
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

JAAS

www.rsc.org/jaas

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Instrumental Isotope Fractionation in

Multiple-Collector ICP-MS
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ALBAREDE: MASS-BIAS AND TRANSMISSION MC-ICP-MS

Abstract

This work addresses the issue of how isotope mass biases in modern

Multiple-Collector Inductively Coupled Plasma Mass Spectrometers (MC-

ICP-MS) changes with increasing efficiency of ion transfer through the in-

strument, which is known as transmission (τ). For any element, when all

the ions introduced into the source are accounted for at the collector, the10

instrumental mass bias must vanish With the latest cone designs, such as

Thermo Finnigan jet cones, transmissions in excess of 2 percent are now ob-

tained for heavy elements and coincide with smaller values of instrumental

isotope fractionation factors. Transmission of ions across the entire mass

range has been measured on a Thermo Neptune Plus equipped with stan-15

dard and jet cones. It was found that transmission τ of elements above mass

40 increases linearly with the atomic weight. Comparing this relationship

with the well-established linear dependence of ion energy with atomic mass

indicates that high transmission is intimately related to the thermodynamic

reversibility of the gas flow in the interface. Instrumental isotope fractiona-20

tion obeys an exponential law with β as a coefficient. Instrumental isotopic

fractionation is due to the transverse spread of the beam inherited from Ar

thermal movements at the high temperatures of the plasma. It was found

that, for τ > 0.002, the exponential law coefficient β ≈ −0.24± 0.02 ln τ in

contrast to β ≈ 2 at lower transmission. The exponential mass fractionation25

coefficient can be approximated by the following law: β=β0(1− τγ)

1 Introduction

Multiple-Collector Inductively Coupled Plasma Mass Spectrometers (MC-

ICP-MS) have become the instrument of choice to measure the isotope com-

positions of soluble elements. MC-ICP-MS advantages over Thermal Ioniza-30

tion Mass Spectrometers (TIMS) are multiple: (1) essentially any element

can be ionized by electron ionization and exchange with Ar+, (2) the iso-

2
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ALBAREDE: MASS-BIAS AND TRANSMISSION MC-ICP-MS

topic mass bias of the instrument for a particular element can be estimated

by normalizing its isotope abundances to the bias measured on an element

of nearby atomic masses, for example Cu and Zn or Pb and Tl, and (3) the35

isotopic mass-dependent bias of the instrument can be corrected by brack-

eting the sample run with standard runs, and (4) the isotope composition of

nearly all elements with as few as two isotopes (with exceptions such as H, C,

O, N, Ar can be measured. MC-ICP-MS main drawbacks are the prevalence

of isobaric interferences, which high-resolution capabilities are bringing to40

resolution at least for heavy elements, and a so-far smaller ion transmis-

sions relative to TIMS, which new interface technologies and in particular

cone geometry are also in the process of resolving. To date, transmission of

two ions collected for 100 atoms of heavy elements such as Pb and U intro-

duced into the plasma is the new standard achieved by modern commercial45

MC-ICP-MS instruments. The major concern of MC-ICP-MS techniques is

the rather strong mass bias affecting isotope measurements (in the percent

range) relative to the permil range offered by TIMS. Achieving < 1 ppm

precisions as with TIMS remains the major challenge of MC-ICP-MS.

Instrumental mass-fractionation on MC-ICP-MS instruments (mass bias)50

can now be made stable and reproducible by the analyst, even if the under-

lying physics is not perfectly understood. In the early days, a range of mass

fractionation laws has been used to correct the mass bias, typically laws

qualified as linear, exponential, power, kinetic, etc [1,2]. Albarede et al.

[3] demonstrated that all these laws only reflect particular ways of expand-55

ing machine transmission as a function of mass difference using different

functional relationships. Maréchal et al. [4] provided a unified conceptual

framework in the form of a Generalized Fractionation Law (GFL), which

covers most of the instrumental fractionation laws with the exception of the

linear law, which is not internally consistent. Two decades of intensive work60

3
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ALBAREDE: MASS-BIAS AND TRANSMISSION MC-ICP-MS

have demonstrated that the exponential mass fractionation law

nj/ni

nj
0/n

i
0

=
nj/nj

0

ni/ni
0

=
τj

τi
=

(

Mj

Mi

)β

(1)

where n stands for the number of ions, i and j for two isotopes of the same

element, M for the atomic mass, β for the fractionation factor, and τ for

the transmission of the mass spectrometer for a particular nuclide is suitable

for most analytical data. Unsubscripted n’s are measured values, while the65

0 subscript signals abundances in the original solution. The exponential

law accounts for most of the measured mass bias, but the physics of mass

fractionation remains too elusive for the issue to be settled. It was found by

many groups that a value of β of ∼2 fits most of the elements across the mass

range, a remarkable feature for which Maréchal et al. [4] discussed possible70

interpretations. This value reflects that light isotopes are preferentially lost

from the beam, which has received a variety of interpretations, notably the

effect of space charge.

Increased mass spectrometer transmission both raises new perspectives

and demands a return to the physics of mass bias. It is clear that when75

efficiency of ion transfer through the instrument is total, i.e., when trans-

mission increases to 100 percent for each of the isotopes of a given element,

mass fractionation should vanish and β should be zero. This argument is,

of course, not relevant to mass-dependent fractionation during natural pro-

cesses or sample preparation. Mass spectrometers with full-transmission80

may not be available anytime soon, but transmission is being continuously

improved. With new cone designs, such as Thermo Finnigan Jet sampler

cones combined with X-skimmer cones, yields approaching 2 percent are

now observed to coincide with smaller values of β, typically 1.3 or less, in

contrast with the β=2 of the first instruments constructed 20 years ago. A85

reduction of the mass bias by about half has been first noted for tungsten

[5].

The purpose of the present work is to investigate how the increase of

4
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ALBAREDE: MASS-BIAS AND TRANSMISSION MC-ICP-MS

transmission by a new generation of cones, known as Jet cones, affects the

transmission of a Thermo Finnigan MC-ICP-MS Neptune Plus. We com-90

pared transmission by Jet cones and standard cones from Li to U. We also

compared the transmission law derived from elements with the law derived

from the different isotopes of the same element. We first summarize the prin-

ciples underlying the physics of isotopic bias in ICP-MS. We will describe

the experimental conditions used for the runs, then present the results and95

discuss their interpretation in terms of processes and propose a predictive

law relating mass fractionation and transmission.

Instrumental mass-independent effects, such as odd-even and nuclear

volume effects, will not be covered in this work. Although their existence

has been unambiguously identified and their origin discussed [5,6], their100

amplitude is small and the combination of internal (or external) isotope

normalization with sample-standard bracketing [3] minimizes the incidence

of these processes for sample analysis

2 Background

This part will briefly review some aspects of charged beam focusing relevant105

to MC-ICP-MS. As emphasized by Niu and Houk [7], neutral argon is the

quasi-exclusive species in the plasma of an ICP torch. Ions should therefore

collide with neutral argon far more frequently than with themselves or with

any other species as they pass through the cones. Likewise, the most abun-

dant ion species is Ar+ and the ion beam focusing properties are defined by110

those of the Ar+ beam properties.

The total kinetic energy of a gas Etot with atomic mass m is the sum

of the internal energy (thermal agitation) Eint and of hydrodynamic energy

(energy of the center of mass) Ehydr. Summing over N molecules, each with

5
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ALBAREDE: MASS-BIAS AND TRANSMISSION MC-ICP-MS

their velocity vi, this principle reads115

Etot = m
∑

i

v2i = m
∑

i

(vi − v)2 +mNv2 = Eint + Ehydr (2)

In this equation, v is the velocity of the center of mass. In the torch at near-

atmospheric pressure, the mean free path is very short (typically < µm).

Hence collisions are very frequent and the distribution of vi − v follows a

Maxwell velocity distribution

f (v) = 4π (v − v)2
( m

2πkT

)3/2
e
−
m (v − v)2

2kT (3)

with a standard deviation σ= ∼
√

kT/m, where T is the temperature and k120

the Boltzmann constant. At the high temperatures of the plasma (>6000 K

or ∼ 0.5 eV), most of the energy is thermal and Ehydr can be neglected.

Upon extraction of the gas into the sampler cone, expansion in vacuum pro-

duces a shock barrel and a Mach disk [8]. In a free-drift space (no external

electrostatic field), the total kinetic energy of the gas is conserved and most125

of the internal energy Eint is adiabatically converted into largely unidirec-

tional hydrodynamic energy Ehydr. The internal energy of monatomic Ar

being 3
2kT , the maximum mean-square velocity after the cones is

vmax =

√

3kT

m
(4)

For Ar at a temperature of 6000 K, the maximum gas hydrodynamic velocity

along the mass-spectrometer axis is ∼1930 m s−1. Temperature after expan-130

sion was estimated at ∼ 150 K, as in conventional ICP-MS sources of the

mid to late 90s [7], while modern interfaces equipped with high-speed pumps

removes residual gas and ‘cool’ the beam quite efficiently. This transverse

velocity dispersion is about one percent of the velocity of Ar+ at the entrance

slit of the mass spectrometer acquired in the accelerating field defined by135

the voltage V

vAr+ =

√

2eV

mAr
(5)

6
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ALBAREDE: MASS-BIAS AND TRANSMISSION MC-ICP-MS

In contrast with the thermal velocity distribution, which is controlled by mo-

mentum exchange among gas atoms, molecules, and ions, the hydrodynamic

velocity of Ar+ and other ions is imposed by the velocity of the expanding

Ar neutrals. Like in a turbine, the maximum gain in hydrodynamic kinetic140

energy is equal to the variation of enthalpy H of the expanding gas. The

initial enthalpy of Ar neutrals is

H int
Ar =

5

2
kT (6)

For ions i at neutral Ar velocity, we obtain the very important relationship:

1

2
miv

2
i =

mi

mAr
∆H int

Ar =
mi

mAr

(

5

2
k∆T

)

(7)

where ∆T is the longitudinal temperature drop in the cone. This rela-

tionship has been used to explain the linear correlation between ion kinetic145

energy and their atomic mass [5,9-10].

The mean free path in the gas changes from about 1 µm in the plasma

to >1 m in the vacuum of the instrument [7], so that gas regime changes

from a thermalized state to collisionless ‘laminar’ flow. One of the causes

of the mass bias is therefore the persistence of a transverse component of150

thermal velocity in the Ar+ beam inherited from the Ar velocity distribution

in the torch. Because of the longitudinal cooling by acceleration, a charged

particle beam is not in a 3D equilibrium: the longitudinal and transverse

temperatures are quite different and there is little cooling of the transverse

component.155

The standard deviation of transverse velocity is
√

kT/m, while the tran-

sit time between the source and a transverse plane at the distance L between

sampler aperture and the extraction-lens crossover is
√

2m/eV ×L, so that

the thermal spread of the beam size is

σ =
√

2kT/eV L (8)

If σ > aM, where a is the radius of the skimmer orifice and M optical160

magnification at L, the current density J (r) at the distance r of the optical

7
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ALBAREDE: MASS-BIAS AND TRANSMISSION MC-ICP-MS

axis is [11]

J (r) =
J0
M2

e
−

r2

2σ2






1− e

−
M2a2

2σ2






(9)

in which J0 is the density in the absence of thermal spreading.lthough ther-

mal broadening at a given temperature has therefore no effect on the average

beam size [12], the transverse velocity distribution down the beam axis [12-165

15] shows a near-gaussian distribution of the current density across the beam

and the mass-dependent [4,16], high-radial velocity tail of the distribution

is expected to be lost and produce an isotopic bias. A transverse gaussian

distribution of charge density was indeed assumed by Maréchal et al. [4] in

their discussion of the instrumental mass bias.170

An additional effect that has been called on to account for mass frac-

tionation in ICP-MS is the beam broadening by the mutual Coulombian

repulsion of charges [7, 15, 17-19]. It is known as ‘space charge’ or self-field

effect. Multiple authors suggested that space charge is a major cause of mass

bias for MC-ICP-MS [20-22], while others challenged that view [23]. The175

maximum Ar+ beam intensity Jmax between the skimmer and the entrance

slit is given by the Child-Langmuir equation [9,10], which can be written as

Jmax =
4

9
ǫ0

(

2e

m

)1/2 V 3/2

L2
=

4

9
ǫ0vAr+

V

L2
(10)

where ǫ0 is vacuum permittivity, V the ion energy, and L the distance

travelled by the ions across the acceleration stage. As pointed out by Niu

and Houk [3], space-charge effect, which only applies to the major ions180

Ar+, is significant for quadrupole ICP-MS in which ions are not accelerated

(drift field). In magnetic-sector, and therefore in MC-ICP-MS, where ions

are accelerated to 4-10,000 V, the effect should only be noticeable right

behind the skimmer where ion energy is still small. With Gillson et al.’s

[12] simplifying assumptions for cone geometry, and a typical acceleration185

of 6000 V, Jmax should be ∼0.6 A, i.e., six orders of magnitude larger than

8
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ALBAREDE: MASS-BIAS AND TRANSMISSION MC-ICP-MS

the 0.45 µA of the measured 40Ar+ beam, so that space charge should be

very small. Other ions with m >40 should spread even less than 40Ar+ and

remain confined inside the Ar beam: by virtue of the Gauss theorem, this

confinement should reduce space charge effects even further. For the same190

reason, the effect of space charge is quite noticeable when heavy ions are

added to lighter analytes, e.g., U to Co [12] and Pb [24]: space charge effect

due to traces of heavy ions is a significant component of the broader ‘matrix

effect’.

3 Analytical techniques195

The analytical conditions used for the Neptune Plus are described in Table 1 .

All the data have been obtained under ’dry plasma’ conditions with the help

of an Aridus 2. The values of transmission are those of optimum transmis-

sion, which allows a stable isotope composition to be reproduced with a

2-σ precision of 0.05 permil. Uncertaintes on transmission values are <20200

percent. For elements that are routinely measured for isotope compositions

(Li, Mg, Cu, Zn, Sr, Zr, rare-earth elements, Hf, Tl, Pb, U), we found that

2σ uncertainties on the fractionation factor β are < 0.05. β values shifting

outside this range indicate that cones have to be replaced. The calculated

β values depend to some extent on the assumption that at least one isotope205

ratio is absolutely known in the reference solution. For example, a one per-

mil change of the 205Tl/203Tl and 65Cu/63Cu reference values shifts β by

0.10 and 0.03, respectively. The standard solutions and the reference isotope

ratios used to calculate the β values are given in Table 2 . Concentrations

were varied in order to explore a range of voltage for the leading peak ex-210

tending from 5 to 45 volts. Standard solutions used with the jet cones were

diluted by a factor of 10 with respect to those used with the standard cones

Before we compare the variations of transmission among different ele-

ments (Li, Na, Mg, Al, Ca, Cu Zn, Zr, Nd, Sm, Hf, Tl, Pb, and U), we will

9
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ALBAREDE: MASS-BIAS AND TRANSMISSION MC-ICP-MS

Table 1: Neptune Plus parameters.

Mass spectrometer settings

RF power 1200 W

Cool gas 15 l/min

Auxiliary gas ∼0.9 l/min

Sample gas ∼1.1 l/min

Aridus desolvator settings

Spray chamber temperature 110◦C

Desolvating membrane temp. 160◦C

Ar flow ∼9 l/min

N2 flow ∼0.06 l/min

Nebulizer Savillex 100 µl/min

Jet cones Jet sampler + X skimmer

Standard cones Std sampler + H skimmer

Measurements settings

Mass resolution Low (∼400)

Acquisition 40 cycles

Integration time 4 s

Uptake time 90 s

Ar+ beam 0.45 µA

examine those inferred from the isotopic abundances of a particular element.215

The isotopic bias must be recast into a transmission range and this can be

done in the following way. The total transmission τ of a particular element

can be recast as a function of the transmission τi of each isotope i and of

the isotopic abundance x0i of i in the element:

τ =

∑

ni

Σn0
i

=
∑ ni

n0
i

n0
i

∑

n0
i

=
∑

x0i τi (11)

which simply shows that the transmission for an element is simply the sum220

of the transmission for each isotope weighed by the abundance of the iso-

tope. We then select a reference or ‘normalization’ isotope labelled ‘ref’ and

express the elemental transmission as a function of the transmission of the

10
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ALBAREDE: MASS-BIAS AND TRANSMISSION MC-ICP-MS

Table 2: Standard solutions and reference ratios used to calculate the expo-

nential fractionation factors β.

Elements Standard solutions Reference ratios Reference

Li Neptune Tune Solution* 7Li/6Li 12.0392 Chan et al. [31]

Mg DSM-3 25Mg/24Mg 0.12663 Catanzaro et al. [32]

Cu NIST SRM 976 65Cu/63Cu 0.4476 Marechal et al. [2]

Zn JMC 3-0749 L 66Zn/64Zn 0.56502 Marechal et al. [2]

Sr NIST SRM 987 87Sr/86Sr 0.7103 Raczek et al. [33]

Zr Alpha Aesar el. solution 94Zr/90Zr 0.3379 Nomura et al. [34]

Sn Alpha Aesar el. solution 117Sn/118Sn 0.3178 McNaughton & Rosman [35]

Nd Neptune Tune Solution* 143Nd/144/Nd 0.51196 Wasserburg et al. [36]

Dy Alpha Aesar el. solution 161Dy/163/Dy 0.75872 Chang et al. [37]

Hf JMC 475 178Hf/177Hf 1.467168 Blichert-Toft et al. [19]

Tl Neptune Tune Solution* 205Tl/203Tl 2.38714 Dunstan et al. [38]

Pb NIST SRM 981 207Pb/204Pb 15.4976 Eisele et al. [39]

U IRMM 184 235U/238U 0.007257 Hiess et al. [40]

*The Neptune Tune Solution (PN 1149340) is a dilute HNO3 solution containing Li, Fe, Nd, Hf

and Tl (all from Merck KGaA, Germany), Sr(SRM 987), Pb (SRM 981) and U (SRM 3164). SRM:

NIST reference standard material. Standard solutions used with the jet cones were diluted by a

factor 10 with respect to those used with the standard cones.

reference isotope and make use of the exponential law.

τ = τref
∑

x0i
τi

τref
= τref

∑

x0i

(

Mi

Mref

)β

(12)

and therefore:225

τref =
τ

∑

x0i

(

Mi

Mref

)β
(13)

Using the exponential law one more time, we can now derive the transmission

for an isotope from the elemental transmission of the same element as:

τi = τref

(

Mi

Mref

)β

=

(

Mi

Mref

)β

∑

x0i

(

Mi

Mref

)β
τ (14)
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and finally

τi =
Mβ

i
∑

x0iM
β
i

τ (15)

This equation shows that, in general, transmission should differ only slightly

from one isotope to the next. Changing the isotopic abundances x0i from 5230

and 95 percent changes the τi/τ ratio by 25 percent per a.m.u. at Mi= 6

and by 2 percent at Mi= 200. As a first approximation, it therefore seems

safe to neglect the isotope effect on transmission.

4 Results and Discussion

Table 3 gives the results for a number of ions spanning nearly the entire235

mass range. Fig. 1 shows that for most of the mass range, transmission τ

is proportional to the mass of the analyte with a break at Mi ≈ 40. The

two different scales used in the figure emphasize that the arrays obtained for

the standard and jet cones have very similar shapes. Thallium, which has

better transmission but higher instrumental mass bias than U regardless of240

the cone set used, stands out as an exception. It is unlikely to simply reflect

an incorrect reference 205Tl/203Tl value for the standard solution

The first remarkable observation is the linear dependence of transmission

τ on the mass of the analyte. This observation is reminiscent of the linear

dependence of ion kinetic energy on atomic mass [7,9-10]. The consequential245

correlation between transmission and ion energy is particularly meaningful.

It suggests that transmission increases with the enthalpy drop upon expan-

sion within the interface, which, as for gas expanding within a turbine, is

maximized when conditions approach reversibility. Increasing the mean free

path by using large pumps and reducing friction along the sampler walls by250

machining their shape should help generate a fully laminar flow and increase

expansion velocity.
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Table 3: Elemental transmission τ (number of ions at collector per atom in

solution) measured at a mass resolution of 400. Transmission is not given

for Fe, which demands a much higher resolution to separate the ArO and

ArN isobaric interferences. β is the measured exponential mass fractionation

factor calculated with respect to the reference isotopic ratios of Table 2. Note

the remarkably constant value of −β/ ln τ measured with jet cones except for

Sn.

atomic τ % τ % β∗ β∗
−β/ ln τ −β/ ln τ

weight (std) (jet) (std) (jet) (std) (jet)

Li 6.9 0.003 0.03 1.96 1.87 0.19 0.23

Na 23 0.008 0.094

Mg 24.3 0.016 0.1 1.52 1.47 0.17 0.21

Al 27 0.007 0.111

Ca 40 0.02 0.153

Mn 55 0.027 0.225

Cu 63.5 0.029 0.132 1.38 1.04 0.17 0.17

Zn 65.4 0.037 0.36 1.57 1.46 0.20 0.23

Sr 87.6 0.064 0.5 1.58 1.49 0.21 0.25

Zr 90 0.05 0.415 1.82 1.48 0.24 0.25

Sn 118.7 0.14 0.85 1.69 0.35

Nd 144.2 0.14 0.91 1.75 1.37 0.27 0.28

Dy 162.5 0.18 1.13 1.53 1.0 0.24 0.23

Hf 178.5 0.18 1.23 1.7 1.13 0.27 0.26

Tl 204.4 0.267 1.787 1.67 1.07 0.28 0.27

Pb 207.2 0.24 1.545 1.61 1.0 0.27 0.25

U 238 0.305 1.54 1.34 0.92 0.23 0.23

∗Typical uncertainty ±0.05.
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Figure 1: Transmission as a function of the atomic weight of the elements for

the standard (blue) and jet (red) cones. In order to emphasize the similarity

between the two arrays, two different scales have been used for transmission.

Changes in the mass fraction β with transmission are tabulated in Ta-

ble 3 and shown in Fig. 2 . To the points measured with the standard and

the jet cones, we added the value β=0 for 100 percent transmission. The255

plot of β values measured from isotope compositions versus − ln τ measured

using standard solutions is linear for all the heavy elements, but shows a
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Figure 2: Instrumental isotope fractionation factor (mass bias) β as a func-

tion of transmission τ. Light elements (left) form a curved array with

the point (τ = 1, β = 0), which can be represented with the function

β=β0 (1− τγ). Heavier elements (right) with large values of τ tend form

a linear array with a slope ≈ β0γ.

curvature with an inflexion point at τ ≈0.005 for the lighter elements Li,

Mg, Cu, Zn, Sr, and Zr. With jet cones, the ratio −β/ ln τ is remarquably

constant (≈ 0.24 ± 0.02) for all elements with the exception of Sn. With260

standard cones, this ratio is similar, but only for heavy elements. We surmise

that part of the scatter is due to incorrect reference isotope compositions.

Heavier elements for which τ does not fall below 0.01, do not show an inflex-

ion point. The asymptotic value at low transmission seems to be different

for different light elements. It is not known whether this difference should265

be assigned to incorrect reference isotope compositions adopted for the stan-

dards, to different properties of the ion, or to different tuning conditions of

the instrument.

A simple approximation accounting for the functional relationship be-
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tween β and τ is270

β = β0 (1− τγ) (16)

where β0 is the value of β for small transmissions (typically β ≈ 2 for

τ <0.002) and γ is a constant to be determined from the measurements.

Such a functional relationship has two properties that fit observations: (1) at

low transmission, the mass bias β is constant and reproducible, and (2) when

τ=1, β=0. This is the case for the lighter elements Li, Mg, Zn, and Sr. For275

the asymptotic condition τ→ 1

β → −β0γ ln τ (17)

the plot of β vs − ln τ then becomes linear with a slope of β0γ. Fifteen years

experience on different MC-ICP-MS operated at low transmission indicates

that 1.7 < β < 1.9 [3,4], which suggests a value of β0 ≈ 2 and therefore

γ ≈ 0.12280

Since transmission τ increases with atomic weight, the above functional

relationship between β and τ explains why external isotope standardization

of one element by another element works reasonably well for elements with

similar masses, e.g., Cu and Zn [4], Lu and Yb [25], Pb and Tl [26,27], but

is somewhat less reliable for elements with masses wide apart, such as Cu285

and Fe [28] and Rb and Zr [29,30].

5 Conclusions

Increasing MC-ICP-MS transmission reduces instrumental mass fractiona-

tion. Transmission of elements above mass 40 increases linearly with the

atomic weight, which attests to the effect of thermodynamic reversibil-290

ity during gas expansion within the interface. Instrumental isotope frac-

tionation obeys an exponential law and at high transmission fractionation

can be represented by the relationship β=−0.24 ln τ. The following law
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β=β0(1 − τγ) represents a good approximation of the process across the

range of transmission.295
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