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Abstract

The basic principles of secondary ion mass spectrometry and glow discharge mass spectrometry have been shortly revisited. The applications
of both techniques as exploited for the isotope ratio measurements in several matrices have been reviewed. Emphasis has been given to research
fields in expansions such as solar system studies, medicine, biology, environment and nuclear forensic.

The characteristics of the two techniques are discussed in terms of sensitivity and methodology of quantification. Considerations on the
d
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ifferent detection possibilities in SIMS are also presented.
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1. Introduction

One of the main characteristics of mass spectrometry is
its possibility for determining isotopic abundance. Precise
and accurate isotope ratio measurements are of high impor-
tance in several fields of research and applications[1–5]. For
instance, the measurements of stable isotopes in nature are
exploited to investigate their variation and/or age dating. Iso-
tope ratios of radiogenic elements are of extreme interest in
nuclear industry; quality assurance of nuclear fuel materials
and radioactive waste control. Other fields of research where
isotope ratio measurements play an extremely important role
are: nuclear safeguards of clandestine nuclear activities; mon-
itoring of radioactivity in the environment during routine op-
erations as well as in case of radiological alarm. Moreover,
many applications in medicine and biology are based on the
knowledge of isotope ratios.

Glow discharge mass spectrometry (GDMS) and sec-
ondary ion mass spectrometry (SIMS) are both solid mass
spectrometric techniques. However, they differ in several
characteristics, for instance the ionisation and atomisa-
tion mechanisms, the detection mode (imaging detection in
SIMS), the capability to analyse microstructure or micro-
particles. In some recent publications the reader can find these
techniques described[6–10]. However, the general principles
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potential importance in the late 1960s and early 1970s as a
consequence of the work of Benninghoven and his group in
Münster. Whilst the SIMS technique is basically destructive,
the Münster group demonstrated that using a very low pri-
mary particle flux density (<1 nA cm−2) spectral data could
be generated in a time scale which is very short compared to
the lifetime of the surface layer.

On the other hand, the technique is known as dynamic
SIMS due to its destructive capability to analyse the elemen-
tal composition of materials as a function of depth. Dynamic
SIMS has found extensive application throughout the semi-
conductor industry where the technique had a unique capa-
bility to identify chemically the ultra-low levels of charge
carriers in semiconductor materials and to characterise the
layer structure of devices.

SIMS is particularly noted for its outstanding sensitiv-
ity of chemical and isotopic detection. Quantitative or semi-
quantitative analysis can be performed for small concentra-
tions of most elements in the periodic table, including the
lightest. However, the high versatility of SIMS is mainly due
to the combination of high sensitivity with good topographic
resolution, both in depth and (for imaging SIMS) laterally. It
is generally superior trace element sensitivity, capability for
spatial resolution in three dimensions and for isotope mea-
surements, as well as potential for identification of chemical
c erred
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f both methods will be briefly reviewed in this article. Th
ocus will be on the exploitation of SIMS and GDMS for t
sotopic ratio measurements in different matrices and fi
f research and applications. Due to the large variatio
pplications, this review does not pretend to be exhaust
ll available literature and considers mostly the developm
uring the last 5 years emphasising the most challengin
earch fields.

. Secondary ion mass spectrometry

Secondary ion mass spectrometry (SIMS) is based o
ass spectrometry of ionised particles that are emitted
surface, usually a solid, is bombarded by energetic pri
articles, which may be electrons, ions, neutrals or pho
he emitted or “secondary” particles will be electrons, neu
pecies, atoms or molecules, or atomic and cluster ions
arge majority of species emitted are neutral, but it is
econdary ions that are detected and analysed by the
pectrometer. This is a process that provides a mass spe
f a surface and enables a detailed chemical analysis
urface or solid to be performed.

Today, SIMS has an acknowledged place among the m
echniques of surface analysis and micro-structural ch
erisation of solids. Static SIMS emerged as a techniqu
s

ompounds in many cases, make SIMS one of the pref
ethods for the solution of an analytical problem.
Deficiencies, however, still exist in the capability of SIM

or quantitative elemental analyses compared to other su
echniques (Auger, X-ray photoelectron spectroscopy,
ron microprobe techniques, etc.). These deficiencies c
raced to the extreme dependence of relative and abs
econdary ion yields on several parameters. Among the
ollowing are the most important:

matrix effects;
surface coverage of reactive elements;
angle of incidence of primary beam with respect to
sample surface;
angle of emission of detected ions;
mass-dependent transmission of the mass spectrom
energy band-pass of the mass spectrometer;
dependence of detector efficiency on element.

Quantitative elemental SIMS analysis poses a two
roblem. Firstly, spectral interpretation, namely, the ext

ion of total detected isotopic ion currents assignable to
ental and molecular ions from a complete SIMS spec
f the sample; secondly, spectral quantification, namel
alculation of elemental concentration from total isotopic
mental (and molecular) ion currents. Difficulties in sp

ral interpretation are considerably reduced if high resolu
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Fig. 1. Diagram of a double focusing SIMS[76] (reproduced with permission). RAE is a resistive anode encoder. ESA is the electrostatic sector positioned on
the trajectory of the secondary ions (travelling in the secondary column) before the magnetic sector. FC and EM are the Faraday cup and the electron multiplier.

mass analysers (M/�M> 3000) are used for mass analysis
of secondary ions because most of the commonly occurring
isotopic and molecular interferences (e.g., hydrocarbons, ox-
ides, hydrides) can be resolved.

2.1. Practical principles

A diagram of a SIMS instrument with double-focusing
mass analyser is represented inFig. 1. Secondary ion mass
spectrometry is based on:

• bombardment of the sample surface by focused primary
ions, with sputtering of the outmost atomic layers;

• mass spectrometric separation of the ionised secondary
species (sputtered atoms, molecules, clusters) according
the their mass-to-charge ratios;

• collection of separated secondary ions as quantifiable mass
spectra, as in-depth or along-surface profiles, or as distri-
bution images of the sputtered surface.

The primary ions are normally produced by a duoplas-
matron type of gas source such as O2

+, O−, N2
+, Ar+; by

surface ionisation as for Cs+ and Rb+; or by liquid-metal
field ion emission as Ga+ and In+. The most common pri-
mary ions used are the oxygen ions, Cs+ and Ga+. The ions
are accelerated and focused to a selected impact area on the
s of a
p rti-
c sion
o ions
f ome-
t tion
fi ec-
o in a
c or

current measurement, ion-optic imaging, and data process-
ing. Of particular interest is the use of the resistive anode
encoder (RAE) as detector. It is used for the analysis of mi-
croparticles and has the advantage that single-ion events are
detected digitally. It therefore delivers quantitative results,
irrespective of local differences in the amplification of the
channel plate. One disadvantage is that the counting rate is
limited to 200,000.

The different ways of operating a SIMS instrument are
presented inFig. 2. In the microscope mode, a defocused pri-
mary ion beam (5–300�m) is used for investigating a large
surface. The secondary ions are then transmitted to the mass
spectrometer and generally imaging detected. In the micro-
probe mode, a focused primary ion beam (<10�m) is used
for investigating a very small portion of the surface and de-
tecting inclusions in bulk material. The lateral resolution is
defined by the primary ion beam size. In this case, as detector
is usually employed an electron multiplier.

2.2. Sensitivity and quantification

Fig. 3 shows schematically the types of analytical infor-
mation that can be obtained by SIMS analysis. A SIMS spec-
trum normally shows mass peaks that are characteristic of
the sputtered solid but affected by experimental factors. For
instance, among these factors the following should be men-
t pri-
m d the
s tec-
t and
t

ary
i eral
p con-
c en-
pecimen. The collision cascade following the incidence
rimary ion results in the implantation of the primary pa
le, reshuffling of some 50–500 matrix atoms, and emis
f secondary particles, neutral or ionised. Secondary

rom the specimen are extracted into the mass spectr
er, which can consist of electric (ESA)/magnetic deflec
elds or be of the quadrupole or time-of-flight design. S
ndary ions with a given mass-to-charge ratio and with
ertain interval of kinetic energy are collected for pulse
ioned: type, intensity, energy and incidence angle of the
ary ions; the transmission of the secondary ions an

electivity for them in the mass analyser; the type of de
or. There are, effectively, two spectra: that of the matrix
hat of the impurities.

The task of analytical SIMS is to quantify the second
on currents, that is to convert the intensity of one or sev
eaks characteristic of an element to its corresponding
entrationce. When a primary ion beam with a current d
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Fig. 2. Operating modes of SIMS[76] (reproduced with permission).

sity, ip, strikes the sample, collision cascades are initiated,
resulting in, among other things, the emission of secondary
ions. Not all the ions formed in the source are detected with
an instrument transmission,η, as a mass spectrum of ions
from an analysed area,A. The detected positive or negative
current of an ionic species M at the mass number M will be:

IM = IpSPMηMγMbMce (1)

whereIp is equal toipA andP is the probability that the par-
ticle (atomic or molecular) will emerge as the last step of
the sputtering and recombination cascade.Sis the sputtering
yield (secondary particles per primary ions),γM is the posi-
tive or negative ionisability of M (ions per atom or molecule),
andbM is the isotopic abundance of M in the element.

2.2.1. Absolute sensitivity
In a situation where the prime goal is to detect trace ele-

ments of as low a concentration as possible, without consid-
eration of sample consumption and analytical volume (e.g.,
in bulk analysis), the suitable figure of merit is the de-
tected secondary ion current of an element A per unit of
atomic concentrationc(A), that is the absolute sensitivity
Sa(A):

Sa(A) = Nq(A)

c(A)
(2)

whereNq is the detected current (in counts per second) of
element A in charge stateq.

om SIM
Fig. 3. Analytical information obtainable fr
 S analysis[76] (reproduced with permission).
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2.2.2. Practical sensitivity
The practical sensitivity,Sp(A), takes into account the fact

that in different analytical situations different primary beam
currents may be appropriate:

Sp(A) = Nq(A)

Ipc(A)
(3)

This definition of practical sensitivity does not provide a fig-
ure of merit independent of material consumption. The same
value would be obtained on different samples for the element
A if, at the same primary beam current, the secondary ion
currents of element A are identical, even if X sputters much
faster than Y.

2.2.3. Useful yield
If the amount of sample is limited or the sampling volume

has to be small, the appropriate figure of merit is theuseful
yield, τa. It is defined as the number of detected secondary
ions/s,Nq(A), of element A per number,N(A), of sputtered
A (atoms/s) from the same sampling volume:

τa(A) = Nq(A)

N(A)
= Sp(A)

Ytot
(4)

Using the previously introduced figures of merit, the funda-
mental SIMS formula can be alternatively written as:

N
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n tion
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absolute sensitivity factors hazardous. It is generally found
to be both very feasible and more reliable to utilise the si-
multaneously measured ion current,IR, of a matrix reference
element, R. The relative sensitivity factor (RSF) of an ele-
ment A with respect to the element R of the matrix is defined
by the following equation:

RSFA/R = Nq(A)/c(A)

Nq(R)/c(R)
= Sp(A)

Sp(R)
(6)

This is a very convenient concept since the concentration
c(A) of the element A can be calculated from the ratio of
the detected ion currents and the known concentration of the
reference element in the sample:

c(A) = 1

RSFA/R

Nq(A)

Nq(R)
c(R) (7)

RSFA/R can be obtained by the measurement (under standard
operating conditions) of a single sample with known concen-
tration of elements A and R. The quantitative analysis of a
sample containing several elements, using the concept of rel-
ative sensitivity factors, can be basically performed without
any standard element (reference element with known con-
centration) if a complete set of relative sensitivity factors for
the particular matrix type is available and the total element
ion currents of all elements contained in the sample have
b an be
n

c

I ) re-
m on-
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q(A) (cps) = Sa(A)c(A) = Sp(A)Npc(A)

= τa(A)NpYtotc(A) (5)

hereSa is measured in counts per second (cps) and dim
ionless units have to be chosen forSp andτa. WhenSa, Sp
r τa are known, Eq.(5) provides a simple means for calc

ation of elemental concentration,c(A), from the measure
econdary particle current,Nq.

Recently the results of an inter-laboratory round robin
rcise on the sensitivity of SIMS instruments have been

ished[11]. The exercise has been performed using me
ranium and uranium oxide particles as test samples
ractical sensitivity and useful ion yield were measure
omparison parameters. The inter-laboratory standard d
ion in the determination of the practical sensitivity was 3
nd that of useful ion yield 28%. A good method for optim

ng the measurement system and establishing quality co
f the SIMS measurements consisted in the determin
f practical sensitivity and useful ion yield using stand
amples on a daily or weekly basis.

.2.4. Sensitivity factors
Quantitative results in SIMS can be achieved by exte

tandards or by utilising the concept of sensitivity factors.
er scrupulously reproducible conditions of analysis, an

ng external standards with composition and microstruct
ot too different from the analysed samples, useful calibra

actors may be obtained. However, long-term instabilitie
nalysis (instrumental drift, changes in primary beam
itions, vacuum effects, crystalline effects) make the us
een measured. In this case the sum concentration c
ormalised to 100%, then Eq.(7) can be written:

(X) = Nq(X)/RSF(X)
∑N

i=1N
q(Xi)/RSF(Xi)

for all X (8)

t has been found that relative sensitivity factors (RSFs
ain practically constant within quite wide ranges of c

entrations, that is, that the differences are only weakly
endent on concentration. Excellent results obtained u
SFs has been reported, for example, for steels, binary a
lasses and semiconductors. The dominant sources of

ion and irreproducibility in absolute and relative sensiti
actors are connected with the ionisability of the elemen

.3. Isotope ratio measurements by SIMS

.3.1. Instrumental parameters and matrix effects
SIMS provides the capability of resolving fine-scale (so

m) isotopic variations within single mineral grains a
nalysing fine-grained minerals without the need for p

cal separation. Instrumentation and technical advances
ed to improvements in precision to the point where re
ucibility is often better than 1‰ and within one to five tim

hat of conventional analysis for H, C, S, B, and O isoto
hese precision levels allow the ion microprobe to be use
pplied to the study of a variety of geological processe
ell as opening new areas of research in cosmochemis

act, during the last 15 years SIMS has been increasingly
or the analysis of light stable isotope ratios in geological
osmochemical studies[12–17].
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However, limitations still restrict the use of the ion mi-
croprobe in geological studies. Isotopic fractionation occurs
at a variety of stages during SIMS analysis, including sput-
tering, ionisation, extraction, transmission of the secondary
ions through the mass spectrometer, and secondary ion de-
tection. More problematic is the “matrix effect”, wherein the
chemical composition of the analyte affects measured isotope
ratios. The combination of these effects, which almost always
favour the light isotope and can result in fractionations of a
few to hundreds of per mil from the “true” value, is termed
the instrumental mass bias. To obtain accurate isotope ratio
measurements the mass bias needs to be adequately quanti-
fied and controlled. The correction of mass bias is straightfor-
ward when matrix-matched standards are available. However,
most matrices are complex, requiring either an extensive suite
of standards (that can be time consuming, expensive, and dif-
ficult to develop) or predictive models that relate mass bias
to sample composition.

Riciputi et al.[18] reviewed the factors that influence in-
strumental mass bias during SIMS analysis of light stable iso-
tope ratios in minerals focusing primarily on compositional
matrix effects. Moreover, they have reviewed empirical mod-
els that relate mass bias to matrix composition.

Fitzsimons et al.[19] have reviewed the analytical preci-
sion in stable isotope measurements. Assuming that isotope
r ions,
t tatis-
t aly-
s dual
s for
b n of
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t
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m with
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am
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i xy-
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spot, a STDE (%) of 0.2 per mil has been demonstrated in
zircon. A model has been developed to monitor and to apply a
post-correction for the EM drift. The pertinence of model has
been presented. However, it was found that the EM yield sta-
bility is good enough for reaching an experimental precision
in the range of 0.2 per mil without need for drift correction.

2.3.2. Applications
2.3.2.1. Geological and cosmogenic applications.Silicon
isotopic ratios in a very small area of silicon crystals using
a reference silicon crystal are suitable to survey the homo-
geneity in silicon isotopic compositions of silicon samples.
Experiments on crystal growth and silicon isotopic ratio of the
silicon crystal have been precisely determined using a SIMS
with multicollectors IMS-1270 SIMS[23,24]. The30Si/28Si
ratios have been determined and isotopic variations in the
range of 1‰ were observed along the growth direction of
the crystal. A defocused Cs+ primary beam was restricted to
40�m in diameter by a circular aperture to obtain a homoge-
neous primary beam of about 3 nA. Negative secondary ions
of silicon were detected after being uniformly sputtered by a
primary beam with a total impact energy of 20 kV. The sec-
ondary28Si, 29Si and30Si ions were simultaneously detected
without energy filtering and using three Faraday cups (FC)
of the multicollection system. The internal precision and ac-
c 30 28 d
0

sev-
e ying
c n
o
y r ma-
t n
d en
i igated
i -
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h eo-
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f ction
o ion
c
v nd
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ture
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i rect
i . To
u , it is
n logic,
a s of
atios were taken in such a way as to avoid time-fluctuat
he precision was determined by the Poisson counting s
ics and SIMS could compete with conventional bulk an
is if counting times of several hours were used. The gra
hift in mass fractionation with time could be corrected
y the analysis of reference materials. The final precisio
corrected isotope ratio largely depended on the scat

he sample and the reference material.
The introduction of a multicollection system for t

ameca IMS 1270 has been a significant breakthroug
ards better measurement reproducibility[20]. However

here are still some limiting instrumental factors preven
ne from reaching the desired precision of a few tenths
il (‰). These instrumental issues are the instrumental

ractionation variability and the electron multiplier (EM) ga
rift (as far as EM detectors are involved)[21]. Schumache
t al.[22] have reported the results of experimental proce

mprovements in order to control these two instrumenta
ects for different types of isotope ratios. They demonstr
hat multicollection systems allow improvement of meas
ent reproducibility for isotope ratios on SIMS instrume
rovided that the other sources of measurement varia
re well controlled. Results for both silicon and oxygen

opes demonstrate that an experimental error as low 0.
il is achievable whenever both were measured either
araday cup detectors or combining one Faraday cup an
lectron multiplier (EM).

The introduction of an automatic control of the be
entering for controlling the mass fractionation has sig
cantly improved the measurement reproducibility. For o
en16O/18O ratio, with a total integration time of 2 min p
uracy in the Si/ Si ratios (2σ) were better than 0.1 an
.2‰, respectively.

Oxygen isotopic ratios has been measured by SIMS in
ral matrices and for different scopes, such as for stud
orrosion in power plant boiler tubes[25] or surface oxidatio
f electrochemically polarised FeCr alloys[26]. Microanal-
sis of oxygen isotopes has been performed in insulato
erials[27] as well as in microparticles[28, see later sectio
edicated to microparticles]and the matrix effects on oxyg

sotope measurements have been systematically invest
n complex minerals and glasses[29]. Oxygen isotope com
ositions have been reported also for glass inclusions,
ost olivines and tholeiitic pillow rim glasses from the n
olcanic rift zone of Iceland. The isotopic heterogeneit
ndividual olivine crystals allows one to estimate their r
ence times in the magma reservoir using the rate of18O dif-

usion in olivine. Therefore, accurate and precise dete
f oxygen isotopic composition is mandatory The inclus
ompositions ranged from enriched ([La/Sm]n= 1.4–4.8) to
ery depleted ([La/Sm]n= 0.08–0.35). The whole rocks a
atrix glasses display little variation ([La/Sm]n= 0.41–0.51)
lass inclusions vary somewhat stronger in18O/16O

atios (�18O = 4.0–6.2± 0.6‰) than the matrix glass
�18O = 4.6–5.6± 0.6‰)[30].

Another very important application described in litera
15,16] is the determination of oxygen isotopic composit
n meteorites. Chondritic meteorites provide us with di
nformation about the early history of the solar system
nderstand the processes that took place at this time
ecessary to understand the combined chemical, petro
nd isotopic information carried by primitive component
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chondrites such as chondrules and calcium-, aluminum-rich
inclusions (CAIs). The role of oxygen isotope studies is im-
portant to this overall picture because chondritic components
record considerable oxygen isotopic complexity that must
be unravelled to place chondrule and CAI formation in their
appropriate contexts.

In situ oxygen isotope analyses were made for five of the
chondrules using the SIMS Cameca IMS 6f ion microprobe,
on polished mounts comprising a single chondrule and a San
Carlos olivine standard. A 0.2–0.34 nA beam of Cs+ was fo-
cused into a spot∼20�m in diameter in aperture illumination
mode. Secondary ions were collected by peak-jumping into
either a Faraday cup (16O−) or electron multiplier (17O− and
18O−) at a mass resolving power of∼6500, easily resolving
the16OH− interference on17O−. Uncertainties on individual
analyses, including analytical errors and statistical variation
on repeated analyses of the standard, are∼1.5–5‰ (2σ). The
magnitudes of matrix effects are small (less than a few ‰)
under these analysis conditions therefore no corrections for
such effects needed to be performed.[15].

Guan et al.[31] have analysed by SIMS Mg, Cr, and Ni
isotopes in primitive meteorites and short-lived radionuclides
in the early solar system. By these measurements they have
provided evidence for the former existence of26Al, 60Fe
and53Mn in meteorites (enstatite chondrites) suggesting the
a solar
s
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O− projectiles were used for B isotopes. The internal 1σ

error on12C− and 16O− was±0.1–0.2‰ and about three
times higher for11B+. The average external reproducibility
estimated from replicate measurements on carbonate stan-
dards over 4 years was±0.4, 0.65 and 0.9‰ for O, C and
B isotopes, respectively. The external reproducibility for O
during 1 day was±0.17‰. The instrumental mass fractiona-
tion (IMF), determined by analysis of various carbonate stan-
dards, showed a systematic difference between calcite and
aragonite of 4.5 and 2.7‰ for C and O, respectively. Du-
plicate18O measurements of the same spot in different ses-
sions agreed within 0.5‰. The ion microprobe data showed
for B and O much larger isotopic variations at the microme-
tre scale than those measured at millimetre scale by clas-
sical gas source mass spectrometry after phosphoric acid
digestion.

2.3.2.2. Imaging measurements of isotope ratios and anal-
ysis of biological tissues.Imaging provides an ideal way
to study sample heterogeneity because observers intuitively
comprehend the variability shown in an image. Secondary
ion mass spectrometry can be applied as a powerful tool for
imaging measurements of isotope ratios. The spatial resolu-
tion can be improved from 0.5 down to about 50–100 nm.
The precision can be bettered from 30 to 50‰ down to some
t
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bundance of these short-lived radionuclides in the early
ystem.

Methods for high-precision measurements of�13C, �15N,
nd N abundance in diamond using a SIMS Cameca 6
icroprobe have been reported[32,33]. The authors hav
emonstrated the ability of the technique to provide spat
esolved isotopic data on the scale of the observed gr
oning in diamonds. They paid particular attention to ex
mental factors which improve the reproducibility and ac
acy of the in situ�13C and�15N measurements.

Belshaw et al. developed a SIMS based technique
he10Be/9Be ratio measurements in environmental mate
34–36]. The authors described new techniques for Be
ation, suppression of10B+ and9BeH+ interferences as we
s the measurement of10B/9Be by the SIMS VG ISOLAB
20 instrument. The mass resolving power at 5% peak h
pplied to resolve10B+ from the hydride9BeH+ was abou
400.

207Pb/206Pb SIMS measurements have been performe
ating[37,38]. Ion microprobe measurements of Pb isot
atios were in situ performed in monazites. Using a res
ng power of 6500 molecular interferences were resol
07Pb/206Pb dating of monazite was obtained with a pr
ion as low as 4–5 Ma (2σ).

Optimized determinations of the isotopic composition
, C and O with a lateral resolution of 30–50�m in coral
keletons allowed the pH variations during growth to
ssessed with a time resolution as good as 12 h[39]. The

sotopes of C and O were measured with a mass reso
f 2000, multicollection detection and Cs+ primary ions. A
ass resolution of 5000, electron multiplier detection
enths.
Fleming and Bekken[40] have used this methodology f

4S/32S isotope ratio measurements in pyrite grains in
res. The main difficulty in this type of measurements for
atio34S/32S stems from spreading the already low34S signa
ntensity among many pixel. The authors used a CAME
MS-4f SIMS. These instruments have a long been note
heir microscopes images in which the position informa
s stigmatically transferred through the mass spectrom
here it impinges on an image detector. However, they
loited the ion microprobe mode of imaging in their exp

ments. The ion microprobe electron multiplier accom
ates higher secondary ion counts rates than the ion m
cope image detectors. Moreover, the ion microprobe m
llows for higher mass resolution and uses lower primar
eam current, reducing sample charging problems.

Yurimoto et al. [41] have performed high precisio
8O/16O and17O/16O isotope ratios micro-imaging analy
n minerals using a CAMECA IMS 1270 SIMS. This inst

ent is a high mass-resolution stigmatic SIMS that prov
mass-filtered stigmatic secondary ion image of the

le surface with a high spatial resolution. Moreover, the
hors employed a high-efficiency stacked CMOS-type a
ixel sensor (SCAPS) in their experiments. This system
everal advantages over conventional detection system
luding two-dimensional detection, wide dynamic range
nsensitive period, direct detection of charged particles,
onstant ion-detection sensitivities among nuclides. He
t can measure high ion flux with an accuracy of within tw
he statistical error and with a detection limit correspond
o 10 incident ions.
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The identification of the location of individual components
at the sub-cellular level is one of the major challenges in
medicine and biology. Proteins can often be located in fixed
(i.e., dead) material using specific antibodies for microscopy
or in living tissues using laser confocal microscopy using
specific fluorescence labels.

Chandra and Morrison[42] have exploited the imaging
technique to study molecular transport mechanisms at sub-
cellular resolution. For example,44Ca/40Ca isotope ratios
have been measured to study the transport of44Ca into the
interior of the cells under physiological and pathological con-
ditions. This capability of SIMS provides a unique and pow-
erful approach for understanding the role of calcium in cell
physiology. Similarly, ion transport studies of other elements
can be performed with stable isotopes.

Recently, Chandra et al.[43] reviewed the sub-cellular
imaging of biological samples, for which application SIMS
evolved as a viable alternative to the commonly used electron
microprobe. The feasibility of pixel-by-pixel quantification
by means of RSF referenced for example, to the cell matrix
carbon was demonstrated. Isotopic detection was considered
a major asset, which allowed stable, non-radioactive tracers
to be used to study transport phenomena or to localise drugs
and metabolites. The most critical step in sub-cellular ion and
molecular localisation studies with SIMS is the sample prepa-
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Nittler and Alexander[48] developed an analytical sys-
tem for the fully automated determination of isotopic ra-
tios in �m-sized particles on the basis of ion imaging and
new algorithms to localise the particles. A 75�m× 75�m
or 150�m× 150�m sample area were scanned with a Cs+

or O− primary ion beam, focused to a spot with diameter
of 1 or 0.5�m, respectively. Once localised, the particles of
interest were then individually analysed with a focused ion
beam scanned over an area of 3�m× 3�m. Use of optical
encoders circumvented the poor reproducibility of the com-
mercial sample stage and positioned the beam within 1�m of
a predefined point. The statistical error on28Si and29Si us-
ing the peak-jumping mode was 2.6 and 2.7‰, respectively,
while the intrinsic uncertainty remained within 3‰/amu for
Si isotopic ratios. The automated analysis typically processed
300 particles per day, depending on the number of grains per
area and their size.

Betti et al.[49,50]used SIMS for the characterisation of
plutonium and highly enriched uranium in nuclear forensic
analysis. They measured the uranium isotopic composition
with a typical accuracy and precision of 0.5%. As for Pu, the
isotopic ratio 239/240 was determined and resulted in agree-
ment with the results from thermal ionisation mass spectrom-
etry. The same authors have measured18O/16O isotope ratio
by SIMS in uranium oxide microparticles[28] for nuclear
f ,
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t tion
s rela-
t ctra
m opti-
ation. Due to the high vacuum requirements of SIMS,
ells cannot be analysed. Therefore, cells must be pres
n their native state so that the analysis reveals the che

akeup of the living cells. This poses a classical problem
IMS analysis as well as in all surface techniques.
The distribution of sulphur has been studied in wh

tarchy endosperm cells[44]. Analysis of the distribution
f 32S and34S from their images revealed that both isoto
ere clearly concentrated at the starch granule surfac

he interface between the granules and the matrix pro
nalysis of the signal strengths of isotopes32S,34S and16O

n different parts of the endosperm cells showed a higher
entration of34S at the outer surfaces of the starch gran
ompared to the cut interior faces of the structures. The
ein matrix also had a lower concentration in34S isotope tha
he starch granules.

Cliff et al. [45,46] focused their research on develop
OF-SIMS to measure organic15N in biological and envi
onmental samples. They developed a peak-fitting algor
hat removes the isobaric interferences of Al− and13C14N−
rom 12C15N− ions under conditions of low mass resoluti

Grignon et al.[47] determined the local concentratio
f a 15N tracer in soybean leaf samples, using carbon

he natural isotope ratio of N in the embedding medium
tandardise the instrumental conditions. Detection of C−
llowed R.S.D. within 10% to be obtained and the meas
oncentrations agreed within 20% with bulk mass spect
try analysis.

.3.2.3. Single micro-particles.Single particles in th
–10�m range remains a challenging application of SIM
orensic diagnostic. The same group[51] has exploited SIMS
n combination with other instrumental analytical techniq
or the characterisation of soil particles bearing depleted
ium (DU). The particles localised by the automated S
ith gun shot residue program were then analysed by S

or uranium isotopic ratios. They clearly contain DU, a
races of236U were also detected. As for234U and 236U,
ue to the low signal intensity the error is often larger
eneral, the total uncertainty on the minor isotopes is
reasing (better counting statistics) when the enrichme
reases. The uncertainty on the236U is significantly highe
han that on the234U, because the 236 intensity is obtain
fter correction for hydride contribution and the respec
rrors are propagated into the 236 uncertainty. With su
article diameter (≈1�m), the precision that can be achiev

s considered the detection limit of the method in these
itions. The signal on mass 239 (due only to the forma
f 238UH+ molecules) is used to correct the signal on m
36 for the contribution of235UH+. As for 235U in this case

he uncertainty is not strongly depending on the inten
f the signal but from other parameters, e.g., the ana

ime.

. Glow discharge mass spectrometry

Glow discharge mass spectrometry (GDMS) consis
he coupling of a glow discharge atomisation/ionisa
ource with a mass spectrometer. As noted earlier, the
ive simplicity of mass spectra compared with optical spe
akes mass spectrometry an attractive alternative to
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cal spectrometry for trace element analysis. Moreover, mass
spectrometry permits the coverage of essentially the entire
periodic table and, since the spectral background can be very
low, detection limits are usually two to three orders of mag-
nitude better by mass spectrometry than for optical atomic
emission using a glow discharge.

For over 50 years glow discharges have been known as ion
sources for mass spectrometry. The capability of generating
a stable analyte ion population directly from a solid sam-
ple, thereby precluding the problems of dissolution, dilution
and contamination that may arise for techniques requiring
solution samples, makes the glow discharge an attractive ion
source for elemental mass spectrometry of solids. The ability
to obtain isotopic information across the periodic table down
to ng g−1 detection limits, along with the developments of
improved mass spectrometers with more reliable data acqui-
sition and control systems, has made GDMS a powerful tool,
not only for research laboratories but also for routine appli-
cations.

A wide variety of analytical glow discharge geometries
have been investigated as ion sources. Most GD sources, par-
ticularly the commercial versions, have used a direct inser-
tion probe that permits certain flexibility in sample shape,
although pins or discs are normally used. In this configu-
ration, the sample serves as the cathode of the glow dis-
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The most widely used commercial GDMS instrument is
the VG9000 that consists of a dc-powered source, a double-
focusing mass analyser of the reverse Nier–Johnson geometry
and Daly and Faraday cup detectors.

3.1. Glow discharge processes

A glow discharge is a partially ionised gas consisting of
approximately equal concentrations of positive and nega-
tive charges plus a large number of neutral species. It con-
sists of a cathode and anode immersed in a low-pressure
(≈0.1–10 Torr) gas medium. Application of an electric field
across the electrodes causes breakdown of the gas (normally
one of the rare gases is used, typically argon) and the accel-
eration of electrons and positive ions towards the oppositely
charged electrodes. Detailed description of the phenomena
can be found in[57–59]. As an ion source for elemental mass
spectrometry, the glow discharge is characterised by two at-
tractive attributes, cathodic sputtering and Penning ionisa-
tion, that are inherent to its operation. Cathodic sputtering
generates a representative atomic population directly from
the solid sample. Penning ionisation selectively ionises these
sputtered atoms, permitting detection on the basis of their
characteristic mass-to charge ratios by mass spectrometry.
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harge system and the cell housing as the anode. Ion
ampled from the negative glow region through an exit
ce. InTable 1, a comparison of the different sources is giv
ollow cathode glow discharges were coupled with a m
etic sector analyser in preliminary investigations of ana
al GDMS[52]. Commercial instruments employ a modifi
oaxial cathode geometry[53] the so-called “pin-type” glow
ischarge source. This is also the most widely characte
low discharge ion source.

Whereas different glow discharge ion sources have
xhibited any significant performance differences, diffe
ethods of powering the sources show specific perform
ifferences. The dc-powered sources are the most com
ven though RF-powered sources have been studied[54]
nd applied as well as the pulsed sources[55]. Recently
inchester and Payling[56] have critically reviewed radio

requency glow discharge spectrometry.

able 1
omparison of glow discharge sources

ource Voltage
(V)

Current
(mA)

Pressure
(Torr)

Cathode

ollow cathode 200–500 10–100 0.1–1.0 23 mm
5 mm diam

rimm 500–1000 25–100 1–5 6.5 mm d

et-enhanced 900 28 2.5 12 mm d

oaxial cathode 800–1500 1–5 0.2–2.0 1.5–2.0
× 4–8 mm
.1.1. Atomisation
Cathodic sputtering is the phenomenon that makes a

ischarge useful in analytical spectrometry, providing
eans of obtaining directly from a solid sample an ato
opulation for subsequent excitation and ionisation. The

ering involves collisions of energetic particles onto a
ace where, after collision, it transfers its kinetic energ

series of lattice collisions. Atoms near the surface ca
eive sufficient energy to overcome the lattice binding an
jected, generally as neutral atoms with energies in the
f 5–15 eV. The bombarding particles are normally ions,

ly accelerated by electrical fields that are inherent to the
lasma. The sputter yield, defined as the number of eje
toms per bombarding ion, depends critically on the m
nd energy of the incoming ions. Under the operating
itions of most analytical glow discharges, the sputter y
an be described as a function of kinetic energy and ma

Advantages Disadvantages

linder with
se

High sputter; intense ion
beams; useable for powders

Charge exchange
mechanisms are important;
complicated sample geome

r circle Depth profiling; easy for
compacted powders

Only flat samples; higher
discharge gas flow rates

r circle High sputter rate; easy for
compacted powders

Only flat samples; higher
discharge gas flow rate

ameter
d

Useable for various sample
shapes; ionisation dominated
by Penning process

Powders need to be convert
into solid samples
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Fig. 4. Processes in a glow discharge source.

the bombarding atom as well as of the lattice binding energy
and mass of the target atoms. A related value is the sputtering
rate, namely the amount of material sputtered per unit time.
This value is determined by the discharge operating current
as well as the factors affecting the sputter yield.

3.1.2. Ionisation
The glow discharge sputtering can introduce into the

plasma a representative population of the sample (cathode)
atoms. A fraction of them needs to be ionised for further el-
emental analysis by mass spectrometry. The discharge must
then act as ionising medium and must, of course, sustain it-
self. The fact that GDMS does not utilise optical transitions
of the analyte atoms, rather the mass-to-charge ratio of the
atoms that have been ionised, shifts the emphasis from exci-
tation mechanisms to ionisation mechanisms, simplifying, to
some extent, the relationship between analyte signal and ana-
lyte concentration in the sample.Fig. 4shows schematically
the processes in a GD and inTable 2ionisation processes in
glow discharges are summarised.

Whereas we can assume that atomisation does not differ
significantly between elements in a given matrix, we cannot
assume the same to be true for ionisation. Therefore, rela-
tive sensitivity factors (RSFs) used for quantitative analysis
are most likely controlled by differences in the probability of
i ele-
m me

T
I

E
P
A
S
A

reference element. Sensitivity is defined as the intensity (I)
of the signal per unit of concentration (C):

RSFA/R = IA/CA

IR/CR
(9)

The RSFs consider the contributions arising from instrumen-
tal factors, such as ion transmission and sensitivity, and glow
discharge processes, such as differential atomisation and dif-
ferential ionisation. The dominant contribution is related to
the glow discharge processes and varies from sample to sam-
ple.

3.2. Quantification

The mass spectrum obtained by GDMS can be used di-
rectly for a semiquantitative measurement of the sample com-
position. One method is based on the ion-beam ratio (IBR)
[60]. In this procedure, the ion signals for all ionised sput-
tered species are summed and then the ratio of the ion signal
for individual species is calculated, which corresponds to the
concentration of the species in the bulk. Since the ion beam ra-
tio depends on the sensitivity of the different elements, which
varies by less than a factor of ten, this method can only pro-
vide reliable means for semiquantitative analysis.

The signal intensity of the plasma species is influenced by
s , ma-
t ects,
d ype of
m of all
t uired
f first
c d on
a is
b s pos-
s ple,
w tors
( ays
onisation among the elements. The RSF of an analyte
ent, A, is the ratio of its sensitivity to the sensitivity of so

able 2
onisation process in the glow discharge

lectron impact ionisationa A + e− → A+ + 2e−
enning ionisationb Arm+ X → Ar + X+ + e−
ssociative ionisationb Arm+ X → ArX+ + e−
ymmetric charge exchangeb A+ + A → A + A+

symmetric charge exchangeb A+ + B→ A + B+

a Collisions of the first kind.
b Collisions of the second kind.
everal factors. Among these are: sample composition
rix type, discharge power, cathode geometry, cooling eff
ischarge gas, source pressure, ion transmission, the t
ass spectrometer and the detection system. Because

his, for quantitative analysis, the use of standards is req
or calibration. This can be performed in two ways. The
onsists of the construction of a calibration curve, base
set of similar standards[61,62]. The second possibility

ased on the analysis of a reference material as similar a
ible in composition and behaviour to the unknown sam
hich allows the calculation of the relative sensitivity fac

RSFs)[63]. Since suitable certified standards are not alw
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available, powdered samples may be doped with an element
of known concentration to be used as an internal standard. In
order to yield the ion beam ratios are corrected by the RSFs
values. Namely, the use of a good standard, the measurements
of the IBRs, and correcting them for RSFs, provides the best
quantification procedure.

3.3. Applications to trace element analysis

GDMS has taken the place of spark source mass spec-
trometry (SSMS) for the analysis of trace elements in solid
samples. In comparison to SSMS, GDMS presents many ad-
vantages, for instance, a simple source producing a stable
supply of low energy ions characteristic of the sample and
minimal matrix effects.

In a dc-powered GDMS instrument, the samples must be
conductive; therefore, bulk metals are the most ideal samples
even though non-conductive samples can also be analysed. In
this case, the samples need to be mixed with a binder material
[63] (Ag, Ti or Ta) or the technique of the secondary cathode
can be applied[64]. Sample spectra may be obtained in a short
time (min) and rapid qualitative analysis can be performed
by the examination of the isotopic lines. Quantitative analysis
can also be achieved, as previously explained.

Semiconductors are another important category of bulk
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Lithium and boron are light elements having two natural
isotopes whose abundances are widely different:6Li (7.5%),
7Li (92.5%),10B (19.9%) and11B (80.1%). Their detection
in nuclear material is important for the determination of its
purity. Boron is a neutron capture element and lithium is used
as a doping additive. The most widely used method for their
isotopic abundance determination is TIMS, after sample dis-
solution. The use of ICP-MS is hindered by its low detection
power for light elements. By GDMS, detection at the ng g−1

levels is easily achievable.
As to boron, at mass 10 the interference caused by the

formation of40Ar4+ occurs. According to the sample matrix,
40Ca4+ and30Si3+ are also formed. The necessary mass reso-
lution to separate10B from all these interferences is equal to
500. As for lithium interferences on6Li+ and7Li+ can arise
from 12C2+ and14N2+, respectively. Also in these cases the
minimum resolution necessary for separation is 500.

Chartier and Tabarant[67] have also performed isotopic
measurements directly on solid samples of ZrB by HR-
GDMS. By this way they could resolve the interference
40Ar4+ from 10B+, that was not possible by a quadrupole
GDMS. The authors compared the accuracy and the precision
of the HR-GDMS based method with those figures obtained
by TIMS. The instrumental mass discrimination determined
for HR-GDMS was 1.4%; the internal precision obtained var-
i .

as
b f
s orld-
w sma
m d for
t
9 tail
o es
o iso-
t
3 hed
t n of
t pres-
e MS
c iso-
t on
o ell
a
o -
g
2 s for
i e
w -
m ured
u e ten
s ed as
R mean
v 0.2%,
r fer-
e

amples that can be analysed by GDMS. The electrical
rties of these materials are critically dependent on th

rinsic and doped levels of impurities, making it essentia
now, not only qualitatively their chemical composition,
lso the concentration level of each element. Even extre

ow concentrations of a specific element can alter sem
uctor properties.

GDMS is always a surface analysis technique, even th
t permits measurement of bulk concentrations. That is
puttering process central to the glow discharge acts
tomic mill that regularly erodes away the surface of the b
arded sample. Whatever atoms are sputtered away fro
urface are measured and, because GDMS consumes
cant quantities of material (up to milligrams per minu
hese sequential layer analyses combine to yield an
ged composition that is typical of the bulk concentrat
y slowing down the ablation process limiting measurem

o a shorter duration, data indicative of the surface conce
ions can be obtained. GDMS and its optical analogue
ound considerable application for the analysis of laye
amples.

Environmental samples can be also analysed by GD
n these cases the samples need to be compacted with o
ut conducting material[65]. Where a binder of conductin
aterial is not added during the compaction of the sam
secondary cathode can be employed.

.4. Isotope ratio measurements by GDMS

GDMS has also been exploited for the determinatio
he isotopic composition in samples of nuclear concern[66].
-

ed from 0.2 to 0.5%. The external precision was of 0.3%
Silicon isotopic composition in aluminium matrices h

een also determined by GDMS[68]. The determination o
ilicon concentration cannot be accomplished by the w
ide employed quadrupole based inductively coupled pla
ass spectrometers (ICP-MS). The resolution require

he separation of28Si+ from 12C16O+ and14N2
+ is 1625 and

57, respectively. Moreover, in an aluminium matrix the
f Al and the formation of27AlH+ produce also interferenc
n 28Si+ that cannot easily be resolved. The other two

opes of silicon have a low abundance: 4.67% for29Si and
.10% for30Si, and a high detection power must be reac

o obtain accurate isotopic compositions. The dissolutio
hose type of sample is tedious and sometimes, due to
nce of other metals, incomplete. Double-focusing GD
an be used successfully for the measurement of silicon
opic abundance. On28Si+ the interferences due to formati
f 27AlH+, 12C16O+ and14N2

+ can be easily resolved as w
s those interferences due to28SiH+, 27AlH2

+ and12C16OH+

n29Si+ and that due to14N16O+ on30Si+. 27AlH+ comes to
ether with12C16O+ as well as the27AlH2

+ with 12C16OH+.
7AlH3

+ should appear at mass 30.005, but no evidence
ts formation appeared.28SiH+ and14N16O+ resulted to b
ell separated from29Si+ and30Si+, respectively. Five alu
inium samples containing traces of silicon were meas
sing a mass resolution of 2000, and for each sampl
eparate runs were carried out. The precision (express
.S.D.%) and the accuracy (expressed as bias%) of the
alues obtained for the three isotopes were about 1 and
espectively. Many samples containing uranium with dif
nt isotopic composition have been measured[66]. When the
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results of the isotope ratios obtained by GDMS and TIMS
were compared for the four isotopes of uranium, included
the non-natural236U, a good agreement was always found.
The advantage of the use of GDMS is omission of the time-
consuming dissolution and dilution steps.

Glow discharge optogalvanic spectroscopy has been in-
vestigated for the determination of uranium and actinide iso-
tope ratios[68–70]. In these investigations, a hollow cathode
glow discharge has been coupled with a tunable laser for
isotopically selective excitation of gaseous uranium atoms
produced by cathodic sputtering. In a glow discharge, the
cathode bombarded by energetic ions produces a popula-
tion of gaseous ions directly amenable to isotopic analysis
by a mass spectrometer. Neutrals are also produced that are
amenable for detection in a variety of other techniques, like
absorption, emission, and laser-induced fluorescence spec-
troscopy. In the investigation performed by Young et al.[68],
the sputtered atoms are resonantly excited to a higher lying
energy level, from which they may be ionised by collision.
The change in the discharge voltage brought about by dis-
ruption of the ionisation equilibrium serves as an indicator
of optical absorption and is the basis of optogalvanic signal
collection. The instrumentation developed had as a final goal
to be applied in field. For this application accuracy and pre-
cision of the same level than a laboratory mass spectrometer
a es of
t igh
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t atios
w d
c d has
b atios
i and
m

er-
t iso-
t
2

dies
a
m tal
a of a
c meter
( and
T om-
e iso-
t ation
s ined
b inter-
f rts: a
s ace)
a ionise
t ect th
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the high-vacuum conditions required for accurate mass spec-
trometric analysis. A glow discharge method to introduce a
sample to the cw-RIMS system (GD-RIMS) with a magnetic
sector analyser has been successfully tested on caesium by
Pibida et al.[72]. This method involved selective laser ioni-
sation, with one-step laser excitation scheme. Careful atomic
beam collimator and alignment of the lasers with respect to
the atomic beam reduce the Doppler broadening thereby in-
creasing the laser ionisation selectivity and ionisation effi-
ciency. The overall efficiency namely the number of detected
ions divided by the total number of atoms emitted, was mea-
sured to be 10−8 while the selectivity (the detectable ratio
between adjacent isotopes based on mass) was estimated to
be between 109 and 1010 from which, a factor of 103 was
estimated to be the enhanced selectivity due to single-step
laser excitation followed by ionisation. With this set-up of
the GD-RIMS, the system could be used to determine trace
amounts of radionuclides, with half-lives in the 105 years
range, at normal environmental levels and with a minimum
of chemical preparation.

In the last years, Laser ablation ICPMS has been applied
for the determination of long-lived radionuclides and their
isotopic composition[1,4,75]. The method appears to be very
competitive with the GDMS one and it would be worthwhile
to analyse the samples with both techniques for validation of
r
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re generally not required. However, sensitivity to chang
he isotopic composition, free from interferences, is of h
mportance. The authors evaluated the measurement
ion and accuracy uranium isotopic composition and fo
hat for depleted uranium the precision of the isotope r
as±15% and for enriched uranium of±3%. The metho
an be used for a rapid and inexpensive screening an
een applied for the determination of uranium isotope r

n different sample matrices as uranium oxide, fluoride
etal[70].
Barshick et al.[71] has applied flow-discharge Fouri

ransform ion cyclotron resonance mass spectrometry to
ope ratio measurements of lead:206Pb/208Pb, 207Pb/208Pb,
07Pb/206Pb.

The increasing interest in isotopic composition stu
nd ultra-low level (abundance below 10−10) radionuclide
etrology for a variety of applications in environmen
nd biomedical applications led to the development
ontinuous-wave resonance ionisation mass spectro
cw-RIMS) system at the National Institute of Standards
echnology[72–74]. Resonance ionisation mass spectr
try (RIMS) can determine ultratrace levels of a single

ope of a particular element in a sample. The laser excit
cheme of RIMS increases the isotopic selectivity obta
y standard mass spectrometry and eliminates isobaric

erences. The NIST cw-RIMS consists of three major pa
ample loading system (glow discharge or graphite furn
s the atom source, a continuous wave laser system to

he atoms, and a mass spectrometer to analyse and det
esulting ions. The apparatus can simultaneously produc
ious amounts of atoms for analysis while not interfering w
e

esults for quality control/quality assurance purposes.

. Summary

Nowadays both SIMS and GDMS are well-establis
echniques for the characterisation of solid samples.

GDMS is a powerful tool for bulk measurements of ma
inor and trace elements. Moreover, it can be succes
pplied for accurate isotope ratio measurements in a
ariety of matrices. The combination of GD with RIMS c
elp to solve isobaric interferences at the solid state.

SIMS can be usefully exploited for investigating mic
nclusions in bulk materials as well as for the characterisa
f microparticles. Its emerging and promising applicat

or isotopic ratio measurements are in the field of cos
hemistry, geochemistry, biology and forensic analysis.
f its major features that merits to be more exploited is

maging method for isotopic ratio measurements.
Both techniques have the capability of depth profil

owever, GDMS can perform with a deeper penetratio
he surface. On the other hand SIMS can carry out su
rofile (linear scan) with a micrometer later resolution.

Used in combination, GDMS and SIMS can give a c
lete characterisation of the sample as for the isotopic r
s well as quantitative analysis at the solid state.
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