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The effects of adding nitrogen to the central gas flow (Ar + He) of an Ar plasma in laser ablation

inductively coupled plasma mass spectrometry are presented. The optimum central gas flow rate was

found to be negatively correlated with the N2 gas flow rate. The addition of 5–10 ml min�1 nitrogen to

the central channel gas in LA-ICP-MS increases the sensitivity for most of the 65 investigated elements

by a factor of 2–3. The degree of enhancement depends, to some extent, on the 1st ionization energy.

Another important advantage of N2 mixed gas plasma for LA-ICP-MS is that the oxide ratios (ThO+/

Th+) are significantly reduced (one order of magnitude). The hydride ratio (ArH+/Ar+) is also reduced

up to a factor of 3, whereas the doubly charged ion ratio (Ca2+/Ca+) is increased. The background

signals at masses 29, 31, 42, 51, 52 and 55 are significantly increased due to the nitrogen based

polyatomic interferences. Compared to the spatial profiles of the ion distributions in the normal mode

(without nitrogen), the addition of 5 ml min�1 nitrogen leads to significant wider axial profiles and more

uniform distribution of ions with different physical and chemical properties. Our results also show that

the makeup gas flow (central channel gas) rate has a significant effect on the ion distribution of elements

with different physical and chemical properties. A very consistent increase of argon signal by the

addition of nitrogen (5 ml min�1) corroborates better energy transfer effect of nitrogen in the plasma.
Introduction

In the endless quest to enhance analytical capabilities, additional

gases (e.g., N2, He, O2, H2, methane, ethene) other than argon

that bleed into or replace one of the three gas flows of ICP have

been extensively studied since the beginning of ICP as an

ionization source.1–10 Nitrogen is one of the most widely used

molecular gases in ICP-MS, and has been utilized mainly for the

attenuation of polyatomic interferences and matrix effects, and

the improvement of the sensitivity and stability.11–28 Evans and

Ebdon11,12 reduced interference from ArCl+ and ArAr+ on As

and Se by introducing a small amount of N2 or O2 into the Ar

plasma via the nebulizer gas. Using this technique, Branch et al.13

successfully determined As in real sample solutions containing

greater than 1% of chloride. Addition of 1% N2 to the coolant Ar

gas dramatically reduced ArCl+ and ClO+ interferences and

without losing sensitivity for analyte.14 Addition of 3% N2 to the

central channel gas flow has the same effect on polyatomic ions

but causing a decrease in analyte sensitivities.14 However, no

significant effects on oxides (TiO+, CeO+, UO+) and doubly

charged (138Ba2+) ions were observed with or without N2

addition.14 Beauchemin and Craig15 reported a reduction in

sensitivity but improved detection limits owing to improved

plasma stability when a sheathing gas (Ar, N2, or H2) was added

around the aerosol coming out of the spray chamber. They also
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claimed improved accuracy and precision for 57Fe+/56Fe+ and
76Se+/78Se+ isotopic ratios even in the presence of up to 0.1 mol

dm�3 Na by the addition of N2 to the plasma gas.16 Both mass

discrimination and matrix effect were also found to be signifi-

cantly reduced by the addition of 2–10%N2 in the outer gas of an

Ar plasma.17,18 Lam and Horlick19 found that nitrogen addition

to the coolant gas attenuated polyatomic interferences (MO+,

ArO+, ArOH+, ArAr+, ClO+, and ArCl+) by an order of magni-

tude and enhanced analyte signals up to a factor of 4. The degree

of signal enhancement rate was found to be correlated with the

metal oxide bond energy and also, to some extent, with the first

ionization potential of the analyte element. Lam and McLaren20

investigated the use of nitrogen addition at 8% to the coolant gas

for reduction of UO+ and ArO+. Hill et al.,21 Laborda et al.22 and

Velde-Koert and Boer23 applied simplex optimization of the

operating parameters of the spectrometer in combination with

the addition of nitrogen to the outer or aerosol carrier gas to

reduce the polyatomic interferences. In their investigation,

special attention was paid to chlorine-based and argon dimer

polyatomic interferences. Louie and Soo24 added nitrogen and

hydrogen to the main argon gas inlet of an ICP-MS. Signal

enhancement was found to be greater with the Ar-N2 than the

Ar-H2 plasma. Whereas the use of an Ar-N2 plasma was affected

by interferences from polyatomic species of nitrogen, no signifi-

cant increase in background signals was observed when the

Ar-H2 plasma was used. The mechanism for this enhancement is

not well understood, but could be due to the higher thermal

conductivity of the Ar–N2 mixed plasma.3,19

The physical attributes of a nitrogen–argon plasma are very

different from those of an Ar plasma. Besides a shrinkage of the

whole plasma, a 30% increase in electron density was reported by
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Table 1 Summary of the operating conditions used for LA-ICP-MS
measurements

GeoLas 2005 laser ablation system
Wavelength 193 nm, Excimer laser
Pulse length 15 ns
Energy density 12 J cm�2

Spot size 32 mm
Laser frequency 8 Hz
Ablation cell gas Helium (0.60 l min�1)
Makeup gas Argon (0.30–1.3 l min�1)
Agilent 7500a ICP-MS
rf power 950, 1150, 1350 W
Plasma gas flow rate 14.0 l min�1

Auxiliary gas flow rate 1.0 l min�1

Sampling depth 3, 4, 5, 7, 10 mm
Horizontal position 0, �0.2, �0.4, �0.6, �0.8,

�1.0, �1.2, �1.4 mm
Sampler 1 mm Ni
Skimmer 0.4 mm Ni
Ion optic settings Typical
Dwell time per isotope 10 ms
Detector mode Dual
Choot and Horlick1 with 10% N2 in the outer gas. Also, Ishii

et al.25 reported higher axial temperatures in the mixed-plasma

for 5–10% nitrogen. The plasma shrinkage effectively moved the

initial radiation zone (IRZ) away from the sampling cone,

thereby requiring an increase in aerosol carrier gas or a lower

sampling depth.19 The addition of 5.9% N2 to the plasma gas

changed the bell-shaped analyte radial profiles into bimodal

ones, which have a similar shape to the flattened and broadened

profiles of Ar+ and argon-containing polyatomic ions.26 This

observation, together with the absence of correlation between

analyte signal and ionization potential, suggests that a predomi-

nant ionization mechanism in such a mixed-gas plasma may be

charge transfer from Ar+.26 An addition of nitrogen to the

aerosol carrier gas flow resulted in a plasma resembling a cold Ar

plasma, with a wider and more diffuse central channel than that

found under normal operating conditions of an Ar ICP.27

Recently, Holliday and Beauchemin28 published a critical review

about the spatial profiling of analyte signal intensities in

ICP-MS.

Laser ablation-inductively coupled plasma mass spectrometry

(LA-ICP-MS) has been widely used for trace element and isotope

ratio determination in solids.29–32 The capability of LA-ICP-MS

has strongly improved since its introduction, particularly with

the use of a shorter laser ablation wavelength33 and pulse width34

and the use of helium instead of argon as ablation gas.35,36

Advantages of this approach include little sample preparation,

rapid throughput, spatially-resolved analysis and reduced water-

related spectral interferences in the ICP. As summarized above,

the addition of nitrogen to the ICP can be beneficial for

analytical purpose in solution ICP-MS. However, the

elimination of water loading of the ICP may influence its ther-

modynamic properties such that any analytical improvements in

LA-ICP-MS would be different from those obtained with solu-

tion (SN)-ICP-MS. For example, Alder et al.37 found that the

presence of a small amount of water could increase the ionization

and excitation temperatures and electron number density in the

plasma. They advocate that it is the hydrogen from water that

increases the electron density. This explanation has been

demonstrated by adding hydrogen into the injection flow

through which a noticeable increase of temperature was observed

in ICP.38,39 Huang et al.40 concluded that the water solvent effect

depends on whether the hydrogen can be released without

cooling the plasma, that is, whether the hydrogen enhancement

or the solvent cooling dominates the solvent effect. A general

trend of increasing signal enhancement factor with increasing

ionization potential in the presence of water aerosol was reported

by Hu in LA-ICP-MS.41 More recently, Guillong and Heinrich42

reported that the addition of hydrogen (4–9 ml min�1) to the

helium carrier gas flow in 193 nm excimer laser ablation

increased the sensitivity for most of 47 investigated elements by

a factor of 2–4. However, almost no sensitivity enhancement was

found for nitrogen addition (1–10 ml min�1) in their investiga-

tion.42 Durrant43 first reported that addition of about 1% v/v N2

to the coolant flow or addition of about 12% N2 to the cell gas

increased the Ce+ and Th+ signal sensitivities by a factor of 2–3

and reduced CeO+/Ce+ and ThO+/Th+ ratios by a factor of 2–3 in

LA-ICP-MS. Nesbitt et al.44 also reported the enhanced sensi-

tivity of heavy mass elements by about a factor of 10 (>100 amu)

by an addition of small amounts of N2 (0.4 ml min�1) into the
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carrier gas in LA-ICP-MS, whereas the signal intensity of the low

mass elements were suppressed by about a factor of 10. Iizuka

and Hirata45 reported that the elemental sensitivities for Hf, Lu

and Yb increased by a factor of 2–3 when N2 was added into the

carrier gas at a rate of 4 ml min�1. This N2 mixing technique was

successfully used to improve the precision and accuracy for in-

situ Hf isotope microanalysis of zircon using LA-MC-ICPMS.

In the present study, we systematically investigated the effects

and limitations of small amounts of nitrogen mixed to the central

channel gas flow of LA-ICP-MS. ICP parameters as well as

interferences for multi-element capabilities are studied in detail.

In an attempt to gain information on the mechanisms that are

involved in the improvement of signal sensitivity, spatial

profiling of ion distributions in Ar-He plasmas were also made in

the presence or absence of nitrogen.
Experimental

Instrumentation

Experiments were carried out using an Agilent 7500a ICP-MS

instrument (Agilent Technologies Japan) in combination with an

excimer 193 nm laser ablation system (GeoLas 2005, Lambda

Physik, Göttingen, Germany). All LA-ICP-MS measurements

were carried out using time resolved analysis in fast, peak

jumping mode. Details of the instrumental operating conditions

and measurement parameters are summarized in Table 1. Helium

was used as carrier gas through the ablation cell and was merged

with argon (makeup gas) behind the ablation cell. The carrier

and make-up gas flows were optimized to obtain maximum

signal intensity for 139La+, while keeping the ThO+/Th+ ratio

below 0.5% and the U+/Th+ ratio close to 1 (NIST SRM 610).

The sampling depth was fixed at 5 mm. ‘‘Sampling depth’’ here

refers to the value set in the instrument control software, which is

approximately 5 mm less than the actual distance between the

end of the load coil and the sampler orifice (i.e. height above load

coil, HALC). In order to eliminate the possible effect on ablation

processes, we use a simple Y junction downstream from the

sample cell to add small amounts of nitrogen to the argon
This journal is ª The Royal Society of Chemistry 2008



Fig. 1 Schematic set-up of the laser ablation ICP-MS system for the

addition of small amounts of nitrogen. MFC denotes mass flow

controller.

Fig. 3 Effect of varying rf powers and makeup gas (central channel gas)

flow rates on the signal intensity of La in both the normal and nitrogen

(5 ml min�1) modes.
makeup gas flow (Fig. 1). The additional gas flow is controlled by

a mass flow controller (MKS Instruments, USA) with a range up

to 20 ml min�1. Prior to the acquisition of ICP-MS signal, the

additional gas flow is increased to the desired value over about

2 min. The ion distribution profiles were acquired by scanning

the ICP torch horizontally between �1.4 mm and +1.4 mm

across the sampler orifice (Table 1). Movement was performed

using the software controlled motorized translation stage of the

ICP-MS. The vertical profiles were recorded at five different

sampling depths, between 3 mm and 10 mm according to the

instrument control. All data were acquired on NIST SRM 610

glass in single spot ablation mode. Each measurement consisted

of 30 s acquisition of the background signal followed by 40 s

ablation signal acquisition. All data were calculated from back-

ground corrected intensities.

Results and discussion

Effect on sensitivity

The normalized signal intensity of La as a function of N2 addi-

tion is illustrated in Fig. 2. It can be seen that increasing nitrogen

addition from 1 ml min�1 to 5 ml min�1 leads to a gradual

increase in normalized signal intensity. However, the maximum

signal enhancement factor for La was only about 1.3 by the

addition of 1–10 ml min�1 nitrogen under our given instrument

conditions. It has been noted that the central gas flow rate must

be reduced to maximize the signal when N2 is present in the
Fig. 2 The sensitivity of La as a function of N2 addition relative to

pure He + Ar flow at an rf power of 1350 W and makeup gas flow rate of

1.0 l min�1.
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central gas of ICP-MS.19 Fig. 3 illustrates the signal intensity of

La as a function of makeup gas flow rate at rf powers of 950 W,

1150W and 1350W in both the normal and nitrogen (5 ml min�1)

modes. The optimum makeup gas flow rates (corresponding to

the maximum signal intensity) of La in the nitrogen mode (5 ml

min�1) were all shifted to a lower makeup gas flow rate by about

0.15–0.20 l min�1 relative to those applied for the normal mode,

and an enhancement factor of 2 was obtained at all rf power

settings. The optimum makeup gas flow rate was found to be

negatively correlated with the N2 gas flow rate (Fig. 4). To show

the possible enhancement for multi-element analysis, 65 elements

were measured at different rf powers and their corresponding

optimum makeup gas flow rates in both normal and nitrogen

modes for comparison. The sensitivity enhancement factor for

the nitrogen mode compared to the normal mode is shown in

Fig. 5. Most elements have an enhancement factor of 2–3. Sulfur,

arsenic and iodine have an enhancement factor of 3–4. Most of

the easily ionized elements have an enhancement factor between

1.2 and 2 (e.g. Li, Na, K). The signal enhancement factors are in

accordance with the published data for Ce and Th (up to a factor

of 3) by Durrant43 and for Hf, Lu and Yb (up to a factor of 3) by

Iizuka and Hirata.45 Unlike hydrogen and methane, no obvious

sensitivity enhancement was found for nitrogen addition
Fig. 4 Signal intensity of La as a function of makeup gas (central

channel gas) flow rate in the presence of 0, 5 and 10 ml min�1 N2 flow,

respectively.
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Fig. 5 Sensitivity enhancement factors for 65 elements in the presence of 5 and 10 ml min�1 N2 relative to the normal mode (He + Ar) at different rf

powers and their corresponding optimum makeup gas flow rates.
(1–10 ml min�1) in LA-ICP-MS by Guillong and Heinrich.42

Only slight increase for selected elements like arsenic (enhance-

ment factor 1.3) and gold (1.5) was observed, but sensitivities of

other elements decreased with increasing nitrogen flow. Since

they acquired their data at the same central gas flow rate, change

in optimum central gas flow rate due to the addition of N2 is

probably the main reason why they, using nitrogen as the addi-

tional gas in LA-ICP-MS, have not found the same signal

enhancement as has been documented in this work and refer-

ences.43,45 Fig. 6 illustrates the relation between the signal

enhancement factor and the first ionization potential for the 65

elements. There is a roughly increasing trend of signal enhance-

ment factor with increasing ionization potential. However, the

significant scatter shows that this is not the only controlling

parameter. The greater enhancement for elements with higher 1st

ionization energy can be interpreted as an indicator of a higher

electron temperature. Whereas, the thermal conductivity of the

involved gases nitrogen, helium, and argon (N2: 24.75, He: 151.3,

Ar: 17.95 mW m�1 K�1 at 300 K) does not explain the increased

heat transfer to improve the ionization efficiency. Charge

transfer from NO+ (IP ¼ 9.26 eV) to M has been proposed to

explain the sensitivity enhancements of the hard-to-ionize
Fig. 6 Correlation of the 1st ionization energy and the sensitivity

enhancement factor for nitrogen addition.
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analytes in nitrogen–argon mixed gas ICP.2,19 This charge

transfer reaction requires that the ionization potential of the NO

exceeds the value of M. As a result, the NO+–analyte atom

charge transfer reaction hypothesis is not applicable to the signal

enhancement of elements whose ionization potential is higher

than that of NO (e.g., As, Se, S, I). Since no water solvent is

present in LA-ICP-MS (water contains a high proportion of

oxygen), the amount of NO+ is also expected to be very small. It

has been noted that N2 has a thermal conductivity, which is

higher than that of argon by a factor of 32 at 7000 K.43,46 It is

therefore possible that the increased sensitivity enhancements

result from the increased thermal conductivity. A similar but

slighty stronger enhancement effect (for most of the 47 investi-

gated elements by a factor of 2–4) was found for the addition of

hydrogen (4–9 ml min�1) in LA-ICP-MS by Guillong and

Heinrich.42 This H2 mixing technique is of immediate benefit for

many applications. However, the simple N2 mixing technique

described here has the potential advantage of easier handling and

different kinds of interferences.

Several applications can benefit from the nitrogen addition.

The simultaneous determinations of U–Pb age, Hf isotopes and

trace element compositions of zircon by excimer laser ablation

quadrupole and multiple collector ICP–MS is now done

routinely in our laboratory.47 To obtain further improvements in

precision of the trace element and isotopic data from zircon

material with a small ablation pit size, enhancement of the

elemental sensitivity of the LA-MC-ICP-MS/LA-ICP-MS

instrument was highly required. Other applications such as the

determination of crystal-melt trace element partition coeffi-

cient,48where improved limits of detection or an increased spatial

resolution is of importance, are possible candidates to benefit

from the nitrogen mode in LA-ICP-MS.

Effect on background and interferences

Although instrumental sensitivity affects the analytical capabil-

ities of ICP-MS, instrumental background signals at respective

masses have at least equal importance. It is expected that nitride

formation is a problem for some elements by the presence of

nitrogen in the plasma. Average gas blank intensities for the

normal mode and the nitrogen mode (N2 ¼ 5 ml min�1) at rf

powers of 1350 W and 1150 W are shown in Fig. 7. The makeup
This journal is ª The Royal Society of Chemistry 2008



Fig. 7 Average gas blank intensities for the normal and nitrogen modes at rf powers of (a) 1350 W and (b) 1150 W and their corresponding optimum

makeup gas flow rate.
gas flow rates were adjusted to the optimum values in both

normal and nitrogen modes, respectively. Higher gas blank

intensities can be found especially on 29Si+ from 14N14N1H+ and
14N15N+, on 31P+ from15N16O+, 14N16O1H+ and 15N15N1H+, on
42Ca+ from 14N14N14N+ and 12C14N16O+, on 51V from 36Ar15N+ and
36Ar14N1H+, on 52Cr+ from 38Ar14N+ and 36Ar15N1H+, and on
55Mn+ from 40Ar14N1H+ and 40Ar15N+. These interferences were

not identified but are proposed as the most likely ones. Elements

whose background signals higher than 10 CPS usually have an

increased gas blank by the similar factor as the sensitivity

increase of the signal. The gas blank of these elements is domi-

nated by contamination of the elements. Elements (e.g., REE)

with gas blanks less than 10 CPS that are mainly dominated by

the dark counts have very similar gas blank intensities for both

modes.

It is also likely that the formation of molecular ions from

nitrogen with elements present in the sample analyzed may cause

additional interferences. We thus analyzed zircon (ZrSiO4)

standard GJ-1 and pure copper (Cu). The yield of 90Zr14N+/90Zr+

is 0.00032% and 0.00062% in the presence of 5 ml min�1 and 10

ml min�1 of nitrogen at a fixed power of 1350 W and their cor-

responding optimum makeup gas flow rate, respectively. The

yield of 63Cu14N+/63Cu+ is 0.000048% and 0.000088% in the

presence of 5 ml min�1 and 10 ml min�1 of nitrogen, respectively.

Thus, the interferences of molecular ions from nitrogen with

elements present in the sample analyzed are usually negligible.
Effect on oxides

Oxides represent one important concern for trace metal anal-

yses in ICP-MS techniques. For analysis of geological materials
This journal is ª The Royal Society of Chemistry 2008
potentially troublesome examples include the interference of Ba

and light rare earth elements (LREE) oxides on middle rare

earth elements (MREE) as well as MREE oxides on heavy rare

earth elements (HREE), and HREE oxides on Re. In LA-ICP-

MS, as sample material cannot be chemically treated prior to

analysis to remove specific troublesome elements, oxides may

be of particular concern. Kent and Ungerer49 confirm that

oxide production in LA-ICP-MS is related to the strength of

the M–O bond in the MO+ ion, and in agreement with solu-

tion-based measurements and theoretical considerations, M–O

bond strength correlates linearly with log(MO+/M+). Moni-

toring the ThO+/Th+ ratio is particularly useful for LA-ICP-MS

as there is no naturally occurring isotope at the ThO+ mass

(248), and the Th–O bond is among the strongest known for

oxides (878.9 KJ mol�1) and thus ThO+/Th+ production rates

should also represent the maximum oxide production rate

expected for a given set of plasma conditions. Fig. 8 shows the

ThO+/Th+ ratio as a function of makeup gas flow rate in both

normal and nitrogen modes (5 ml min�1) at (a) 1350 W and (b)

1150 W [The dashed lines show the difference (0.15–0.20

l min�1) of optimum makeup gas flow rates for normal and

nitrogen (5 ml min�1) modes, which yield the maximum signal

intensity of Th + ]. Under the corresponding optimum makeup

gas flow rate, the ThO+/Th+ ratio decreased from about 0.2% in

the normal mode to about 0.02% in the nitrogen mode (Fig. 8).

The lower oxide ratio may indicate higher gas temperature, and

which could result in decomposition of MO. However, the

significantly increased NO+ signal in nitrogen mode suggests

that removal of oxygen through NO formation is the domi-

nating reason for the reduction of the oxide ratio (Fig. 9).

Compared to the H2 mixing technique,42 the significantly
J. Anal. At. Spectrom., 2008, 23, 1093–1101 | 1097



Fig. 8 Effect of makeup gas flow rate on ThO+/Th+ ratio at rf powers of

(a) 1350 W and (b) 1150 W for the normal and nitrogen (5 ml min�1)

modes. The dashed lines show the difference (0.15–0.20 l min�1) of

optimummakeup gas flow rates for the normal and nitrogen (5 ml min�1)

modes, which yield the maximum signal intensity of Th+.

Fig. 9 Effect of makeup gas flow rate on 15N16O+ signal at an rf power of

1150 W for the normal and nitrogen modes.

Fig. 10 Effect of makeup gas flow rate on 38Ar1H+/38Ar+ ratio at an rf

power of 1150 W for the normal and nitrogen modes. The dashed lines

show the difference (0.2–0.30 l min�1) of optimum makeup gas flow rates

for normal and nitrogen (5–10 ml min�1) modes, which yield the

maximum signal intensity of K+.

Fig. 11 Effect of makeup gas flow rate on 42Ca2+/42Ca+ at an rf power of

1150 W for the normal and nitrogen modes. The dashed lines show the

difference (0.20–0.30 l min�1) of optimum makeup gas flow rates for

normal and nitrogen (5–10 ml min�1) modes, which yield the maximum

signal intensity of 42Ca+.
reduced oxide formation is the major advantage of the N2

mixing technique.
Effect on hydride and doubly charged ions

Hydride (MH+) and doubly charged (M2+) ions are other clas-

sical interferences in ICP-MS. In this investigation, ArH+/Ar+ is

used to represent the hydride production, and 42Ca+ is selected to
1098 | J. Anal. At. Spectrom., 2008, 23, 1093–1101
study the yield of doubly charged ions since 21Ne is not present in

the NIST SRM 610 and almost not ionized in the plasma due to

its high first ionization potential (21.56 eV). As shown in Fig. 10,

the ArH+/Ar+ formation decreases from 0.50% in the normal

mode to about 0.17% in the nitrogen mode (10 ml min�1) at their

corresponding optimum carrier gas flow rate. The reduced

hydride ratio may be due to the competition reaction of H with

nitrogen. In contrast, the doubly-charged ratio (Ca2+/Ca+)

increased from 0.47% in the normal mode to 0.63% in the

nitrogen mode (Fig. 11). The higher doubly-charged ratio can

also be interpreted as an indication for a higher electron

temperature in the plasma when nitrogen is present. It is there-

fore important to note that the increased doubly-charged ratio

can become a problem with applications where elements with low

2nd ionization energy are involved (e.g., Ca, Ba, REE).
Effect on spatial profiles of the ion distributions

Laser ablation is known to produce a complex aerosol with

different particle sizes50 and particle size dependent elemental
This journal is ª The Royal Society of Chemistry 2008



Fig. 12 Radial and axial intensity distributions for selected elements at an rf power of 1350 W in the normal (makeup gas flow rates: 0.90 l min�1 and

1.0 l min�1) and nitrogen (makeup gas flow rate: 0.90 l min�1; N2 ¼ 5 ml min�1) modes.
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composition51,52 and therefore leads to a complex interaction of

these particles with the ICP.53 The distribution of ions within the

ICP provides useful information about the treatment of the

aerosol inside the ion source and the history of the analyte ion

before sampling by the vacuum interface, and valuable insight

into the predominant ionization mechanism(s).28,53 MacEdone

et al.54 have recently shown that the signal intensities measured

by scanning the ICP across the sampler orifice do actually

represent the distribution of ions within the ICP. It should be

noted, however, that the measured ion signals most probably do

not represent the absolute number densities within the ICP.53

Especially the presence of the vacuum interface in contact with

the ICP may alter the ion and electron number densities for

different radial and axial sampling positions differently.55 More

recently, Wang et al.53 have made an excellent study about the

dependence of the radial and axial ion distributions in the ICP

for aerosols generated from silicate samples at different laser

ablation conditions (wavelength, pulse duration, carrier gas). In

the present study, we focused on the effect of small amounts of

N2 mixed to the central channel gas (Ar + He) on the spatial

profiles of the ion distributions. Fig. 12 shows the ion distribu-

tions of selected elements with different physical and chemical

properties in both normal and nitrogen modes. The spatial

profiles of the ion distributions are non-symmetric especially at

the higher sampling depth in the nitrogen mode. This may be

caused by a distortion of the symmetry of the ICP through the

torch box exhaust system which is arranged so that the gas flow is

dragged towards the negative positions of the torch. It has been

reported that the dependence of ion distributions on atomic mass

is reduced and the profiles for easily vaporized and refractory

elements (85Rb vs. 93Nb) are almost identical, while the depen-

dence on ionization energy remains significant when helium is

used as carrier gas, which is a result of faster vaporization of the

aerosol and higher mobility of vapor and ions when helium is

present in the central channel of the ICP.53 Our results show that

the makeup gas flow rate (central channel gas) has a significant

effect on the ion distribution of elements with different physical

and chemical properties. All elements’ axial width increased

significantly with increasing makeup gas flow rate (Fig. 12). At

the high makeup gas flow rate (1.0 l min�1), the profile difference

for easily vaporized and refractory elements (85Rb+ vs. 90Nb+,
93Zr+ and 139La+) are very small. However, high first ionization

element 75As+ (9.81 eV) shows a remarkably faster decay relative
Fig. 13 Radial and axial intensity distributions for Ar+ at an rf power of 1350

nitrogen (makeup gas flow rate: 0.90 l min�1; N2 ¼ 5 ml min�1) modes.
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to the easily ionized element 85Rb+ (4.18 eV) with increasing

sampling depth. The increased makeup gas flow rate is thought

to lead to a cooling effect in the plasma. As show in Fig. 13, the

signal intensities of Ar+ are significantly reduced by the increase

of makeup gas from 0.90 l min�1 to 1.0 l min�1. The very high first

ionization potential of Ar makes it very sensitive to the variation

of temperature in plasma. The rapid decay of 75As+ signal with

increasing sampling depth is thus attributed to the neutralization,

which is most pronounced for ions with high ionization energies

especially at high makeup gas flow rate. On the contrary, 93Nb+,
90Zr+ and 139La+ show obviously wider axial distributions than

easily vaporized element 85Rb+ at the low makeup gas flow rate

(0.90 l min�1), whereas, the profile difference for different ioni-

zation energy elements (85Rb vs. 75As) is very small. The axial ion

distribution is expected to be a convolution between radial

diffusion and vaporization of the aerosol particles following the

flow of the carrier gas inside the central channel of the ICP.53

Atoms and ions have the greatest mobility and thus can move

further away from the axis of the ICP, while particles should

generally follow the streamlines of the carrier gas when entering

the central channel.56,57 Elements like Nb, Zr and La, which are

less efficiently vaporized in the aerosol particle, are supposed to

survive longer in the plasma, and thus can move further away

along the axis of the ICP. The reduced profile difference for

different ionization energy elements should be attributed to the

reduced cooling effect at the lower makeup gas rate. Compared

to the spatial profiles of the ion distributions in normal mode,

there is a significant wider axial profile and more uniform

distribution of ions in the nitrogen mode (Fig. 12). Not only the

profile difference for easily vaporized and refractory elements

(85Rb+ vs. 93Nb+, 90Zr+ and 139La+) are reduced, but also the

profile difference for different first ionization elements (85Rb+ vs.
75As+) is minimized, and consequently variability in the intensity

ratios for different elements is reduced. Improving argon signal

intensity needs higher plasma excitation temperature owing to its

high ionization potential (15.76 eV). There is a very consistent

increase of argon signal in the presence of nitrogen (5 ml min�1)

which corroborates better energy transfer effect of nitrogen in the

plasma (Fig. 13). However, the significantly changed spatial

profiles of the ion distributions and increased signal intensities

suggest that the addition of small amounts of N2 affect not only

the fundamental parameters and bulk properties of the plasma,

but also how energy is coupled and transported through the
W in the normal (makeup gas flow rates: 0.90 l min�1 and 1.0 l min�1) and
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discharge and how that energy interacts with the sample. Further

investigations are needed to reveal the exact mechanism.
Conclusions

Results presented here indicate that adding small amounts of

nitrogen to the central gas flow has an important role in

improving the performance of LA-ICP-MS. The sensitivities for

most of 65 investigated elements were increased by a factor of 2–

3 while ThO+/Th+ ratio is reduced by one order of magnitude.

Hydride ratios are also modestly reduced (up to a factor of 3).

However, doubly charged ion ratios are increased. Compared to

the spatial profiles of the ion distributions in normal mode

(without nitrogen), a significant wider axial profile and more

uniform distribution of ions with different physical and chemical

properties are observed in nitrogen mode. The sensitivity

enhancement and more uniform distribution of ions results

partly from a higher plasma temperature, and therefore higher

ionization efficiency. A very consistent increase of argon signal

by the addition of nitrogen supports better energy transfer effect

of nitrogen in the plasma. Because of the simplicity of the

method, it will be of immediate benefit for applications where

improved limits of detection or an increased spatial resolution is

of importance.
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