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ABSTRACT: Space charge effects in the measurements by inductively coupled plasma mass spectrometry were investigated

about groups 1, 2, and 13 of elements in the periodic table at various radio

frequency (RF) power conditions and multiple extraction electrode-1
voltage conditions. Increased suppression of signal intensities was
observed at an RF power over 1.1 kW with the increase of RF power,
which was majorly attributed to space charge effects due to the increase in
4Ar* density. A stronger negative extraction electrode-1 voltage resulted
in stronger space charge effects. The extent of space charge effects
decreased with the increase in mass-to-charge (1/z) ratio of the elements.
The RF power at 0.8 kW to 0.9 kW can be a candidate condition for the
measurements of elements with an m/z ratio under 100 at relatively higher

sensitivity with much less space charge effects.

Argon Plasma

INTRODUCTION

The measurements of chemical elements by inductively coupled
plasma mass spectrometry (ICP-MS) are conducted by
introducing the ions from the plasma into the highly vacuumed
mass analyzer. The introduction of ions from the atmospheric
pressure plasma to the vacuumed system is realized by using
multiple aperture interface, composed of a sampling cone, a
skimmer cone, and sometimes a hyper-skimmer cone.! The ion
stream introduced to the vacuum system is highly charged and
coulombic repulsion effects, so called space-charge effects, occur
within it? Such space-charge effects are crucial facts to be
considered for the development of ion-optical assembles used in
ICP-MS. Multiple works have been reported on the mechanism of

314

space-charge effects, °-'* where some of them were based on ion

deposition or optical methods. % %7 214 The major place where
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space-charge effects occur is at the second vacuum stage, specially
between the skimmer cone and the first extraction electrode. In this
space, positively charged ions are extracted from the initially-
neutral ion cloud generated by the argon plasma. In the
applications based on ICP-MS, space-charge effects were often
emphasized as those caused by the sample matrix.® 1435 Due to the
high concentration of matrix, loss of the total ions of interest
occurs with broadening the ion beam.* Selection of a proper
internal standard may compensate for the space-charge effects,
when the internal standard acts similarly to the element of
interest.?’>35-37

Actually, the dominating ion species in the plasma, i.e. Ar™, also
contributes to the space-charge effects in the measurements by
ICP-MS.* 3% 3 However, Ar-related space-charge effects were
rarely reported in applications of ICP-MS. Understanding the
space-charge effects caused by Ar" will benefit the establishment
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of optimized operating conditions for the application of ICP-MS.
Therefore, an investigation on Ar* related space-charge effects
was conducted for elements of groups 1, 2, and 13 in the periodic
table of chemical elements. The investigation was conducted at
various conditions of radio frequency (RF)power and the voltage
of the first extraction electrode, related to the density of Ar" and
the broadening of ion beam (between the skimmer cone and the
first extraction electrode), respectively.

EXPERIMENTAL

Samples. Single element standards (Li, Na, K, Rb, Cs, Be, Mg,
Ca, Sr, Ba, B, Al, Ga, In, and T1, 1000 mg/L each) were purchased
from Kanto Chemical Co., Inc. Japan and were metrologically
traceable to the International System of Units via the Japan
Calibration Service System. A mixed elemental standard solution
was prepared in 0.3 mol/L HNO3, containing 100 ng/mL each of
the above-mentioned element. Ultrapur® grade nitric acid was
also purchased from Kanto Chemical Co., Inc. Pure water used in
the present work was prepared with a Milli-Q Advantage A10
system (Merck Millipore).

Instrumentation and operating conditions. The ICP-MS
instrument used in the present work was of Agilent 8800s model.
The ICP-MS was operated at single MS mode, i.e. the first
quadrupole acted as an ion-guide channel. The instrument was
equipped with a normal torch (2.5 mm injector) and a shield torch.
The sample was introduced with an MicroMist nebulizer with an
uptake rate of 100 pL/min. The temperature of the spray chamber
was set to 2°C. Typical operating conditions are summarized in
Table 1, basically optimized for non-cell-gas analysis with
additional helium to suppress the signal intensities and permit the
measurement of Ar* ions. High purity (>99.99%) argon and
helium were used in the present work. To investigate space-charge
effects, multiple values were studied for RF power and the
extraction electrode-1 voltage.

The present work is based on Agilent 8800 model with an s-lens
assembly, which was designed for high sensitivity measurements.
The dependences of space-charge effects on RF power and
extraction electrode-1 voltage may partly differ from those
obtained with an x-lens assembly.

RESULTS AND DISCUSSION

Suppression of signal intensities by helium collision. In the
present work, the ICP-MS instrument worked at single MS mode
and the operating conditions were optimized for no-cell-gas
analysis. The spectrum observed for a solution of 0.3 mol/L HNO3
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Table 1. Typical Operating Conditions of the ICP-MS instrument

Parameter Value Unit
RF power 500 to 1600 W
Sampling position 8 mm
Plasma gas 14 L/min Ar
Auxiliary gas 0.9 L/min Ar
Carrier gas 0.8 L/min Ar
Make-up gas 0.4 L/min Ar
Extraction electrode-1 -36t04 \Y
Extraction electrode-2 -215 \%
Measurement mode Single MS
Cell gas O0or3.0 mL/min He
Energy discrimination 5.0 \Y
Data acquisition Peak hopping
Integration time 0.1 S

is plotted in Fig. 1(a). It is notable that the signal intensities of '°O*
and “*Ar* (shown with red bars) were out of the upper range of the
detector. In order to study the relationship between the ions of
interest and the “°Ar* ion, He was introduced as the cell gas to
suppress the signal intensities. For the solution of 0.3 mol/L HNOs,
the spectrum observed with 3.0 mL/min He as the cell gas is
plotted in Fig. 1(b), with major background ions labeled. The
introduction of 3.0 mL/min He as the cell gas permitted the
measurement of the full spectrum including '°O* and “°Ar", both
providing signal intensities under =108 counts per second (CPS).
It should be pointed out that ions with a mass to charge (m/z) ratio
from 2 to 260 were investigated in the present work, while Fig. 1
shows the m/z range from 10 to 60 for a clearer presentation.

Dependence of signal intensities for background ions on RF
power and extraction electrode-1 voltage. The dependence of
signal intensities for major background ions on RF power was
investigated in the range from 0.5 to 1.6 kW. The results are plotted
in Figs. 2(a) to 2(1), for 12C*, ¥N*, 160, ¥Ar*, 10TH*, 1°O'H,",
1601Hs*, MNI6O¥, 16057, “Ar'H', “Ari6Q*, SN
respectively.

and

As shown in the blue plots (extraction electrode-1 voltage, 4 V),
the signal intensities of monoatomic ions, i.e. '>)C*, N, 10", and
“OAr*, were observed at high RF power condition and reached the
maximum at 1.6 kW. By contrast, the maximum signal intensities
of O-H, N-O, and O-O related polyatomic ions, i.e. '°O'Hj3%,
14N'eO", and '°02", were observed at an RF power of 0.8 to 0.9
kW. The slightly elevated signal intensities in Figs. 2(e) and 2(f) at
high RF power range can be attributed to the contribution of '"O*
and '80", respectively. The maximum signal intensities of Ar
related polyatomic ions, i.e. “Ar'H, “¥Ar'°0", and “Ar,", were
observed at high RF power values, indicating their production
related to “°Ar*. Noteworthy, the signal intensity of “°Ar'H" at an
RF power of 0.8 to 0.9 kW were almost identical to that observed
at 1.6 kW, indicating that the production of “*Ar'H* can be
achieved through two different paths: i.e. *O'Hi3" + “Ar —
YOArIH" and 'H + A" — OArH.
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Fig. 1 Mass spectrum of 0.3 mol/L HNO; obtained at an RF power of 1200 W. Extraction electrode-1 voltage: 4 V. (a) cell gas, nothing; (b) cell gas, 3.0

mL/min He.
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Fig. 2 Signal intensities of major background ions from the plasma gas and the solvent contents. Extraction electrode-1 voltage: blue plots, 4 V; red plots, -
16 V; green plots, 336 V. (2) 2C'; (b) “N'; () 1“O'; (d) “Ar’; (¢) "O'H'; (°O'Hys (¢) O'Hy's (h) “N'0"; (i) 0,'s () Ar'H'; (k) “Ar°0'; (1) A"

In comparison to the results obtained at extraction electrode-1
voltage of 4 V, the signal intensities at high RF power values
obtained at -16 V (red plots) and -36 V (green plots) were
apparently lower. In contrast, the signal intensities at an RF power
of 0.8 to 0.9 kW obtained at -16 V and -36 V were quite close to
those obtained at 4 V. These results can be attributed to the space-
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charge effects caused by the high density of “°Ar* and the narrow
ion beam due to the strong electric field at stronger negative
extraction electrode-1 voltage. The high density of '°O" at higher
RF power might also contribute to the space-charge effects.
Nevertheless, as can be seen from red and green plots shown in
Figs. 2(c) and 2(d), the signal intensity of '°O* decreased slightly
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Fig. 3 Signal intensities of groups 1, 2, and 13 elements. Extraction electrode-1 voltage: blue plots, 4 V; red plots, -16 V; green plots, -36 V. (a) 'Li*; (b) ®Na’;
() ¥K’; (d) ¥Rb; (¢) °Cs™; (1)°Be’; () *Mg'; (h) “Ca'; (i) ¥Sr™; () **Ba’; (k) ""B*; (1) 7Al'; (m) "'Ga’; (n) '“In”; (0) ***TI".

with the increase of RF power from 1.3 to 1.6 kW, while the signal
intensity of “°Ar* increased slightly in the same RF power range.
These results indicate that “’Ar* contributed dominantly at high RF
power and strong negative extraction electrode-1 voltage
conditions.

It is notable that the signal intensities at an RF power of 0.8 to
0.9 kW were not apparently affected by space-charge effects,
probably because of the relatively lower ion density (one order of
magnitude lower than that of '°O* or “°Ar") and the lighter ion
mass.

Dependence of signal intensities for analyte ions on RF power
and extraction electrode-1 voltage. Signal intensities for
elements of groups 1, 2, and 13 in a mixed solution (100 ng/mL
each in 0.3 mol/L HNOs3) were also investigated in the range from
0.5 to 1.6 kW for RF power. The results are plotted in Figs. 3(a) to
3(e) for elements of group 1, 3(d) to 3(j) for elements of group 2,
and 3(k) to 3(o) for elements of group 13, respectively.

It can be seen from blue plots in Fig. 3 that ions with m/z under
100 showed apparently higher signal intensities at RF power of 0.8
to 0.9 kW than those at an RF power above 1.3 kW, regardless of
the relatively higher ionization power of the latter conditions.
These results indicate that the signal intensities of ions with m/z
under 100 suffered apparent suppression by increased “°Ar+ ions
at an RF power above 1.3 kW. Furthermore, as shown with red
and green plots, the suppression of signal intensity for each ion at
an RF power above 1.3 kW increased when applying more
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negative extraction voltages, with the extent of suppression
declining with increasing the m/z value. The dependence of space-
charge effects on the m/z value and ion lens settings are quite
similar to the findings previously reported. 44

It is notable that the relatively high signal intensities for ions
with m/z values under 100 were obtained at an RF power of 0.8 to
0.9 kW, leading to an improvement in sensitivity. However, under
these conditions, other matrix effects, e.g. ionization and
polyatomic interferences, should be considered for quantitation
analysis.

Dependence of space-charge effects of group 1 elements on RF
power and extraction electrode-1 voltage. As can be seen from
the plots in Fig. 3, elements of groups 1, 2, and 13 showed similar
trends, i.e. the extent of suppression decreased with increasing the
m/z value, especially for an RF power above 1.3 kW. Further
investigation was representatively conducted for elements of
group 1, the results for which are plotted in Figs. 4(a) to (e). In Fig.
4, the vertical axis shows the relative signal intensity, which was
calculated as the ratio of Si/Smax. For each element, Si and Smax
stand for the signal intensity obtained at an RF power condition
and the maximum signal intensity at the RF power range of 1.1 to
1.6 kW.

As shown in Fig. 4 (a), when the extraction electrode-1 voltage
was set to 4 V, the relative signal intensity for each element
increased with increasing of RF power from 1.1 to 1.6 kW and
reached the maximum at 1.6 kW. As plotted in Fig. 4(b), when the
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extraction electrode-1 voltage was set to -6 V, the maximum
relative signal intensities of Li, Na, K, Rb, and Cs were achieved
at an RF power of 1.2 kW, 1.3 kW, 1.3 kW, 1.3 kW, and 1.4 kW,
respectively. These results showed that the suppression of signal
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intensities occurred even at a low RF power condition for elements
with lower m/z values. When the extraction electrode-1 voltage
was set to more negative values (-16 'V, -26 V, and -36 V, in Figs.
4 (c), (d), and (e), respectively), the maximum relative signal
intensity for each element shifted to lower RF power conditions.
These results indicate that a stronger negative extraction electrode-
1 voltage resulted in a stronger suppression of signal intensities
due to space-charge effects.

The plots in Fig. 4(e) showed that the maximum relative signal
intensity for each element was obtained at an RF power of 1.1 kW,
showing stronger space-charge effects at high RF power condition.
The extent of signal intensity suppression showed a trend of
Li>Na>K>Rb>Cs at each RF power conditions from 1.2 to 1.6
kW, attributable to the m/z value dependence.

Dominating parameters of space-charge effects in the
measurement by ICP-MS. The work by Tanner et al. showed an
additional aperture behind the skimmer cone helped reducing the
total ion current by a factor of about 600, reducing the space charge
effect and improving the ion transmittance. ! This fact supports the
attribution of space charge effects observed at higher RF power
conditions to the strong signal intensities of Ar", indicating
relatively higher total ion current than lower RF power conditions.
The insignificance of space charge effects at lower RF power
conditions can be explained by much lower signal intensities of
dominating polyatomic ions, e.g. OH13" and NO", in comparison
to the signal intensities of dominating monoatomic ions at higher
The work by Chen and
Houk had shown that the Cs matrix induced suppression of Sc

RF power conditions, e.g. Ar" and O".

signal intensities can be apparently alleviated by applying a
slightly positive potential to the first lens after the skimmer cone.*
It was attributed to the relative broadening of the ion beam after
the skimmer cone, with reduced ion flux and less space charge.
The increased space charge effects observed at stronger negatively
voltage on extraction electrode-1 in the present work can be
explained by the relatively narrowing of the ion beam.

Facts to be considered in applications of the measurement by
ICP-MS. There are three major factors dominating the properties
of the sampling point in ICP-MS measurement when other
conditions are identical, e.g. the torch structure, the sample and its
uptake rate, ion lens conditions, efc. These three major factors are
the RF power, the sampling position (or axial position), and the
total gas flow rate at the torch injector (the central tunnel). Multiple
optimal sampling points can be obtained with different
combinations of these three factors. In the present work, the
investigation was conducted at various RF power conditions while
keeping the other two factors steady. There are multiple works
studied the dependence of signal intensities of analyte ions on
sampling position. 4 The results showed optimal sampling
position varied with difference in matrix (e.g. carbon rich) or
heated aerosols prior to introduction to the plasma. These findings
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can be partly attributed to the position shifting of dominating ions
(e.g. OHy', CO*, and Ar”) in the plasma, probably related to space
charge effects.

As shown in Fig. 2 (blue plots, mild extraction), there are two
potential RF power ranges for the measurement at relatively
higher signal intensities, one being over 1.3 kW (hot plasma) and
the other being around 0.8 kW (cold plasma). The hot plasma
condition is matrix-robust due to the extremely high populations
of dominating ions (e.g. Ar*, OF, H"), which result in relatively
lower sensitivities for light elements because of the space charge
effects. The cold plasma condition has a relatively lower (by
approximately two orders of magnitude in comparison to hot
plasma) populations of dominating ions (e.g. OHn", NO*), which
benefit for the measurement of light elements at relatively higher
sensitivities due to the alleviation of space charge. However, the
cold plasma condition can be matrix sensitive due to the relatively
lower populations of dominating ions, requiring proper strategies
(e.g. standard addition, matrix matching, or isotope dilution) for
accurate quantitation.

CONCLUSIONS

The density of “°Ar* is a dominating factor for space-charge effects
in the measurement by ICP-MS. The extent of suppression of
signal intensities increased with increasing the RF power above
1.1 kW and at strong, negative extraction electrode-1 voltages.
Space-charge effects decreased with increasing the m/z value of
the ions of interest. There are two potential RF power ranges for
the measurement at relatively higher signal intensities, one being
over 1.3 kKW as hot plasma condition and the other being around
0.8 kW as cold plasma condition. Relatively higher signal
intensities for ions with an m/z value below 100 were observed at
an RF power of 0.8 to 0.9 kW, indicating this condition as the
optimal value to achieve high sensitivity for these elements.
However, attentions should be paid to other matrix effects such as
ionization or polyatomic interferences when the cold plasma
condition is applied to quantitative analysis.

The present work was based on an Agilent 8800 instrument
with s-lens assembly. The extent of space charge can be different
when other models of ICP-MS instruments were used.
Nevertheless, the trends of relatively strong space charge effects
can be expected at hot plasma conditions, while light elements
may be measured with relatively high sensitivity at cold plasma
conditions.
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