32% across the
mass range, but provided a higher signal-to-noise ratio than the
standard sampler for 7 out of 11 elements (see ESI Fig. S5 and
S6†). Changing the skimmer from 0.8 to 0.5 mm, whilst keeping
the sampler cone at the manufacturer recommended size,
resulted in large signal reduction of 79%. There was no
improvement in signal-to-noise ratio when using this cone
combination.

Thorium and uranium oxide production was also investi-
gated. For uranium analysis in dry plasma mode, all four of the
custom cone sets produced a % oxide ratio that was statistically
lower than for the standard set. When comparing thorium oxide
ratio in dry plasma mode, all cone sets produced a statistically
equivalent ratio, except the 0.7 samp/0.8 skim set, which was
signicantly smaller.
parison of two cone sets to the standard cone set (1.1 mm sampler/
nalysis of gelatine spots. Error bars represent ±1 standard deviation for
set. Elements arranged in increasing mass-to-charge ratio from left to
fference between the connected data bars at 95% confidence (t-test).

J. Anal. At. Spectrom., 2025, 40, 1726–1732 | 1729
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An example of the ablated multi-elemental droplets for each
element and oxide is displayed in Fig. 3. A signicant amount of
leaching into the gelatine is displayed by thallium, and to
Fig. 3 Multi-elemental droplets analysed by LA-ICP-MS with different c
background corrected signal intensity in counts. Each window represen

1730 | J. Anal. At. Spectrom., 2025, 40, 1726–1732
a lesser extent, lithium. The coffee-ring effect is shown by all
ablated droplets where a higher signal intensity is seen in the
centre of the droplet. This effect has not impacted the results of
one sets. The colour scale on the right-hand side of each plot depicts
ts a 190 mm × 190 mm ablated area.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Normalised background subtracted signal intensity plot for comparison of two cone sets to the standard cone set (1.1 mm sampler/
0.8 mm skimmer) for dry plasma experimental setup using LA-ICP-MS analysis of NIST 610 glass reference material. Error bars represent ±1
standard deviation for mean signal intensity where n= 3, normalised to standard cone set. Elements arranged in increasing mass-to-charge ratio
from left to right. Horizontal lines with asterisks represent a statistically significant difference between the connected data bars at 95% confidence
(t-test). See ESI Fig. S7† for comparison of all orifice sizes studied.
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this study, since the area corresponding to the entire droplet
was considered during data analysis.

Ablation of NIST 610 multi-elemental glass reference mate-
rial (hard particles). A sample of NIST 610 glass reference
material was ablated using a drilling down method to establish
possible differences between cone set use and so or hard
particle types. Data collected is displayed in Fig. 4. Similarly to
data collection under wet plasma conditions, NIST particle
analysis using a dry plasma displays mass bias due to the space
charge effect. It is again observed that a complete drop off in
signal intensity is recorded using the smallest cone orices.

As with dry plasma multi-elemental droplet analysis,
reducing the orice of both the sampler and the skimmer cone
by 0.1 mm resulted in 7 out of 11 elements displaying a statis-
tically higher background corrected signal intensity for NIST
610 ablation. This trend is predominantly observed for heavier
elements and oxides. A higher sensitivity to thorium, uranium
and their oxides (compared to the standard set of cones) was
also observed when the skimmer cone is kept constant, but the
sampler cone is reduced to 0.7 mm (see ESI Fig. S7†). A similar
trend in signal-to-noise ratio was observed for the NIST glass as
for the gelatine data (see ESI Fig. S8†). All three matrices fol-
lowed the expected trend of increasing signal-to-noise ratio for
elements with higher m/z values.
Conclusions

Using the described LA and ICP-MS instrumentation, ve sets of
ICP sampler and skimmer cones with varying orice diameters
were investigated. Predictably, under wet plasma conditions,
the set of cones with the manufacturer recommended orice
diameter consistently produced the highest sensitivity for all
This journal is © The Royal Society of Chemistry 2025
elements measured. Smaller orices produced a dramatic drop
off in sensitivity, plus increased mass bias, due to enhanced
space charge effects in the interface region. However, when
working with multi-elemental droplets under dry plasma
conditions, the effect of reducing cone orice size was less
prominent. Particularly at high masses, an increase in signal
intensity was seen when both cone orice diameters were
reduced by 0.1 mm compared to the standard set. This is likely
attributable to a combination of lower backgrounds, plus more
efficient vacuum readings, which are thought to aid efficient
extraction of the ions through the cone orices. Space charge
effects appeared more prominent when hard particles rather
than so were ablated, but a reduction in both cone orices still
had a positive impact on sensitivity for glass analysis, especially
for high mass elements.

In recent years, the use of low dispersion LA systems and
associated transport accessories has gained popularity, with
a variety of manufacturers now producing and selling these
devices. Having observed differences in how these systems
impact analysis downstream in the mass spectrometer, there is
cause for broader investigation into the design of the mass
spectrometer interface. It may be the case that the standard
design, aimed at solution measurements, is no longer optimum
for future laser ablation work. This study supports the hypoth-
esis that devices that remove the need for a Y or T-piece in the
LA to ICP transport line may reduce dispersion within the ICP
itself and create a narrower package of sample ions at the cone
orice. However, further investigation, including computa-
tional modelling is required to conrm this. In this study
a variety of elements, spanning a range of chemical properties,
were investigated. Future investigations may wish to look at
multiple isotopes of each element and determine the
J. Anal. At. Spectrom., 2025, 40, 1726–1732 | 1731
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