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ABSTRACT

The sensitivity of multi-collector inductively coupled plasma mass spectrometers (MC-ICP-MS) can be
significantly improved using different sample and skimmer cones with different orifice diameters and
angles. In this study, an MC-ICP-MS with three typical combinations of sample and skimmer cones [(H
skimmer cone +standard sample cone (Standard +H), X skimmer cone +standard sample cone (Stan-
dard +X) and X skimmer cone + Jet sample cone (Jet+X)] was used to measure the boron isotopes, and
the effect of the different combinations of sample and skimmer cones on the sensitivity of the MC-ICP-
MS and the underlying physical principles were investigated. The results suggest that more ions can be
introduced into sample cones with larger orifices, which results in increased sensitivity. Compared with
standard skimmer cones (which have cylindrical entrances and trumpet-shaped exits), X skimmer cones
(which have trumpet-shaped entrances and exits) can provide more space for ion beams to entrance the
skimmer’s orifice after they are subjected to the space-charge effect.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

As testing techniques develop, and especially since the use of
multi-collector inductively coupled plasma mass spectrometers
(MC-ICP-MS) in the study of geochemistry began in the 1990s, the
evolution of non-traditional transition metal isotopes has been suc-
cessfully tracked, which has led to the rapid development of the
stable isotopic geochemistry of transition metals, which is on the
cutting edge of research in earth science [1,2].

The interface is the heart of an MC-ICP-MS; the sampler and
skimmer cones are its key parts. They can efficiently transport
plasma ions into the mass spectrometer. The two sides of the cones
are completely different: one side is corroded and kept at a nor-
mal pressure and a high temperature, and the other side is clean
and kept in a vacuum at a constant temperature. Their purpose
is to continuously and homogeneously transport the ions gener-
ated by high-pressure argon plasma in the atmosphere into the
vacuum part of the mass spectrometer for mass separation and
analysis. Therefore, the transport performance can directly affect
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the analytical properties of the instrument [3]. The actual perfor-
mance of an ICP-MS/MC-ICP-MS is strongly affected by physical
characteristics of the sample and skimmer cones, such as the cone
geometry design, pore size, inside and outside cone angles, and both
size and materials. Moreover, the performance is also influence by
instrument sensitivity, signal stability, both polyatomic and doubly
chargedionyields, and discrimination quality. Therefore, studies on
cones have attracted mass designers and engineers.

The Neptune Plus MC-ICP-MS (Thermo Fisher Scientific,
Germany) is a new-generation instrument for isotopic analysis
that is equipped with a dry pump that functions at a high rate
(100 m?3/h). In addition, the sample and skimmer cones have been
upgraded to a Jet sample cone and a high-performance X skimmer
cone to improve the instrument’s sensitivity. In previous studies,
the sensitivity, accuracy, and precision of different isotopic systems
were investigated with various combinations of sample and skim-
mer cones [4-14]. It can be concluded that (1) the sample cone’s
sensitivity can be increased five to ten times by combining a Jet
sample cone with a high-performance X skimmer cone, and (2) the
sensitivity enhancement varies for isotopes of different elements
when a Jet sample cone and an X skimmer cone are used. When
testing strontium, neodymium, hafnium, lead, and uranium iso-
tope ratios, the highest sensitivity can be obtained by combining
a Jet sampler cone with an X skimmer cone (Jet+X), and when
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testing lithium and magnesium isotope ratios, the highest sensi-
tivity can be obtained by combining a standard sample cone with
an X skimmer cone (Standard + X) [6]. Therefore, the instrument’s
sensitivity can be improved by using different combinations of
cones, i.e., using with a Jet or an X cone to reduce the consump-
tion of the sample and extend the application of the MC-ICP-MS
to broader fields. However, the sensitivity enhancement has only
been studied by comparing a standard sample cone and a Jet sam-
pler cone. The major reason for this is that the cone’s orifice is
increased from 0.8 mm to 1.2 mm to enlarge the ion beam input
into the spectrometer. According to this comparison, the improve-
ment in the sensitivity is due to the difference in the cone angle.
These explanations are not convincing unless they include a dis-
cussion of the sensitivity enhancement that results from different
cone combinations. Many MC-ICP-MS operators still do not fully
understand why varying combination of cones may improve the
sensitivity, whether the sensitivity can be continuously improved
by using a sample cone with a larger diameter, or whether the sen-
sitivity can be further enhanced by modifying the current cones.
To address these issues in the present study, boron isotopes were
selected as representative subjects for comprehensively studying
the sensitivity enhancement of an MC-ICP-MS with three different
cone combinations (H skimmer cone + standard sample cone (Stan-
dard +H), X skimmer cone +standard sample cone (Standard +X)
and X skimmer cone + Jet sample cone (Jet + X)) and the underlying
physical principle. There are the same characteristics when mea-
sured lithium and magnesium isotopes. This study can provide a
basic principle for the use of MC-ICP-MS operators.

2. Experimental
2.1. Instrumentation and reagents

Isotopic measurements were conducted on a NEPTUNE Plus
MC-ICP-MS (Thermo Fisher Scientific, Germany) at the State Key
Laboratory of Loess and Quaternary Geology, Institute of Earth
Environment in Xi’an, Chinese Academy of Sciences (IEECAS). This
instrument is a double-focusing magnetic sector instrument with
variable dispersion (17%)ion optics. Nine Faraday cups are installed
on the instrument; eight are on two sides of the center cup.

The standard material for the B isotope analysis, NBS951, was
obtained from the National Institute of Standard and Technology
(NIST, 100 Bureau Dr., Gaithersburg, MD 20899, USA). The H, 0 used
in the experiment was purified with a Milli-Q system at a resistance
of 18.2 M. The HNOj3 used in the experiment was purified with a
DST-1000 sub-boiling distillation device (Savillex Co., 10321 West
70th Street Eden Prairie, MN 55344-3446, USA).

2.2. Bisotope measurement

All isotope measurements were carried out on a MC-ICP-MS,
which enables a static measurement of m/z 10 and m/z 11 on Fara-
day cups [10,15,16]. The optimum instrument parameters were
obtained using 45 ng/g NIST SRM 951 standard solution. The oper-
ating parameters are given in Table 1.

3. Results and discussion
3.1. Sensitivity of different cone combinations

The memory effect is significant during the measurement of
boron isotopes using MC-ICP-MS. To reduce the rinse time between
the different samples, a 45 ng/g NIST SRM 951 standard solution
was used as a tuning solution. The intensity of ''B ion beam for
three cone combinations are shown in Fig. 1. In this study, the 1B

Table 1
Typical operating parameters for B isotopes measurement on Neptune MC-ICP-MS.
Parameter Value
RF forward power 1250W
Ar cooling gas 16 Lmin~!
Ar auxiliary gas 0.7-0.9 Lmin~!
Ar sample gas 0.8-1.15Lmin"!
Extraction voltage 2000V
Acceleration voltage 10kV
Detection system L3, H3 Faraday cups
Nebulizer Low-flow PFA microcentric (50 pLmin1)
Spray chamber 47 mm PFA spray chamber
Uptake time 90s
Number of cycles 20
Integration time 4.194s
Measurement time 4min
Rinse time 20 min
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Fig. 1. The integrated average signal intensity of ''B from B standard (NBS 951)
using three different sample and skimmer cone combinations. a: standard sample
cone +H skimmer cone (Standard + H); b: standard sample cone + X skimmer cone
(Standard + X); c: Jet sample cone + X skimmer cone (Jet +X).

signal was enhanced by approximately factors of 2 and 4 with for
combinations with the X skimmer cone and the Jet sample cone,
respectively, compared to, that of using standard cones.

3.2. The principle of sample cone sensitivity

The sample cone and the skimmer cone are mainly part of inter-
face of an ICP-MS/MC-ICP-MS. Therefore, a well-designed cone
interface can improve the instrument’s properties, increase the
signal sensitivity, and reduce background noise.The sample cone
extracts the carrier gas (ions, neutrons, and electrons in random
motion) from the central plasma path through the cone’s orifice and
into the first-stage vacuum chamber. The ions, neutrons, and elec-
trons extracted by the post-cone vacuum rapidly expand and form a
supersonic jet. The main difference between a Jet sampler cone and
a regular sampler cone is the orifice’s diameter. The orifice diam-
eter of a regular sampler cone is 0.8 mm and that of a Jet sampler
coneis 1.2 mm (Fig. 2). As shown in Fig. 2, the larger the diameter of
the sample cone’s orifice is, the larger the size of the sample cone’s
orifice is, which allows a larger number of ions enter the sample
cone and enhances the spectrometer’s sensitivity. The extraction
efficiency of an ICP-MS is largely affected by geometry of sampling
cone. The gas density, speed and vacuum retention of the trans-
port plasma ions affect overall system performance. Therefore, the
kinetics of plasma stream after sample cone has profound impor-
tance for significance to improving the sensitivity, and stability of
instrument.

According to previous studies, the motion of a plasma through
the sampler cone is similar to the process of a low-density flow in
a wind tunnel proposed by Ashkenas [16]. Consequently, the Com-



M. He et al. / International Journal of Mass Spectrometry 408 (2016) 33-37 35

Fig. 2. The different between sample cones from photo. a and b: the front and back sides of standard sample cone; c and d: the front and back side of Jet sample cone.

putational Fluid Dynamic (CFD) is used to describe the movement
of plasma ions. The equation for the ion beam (Gg) passing through
the sampler cone is [17]

Go(atomss™!) = 0.445ngagDy?, (1)

where ng is the density of ions at the source, ag is the local speed of
sound, ag =Dg(rKTp/m)"2, r=Cp/Cy, and Dy is the diameter of the
sampler cone’s orifice. K is the Stefan-Boltzmann constant, and m
is the mass of an argon atom.

Regarding the lens system, the value of Ty is 5000 K. In the calcu-
lation of Gg (Eq. (1)), the minimum orifice diameter that ensures the
extraction of a certain number of plasma ions is 0.8 mm. The diam-
eter of the sampler cone’s orifice not only must be greater than the
minimum value but also should not exceed a certain value because
an orifice if it is too large can draw more plasma ions (wanted)
and air (unwanted) into the instrument. To avoid the unnecessary
extraction of air, a vacuum pump with a relatively high pumping
rate is required.

At one atmospheric pressure, the flow of the neutrons, elec-
trons, and ions generated in the plasma can rapidly expand to form
a supersonic jet after being extracted by the pressure difference
caused by the low vacuum after the sampler cone’s orifice. The jet
zone is composed of a silent zone and a free expansion chamber and
is surrounded by a tubular wave and a Mach disk shock wave. The
flow that terminates before the Mach disk is stable in the silent
zone of the jet, and the torrent after the Mach disk is complex
and unstable. Therefore, to obtain the best circumstances during
ion extraction, the skimmer cone in the second stage of the inter-
face should be placed in the silent zone where the flow is stable to
extract a stable stream ions for analysis. In fact, the best ion trans-
port occurs when sampling is performed at the point in the silent
zone that is two-thirds of the way from the sampler cone’s orifice
to the Mach disk.

The distance between the orifice of the sample cone and the
Mach disk can be calculated using the following equation:

Xm= 0.67Dg(Po/P1)!/? )

In this equation, Xy, is the distance between the orifice of the sam-
ple cone and the Mach disk, Py is the pressure in the inductively
coupled plasma (ICP) source, and P; is the background pressure
of the expansion chamber. The diameter of the sample orifice, Dy,
is 0.8 mm, and because Py =2.5 x 104 Pa, the background pressure

in the expansion chamber is approximately 150 Pa, which leads to
Xp=2/3 Xm (Xp is approximately 6 mm). Therefore, the best loca-
tion for the skimmer cone is Xp =6 mm. In Fig. 3(a), the mass flux at
each orifice is calculated using the corresponding orifice diameters.
As shown in Fig. 3, when Dy is increased from 0.8 mm to 1.2 mm,
the mass flux at X, is positively associated with the size of the
orifice and reaches its maximum value when Dy is 1.2 mm. Then,
as Dy is increased from 1.2 mm to 1.3 mm, the mass flux begins
to decrease, which indicates that 1.2 mm is the optimal diame-
ter for the sample orifice. Fig. 3(b) reflects changes in the pressure
as the diameter of the sample cone’s orifice increases for an axial
distance, Z, of 8 mm. As the diameter of the sample cone’s orifice
increases, the post-cone pressure increases from 200 Pa to 350 Pa.
As shown in Eq. (1), the post-cone ion density increases with the
diameter of the sampler cone’s orifice. A larger orifice allows more
ions to pass through the sample cone. In addition, as the diame-
ter of the sample cone’s orifice increases, the ion flux increases,
which implies that the amplification effect of the orifice diameter
is greater than its negative effect on the velocity. The post-cone
ion density is inversely correlated with the diameter of the sample
cone’s orifice. A larger sample cone orifice diameter can lead to a
higher post-cone pressure and a vacuum that is less sustainable. An
oversized orifice can significantly affect the vacuum’s sustainability
and keep the ion density from reaching an ideal value.

3.3. The principle of skimmer cone sensitivity

The skimmer cone’s task is to selectively transfer the cen-
tral portion of the expansive jet from the sampler orifice to the
second-stage vacuum chamber. In the extraction lens, electrons
are repulsed and positrons are extracted and accelerated; neutrons
continue in a straight line without being affected by the electric
field. The ICP ion source ionizes the sample. All of the ions are
injected from a plasma torch carried by the argon flow and partially
extracted at the interface, where they are converted into an ion
beam. The plasma is quasi-neutral in the first-stage vacuum, until
it reaches the orifice of the skimmer cone. This status is changed
during the second expansion of the rarefied ion beam, which occurs
after it passes through the skimmer cone. Behind the sampler cone
is the expansion chamber, which has a reduced pressure of 300 Pa.
Within 1cm after passing through the sampler cone, the ther-
mal energy of the plasma (5000-7500K) is converted into kinetic
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Fig. 4. The space-charge effect behind skimmer cone.

energy (100-200K), and the gas’s expansion speed (~2500m/s)
surpasses the speed of sound. Although the electron temperature
remains nearly constant (5000-7500 K), the electron density is con-
siderably reduced within 5 pum because most of the electrons are
separated from the ions. Behind the skimmer cone is the interme-
diate chamber, which has a reduced pressure of 103 Pa. Along the
inner well of the skimmer cone, the negative ion beam is radially
distributed, and the positive ion beam is distributed in the axial
direction. The positive charges repel each other in this restricted
space, which creates the space-charge effect.

As shown in Fig. 4, behind the skimmer cone, the repulsion of
the positive charges diffuses the ion beam; the positive ions with
more mass and higher kinetic energy are concentrated in the cen-
tral area of the ion beam, and the ones with less mass and lower
kinetic energy are repelled to the far edge. The nickel X skimmer
cone and the regular nickel skimmer cone both have orifices that
are 0.8 mm in diameter; the main difference is their dip angles. The
regular nickel skimmer cone, shown in Fig. 4(a), has a cylindrical
entrance and a trumpet-shaped exit; the ion beam first moves in a
narrow cylindrical tube and then, expands around the trumpet-
shaped orifice. In contrast, Fig. 4(b) shows the structure of the
nickel X skimmer cone. Unlike the regular nickel skimmer cone,
the X skimmer cone has a completely trumpet-shaped form, which
results in a different space-charge effect. Compared with the regu-
lar cone, the trumpet-shaped X skimmer cone provides more space
in which the ion beam is impacted by the space-charge effect. Con-

sequently, more of the ion beam can be input to the interface,
which introduces more ions into the mass spectrometer and thus
improves the instrument’s sensitivity.

4. Conclusion

Using an MC-ICP-MS with three typical combinations of sample
and skimmer cones (Standard + H, Standard + X and Jet + X), instru-
ment sensitivity improved and the physical mechanism involved
were discussed. The results of the experiments indicated the fol-
lowing:

(1) More ions can be introduced into sample cones with larger
orifices, whichresults in increased sensitivity; the optimal sam-
ple orifice diameter is 1.2 mm based on the calculation. Based
upon theoretical calculation, a diameter of 1.2 mm for the is
maximum tapered mouth of the sampling cone is identified.

(2) Compared with standard nickel skimmer cones (which have
cylindrical entrances and trumpet-shaped exits), X skim-
mer cones (which have trumpet-shaped entrances and exits)
can provide more space for ion beams to exit the skim-
mer’s orifice after being subjected to the space-charge effect.
Consequently, the number of ions input into the mass spec-
trometer is increased and improves its sensitivity.
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