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Abstract

The capability of determining element concentrations at the trace and ultratrace level and isotope ratios is a main
feature of inorganic mass spectrometry. The precise and accurate determination of isotope ratios of long-lived natural
and artificial radionuclides is required, e.g. for their environmental monitoring and health control, for studying
radionuclide migration, for age dating, for determining isotope ratios of radiogenic elements in the nuclear industry,
for quality assurance and determination of the burn-up of fuel material in a nuclear power plant, for reprocessing
plants, nuclear material accounting and radioactive waste control. Inorganic mass spectrometry, especially inductively
coupled plasma mass spectromeffgP-MS) as the most important inorganic mass spectrometric technique today;,
possesses excellent sensitivity, precision and good accuracy for isotope ratio measurements and practically no
restriction with respect to the ionization potential of the element investigated—therefore, thermal ionization mass
spectrometrfTIMS), which has been used as the dominant analytical technique for precise isotope ratio measurements
of long-lived radionuclides for many decades, is being replaced increasingly by ICP-MS. In the last few years
instrumental progress in improving figures of merit for the determination of isotope ratio measurements of long-lived
radionuclides in ICP-MS has been achieved by the application of a multiple ion collector d8@¢CP-MS) and
the introduction of the collision cell interface in order to dissociate disturbing argon-based molecular ions, to reduce
the kinetic energy of ions and neutralize the disturbing noble gas(ieigs of12° Xe" for the determination df° ).l
The review describes the state of the art and the progress of different inorganic mass spectrometric techniques such
as ICP-MS, laser ablation ICP-MS vs. TIMS, glow discharge mass spectrometry, secondary ion mass spectrometry,
resonance ionization mass spectrometry and accelerator mass spectrometry for the determination of long-lived
radionuclides in quite different materials.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction fragments and activated product® Se, .
7X10° @, %Zr (150 1.5X10° @, Tc (11,
The determination of long-lived radionuclides 2.1x10" a, *°"Pd (#;,: 6.5X10°% @, *25n (11,
[1-17 especially in environmental materials such 1.0x10* a, **q (#,,,: 1.57x10" @ and **Cs
as waters, geological and biological sampl&2— (1120 2X10° @. Also ***Am with relative short
24], medical sampled25—-28 nuclear materials  half-life (¢,,,: 432 @ can be determined in waste
and radioactive wastd29-364 and high-purity and environmental samples by mass spectrometry.
materials [37—41 ceramics and glasgl0,40,42 The determination of®® P(r,,,: 88 @) is difficult
is of increasing importance. The analysis of long- due to isobaric interference witf?® U; therefore,
lived radionuclides is also of interest in areas an isotope selective technique such as resonance
ranging from radiobioassay, environmental moni- ionization mass spectrometi§RIMS) or acceler-
toring, decontamination and environmental reme- ator mass spectromet§AMS) is advantageous.
diation, health safety, nuclear  waste Besides the analysis of radioactive waste the deter-
characterization(radioactive waste contrpland mination of contamination and enrichments of
management of radioactive waste of high radiolog- selected radioactive nuclidg®.g. *2°I, which is
ical toxicity for storage and disposal. Experts one of the most important environmental indicator
estimated that worldwide more than 160 000 tons of nuclear accidents? S& T&7 Np*° Pe#° Pu
of highly long-lived radioactive wastéLLRW) and ?**Am) at ultralow concentration levels is
have been created and some ten thousands of tonsiseful for environmental monitoring due to fallout
are added every yed#3]. Furthermore, the mobi-  from nuclear weapons testing, nuclear power plants
lization of radionuclides in the environment has or nuclear accidents. Long-lived radionuclide trac-
been studied in order to trace the routes from soil, ers have also been used for tracer experiments in
via plants into the food chain which is available biological, medical and geological research and
for consumption. can also be applied for determining the concentra-
Inorganic mass spectrometry is a universal and tion of monoisotopic elementée.g. iodine using
extremely sensitive analytical method for the *29) by the isotopic dilution methodil1]. In Fig.
simultaneous determination of element concentra- 1 different applications for determination of con-
tions in the trace and ultratrace range and their centration and isotope ratio of long-lived radionu-
isotope ratio measurements and has been estabelides are summarized.
lished in the last few years for the determination Inorganic mass spectrometry—especially induc-
of long-lived radionuclides. The application fields tively coupled plasma mass spectrometiZP-
of inorganic mass spectrometry for the determina- MS)—has developed in the past decade into a
tion of long-lived radionuclides are expected congruent method of the well-established classical
increase with improvements in sensitivity and pre- radioanalytical techniques due to easier sample
cision and decreasing detection limits. The deter- preparation steps, excellent detection limits and
mination of the concentration and the precise the ability to carry out precise isotope ratio meas-
isotopic analysis of radioactive elemefsg.2*2 U, urements. Conventional radiochemical methods for
233, 22Th and the decay nuclidedy inorganic  the determination of long-lived radionuclides at
mass spectrometry as terrestrial sources of radio-low concentration levels require a careful chemical
activity is applied in environmental research, geol- separation of the analyte, e.g. by liquid—liquid,
ogy or in solid-state research and material solid phase extraction or ion chromatography. The
controlling (e.g. of high-purity metals, alloys, sem- chemical separation of the interferents from the
iconductors and insulators for microelectronics long-lived radionuclide at ultratrace level and its
The characterization of radioactive waste is enrichment in order to achieve low detection limits
required especially in respect to long-lived tran- is often very time-consuming. Especially inorganic
suranics 23" Np (7y,2: 2.1xX10° @ #Pu (ty/2 mass spectrometry is advantageous in comparison
2.4x10" @, #Pu (t1,: 6.6x10% @, **Pu (112 to radioanalytical techniques for the characteriza-
3.8xX10° @), ***Am (1,,,: 7.4X10% @ and fission tion of radionuclides with long half-live¢>10*
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Fig. 1. Overview of application fields for determination of long-lived radionuclides.

a) at ultratrace level and very low-radioactive discusses the different inorganic mass spectromet-
environmental or waste samples. Henry et[al. ric techniques and their application for quantitative

reported that improvements in quadrupole ICP-MS analysis and determination of isotope ratios of

have resulted in attogram mass detection capability. long-lived radionuclides.

Following the analysis of radionuclides with short-

er half-life is also possibléFig. 2).

The development of analytical methods for the
determination of long-lived radionuclides at ultra-
trace concentration levels in high-radioactive mate-
rials from nuclear reactors—which is also Solid-state mass spectrometric methods with
important for waste classification—is focused on Mmultielemental capability—such as laser ablation
improving microanalytical techniques in order to inductively coupled plasma mass spectrometry
reduce the sample volumeminimize radioactive ~ (LA-ICP-MS) [35,36,44—-48 glow discharge
contamination of instrument and dose to the oper- mass spectrometrGDMS) [47-5( and second-
aton, to improve the detection limits, the precision ary ion mass spectrometfgIMS) [12,5]—allow
(relative standard deviation, R.S)land accuracy the direct sensitive trace element determination
of mass spectrometric measurements. For exampleand isotope analysis of long-lived radionuclides in
the quality control of radioactive waste packages solid samples without any chemical sample prep-
or health control of exposed persofidood, urine, aration. For the trace and ultratrace analysis of
faeces, hair and tissue analysisquires powerful  selected radionuclides and the precise determina-
and fast analytical methods which allow many tion of isotopic ratios in solid samples also, thermal
samples to be measured in a short time with a ionization mass spectromet§fIMS) [12,52,53,
high degree of accuracy and precision. This review AMS [54,59 and RIMS[22,56 have been used.

2. Mass spectrometric techniques for determi-
nation of radionuclides
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Fig. 2. Comparison of sensitivity foi*® U in ICP-MS using different nebulizérem Ref. [127] with permission.

An advantage of solid state mass spectrometry ration of the sample the other for ionization of
is that sample preparation steps are reduced to aevaporated atomswhich are arranged opposite to
minimum and, therefore, possible contamination each another. Due to the low initial energi@l—
during sample preparation can be avoided. One 0.2 eV) of the ions formed on the hot thermal
problem is the quantification of analytical results surface mostly single magnetic sector field mass
in solid state mass spectrometry, which is difficult spectrometers have been used for ion separation.
if no suitable(matrix-matched standard reference The limiting factors for the accuracy of meas-
materials are available. The quantification problem ured isotopic ratios in TIMS are mass discrimina-
can be solved, for example, by the preparation andtion in the TIMS instrument(e.g. ion optical
application of synthetic matrix-matched laboratory system or ion detectdrand mass fractionation

standard436,57. effects (caused during the evaporation of sample,
where the measured isotope ratio changes with
2.1. Thermal ionization mass spectrometry time). These inherent effects limit the capability

of isotope ratio measurements by TIMS can be

For many decades TIMS was a frequently used considered by different internal calibration tech-
isotope analytical technique allowing isotopic Niques[11] or by using isotopic standard reference
ratios of long-lived radionuclides to be measured materials with well-known isotopic ratios for an
with a precision of better than 0.01p63]. Thermal ~ element (e.g. from NIST—National Institute of
ionization mass spectrometers with a multiple ion Standards and Technology, Gaithersburg, USA—
collector system yield the most precise isotope or IRMM—Institute of Reference Materials and
ratios down to 0.001%R.S.D). In TIMS a small Measurements, Geel, Belgiom
volume (down to 1ul) of agueous solution con- The capability of TIMS in precise isotopic ratio
taining the analyte in the nanogram to microgram measurements—as the major application field of
range is deposited on a cleaned filament surfacethis analytical technigue—is used in the accurate
(mostly high-purity Re and evaporated to dryness. trace element determination of radiogenic elements
The most frequently applied technique in TIMS for determining element concentration by the iso-
works with two heated filamentéone for evapo-  tope dilution method using high-enriched isotopic
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Table 1
Application of inorganic mass spectrometry in determination of uranium and thorium in high-purity metals, alloys and glass
Samples Equipment Concentration range Detection limit References
Indium ICP-QMS u 0.03wg g * (V) Grazhulene et alj62]
Plasmaquad after traéeatrix separation
Platinum LA-ICP-QMS u 3ngg* ) Becker et al[63]
ELAN 6000
Aluminium TIMS, THQ U and Th 0.018 ngg* (U) Beer and Heuman{B7]
isotope dilution after trag@matrix separation 0.06 ngg (Th)
Titanium TIMS, THQ U and Th 0.07 ngdt (V) Beer and Heumanfb64]
isotope dilution after trag@matrix separation 0.07 ngg (Th)
Cobalt TIMS, THQ U and Th 0.007 ngd (V) Beer and Heumanf65]
after tracgmatrix separation 0.017 ng'g (Th)
Molybdenum TIMS, MAT 261 U and Th 0.006 ng§ (U) Herzner and Heumanf38]
Tungsten isotope dilution after trafmatrix separation 0.008 ngg (Th)
Tantalum ICP-QMS U and Th 0.02gg~* (U) Panday et al[66]
ELAN 5000 after tracématrix separation 0.0f,gg~* (Th)
Zircaloy ICP-QMS U and Th 0.0gg (V) Panday et al[67]
ELAN 5000 after tracgmatrix separation 0.0agg* (V)
Glass fibers LA-ICP-SFMS U and Th 0.03 ngB(Th, U) Becker et al[68]
ELEMENT

spikes. For example, Heumann’s group determined other inorganic mass spectrometric techniques in
U and Th(and other elementsn, e.g. high-purity ~ the determination of U and Th in high-purity
metals and silicides of Mo, W and Ta and silicon metals are summarized in Table 1.
oxide after separation of analytes by TIMS and  TIMS has a number of disadvantages: it requires
IDA [38,39,59. Impurities of the naturally occur- an often time-consuming sample preparation
ring radioactive elements uranium and thorium and (including digestion of solid samples and trace-
their decay products at the picogram per gram matrix separatioh it lacks multielement capability
level in high-purity refractory metals and their and is restricted to elements with ionization poten-
silicides, which have been increasingly used for tial <6 eV; as a result this technique is being
gate electrodes, interconnections and diffusion bar- replaced by the more sensitive ICP-MS in recent
riers in integrated circuits, affect the electronic and years.
physical properties of integrated circuits. The iso-
tope dilution technique using TIMS together with 2.2. Glow discharge mass spectrometry
different applications, also for the determination
of long-lived radionuclides, is reviewed by Heu-
mann[60]. cient analytical method for the direct trace element
TIMS was used by Aggarwal and Crajifi1] for and depth profile analysis of solid47,49,50. In
the determination of the half-life of several tran- GDMS an argon gas glow discharge at a pressure
sactinium isotopes(e.g. ?**Pu, ?*2Pu, > Am,  of 0.1-10 Torr is used as an ion soul&s]. The
242Cm) and of the fission yield of stable and long- cathode surface consisting of the sample material
lived fission products in thermal neutron induced is sputtered by Ar ions, which are formed in
fission of 223U, 2%°Pu and?*! Pu. low-pressure argon plasma and accelerated towards
Selected applications of TIMS in comparison to the cathode. Sputtered neutral particles of the

GDMS was established as a powerful and effi-
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sample are ionized in the glow discharge plasma 2'%Pb, 236U, 23%Pu, 23Pu, 24°Pu, 242Pu, 2** Pun
(‘negative glow) by Penning angor electron environment, cosmochemistry, radiodating, nutri-
impact ionization and charge exchange processestion and biomedical researcf22,56,75-78 In

For the direct analysis of solid samples the com- RIMS the solid or liquid samples are vaporized
mercial direct current glow discharge mass spec- and atomized by an atomic beam soufegg. in
trometer VG-9000 (VG-Elemental, Thermo an atomic beam oven by thermal vaporization on
Instruments, UK—a double-focusing sector field a hot Re filament or by evaporation of sample
mass spectrometer with inverse Nier-Johnson using an electron beamOne or in most cases
geometry—has been available on the analytical more lasers are tuned precisely to the wavelength
market for many years. This instrument was used required for the excited states and ionization of
mainly for the determination of trace elements in evaporated atoms in order to obtain a highly
electrically conducting materials with detection selective resonance ionization of the element of
limits in the nanogram per gram concentration interest. RIMS has been successfully applied in
range and lower(reproducibility of = +10% environmental samples at the ultratrace concentra-
R.S.D). The analysis of nonconducting materials tion level with detection limits of~3x1(° atoms

by d.c. GDMS is difficult due to charge-up effects °°Sr per sample(~2 mBg and the isotopic
on the sample surface. Different techniques such selectivity of >10'° [56,75. The determination of
as mixing nonconducting powdered samples with Pu after electrolytic separation from soil, air filters
a high-purity metal powdetor high-purity graph-  or urine was described by Erdmann et fig]

ite) or the use of a secondary cathode have, with detection limits of 16 —10 atoms. Nunne-
therefore, been applied for the analysis of electri- mann et al.[22] determined Pu isotope ratios in
cally insulating samples by d.c. GDMS. Betti and environmental samples in order to distinguish
co-workers [47-49,69 used the VG 9000 for between Pu from nuclear power plants and from
different applications to characterize radioactive global nuclear fallout due to nuclear weapons tests
waste materials in electrically conducting and non- or from Chernobyl nuclear fallout. Recently, Traut-
conducting materials, e.g. for different types of mann[79] described the progress of RIMS in the
nuclear fuels, alloys containing Pu and U, cladding determination of extremely small isotope ratios for
materials, nuclear waste glasses. It was thus pos-different applications. Besides the determination of

sible to determine the neptunium concentration in
Irish Sea sediment samples with d.c. GDMS with
a detection limit of 80 pg g* [48]. In this work,

a certified marine sediment doped witff  Np was
used for the calibration strategy. TK& Np con-
centrations in sediments determined in the low

nanogram per gram range are in good agreementconcrete,

with results ofy spectrometry. Detection limits in

the low picogram per gram range measured by

d.c. GDMS on soil, sediment and grass were
reported by Betti et al[47]. Table 2 summarizes

selected applications of mass spectrometry for the

determination of long-lived radionuclides in bio-
logical, geological and environmental samples.

2.3. Resonance ionization mass spectrometry

RIMS is a highly selective and ultrasensitive

method for ultratrace and isotope analysis of espe-

cially radiotoxic isotopeg*'Ca, °°Sr, *°Tc, 1*°Cs,

238-24Py in soil, sea water and sediment, house
dust and urine, RIMS was used at the University
of Mainz for the determination of° Tc in sea
water, °°89Sr in aerosols from Chernobyl samples,
soil, plant, milk and urine and for the surveillance
of nuclear reactor coolant! Ca in nuclear reactor
meteorites and biomedical samples
[76,77.

2.4. Accelerator mass spectrometry

AMS started approximately 25 years ago at
nuclear physics laboratori¢s5,80—84 as a highly
selective and ultrasensitive mass spectrometric
technique. The sensitive determination of exotic
radionuclides such a$¢ Hé! C° B&® AlL»° |,
32Si, 182Hf, 2'Pb, 2% or 2*Pu is carried out by
ion sputtering (e.g. using a Cs primary ion
source. The sputtered secondary negative ions
were extracted into a two-stage mass filter. The



Table 2

Application of inorganic mass spectrometry in trace and ultratrace analysis of long-lived radionuclides in biological, geological and etsirssmges

Samples Equipment Radionuclides Detection limits References

Soil, sediments, GDMS 87 CS° SEF Pu Low pgg? Betti et al.[47]

grass ‘VG 9000 240 py 241 py232 Th

Zeolites LA-ICP-QMS U and Th 0.0pgg* (L) Pickhardt et al[46]
‘ELAN 6000’ 0.03pgg -t (Th)

Meteorites(chondrite$ ICP-QMS U and Th 0.28 ngg (Th) Shinotsuka and Ebihaf@0]

Irish sediments GDMS 237 Np 80pgg? Aldave de las Heraf48]
‘VG 9000

Biological SRMs, ICP-QMS, ELAN 5000 2388 U282 Th 0.9 pg mi-t (23Q) Truscott et al[71]

sea and river water ‘PlasmaQuad PQ2’ 0.3 pgi232Th)
ETV, on-line solid phase extraction

Sediments, ICP-SFMS 226 R&* TH*® U 4.0 pg ! (V) Chiappini et al.

fish samples Element 27 NE2° PE* Am 1.2 pg It (23Pu, 2°Pu, 24 Am [72

Thermal water ICP-QM$ USN

Food

‘PlasmaQuad PQ2’
extraction, ion exchange

ICP-SFMS-USN
‘ELEMENT’, ion extraction

226

Pu

Ra

2fgg?

0.03 pgg*

Joannon and Pifi73)]

Evans et al[74]
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mass-separated ions were accelerated in a tandenapplied for analysis of long-lived radionuclides.
accelerator to energies of some mega electron volt Secondary neutral mass spectrometi$NMS)

and were stripped in a gas tarder foil) stripper

[86] in less significant in this topic due to its

where they loose electrons and gain a high positive lower sensitivity. In SIMS the solid sample surface

charge statege.g. 2°°U°") and, therefore, are

is sputtered by bombardment with a focused pri-

accelerated a second time by the same potential.mary (keV) ion beam(Ar*, Ga*, Cs", @ or
The stripping process has the advantage that itO~) and the sputtered ions are analyzed mass
dissociates molecular ions if enough electrons are spectrometrically. In contrast, in SNMS the sec-

stripped off which results in an elimination of
isobaric interference§55]. After the deceleration

ondary neutrals, which were postionized, e.g. by
electron bombardment or using a laser beam, were

of ions and a final mass separation the ions were analyzed mass spectrometrically. SIMS and SNMS

sensitively detected.

are mainly applied for depth profiling, reaching

Today with 63 accelerator mass spectrometers depth resolution in the low nanometer range. Both

installed worldwide (including recycled tandem
accelerator and new facility instrumeh&MS has

techniques are able to perform a microlocal anal-
ysis in the sub-micrometer randge.g. for analysis

been established as a powerful routine method of local inclusion or impurities and can be used

especially for** C datind **C: #,,,=5.7xX10% a),
in which extremely small isotope ratios 1& —

for the determination of lateral element distribution
and isotope analysis, e.g. for the characterization

10 *® can be measured very fast in routine mode of small particles, aerosols, and liquid or solid

in very small sampleg81]. Recently, Kutschera
and Muller [82] dated the Alpine Iceman Oetzi

and associated materials usitfg C dating by AMS.

AMS revolutionized the use of long-lived radio-

inclusions. Whereas in SNMS the detection limits
for trace analysis are in the microgram per gram
range, SIMS can be applied for the characterization
of bulk material with detection limits down to the

nuclides by detecting radioactive atoms directly at low nanogram per gram rangéut very element
the ultratrace level and it thus became possible to dependent Both surface analytical techniques
measure many long-lived radionuclides such as allow precise isotope ratio measurements with

19Be, 4ICa, 225U or ?**Pu at natural abundances
[55]. AMS can, therefore, be used to determine

239y /239 isotope ratios in the range from 18

to 10 ** for evidence of?*®* U in environmental
samples[83]. However, since a standard material
for 2°®U determination at this level is not estab-
lished, the result of*® W?*4 isotope ratio meas-
urement by AMS of(6.14+0.4)10** for the ‘K.k.
Uranfabrik Joachimsthal’ uranium can be only
considered preliminary55]. With AMS absolute
detection limits of 10 atoms are reached for
isotopes such a&° Pi84]. Furthermore, with its
capability of providing isotopic abundance ratios
as low as 10*® for very small samples, AMS has
been applied for the detection of extremely low
concentrations of long-lived radionuclides for
research in geochronology and archaeology.

2.5. Secondary ion mass spectrometry and second-
ary neutral mass spectrometry

SIMS [85] is the most important mass spectro-

precisions between 0.01 and 1%. By the applica-
tion of multiple ion collector SIMS(NanoSIMS,
CAMECA), e.g. in geochronology, a precision of
0.002% can be reachdd1]. In contrast to SNMS,
the quantification of analytical results in SIMS is
very difficult due to large matrix effects. Never-
theless, if a matrix matched standard reference
material is available for SIMS accurate analytical
data were obtained. SIMS and SNMS are advan-
tageous for determining surface contamination and
investigation of interdiffusion of elements in solid
materials or in layered systems. More details of
this surface analytical mass spectrometric tech-
nique are given in Refd85,84.

SIMS has been applied for the characterization
of single uranium and plutonium particles by Betti
et al.[87,89. The identification of uranium micro-
particles and the determination of their isotopic
composition by SIMS is discussed by Tamborini
et al. [87]. The mapping of an entire sample
surface was performed by the use of the resistive

metric surface analytical technique and can be anode encoder, avoiding charging effects during
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sputtering by a coating with 20 nm carbon. Work- liabdfeg of merit of ICP-MS for determination of lonalived rad
. . . . . It O - or aetermination o - -
ing in the microprobe mode the isotopic compo- onguclides[ll] ong-ived fad

sition of the particles was obtained with good
accuracy and precision. A detection limit for ura-
nium in the nanogram per gram to picogram per

Analytical method Detection limits

Solid state mass spectrometry (ng g™

gram range was obtained by optimization of dif- SSMS 1-0.001
ferent instrumental parameters. Erdmann efgf] ~ goa 0400001

described a determination of isotopic composition
with an accuracy better than 0.4% fé#°> U in

LA-ICP-MS
ICP-MS (ng1™%)

0.010-0.00001

single uranium oxide particles. Control particles Quadrupole ICP-MS 0.01-0.6

were produced consisting of isotopically certified CP-SFMSGn/Am—300) 0.00004-0.005
. . . . ICP-QMS with collision cell 0.003-0.01

monodisperse uranium oxide microspheres of 1 cp1orFvs 0.1-1

wm in diameter. These particles were obtained by MC-ICP-MS (sector field
dissolving uranium isotopic standard reference
materials, nebulizing the solution in droplets and
collecting the particles after their desolvation and appearance of isobaric interferences of long-lived

0.0001-0.000775]

calcination.

2.6. Inductively coupled plasma mass spectrometry

ICP-MS [11,57,90 is at present the most fre-

radioactive nuclides and stable isotopes of other
chemical elements at the same mass. ICP-MS
offers some interesting advantages to solve these
inherent interference problems. Isobaric interfer-
ences of radionuclides especially with molecular

guently used mass spectrometric technique for fastions can be resolved using double-focusing sector
single- and multielement determination and isotope field ICP-MS at the required mass resolution.
ratio measurements in the trace and ultratrace Furthermore, by the application of ICP-MS with
concentration range. This powerful analytical tech- collision cell, disturbing interfering isobaric ions
nigue is also increasingly used for analysis of can be suppressed or special sample introduction
radionuclides at very low activity and low nuclide and coupling techniques such as high-performance
abundance$1-11,70-74,9L ICP-MS is applied liquid chromatographyHPLC) and capillary elec-

as well in aqueous radioactive solutions or on solid trophoresis(CE) can be helpful to avoid interfer-
samples after digestion. In contrast to conventional ence problems by separating the analytes.
inorganic solid mass spectrometric techniques, At present several quadrupole-based ICP mass
ICP-MS allows a simple sample introduction in a spectrometers without and with collision céd.g.
normal pressure ion source and an easy quantifi- Perkin Elmer Sciex, Agilent, ThermoElemental,
cation procedure using aqueous standard solutions.Varian GmbH analytical instruments, Micromass,
The principle of ICP-MS is described in detail in etc), a time-of-flight ICP-MS from Leco and
Ref. [90]. The chemical compounds contained in several commercial double-focusing sector field
the sample solution are decomposed into their ICP-MS with single and multiple ion collectors,
atomic constituents in an inductively coupled e.g. ‘ELEMENT and ‘NEPTUNE’ (Thermo-
argon plasma at a plasma temperature of approxi- Finnigan, Bremen, Germahyand a single mag-
mately 6000—-8000 K and ionized at a high degree netic sector field ICP-MS with collision cell

of ionization (>90% for most chemical elements
with a low fraction of multiply charged ions
(=1%). The positively charged ions are extracted
from the inductively coupled plasméat atmos-

‘Isoprobe’ (Micromass Ltd, UK, ‘Nu Plasma’

(Nu Instrument$ are available on the international
market. In Table 3 the detection limits for the
determination of long-lived radionuclides meas-

pheric pressupeinto the high vacuum of the mass ured by ICP-MS are compared with those of solid
spectrometer via an interface. The major problem mass spectrometry. In the low-resolution mode, the
in determining long-lived radionuclides in radio- element sensitivity of commercial double-focusing
active waste or environmental samples is the sector field ICP-MS is significantly higher than
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conventional quadrupole ICP-MS. The extreme sensitive analysis of radionuclides and more pre-
element sensitivity of double-focusing sector field cise determination of isotope ratios in comparison
ICP-MS permits ultratrace analysis down to the to commercial quadrupole ICP-MS without colli-
sub-femtogram per milliliter concentration range sion cell [96—103. The principles and possible
in aqueous solutiof7]. Whereas the precision for application of collision-induced reaction in a gas
isotope ratio measurements in quadrupole ICP-MS target for increasing the sensitivity in an inorganic
varies between 0.1 and 0.5%, double focusing mass spectrometer for ultrasensitive trace analysis
sector field ICP-MS with single ion detection was already studied 20 years ad®03. The
allows isotope ratio measurements with a precision collision-induced reaction of ions—formed in the
of 0.02%[11]. A better precision of isotope ratio inductively coupled plasma—with molecules or
measurements(one order of magnitude was atoms of the collision gas or gas mixtute.g. He
achieved by the introduction of the multi-ion and/or H,, O,, Xe, CH,, NHy introduced by one
collector device in sector field ICP-MS. The capa- or two mass flow controllers in the collision or
bility of the double-focusing sector field ‘Nu reaction cell results in a reduction of the energy
Plasma’ from Nu Instrumentéwith Nier-Johnson  spread(‘cooling’) of the ions from several eV to
geometry with 12 Faraday cups is demonstrated <0.1 eV, in dissociation of the molecular ions and
by measurements from Halic®2,93 on a lead neutralization of disturbing atomic ions of noble
and strontium NIST isotope standard reference gas of the plasma ga@r and Xe contaminanis
material. With these measurements a precision atused. Whereas the collision cell was introduced in
20 ppm(0.002% R.S.D. and an excellent agree- ICP-MS in order to dissociate disturbing argon-
ment with certified values was achieved. Also based molecular ionfArX *, X=0, N, C, H or
small isotope ratios as demonstrated ¥r /26U Ar) and to neutralize the plasma gas idds ™),
[22%U/ 22U peasures 63.000.5) X 1076 vs. 234U/ more and more newly formed interference free
238U, ecommendes 62.580.12) X10°%] in ocean molecular ions were used as analyte i¢h%,98—
water can be measured with good precision and 101]. Tanner et al.[100] reviewed fundamentals
accuracy[94]. in the reaction chemistry and collision processes
Similar to solid state mass spectrometric tech- in the gas cell for resolving isobaric interferences
nigques, ICP-MS possesses the multi-element capa-in ICP-MS.
bility for the quasi-simultaneous determination of ICP-MS with collision cell is the method of
long-lived radionuclides, but single element deter- choice for the sensitive determination of the long-
mination was performed especially for selected lived rare**°1(#,,,=1.6X 10" a, which is of great
applications(e.g. determination of?° | of® Seor interest for environmental monitoring of nuclear
in isotope ratio measurements. fallout (e.g. as a result of the Chernobyl accident
The oxide formation of long-lived radionuclides and for monitoring of radioactive emissions from
226Ra, #°Th, 23'Np, 28U, 2*Pu and ?**Am in nuclear facilities and for radioactive waste control.
double-focusing sector field ICP-MS and their The main problem fof2° | determination by ICP-
applications is described by Becker and Dietze MS is an impurity of Xe in the high-purity argon
[95]. In ICP-MS and LA-ICP-MS the authors gas used which results in an isobarté® Xe
found a good correlation of oxide intensities of interference, leading to a high background at mass
long-lived radionuclides with bond dissociation 129 u and an increased detection limit. Further-
energies. From this correlation it was possible to more, the determination of th&° /121 ratio in
estimate bond energies for AmO and NpO. environmental samples requires an abundance sen-
sitivity down to 10°1° —-10*! . Analytical methods
2.6.1. Application of collision cell in ICP-MS for which are mostly applied for the ultrasensitive
determination of long-lived radionuclides determination of*?® |—such as AMS and neutron
The introduction of the collision cell in ICP activation analysis—are very expensive, require
mass spectrometers is one of the most significant special equipment and laboratory facilities. For the
improvements in ICP-MS instrumentation for more determination of*2° |, ICP-MS with collision cell
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is a powerful tool for an ultrasensitive determina-
tion of the extremely raré®® | radionuclide. Using
He and H as the collision gases in ICP-MS with
a hexapole collision cellPlatform, Micromaskan
efficient reduction of the disturbing background
intensity is possible which results in a lowering of
the detection limit in comparison to ICP-SFMS by
nearly two orders of magnitude from 100 to 3
ng I=* [11,104. Recently, a further improvement
of the detection limit for*?® | determination by
ICP-MS with hexapole collision cell using oxygen
as the collision gas was demonstrated in our
working group[105. For the sample introduction
of volatile **°I from solid geological materidkoil)

an electrothermal vaporization technique was
developed. The detection limit for the analysis of
129 in aqueous solution and in soils could be
reduced to the sub-ppt and low ppt range,
respectively.

The determination of the long-lived radionuclide

°Se (t,/,=65 000 a can be performed by ICP-
MS using a hydride generator for solution intro-
duction in order to reduce the interference problem
(possible isobaric interferences of° Se with
7gB|'+, 39K 4%'. +1 63Cu160+ , 158GOQ+ and
158Dy 2+), The detection limit of”® Se determina-
tion in sector field ICP-MS was 100 pg mt
[106]. An improvement of sample introduction by
hydride generation coupled to ICP-QMS with hex-
apole collision cell for selenium determination in
biological samples was described in R¢107].
By applying hydride generation in quadrupole ICP-
MS with a hexapole collision cell the detection
limit could be reduced to 5 pg mt because the
disturbing argon hydride molecular ions
38Ar4Ar H * were additionally suppressdd].

The application of a collision cell in ICP-MS
results in an improved sensitivity for heavy ele-
ments due to increasing ion transmission as dis-
cussed in Ref[16]. An 2%8U™ ion intensity of up
to 27 000 Mcpgppm in ICP-QMS with hexapole
collision (using an ultrasonic nebulizecell was
found.

2.6.2. Application of ICP-MS for determination of
long-lived  radionuclides  after  trace/matrix
separation

Long-lived radionuclides occur at extremely low
concentrations especially in environmental sam-
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ples; therefore, matrix separation and enrichment
of the analytes is proposed for their analysis by
several authors [19,71-74,108-117 Trace/
matrix separation, which is performed off-line or
on-line, is also advantageous in order to avoid
possible isobaric interferences, matrix effects and
to reduce the detection limits for the determination
of long-lived radionuclides.

For example, Yamamoto et al91] suggested
for the determination o° Tc in environmental and
radioactive waste samples by ICP-MS—which is
disturbed by isobaric interference with Riand
%MoH*) ions—a separation o Tc using differ-
ent solvent extraction and purification techniques
with anion exchange. In this work, the determina-
tion of °°Tc in sediments from the Irish Sea is
described with an absolute detection limit of 0.25
pg, (0.16 mBq, using a double-focusing sector
field ICP-MS (PlasmaTrace, VG Elemental Dtd

°Tc in a highly radioactive evaporator concen-
trate from a nuclear power plaft18 was meas-
ured in our laboratory after chemical separation
procedures using ICP-MS. The detection limit for
9Tc determination in separated solutions was
determined by double-focusing ICP-SFMS to be 5
pgl~%, corresponding to an activity of 3
wBgmi~1, in comparison to quadrupole-based
ICP-MS (ELAN 6000, Perkin Elmer Sciexwith
a detection limit of 0.1 ngi?* [7].

Eroglu et al.[19] studied separation and enrich-
ment of ®* Tc from sea water by anion exchange
with a detection limit of 0.03 ngl* using a
guadrupole-based ICP-M$HP 4500, Hewlett-
Packard. An IC-ICP-MS spectrum for the sepa-
ration of°*Ru and®® Tc in an environmental sample
is demonstrated by Betti in Ref14].

Barrero Moreno et al[108§ determined neptu-
nium and plutonium in the presence of high
concentrations of uranium by ion chromatography
coupled to ICP-MS. The determination of natural
uranium and thorium in environmental samples by
ETV-ICP-MS after matrix removal by on-line solid
phase extraction was described by Truscott et al.
[71].

Recently, Evans et al[74] developed a rapid
and accurate method for the determination of
plutonium in food using double focusing ICP-
SFMS with an ultrasonic nebulizer with desolva-
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Table 4

Concentration of different spallation nuclides of the lanthanides
(ng g™Y in an irradiated tantalum targgt14

characterization of radioactive materials and
environmental samples using ICP-MS
[111,117,119,120 For example, we developed

Nuclide Half-life Sample 1 Sample 2 Sample 3 an_alytical proce_zdures for the determination of spal—
Y. Stable 0617 21106 07102 Iatlotn nuclides m_thed'FathIunjtgag%eot cl)\;avspall?tlon
uspm 177y 212036 4411 09103 neutron source irradiated wi ) MeV protons
5G4 1.8x10°y 28.7+4 6.3+1.2 1.1+0.3 [32,119,120. In order to separate isobars of rare
3o 33y 80.3:10.4 21+4 3406 earth elements, such as radioacti?/é  Lu, from
%Yb  Stable 111.#133 29.6:53 4.6+0.8 stable'”® Yb, on-line HPLGfor a chromatographic
Ty 14y 16.5+2.8 5+1 0.8£0.2

separation of a lanthanide mixture into the individ-
ual elementswas coupled to the mass spectrom-
eter. The concentrations of different spallation

tion unit (Cetac USN 6000 A¥) and ion  pcjides(Table 4 in the first tantalum plate of
chromatography. The samples were prepared DY he gpallation neutron sourdsample 1 was col-

HNO; closed vessel microwave digestion, evapo- |acted from the centre of the plate, sample 3 is
rated to dryness and diluted into a_mob_ile phase from the edge, sample 2 was collected between
(1.5 M HNG; and 0.1 mM 2,6-pyridinedicarbox-  \yere measured by HPLC-ICP-MS using reverse
ylic acid). By on-line separation using a polysty- jsotope dilution techniquél14]. With increasing
rene—divinylbenzene ion chromatography column gjistance from the centre of the plate, that means
3%Pu and?**U were separated in order to reduce \jth decreasing irradiation density of 800 MeV
the 2*UtH" interference. A further reduction of proton beam on the tantalum target, the concentra-
#*UH" interference was achieved by application tion of the spallation nuclides decreases. We also
of an ultrasonic nebulize(USN). The detection  coupled CE to a double-focusing sector field ICP-
level for Pu of 0.020 pg g* (4.6x 1072 Bq kg ) MS for the same analytical taskl20]. This
is significantly below ¥10 of the European Union  approach reduces the sample volume from the 100
legislation for baby food(1 Bqkg *-0.436 || range using HPLC-ICP-MS to the nanoliter
pg gt [74]. range, which is extremely important for the anal-
An analytical method fof?® Ra determination in ysis of high-radioactive solutions. The spallation
environmental samplesthighly saline thermal  nuclides in the irradiated tantalum were measured
water9 by ICP-QMS with ultrasonic nebulization  using both mass spectrometric coupling techniques
were developed by Joannon and 78]. Radium  after dissolution of high-radioactive tantalum in a
was preconcentrated and isolated from the matrix HNO,/HF mixture and after(off-line) matrix
elements by selective extraction using a radium- separation by liquid—liquid extraction of the tan-
specific solid phase extraction membrane disk talum matrix (in order to reduce the high®? Ta
designed for radioactive counting method. A very activity). The theoretical results of spallation yields
low detection limit was achieved in quadrupole of tantalum are verified by mass spectrometric
ICP-MS when the pressure in the interface was measurements of the concentration of spallation
reduced from approximately 2 to 0.85 mbar. Lari- nuclides of the irradiated tantalum target by HPLC-
viere et al.[112] developed a selective extraction ICP-MS and CE-ICP-MS as well32,119,120.
procedure for preconcentration 6 Ra from ura- One example is demonstrated in Table 5 where the
nium ores and biological samples. The measure- nuclide abundances of gadolinium produced via
ments were performed by ICP-QMS with hexapole spallation reactions in an irradiated tantalum target
collision cell in order to reduce possible interfer- and measured by HPLC-ICP-MS and CE-ICP-MS

ences. An absolute detection limit of 0.02(@.75
mBq) was obtained using less than 4 mg of solid
sample or 25 ml liquid sample.

In past years especially on-line ion chromatog-
raphy ICP-MS has been increasingly used for the

are compared.

The simultaneous separation and determination
of lanthanides and actinides by ion chromatogra-
phy ICP-MS combined with the isotope dilution
technique was studied by Perna et HIO9. A
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Table 5

Nuclide abundances of gadoliniu{®) produced via spallation
reactions in an irradiated tantalum target via spallation
reactions

Nuclide Nature Theory CE-ICP-MS HPLC-ICP-MS
145Gd - 15.8 19.4 20.7

150Gd - 18.3 18.8 18.4

152Gd 0.2 27.2 22.1 22.7

1%4Gd 2.15 2.6 <3.4 <11

155Gd 147 34.4 334 33.9

156Gd 20.5 0.57 — <11

157Gd 15.7 0.40 - <1.9

158Gd 24.9 - -

160Gd 21.9 - -

further application of ion chromatography for the
determination of fission products and actinides in
nuclear applications is discussed by Betti et al.
[14,121. An on-line trace enrichment by flow
injection using a microcolumn of activated alumina
and mass spectrometric determination of uranium
in mineral, river and sea water was described by
Dadfarnia and McLeod122].

Flow injection with on-line preconcentration
using solid-phase adsorption on a mini-column of
%Tc, 22°Th and 234U at ultratrace level in soils is
described by Hollenbach et al123. Detection
limits in the soil for®® Tc,2*°Th and*** U were 11

Table 6

Application of inorganic mass spectrometry in trace and ultratrace analysis of long-lived radionuclides in nuclear fuel, radioactive

waste solid samples and radioactive solutions
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mBgg ! (0.02 ngg?'), 3.7 mBgg?! (0.005
ngg ') and 0.74 mBqgg® (0.003 ngg?),
respectively.

Different applications of mass spectrometry in
trace, ultratrace and isotope analysis of long-lived
radionuclides in nuclear fuel, solid radioactive
waste samples and radioactive solutions are sum-
marized in Table 6.

2.6.3. Ultratrace analysis of long-lived radionu-
clides in very small sample volumes

The development and application of micro-ana-
lytical techniques for the precise isotope analysis
and concentration determination of long-lived
radionuclides at the ultratrace concentration level
is a challenging task for analytical chemistry.
Micro-analytical techniques are of special impor-
tance in order to reduce the radioactivity of the
sample analyzed, the waste, contamination of
instruments and tools, and the dose to the operator.
Furthermore, for a multitude of applications espe-
cially for biomonitoring (for monitoring contami-
nation from radioactive waste in the environment
and for evidence of nuclear fallguthe concentra-
tions of long-lived radionuclides are extremely low
and the sample amount is often restricted. In order
to analyze small sample volumes, micronebulizers
(MCN Aridus, Cetac Technologies, USA and

Samples Method Radionuclides

Detection limits References

U0, fuel ICP-QMS, ELAN 5000
ion chromatography

isotope dilution

238 U'237 Np’239 Pu

0.06 g !7* (Np) Barrero Moreno et al[10§|

Radioactive waste ICP-SFMS 226 RZEC TRE U 0.05 pg I* (*Am) Becker and Dietz§7]
solution Element(USN) 28Np, Z%Pu, 2*Am 0.04 pg It (3%Pu)
Radioactive waste ICP-SFMS 226 RES TRE° TR® 0.1pglh*(*¥Am) McLean et al.[124]
solution Element(DIHEN) 28Np, 24, 2*Am 0.1 pg ' (#Np)
Spent uranium ICP-SFMS 286y, 0.2 pg I"* (solution Boulyga and Beckef125
Element,(Aridus) 3%y 0.04 pg g (soil)
ion exchange
Radioactive concrete LA-ICP-SFMS % TE2 TRSE U 0.02ngg? (V) Becker et al[35]

Element
ICP-QMS, ELAN 5000

Spent nuclear fuel 238 (337

235 236, 238U” 287\
NB*

1.4ngg?*(°Tc)

Pu, 0.45 ng mr* Perna et al[109

on-line ion chromatography?*® An?*® Cm
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Aridus nebulizer with desolvator
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Fig. 3. Comparison of UK/U* formation rate on solution uptake rate in ICP-SFMS using DIHEN and Aridus microconcentric

nebulizers.

MicroMist, Glass Expansion, Australia
[7,124,128 have been increasingly used for deter-
mining long-lived radionuclides by solution intro-
duction into the ICP-MS instead of ultrasonic
nebulizers, which consume high volumes of solu-
tion. Using the direct injection high-efficiency
nebulizer (DIHEN, J E Meinhard Associates,
USA) [33,90 sample solution is introduced into
the inductively coupled plasma with an analyte
transport efficiency into the plasma of 100%. By

(~3000 cps fg ') was measured using the DIHEN
in sector field ICP-MS with a single ion detector
due to a low solution uptake rate of 0.01
mlmin~—*. The problem with the DIHEN is the
relatively high molecular ion formation rate,
because the DIHEN works without spray chamber
and desolvator. So far the Aridus microconcentric
nebulizer with desolvator(sensitivity: ~2000
cps fg~1), which works at a solution uptake rate
of 0.1 mlmin~*, is the micronebulizer of choice

reducing the solution uptake rate and the sample especially when disturbing polyatomic ion forma-

size to the 1wl min~?! and fm range, respectively,
very sensitive measurements of long-lived radio-
nuclides in aqueous solutions are possible
[33,124. In Fig. 2, the sensitivitfin Mcps/ppm)

for 228 determination by ICP-MS using Aridus,
Micromist, USN (Cetac Technologies, USAand
DIHEN is compared. For quadrupole-based ICP-
MS vs. sector field ICP-MS with a single ion
collector (Element, Finnigan MAT and multiple
ion collection (Nu Plasma, Nu Instrumentshe
lowest ion intensities for*®  were observed.
The highest sensitivity was observed using USN
in sector field ICP-MS but the solution uptake rate
of 2 mI min~? for analyzing high-radioactive solu-
tions is relatively high. Considering the different
solution uptake rate of several nebulizers, the
highest sensitivity for the determination &8 U

tion has to be suppressed. Nebulizers with low
uranium hydride formation rate are required in
particular for23° Pu determination, because due to
a large excess of uranium in the presence of an
extremely low concentration of plutonium a com-
plete separation of Pu from U is very difficult. A
comparison of the uranium hydride formation rate
of several nebulizers using different ICP-MS is
discussed in Ref[15]. As demonstrated by these
measurements aerosol desolvatiaiso producing
dry aerosol, e.g. by laser ablation, which is not
demonstrated heyds advantageous fo*® Pu and
also2%¢U analysis. Fig. 3 compares the UHJ*
formation rate on solution uptake rate in ICP-
SFMS using DIHEN and Aridus microconcentric
nebulizers. The highest hydride formation rate was
observed for the DIHEN, whereas using the DIH-
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Fig. 3. Comparison of UH/U* formation rate on solution uptake rate in ICP-SFMS using DIHEN and Aridus microconcentric

nebulizers.

EN with decreasing solution uptake rate a decreas-

ing hydride formation rate was observed. With the
application of Aridus the hydride formation rate
of approximately 3.& 10 ° is nearly constant

analysis of depleted uranium in samples from
Kosovo [15].

The application of flow injection, as mentioned
before, is extremely helpful for solution introduc-

whereas the oxide formation rate increases with tion of small volumes into the ICP in order to
increasing solution uptake rate. Characteristics of minimize radioactive contamination in the instru-

different ICP-MS instruments are summarized in
Table 7 using probably the most useful microcon-
centric nebulizer with desolvator currently availa-
ble (Aridus, Cetac Technologig¢dor the analysis
of small volumes of radioactive solutions.

The low-flow microconcentric nebulizer with
desolvator (Aridus) coupled to ICP mass spec-
trometers was successfully applied in our labora-
tory for environmental monitoring of spent reactor
uranium, evaluating origins of contamination with
nuclear fuel in Chernobyl samples, studying radio-
nuclide behavior in the environment or for the

Table 7

ment [5,124. Microliter volumes of an aqueous
solution can be handled by a commercial HPLC
injection valve which was coupled, e.g. to a
microconcentric nebulizer (Micromist, Glass
Expansion for small droplet formation and a
minicyclonic spray chamber. It is thus possible to
analyze small sample volumésample loop:>1
wl) of radioactive waste solution introduced by
this HPLC injection valve into a continuous flow
of 2% nitric acid. In Fig. 4 an example is given
of the application of flow injection ICP-M$using

a quadrupole ICP-Mgfor the determination of

Characteristics of different ICP-MS instruments using microcentric nebulizer with desolatdus, Cetac Technologigs

Absolute sensitivity UH*/U* Abundance sensitivity
(countg'atom)
ICP-QMS 4x10°° 3x10°°® 6x10°7
ICP-SFMS 71074 3x10°° 5x10°°
MC-ICP-MS 5x10~4 5x10°° 3x1077
2ELAN 6000.

b Halicz [94].
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Flow injection of Th
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Isotope dilution by flow injection
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Fig. 4. Application of flow injection ICP-MS for thorium dete
permission.

232Th in small volumes of aqueous solution. In the
left part of Fig. 4, transient signals for 1, 2 and 4
ngl~! (at a sample loop of 2@.l) solutions are
demonstrated. The flow injection isotope dilution
technique(right part of Fig. 9 was developed for
the accurate determination of radionuclide concen-
tration. In this experiment &2 Th solutiofton-
tinuous flow was spiked with 2Qul of 5 pgl=?
high-enriched®*°® Th(99.85% for quantitative Th
determination in radioactive solutio$26]. Low-

er analyte concentration in radioactive waste solu-
tion can be measured by more sensitive
ICP-SFMS. For example, transient signals of a
23'Np standard solutiorfsample loop: 2Qul; Np
concentration: 10 and 100 pg ni) were meas-
ured with a precision of 2.0 and 1.6%R.S.D.,
N=05), respectively [5]. Another possibility of
analyzing small quantities of sample is the appli-
cation of electrothermal vaporization-ICP-MS for
the determination of long-lived radioisotopes,
which is described in Ref12§.

2.7. Laser ablation inductively coupled plasma
mass spectrometry

To an increasing extent LA-ICP-MS is the meth-
od of choice for the direct analysis of solid samples

100 200

Time (s)

300 400

rmination in radioactive waste solutfoom Ref. [126] with

with respect to the analysis of long-lived radionu-
clides. This powerful analytical technique uses the
evaporation of sample material by a focused laser
beam(mostly using a Nd—YAG laser with /4=

266 nm in an inert gas atmospheree.g. An
under normal pressure and postionization of evap-
orated and ablated material in an inductively cou-
pled plasma of the ion source of an ICP-MS.
Commercial laser ablation syster(es.g. LSX-200

or LSX-500, CETAC, USA and LUV 266, Mer-
chantek, USA are coupled to quadrupole analyz-
ers. Most applications of LA-ICP-MS are
described with respect to the analysis of the natu-
rally occurring radioactive elements U and Th in
geological and environmental samples. In our lab-
oratory a noncommercial and a commercial laser
ablation system were coupled to a quadrupole-
based ICP-MS (‘ELAN 6000’, Perkin Elmer
SCIEX, Canadg a collision cell ICP-QMS(Plat-
form, Micromas$ and a double-focusing sector
field mass spectrometef ELEMENT’, Finnigan
MAT, Germany for the characterization of radio-
nuclides in geological samples and solid radioac-
tive waste materials [11,35,36,41,4p For
example, for the determination of long-lived radio-
onuclides in nonconducting materials a synthetic
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Table 8
Estimated limits of quantification of LA-ICP-MS for actinide radionuclides deposited on stainless steel plates after chemical sepa-
ration [129

Isotope Half-life (year9 LOQ (gg™ LOQ (Bg)

LA-ICP-MS LA-ICP-MS Alpha spectrometry
230Th 7.54x10* 3.8x10°1 2.9x10°° 2.0x10°°
232Th 1.41x10%° 6.8x10°1% 2.8x10°1 5.0x10°°
23y 1.59x10° 3.8x10°° 1.4x10°° —

234 2.44x10° 3.8x1071 8.8x1077 2.0x10°°
23y 7.04x 10° 4.9x10°% 3.9x10°1° 2.0x10°°
V) 2.34x 107 4.0x10°® 9.5x1078 3.0x10°°
23 4.47x10° 7.1x10°1 8.8x10°* 5.0x10°°
23"Np 2.14x 10° 3.8x10°15 1.0x10°7 2.0x10°°
239y 2.41x10* 3.9x10°15 9.0x10°°

240py 6.56x 10° 3.7x10°% 3.1x10°° 5.0x10°°
241py 1.49x 10" 3.8x10°1° 1.4x10°2 -

24py 3.87x10° 3.6x1071 5.1x10°7 2.0x10°°
249y 8.26x 107 3.6x10°15 2.4x107° -

24IAm 4.32x10? 3.7x107% 4.7x1074 8.0x107°
243Am 7.37x10° 3.6x10°1° 2.7xX10°° 4.0x10°°

laboratory standard with a concrete matrix was the eastern Italian Alp€1500 m a.s.). The frozen
doped with low levels of long-lived radionuclides samples were cut into 1-2 cm sections and ana-
(e.g. ®°Tc, 1291, 232Th, 233y, 23Np, 228). The lyzed separately to obtain the distribution curves
detection limits determined for Tc, U and Np in a of vertical concentrations. For plutonium and
blank concrete sample were in the low picogram americium isotope analysis 1-2 g of the samples
per gram concentration range. The detection limits were ashed, leached, separated with respect to
are lower by more than one order of magnitude analytes and analyzed by alpha spectrometry and
using double-focusing sector field ICP-MEle- LA-ICP-MS after the plutonium or americium had
mend in comparison to quadrupole LA-ICP-MS been electroplated on a stainless steel di<29].
(ELAN 6000) [36]. The capability of LA-ICP-MS  Estimated limits of quantification of LA-ICP-MS
for determining long-lived radionuclides for trace, for actinide radionuclides deposited on stainless
ultratrace and isotope analysis in solid materials is steel plates after chemical separation are summa-
discussed in Refl45]. rized in Table 8. For the longest-lived radionu-
Pu isotope ratios and americium were deter- clides in moss samples, lower limits of
mined in moss samples which were collected from determination at 10'* g@ concentration level

Table 9
Determination of** |J2%U and 2%%)/ 2% in isotope standard solutiofCCLU-500 and NIST U-020, U concentratieriO ppb
deposited on stainless steel targets by LA-ICP-SHWVEY]

Isotope Measured IR R.S.D.(%) Certified IR Accuracy (%)
standard (n=6)

234U/23q_J

CCLU-500 1.109% 102 1.2 1.112% 1072 -0.21

NIST U-020 1.29% 104 2.7 1.2756<104 1.4

236[)/ ZBQJ

CCLU-500 2.77% 1073 1.3 2.78% 1073 —-0.67

NIST U-020 1.63% 104 2.7 1.6856<10 4 -2.8
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were found compared to those of alpha spectrom-

etry. The accuracy of LA-ICP-MS measurements
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has been applied more and more frequently in
recent years for environmental monitoring of acti-

was investigated on isotope standard referencenides and evaluation of the contamination sources

materials deposited on steel targé€fable 9. The
anthropogenic radionuclide concentratioii$’Pu,
24Py and 2**Am in the samples are extremely

(nuclear weapons tests, nuclear power or reproc-
essing plants accidents
The state of the art in precise and accurate

low and these mosses appeared to be particularlyisotope ratio measurements by ICP-MS and LA-

suitable for investigating atmospheric contamina-
tion with actinides and providing a record of the
history of atmospheric fallout. Thé*® P&Pu

isotope ratio was almost constant within experi-
mental errors for all samples analyzed with a
weighted average value of 0.23®.003. The

probable Pu contamination source was global fall-

ICP-MS was reviewed recently in RdfL1]. ICP-

MS allows the determination of uranium and
plutonium isotope ratios including®® A¥*U and
240py/ 239y at the ultratrace level in small amounts
of soil samples or hot particld43,15,16. Deplet-

ed uranium(?**U/ 2% =0.00202 was determined

in penetrator samples and contaminated soil sam-

out after nuclear weapons tests in the sixties. The ples from Kosovo by ICP-SFMS ang-spectrom-

analysis of vertical distribution of different pluto-
nium nuclides in moss profiles collected in Belluno
province yielded a correlation of maximum specif-
ic activity of 2°°Pu and?*° Pu with the maximum
nuclear fallout from nuclear weapon tests in the
1960s[129].

Further applications of LA-ICP-MS for the
trace, ultratrace and isotope analysis of long-lived
radionuclides were discussed in Rgf5].

3. Precise measurements of isotope ratios by
ICP-MS

Isotope ratio measurements of radiogenic ele-
ments are of great importance in the nuclear
industry, where TIMS has occupied a favored
position in the last few decades for routine meas-
urements(e.g. quality assurance of fuel material
with respect to isotopic composition of U and Pu;
also for characterization of nuclear materials from
reprocessing plants and radioactive waste cohtrol
Callis and Abernathey52] reported on the devel-
opment of a rapid high-precision analytical tech-
nique for the determination of isotope ratios of
uranium and plutonium by total sample volatili-
zation using multiple-filament TIMS with a com-
mercial multicollector instrumentVG-354, VG
Isotopes. Run-to-run reproducibilities 0k 0.02%
R.S.D. have been obtained for isotope ratios of U
and Pu. At present TIMS is being increasingly

etry (after analyte separatidrin good agreement.
238y (3.1x10°° gg Y and *Am (1.7x10° 12
g g 1Y) have also been detected in penetrator sam-
ples, which indicates the previous existence of
neutron-related processes and points to a possible
presence of spent reactor uranium in munitions
[15,137. Isotope analysis of depleted uranium in
uranium ammunitions and contaminated soil sam-
ples collected during the Kosovo conflict was
described also in Ref$132,133. The result of Pu
isotope analysis[?*Pu/2*Pu=0.35+0.1 at Pu
concentration of(5.5+1.1)x10°** gg] on a
soil sample from Kosovo indicates a mixed fallout
including spent reactor fuel due to the Chernobyl
nuclear power plant accident in 1986 and plutoni-
um due to nuclear weapons test in the 19604.
Isotope analysis of uranium and plutonium can
also be used for estimating the burn-up of spent
uranium in contaminated environmental samples
as described in Refl125. Table 10 summarizes
the results of calculating the percentage of spent
uranium (%) in spenynatural uranium mixture in
soil samples for different depths on the basis of
ICP-MS measurements using instruments with sin-
gle ion detection and multiple ion collectors. The
maximum level of contamination of soil samples
with spent uranium on the soil surface is demon-
strated. With increasing depth the contamination
of soil samples with spent uranium decreases.
24%Py/ 2*Pu isotope ratios in marine samples

replaced for precise isotope ratio measurements byfrom areas affected by nuclear weapon tests or
ICP-MS due to its excellent sensitivity and good nuclear reprocessing plants and in surface soils
R.S.D. [9,53,61,130,131 In particular, ICP-MS  from Marshall Island measured by ICP-MS has
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Table 10
Results of calculation of spent uranium portié¥) in spenfnatural uranium mixture in soil samples
Depth Calculated from results of
(cm) Single ion detector ICP-SFMS MC-ICP-MS
Via 233U/ 23y Via 230U/ 23y Via 223U/ 23Q Via 23%/23Q
(R.S.D., % (R.S.D., % (R.S.D.,, % (R.S.D.,, %
0-5 61.2 (5.0 67.5 (1.8 61.7 0.9 67.5 (0.3
5-10 4.0 (64 5.3 (5.7 4.4 (7.9 5.4 (0.6)
10-15 2.0 (120 1.64 (6.2 - 1.63 (0.6)

been reported in Refd134,139, respectively. A trace and ultratrace level in medical samples, such
wide range of*° P{iZ*Pu isotopic ratios of 0.065 as urine, in order to demonstrate possible contam-
(weapon grade Pu collected on Runit Islaad  ination with uranium[25,28,139-14B Inkret et
0.306 (contamination of BRAVO thermonuclear al. [130 discussed applications of TIMS to the
test, 1954, Bikini atoll were found. The variation  sensitive detection of*® Pu amd® Pu intakes. The
can be related to specific events during the nuclear determination of Pu concentration in urine samples
weapon testing prograrfi35]. yielded an average measurement uncertainty of 3.8
Ketterer et al[136] investigated naturally occur- wBq24 h', a 40-fold improvement over the
ring radioactive material of*® U2*® U and®*?> Th measurement uncertainties associated with radio-
which is released into the environment from many chemistry andx-spectroscopy analytical methods.
anthropogenic sources by quadrupole ICP-MS after In order to reduce possible contamination problems
uranium and thorium separation and enrichment during sample preparation an analytical method
by selective extractior?** U was determined  using LA-ICP-MS was developed in our laboratory
in natural waters after two stage extraction with for sensitive isotope ratio measurements on urine
Chelex 20 and UTEVA(sample amount: 15-25 samples after deposition on a quartz substrate
wgU) with a precision of 0.3—0.5%. A correlation [144].
of 241Py/23Pu and 2*°Pyi 2*Pu isotopic ratio was A determination of Pu isotope ratios at the
found by the study of nuclear fallout in environ- femtogram to nanogram level by multicollector
mental samples. Low isotope ratios are evidence ICP-MS with hexapole collision cel(lsoprobe,
of global fallout, higher ratios were detected in Micromasg using the 2%¢ U+ 22U double spike
Chernobyl-derived P@?*°Pu/2*Pu=0.3-0.39 in technique in order to correct for instrumental mass
forest soils from Poland137]. bias and instrumental drift was described by Taylor
Characterization of airborne uranium and thori- et al.[9]. The results of isotope ratio measurements
um contamination in Northern England was are compared with those of TIMS in Fig. 5 and
described by Bellis et al[24,139. The authors  demonstrate the capability of powerful ICP-MS
measured significant enrichments of the natural techniques for extreme analysis.
23%U/2%y ratio in tree barks near the nuclear  Thorium and uranium isotope ratios in low
installations after bark digestion using quadrupole concentration geological materials<0.1gg')
ICP-MS. Howe et al[113] found a contamination by MC-ICP-MS (‘Nu Plasma’ from Nu Instru-
of sedimentgRivacre BrooR from the vicinity of ments using an Aridus microconcentric nebulizer
a uranium enrichment plant witk*®> U enriched with desolvatoy were determined by Turner et al.
uranium, via isotope ratio measurements in sequen-[145]. Isotope ratio measurements c&f° Th
tial extracts using ICP-MS. 230Th—6x10"° (at Th concentration: ug 1~%)
Mass spectrometric techniques are also increas-were performed with a precision of 1.1%.
ingly being applied for the precise and accurate  Stirling et al.[146] discussed the application of
determination of?*> |J2*4 isotope ratios at the laser ablation multicollector ICP-MS to certified
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Fig. 5. Plutonium isotope ratio analysis at femtogram to nanogram levels by MC-ICP-CC-MS vs. (fits Ref. [9] with
permission.

glass standards and naturally occurring opal for in lived radionuclides in the picogram per gram range
situ uranium and thorium isotopic analysis. The with a minimum of sample preparation. ICP-MS
precision of isotope ratio measurements of long- is an excellent tool for the analysis of agueous
lived radionuclides obtained by ICP-QMS and solutions, especially with on-line coupling tech-
double-focusing sector field ICP-MS with single piques (ETV, HPLC, ion chromatography, flow
ion collector and MC-ICP-MS together with dif- jniection) achieving detection limits in the sub-
ferent applications has been demonstrated in S€V-temtogram per milliliter range. A wide variety of
eral papers [.11’87’1477.155 Recently, thg applications demonstrates the excellent capability
monthly plutonium deposition falloyt collected in of inorganic mass spectrometry techniques for
]'cl'sludkuba(JapaI)I was analyzbed using théen se]zctor determining very low levels of radioactive
ield ICP-MS ‘PlasmaTrace’ by Hirose et 4lL57]. . : . -
Selected applications of mass spectrometry for nu_clldes, due to thew _IOW detec“‘?” Iw_mts, for
the determination of isotope ratios are summarized €vidence of contamination from radioactive waste

in Table 11. in the environment(in biological and medical
samples, waters or geological materals
4. Conclusions The significance of ICP-MS in precise isotope

ratio measurements at ultratrace levels is increas-

Inorganic mass spectrometric techniques of solid ing, especially when multicollector, ayidr double-
samples allow the direct determination of long- focusing sector field instruments are used.



Table 11

Application of mass spectrometry in isotopic measurements

Samples

Method and Equipment

Isotopic ratios

Precision of isotopic
analysis(at concentration

References

Standard solutions

Standard solutions
Waste samples

Nuclear samples

Standard solutions

Geological samples

Environmental samples
(sediments, soil,
needle3

Environmental samples

Soil samples
(Chernobyl falloux

Tree barks

(nuclear fuel fabrication plant

Moss (environmental monitor

for nuclear fallou}

ICP-SFMS
‘Plasma 54’ prototype
ICP-SFMS
‘ELEMENT’
ICP-QMS, ‘ELAN
5000’ on-line ion
chromatography
ICP-SFMS, ‘Plasma 54’
ICP-SFMS
‘Plasma 54’
ICP-MS, ‘HP 4500’
‘PMS-2000’
ICP-SFMS

‘PlasmaTrace 2’

ICP-SFMS ‘ELEMENT’
after extraction

ICP-QMS ‘HP 4500’

LA-ICP-SFMS
after separation and
electrolytic deposition

235 /GZQJ

240 P%jq)u
230 TRTh=10"3

135 ¢é3ts
136 C$ 13%5

235 /%

230 TETH
234 1y 233 (0.000054

240 /Fﬁéﬁju

240 /Fiaqgu

236 WZ%U 24(Pu/ 23PU
234 u23q_J: 23{]/ 236 ’

235 UB%{J

240 ’? 63513 u

0.03 %(1 mg i)

2.0% (Pu: 0.1 ngt?t,
50 fg) 0.34%(5 ng %)
0.92%(50 pg 1-1)
0.94% (50 pg 1-1)
0.014%(U: 1 mg I™%)

0.04%
0.12%

4.1% (at pg mr? leve)

2%

3.5%(Pu: =107 gg?)
<1%

1.4%(Pu: =107 gg?

Taylor et al.[147]

Becker and Dietz§7]
Barrero Moreno et al[150]
Walder and Freedmanii5]]
Luo et al[152

Momoshima et al[153

Sturup et al[154

Boulyga and Beckef125
Bellis et al.[24,138

Boulyga et al.[129

FSLI=LSLI (£00T) 8S d 14Dd DIOY vI1MUYD0.4102dS / 12¥20g “S'[

LLLT
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List of abbreviation

AMS accelerator mass spectrometry

CE capillary electrophoresis

DIHEN direct injection high-efficiency nebulizer

ETV electrothermal vaporization

GDMS glow discharge mass spectrometry

d.c. GDMS direct current glow discharge mass spectrometry

rf. GDMS radio frequency glow discharge mass spectrometry

HPLC high-performance liquid chromatography

ICP-MS inductively coupled plasma mass spectrometry

ICP-QMS quadrupole based inductively coupled plasma mass
spectrometry

ICP-SFMS  sector field inductively coupled plasma mass
spectrometry

MC-ICP-MS multiple ion collectors inductively coupled plasma
mass spectrometry

LA-ICP-MS laser ablation inductively coupled plasma mass
spectrometry

LLRW long-lived radioactive waste

MCN microconcentric nebulizer

RIMS resonance ionization mass spectrometry

SIMS secondary ion mass spectrometry

SNMS secondary neutral mass spectrometry

TIMS thermal ionization mass spectrometry

TOF time of flight

USN ultrasonic nebulizer
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